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Abstract

Conservation of DNA sequence over evolutionary time is a strong indicator of function, and gain or loss of sequence
conservation can be used to infer changes in function across a phylogeny. Changes in evolutionary rates on particular
lineages in a phylogeny can indicate shared functional shifts, and thus can be used to detect genomic correlates of
phenotypic convergence. However, existing methods do not allow easy detection of patterns of rate variation, which
causes challenges for detecting convergent rate shifts or other complex evolutionary scenarios. Here we introduce
PhyloAcc, a new Bayesian method to model substitution rate changes in conserved elements across a phylogeny. The
method assumes several categories of substitution rate for each branch on the phylogenetic tree, estimates substitution
rates per category, and detects changes of substitution rate as the posterior probability of a category switch. Simulations
show that PhyloAcc can detect genomic regions with rate shifts in multiple target species better than previous methods
and has a higher accuracy of reconstructing complex patterns of substitution rate changes than prevalent Bayesian
relaxed clock models. We demonstrate the utility of PhyloAcc in two classic examples of convergent phenotypes: loss of
flight in birds and the transition to marine life in mammals. In each case, our approach reveals numerous examples of
conserved nonexonic elements with accelerations specific to the phenotypically convergent lineages. Our method is

widely applicable to any set of conserved elements where multiple rate changes are expected on a phylogeny.
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Introduction

One of the major revelations of comparative genomics has
been the discovery of regions of the genome falling well out-
side protein-coding genes that nonetheless exhibit consider-
able levels of conservation across evolutionary time (Bejerano
et al. 2004; Siepel et al. 2005; Woolfe et al. 2005; Venkatesh
et al. 2006; Lindblad-Toh et al. 2011). Changes in conservation
of elements, such as conserved noncoding or nonexonic ele-
ments, in a subset of lineages are often associated with altered
regulatory activity and ultimately phenotypic divergence
(McLean et al. 2011; Booker et al. 2016). Numerous studies
have used changes in sequence conservation of conserved
elements as means to identify regulatory regions which may
be of particular importance for lineage-specific phenotypes.
For example, Pollard et al. (2006) identified 202 regions accel-
erated in the human genome but conserved in other verte-
brates, some of which are RNA genes and tissue-specific
enhancers. Kostka et al. (2018) discovered similar lineage-
specific accelerated regions near developmental genes in all
five apes. Holloway et al. (2016) identified 4,797 regions ac-
celerated at the base of therian mammals, many of which are
noncoding and located close to developmental transcription

factors. Booker et al. (2016) discovered 166 bat-accelerated
regions overlapping with enhancers in developing mouse
limbs, including one that likely regulated expression of the
HoxD cluster important for forelimb development. Such stud-
ies demonstrate that noncoding elements play a crucial role
in molding morphological diversity across diverse clades.
Phenotypic convergence, in which the same function or
morphology evolves multiple times independently, often due
to adaption to similar environmental changes, is generally
believed to be a strong signature of natural selection
(Kishida et al. 2007, Brawand et al. 2008; Stern 2013;
Meredith et al. 2014). However, we generally do not have a
robust understanding of the genomic changes underlying
phenotypic convergence (Wray 2013; Rosenblum et al.
2014). Do convergent phenotypes arise from repeated use
of the same underlying genetic elements, or do they arise
via independent genetic pathways (Orr 2005; Tenaillon
et al. 2012; Parker et al. 2013; Storz 2016)? Convergence at
the molecular level can arise because of identical substitu-
tions, and convergent rate changes can arise via consistent
shifts in substitution rate in genomic regions influencing par-
ticular phenotypic targets of natural selection (Chikina et al.
2016; Partha et al. 2017; Muntané et al. 2018). In this article,
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we focus on detecting genomic regions with convergent shifts
of substitution rate that are correlated with convergent phe-
notype changes. These regulatory elements are often quite
short, ranging from a few base pairs to several thousand, and
hence may require sensitive tools to detect branches of the
tree with different substitution rates.

Statistical tests for rate changes along a phylogeny have
been a part of phylogenetic methodology for several decades,
and are closely tied to tests for a molecular clock
(Huelsenbeck and Crandall 1997; Huelsenbeck and Rannala
1997). Several existing relaxed clock models (Drummond and
Suchard 2010; Heath et al. 2012) explicitly model substitution
rate variation across phylogeny. The random local clock
model implemented in BEAST (Drummond and Suchard
2010) assumes an indicator variable for rate change at each
node, enumerating all possible local clock configurations, and
estimates the location and magnitude of rate changes be-
tween local clock regions on the phylogeny. These methods
allow users to estimate both a phylogeny and divergence
times while allowing for rate variation among lineages, but
are less powerful at detecting evolutionary shifts in rate that
are correlated with a specific phenotype change since they do
not explicitly incorporate such correlations in the model.
Moreover, although highly accurate and useful for validating
various clock models, these methods are not easily scalable to
genome-wide data such as is typically encountered when
testing for rate changes in conserved elements across a clade
for which whole-genomes have been sequenced (McLean
et al. 2011; Booker et al. 2016; Holloway et al. 2016).

Molecular clock tests are closely linked to tests for associ-
ations between rate shifts and specific convergent pheno-
types on the tree, and several recent methods have been
proposed to identify these associations. The “Forward
Genomics” method (Hiller et al. 2012; Prudent et al. 2016)
tests the significance of the Pearson correlation between nor-
malized substitutions and hypothetical phenotypic states on
each branch. Chikina et al. (2016), studying protein-coding
genes with convergent substitution rate shifts in marine
mammals, quantified the difference of relative substitution
rates between “terrestrial” and “marine” branches using a
nonparametric test (Wilcoxon rank sum test); the same ap-
proach has subsequently been extended to noncoding
regions (Partha et al. 2017). The PHAST method (Hubisz
et al. 2011) tests a model allowing substitution rates shift in
a specified subset of branches against a null model with con-
stant rate for all branches using likelihood ratio. However,
these methods for detecting genomic regions with parallel
substitution rate changes are generally limited to testing a
single prespecified shift pattern on a phylogeny, which is less
powerful because many possible shift patterns would be con-
gruent with a correlation with phenotypes of extant species.
Furthermore, as we show here, these methods do not always
distinguish among strong acceleration in a single tip branch,
weaker acceleration across multiple clades, and acceleration
on lineages other than the target lineages.

Other model-based methods do not require prespecified
shift patterns, but have other limitations. Coevol (Lartillot and
Poujol 2011) jointly models parameters of substitution

process (e.g, substitution rates) and continuous phenotypes
as a multivariate Brownian process and outputs the posterior
distribution of the correlation between phenotypes and sub-
stitution parameters, but does not allow for discrete pheno-
types. To our knowledge, the only model-based method for
associating molecular rate changes with discrete phenotypes
and which considers multiple patterns of rate/character tran-
sitions is TraitRate (Mayrose and Otto 2011; Levy Karin et al.
2017). This method models the probability of rate shifts along
a fixed ultrametric tree, an approach that was shown to de-
teriorate the performance in practice (Mayrose and Otto
2011). Additionally, TraitRate only estimates the likelihood
ratio indicating the association between sequence evolution
and a given trait; it does not model the pattern of shifts in
substitution rate explicitly.

Here, we introduce PhyloAcc, a Bayesian method to model
multiple substitution rate changes on a phylogeny. PhyloAcc
does not require predetermination of the history of rate shifts
but instead relies on estimating the conservation state of each
branch for a given element based on sequences of extant
species. The method allows each genomic region tested to
have a different pattern of shifts of substitution rate. Using
Markov chain Monte Carlo (MCMC) (Liu 2001) to sample
from the posterior distribution, PhyloAcc outputs the most
probable evolutionary pattern of rate shifts as well as its un-
certainty for each genomic region. PhyloAcc also evaluates
the strength of the association between rate shifts at a geno-
mic region and phenotypic states using Bayes factors (Kass
and Raftery 1995). Unlike previous methods using maximum
likelihood estimators of substitution rates and a single pattern
of rate shifts, PhyloAcc considers the uncertainty of estimated
substitution rates and all possible changes of substitution
rates by marginalizing all nuisance parameters either numer-
ically or analytically given the phenotypes of extant species.
To demonstrate the power of PhyloAcc on real data, we apply
the method to two classic examples of phenotypic conver-
gence: loss of flight in birds (Mitchell et al. 2014; Sackton et al.
2019) and transition to marine life in mammals (McGowen
et al. 2014; Foote et al. 2015; Chikina et al. 2016). In both cases,
we use genome-wide data from hundreds of thousands of
conserved elements to identify those elements with specific
patterns of convergent rate shifts associated with our target
phenotype, revealing novel, putative regulatory regions that
may be repeatedly associated with these evolutionary
transitions.

New Approaches

Hierarchical Bayesian Phylogenetic Model: Overview

The goal of our model is to identify branches on a phylogeny
on which particular genomic elements change their substitu-
tion rate. We take as input a phylogenetic tree, with branch
lengths representing the expected number of substitutions
along each branch averaged across the genome. Such a start-
ing tree is often available from phylogenomic studies and
branch lengths can be estimated, for example, from a class
of sites thought to be neutral, such as 4-fold degenerate sites
(Hubisz et al. 2011). We assume that the substitution process
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Fic. 1. lllustration of the use of PhyloAcc to detect multiple accelerations and test hypotheses using Bayes factors. The left panel shows the Bayesian
phylogenetic model; right panel shows some examples of acceleration patterns in three nested models: null (M), lineage-specific (M;), and full
model (M,), respectively. Our method can recover shifts of substitution rate such as the top-left figure and select target-accelerated elements
fitted by M, (not My). In the trees, target species are shown as blue; branch lengths represent the background substitution rates and branch colors

indicate the latent states of substitution rate for a given element.

follows a standard continuous-time Markov process. To
model rate variation, we introduce the relative substitution
rate per branch, r, such that the expected number of sub-
stitutions along a given branch for a given element will be r
times the background average. Given many genomic ele-
ments of interest are relatively conserved and short in length,
estimating substitution rates for each branch accurately is
difficult, as the number of substitutions which are informative
will often be very low. To overcome this challenge, we use a
local clock model where the substitution rate of a given
branch is expected to correlate with that of its parent branch,
and hence will be informed by more substitutions.

We assume that, for each element, a limited number of
rate categories occur on the phylogeny. We define Z; = (Z;;,
Zp, , Zin) to denote the latent conservation state on each
of n branches for element i; the substitution rate for each
element, r; on a branch depends on its latent conservation
state. The transitions in Z are modeled as a Markov chain,
that is, the state of a branch only depends on the state of its
parent branch. The transition probability matrix of Z is
denoted by ®. Such a model permits independent gain and
loss of conservation on multiple lineages and also encourages
nearby branches to have the same state and substitution
rate, which is reasonable for closely related species and
branches in a phylogeny and is also a common assump-
tion in phylogenetics (Thorne et al. 1998; Rannala and
Yang 2007). The posterior distribution of Z indicates
where changes of substitution rates occur in the tree,
and the posterior ratio of substitution rates for each la-
tent state indicates the magnitude of change. The proce-
dure is illustrated in figure 1 and supplementary figure S1,
Supplementary Material online.
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To test a priori patterns of substitution rate shifts that
might be associated with phenotype changes, we compare
the marginal likelihoods of three nested models by restricting
the transition probability matrix @ in some or all lineages: a
null model without the specified shift pattern, a lineage-
specific model satisfying the specific test pattern, and a full
model allowing arbitrary shifts. We then compute two Bayes

_ P(Y|M1) — P(¥IMy) ;
factors, BF1 = 57ize; and BF2 = s, where P(Y|M.) is

the marginal likelihood of data set Y under model 0, 1 or 2, as
criteria to identify DNA elements with specific evolutionary
patterns. A larger Bayes factor implies stronger evidence from
the sequence data in support of the specified pattern of rate
shift (M,).

Specific Model for Detecting Multiple Accelerations

We focus on a model of conserved element evolution in
which particular elements initially evolve at some background
rate, become conserved at the root or some other branch on
the phylogeny, and later potentially lose conservation in some
lineages and thus evolve with an accelerated rate. We desig-
nate a conserved state with a lower substitution rate than
sequences used to estimate background branch lengths
(r1 < 1); an accelerated state with a substitution rate higher
than that of the conserved state (r, > r;); as well as a back-
ground state with the same substitution rate as those used in
the input tree (ry = 1, by definition). Informally, this model
captures a process by which conservation arises as a transition
from background to conserved state and is subsequently lost
as when changing from the conserved to accelerated state,
although the framework of PhyloAcc is flexible enough to
model alternate scenarios. Note that in this model the
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accelerated rate is defined relative to the conserved rate, not
the background rate, and thus accelerated rate can be less
than, equal to, or greater than the defined background rate, as
long as it is greater than the conserved rate. This allows us to
model a variety of scenarios whose biological interpretation
might include partially relaxed constraint or positive selection
with a rate greater than background. Future extensions of
PhyloAcc with more rate categories could allow these alter-
natives to be distinguished. For example, it is straightforward
to model multiple acceleration states in which a given ele-
ment loses conservation in independent clades on deeper or
more recent branches, and thus have different numbers of
substitutions realized on affected branches, or to allow for a
loss of conservation state followed by a positive selection
state with r>> 1. Although our model is flexible, it is ulti-
mately agnostic as to the biological processes ascribed to
the various estimated rate classes (see Discussion).

Formally, each branch is in either the background,
conserved or accelerated state (ie, Zs € {0, 1, 2},
s =1, 2,...,n), with substitution rates rjp = 1, rj; < 1
and rj; > rj;, respectively, for element i. We will refer to
branches in state Z;;=2 with rate r;, as “accelerated,”
but we note that this acceleration is relative to the con-
served rate, rj;. Such branches will always have rates
greater than that of the conserved state, but could in
principle have rates lower than the background rate
ro = 1. Given that our candidate genomic regions
(e.g., CNEEs) are mostly conserved, we expect that, for
any element, most branches are in the conserved state.
In practice, most branches in the accelerated state do
indeed have estimated values of r;> 1, with only a small
percentage having values < 1.

To model how changes in latent conservation state occur
along the phylogeny, we start by assuming that each element
is in either the background or the conserved state at the root
of the tree. In this way we can account for the fact that each
element may not be conserved in all species in the tree, es-
pecially when distant outgroups are included. We assume
that Dollo’s irreversible evolution hypothesis (Gould 1970)
holds for transitions from conserved to accelerated states,
so that along each lineage Z;; can transit from a background
to a conserved state, and then to an accelerated state but not
the reverse (Felsenstein 1973). By the irreversibility assump-
tion, the transition probability matrix Z, has a simplified form:

1— o o 0
O = 0 1-=B Bi|,
0 0 1

where o; is the probability of gain conservation and f3; is the
probability of loss of conservation. The model allows different
transition probabilities @ for each element, thereby allowing
each element to be characterized by distinct evolutionary
patterns.

As with many rate models, we assume a Gamma distribu-
tion for the priors of element-wise substitution rates (r;; and
ri»). Different hyperparameters of the priors for rj; and rj,

distinguish conservation states. By adjusting the hyperpara-
meters of the priors, the substitution rate for the accelerated
state can be made stochastically higher than that of con-
served state a priori. The hyperparameters of the priors are
estimated by the sequence data from all elements in the data
set, most of which will likely not change rate across the tree
(supplementary text, Supplementary Material online). This
approach pools information from all elements to make esti-
mates of substitution rates and latent states more reliable.
Such pooling plays a larger role in cases where only a few
branches are accelerated, and/or few substitutions occur per
element. We used a Beta prior, which is conjugate to the
likelihood function of Z, for the state transition probabilities
(o and f3;) for computational convenience.

In summary, the model has four parameters for each ele-
ment: substitution rates in conserved and accelerated states
(rin and ry), transition probabilities to conserved and accel-
erated states (2; and f3;); and two latent random variables for
each species or branch on the tree: the ancestral sequences
and conservation states Z. Our method iteratively updates
unobserved DNA sequences of ancestral species, latent states
Z, substitution rates r, and state transition probabilities ® for
each element by using collapsed Gibbs sampling (Liu 1994)
and adaptive Metropolis—Hasting algorithms (Roberts and
Rosenthal 2009) and outputs draws from the posterior dis-
tribution of Z. The resulting output can be used to recon-
struct the sequence of shifts in rate, including the number of
independent accelerations of a particular element, and quan-
tifies the uncertainty of where in the tree (on which branch)
accelerations occur. It also supplies posterior distributions of
substitution rates r, indicating the magnitude of rate shifts
(supplementary text, Supplementary Material online).

Testing Parallel Accelerations in Target Species

To test for an association between rate shifts and a set of
prespecified target lineages (phenotypically convergent spe-
cies), for each element we compare marginal likelihoods be-
tween a null model assuming no acceleration in any lineage,
and alternate models allowing either accelerations only in
lineages associated with the convergent trait or accelerations
in arbitrary lineages. In the null model (M), all branches are in
either the background or conserved state; in the lineage-
specific model (M,), substitution rates on the branches lead-
ing to target species with the trait of interest can be acceler-
ated whereas all other branches must be in either the
background or conserved state; in the full model (M,), the
latent conservation states Z can take any configuration across
the phylogeny; in our implementation here, it is modeled so
that Dollo’s irreversibility assumption on conservation states
is not violated.

Formally, for My we restrict the transition probability from
conserved to accelerated state (f3) to be zero for all branches,
and for M, we restrict § = 0 only to branches connecting the
root to nontarget species. In our applications, we assume
f =0 for branches within outgroups in all three models
such that all outgroup species cannot be in an accelerated
state. To compare models, we compute the marginal likeli-
hood P(Y|M;) for each model and compute two Bayes
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factors, BF1 and BF2 as described above, as criteria to identify
DNA elements accelerated exclusively in target lineages.
Including BF2 to identify elements with a specific evolutionary
pattern is crucial to exclude elements accelerated in nontar-
get species not associated with the specific phenotypic
change, which might include regulatory elements with
broader functions. The model and selection procedure are
illustrated in figure 1.

Results

Applications of PhyloAcc to Examples of Phenotypic
Convergence

To demonstrate the power of PhyloAcc, we conducted a
simulation to compare the ability of PhyloAcc to distinguish
various patterns of rate shifts where previous methods can-
not. We then focus on two classic cases of convergent evo-
lution: loss of flight in palaeognath birds (Mitchell et al. 2014;
Sackton et al. 2019) and the transition to marine environ-
ments in mammals (McGowen et al. 2014; Foote et al. 2015;
Chikina et al. 2016). We start by simulating data under the
phylogenetic model for birds or mammals to verify the per-
formance of our method, and then test for noncoding ele-
ments accelerated one or multiple times in flightless birds or
marine mammals. We compared PhyloAcc with three alter-
native methods for selecting lineage-specific accelerated ele-
ments: phyloP in phast, which tests for clade-specific
acceleration using a likelihood ratio test (Pollard et al.
2010), and two two-step procedures that first estimate
branch-wise substitution rates using PAML (Yang 2007)
and then measure the correlation between rates and traits
using either Wilcoxon rank sum test (denote as
PAML+Wilcoxon) or phylogenetic ANOVA (Revell 2012;
denoted as PAML+phylANOVA).

Simulation Study: Avian Topology

To verify our ability to detect the correct evolutionary pat-
tern, we simulated DNA elements with different patterns of
rate shifts (i.e, different Zs) using a tree mirroring a recent
phylogeny of birds (Jarvis et al. 2014), augmented by new
genomes from palaeognathous birds (Sackton et al. 2019).
Recent phylogenetic work supports the conclusion that the
ratites (including ostrich, emu, cassowaries, kiwis, rheas, and
the extinct moas and elephant bird) are paraphyletic, imply-
ing convergent loss of flight in these lineages (Harshman et al.
2008; Baker et al. 2014; Mitchell et al. 2014; Yonezawa et al.
2017; Sackton et al. 2019). This scenario, in which target
lineages are clustered in paraphyletic clade, is particularly
challenging for existing methods. In most of our simulations,
we set the length of each element to be 200 bp, which is
about the median length in real data (Sackton et al. 2019).
We also simulated one example with different element
lengths to test the robustness of PhyloAcc. We generated
nine cases with different numbers of independent accelera-
tions either within ratites and tinamous or neognath birds:
1) all branches are conserved, 2) only kiwi clade accelerated,
3) only ostrich accelerated, 4) only emu/cassowary branches
accelerated, 5) only rhea clade accelerated, 6) all ratites
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accelerated except ostrich and moa, 7) all ratites accelerated,
8) both ratites and volant tinamous accelerated, and 9) five
random species of nonratite birds (neognaths plus tinamous)
accelerated (supplementary fig. S4, Supplementary Material
online). The total length of branches on which acceleration
occurs increases from cases 1 to 8. We designed case 8 to
demonstrate the specificity of our method, since the vo-
lant tinamou clade resides within the ratite clade, making
it difficult to distinguish genomic elements accelerated
from the ancestor of both tinamous and ratites from
those only accelerated in ratites. In each case, we simu-
lated 500 elements whose conserved and accelerated
rates are generated randomly from gamma distributions
(supplementary fig. S5C, Supplementary Material online,
Materials and Methods). The average proportion of
nucleotide differences per element between pairs of spe-
cies varies from 0.06 (case 1) to 0.13 (case 8). We first
filtered out elements with BF2 < 1, a result indicating
that species other than target lineages (ratites in this
case) might be accelerated. We then ranked all other
elements based on BF1. Similarly, each element was
ranked and selected based on the test statistic or P-values
output by other methods.

To test the sensitivity and specificity of our method in
discerning target-specific accelerated elements from non-
accelerated elements, we mixed the simulated accelerated
elements with some nonaccelerated elements from case 1
for each of the six ratite accelerated cases from cases 2-7.
Receiver operating characteristic (ROC) curves resulting from
varying selection thresholds are shown in figure 2A. Not sur-
prisingly, among different acceleration cases, all methods
achieve a higher sensitivity when more accelerated target
lineages are present. PhyloAcc consistently performed the
best (except for the ostrich-accelerated case [case 3], in which
phyloP is the best) at detecting elements accelerated among
ratites based on BF1, whose distribution for different ratite-
specific accelerated and background elements is shown in
supplementary figure S6A, Supplementary Material online.
Because phyloP performs similarly or better than
PAML+Wilcoxon and PAML+-phylANOVA, we mainly focus
on comparisons with phyloP, over a variety of sequence
lengths: 100, 200, and 400 bp (fig. 2B). Both methods perform
better with longer sequences and PhyloAcc is better for all
lengths in most cases. PhyloAcc is also robust to different
choices of the priors for substitution rates (supplementary
fig. S7, Supplementary Material online). Thus, under a variety
of evolutionary scenarios, PhyloAcc has high power to detect
lineage-specific rate shifts in conserved elements.

Because phyloP can only test one predefined shift along a
tree, a shift that moreover is usually not known with certainty
a priori, we tested two common choices of accelerated
branches: all tips of target species and all subtrees within
target lineages, which is the acceleration pattern inferred by
parsimony (Materials and Methods). With the second choice
of accelerated branches, phyloP and PhyloAcc have compa-
rable performances and phyloP is only better for shorter se-
quence in some cases (supplementary table ST,
Supplementary Material online).
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Fic. 2. Simulated results on the avian topology. (A) ROC curves for PhyloAcc, phyloP and PAML+Wilcoxon, PAML+phylANOVA in different ratite
acceleration cases. (B) ROC curves for PhyloAcc and phyloP in different ratite acceleration cases and different lengths of elements. We treated
elements with each acceleration pattern (cases 2-7 separately) as positive and all conserved elements (case 1) as negative, and compared

sensitivity and specificity of PhyloAcc to others.

To compare the statistical power of different methods
while controlling false discovery rate (FDR), we mixed 100
elements from cases 2-9 together and with 5,000 elements
without acceleration from case 1, a situation that imitates the

small proportion of target-specific accelerated elements in
real data. Positive outcomes include cases 2—7, in which accel-
erations occur only within target species; other cases involve
negative cases, in which either no acceleration occurs or
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accelerations occur outside target lineages. At 5% FDR, all
methods except PhyloAcc could only identify a small number
of true target-specific accelerated elements, because they in-
correctly selected elements from case 8 as target-specific accel-
erated. In contrast, PhyloAcc successfully identified almost all
the target-specific accelerated elements across all cases at low
FDR (supplementary table S2, Supplementary Material online).

The main reason for the superior performance of PhyloAcc
in terms of controlling FDR is that PhyloAcc will not select
elements accelerated in nontarget lineages, for example, in
case 8 where acceleration occurs in the ancestors of ratites
and tinamous. Other methods are not designed to control for
this case; indeed the test statistic from phyloP or the two-step
methods can be even larger in case 8 than in some target-
specific accelerated cases. As an example, we showed the
distribution of log-likelihood ratio output by phyloP com-
pared with log-BF1 and log-BF2 by PhyloAcc in different cases
(supplementary fig. S5B, Supplementary Material online). In
case 8, log-BF2 is <—5 for 95% of elements, because only the
full model (M,), which allows for rate shifts on arbitrary
branches, fits the data adequately. Thus, almost all elements
are reported as not target-specific. By contrast, very few ele-
ments have log-BF2 <0 in cases 1-7, because the Bayes fac-
tors favor the simpler model if both models fit the data
equally well (supplementary fig. S6B, Supplementary
Material online). Thus, our method achieves high specificity
using BF2 as a filtering criterion. In additional simulations
(supplementary fig. S5A, Supplementary Material online),
we show that our method has a lower false positive rate
and a higher power in identifying elements with a shift in
substitution rate within a set of species, and is thus well suited
to identify either shared or independent rate changes.

Inferring the Pattern of Acceleration of Individual Genomic
Elements

We confirmed that PhyloAcc can recover the true pattern of
acceleration (pattern of latent states) for individual genomic
elements by comparing the model estimated latent states
with the true simulated values. For each simulated element,
we compared the posterior probability of Z under the full
model output from PhyloAcc with the true simulated pattern
and defined the result as “correct” if the posterior probabil-
ities of the true latent state on each branch are all above 0.7.
Accuracy is then defined as the proportion of correctly
detected elements. In our simulations, the ratio between ac-
celerated and conserved rates is typically around 5-10, and
the accuracy is above 60% in all cases. The accuracy is limited
primarily by the posterior uncertainty of conservation state
on short branches due to the lack of sufficient signal on those
branches.

Previous methods selecting accelerated elements on par-
ticular branches do not always distinguish different patterns
of acceleration from the score they produce. To illustrate this,
we compared the log-likelihood ratio using phyloP and the P-
value from Wilcoxon rank sum test (Pollard et al. 2010;
Chikina et al. 2016) in the simulation cases above. As these
scores depend on both the magnitude and pattern of
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acceleration, it is not hard to find elements with the same
log-likelihood ratios and P-values having either strong accel-
eration in a single lineage, multiple independent accelerations
or a weak acceleration over an entire clade. As shown in
supplementary figure S3, Supplementary Material online,
the second element is accelerated convergently in all target
species (case 7) and thus more likely to be associated with the
convergent phenotype. But the P-values of both likelihood
ratio test and Wilcoxon rank sum test cannot distinguish
between this pattern and one in which all ratites and tina-
mous are slightly accelerated (case 8) or in which only one
lineage is accelerated (case 3). In contrast, PhyloAcc can iden-
tify both elements 1 and 2 as ratite-accelerated elements,
indicted by large log-BF1, but can also exclude element 3
because it has a negative log-BF2.

To compare the ability of PhyloAcc and other software to
apply rate shifts to specific branches, we turned to BEAST2
(Bouckaert et al. 2014), because phyloP cannot output the
pattern of acceleration on each branch. We designated the
pattern detected by BEAST?2 as correct if the posterior prob-
ability of rate shifts on branches with true state transitions is
above 0.7 and below 0.3 for others. As seen in figure 3, the
accuracy of both methods increases as the ratio between ac-
celerated and conserved rates increases, because the conser-
vation state of short internal branches is easier to determine
when we observe more substitutions, which will tend to occur
when accelerated rates are high. In accordance with accuracy,
for PhyloAcc, BF1 also increases with the rate ratio, and BF2
stays below zero and decreases as r, /r; grows in cases 8 and 9
(supplementary fig. S6C, Supplementary Material online).

BEAST2 has a comparable accuracy when no clade or a
large clade is accelerated, but performs worse than PhyloAcc
in cases with multiple independent rate shifts (e.g, cases 7
and 9) or with rate shifts on short branches (e.g, case 2). The
model implemented in BEAST2 allows transitions between
conserved and accelerated rates in both directions. As a con-
sequence, BEAST2 tends to misplace the origin of an acceler-
ation at a node deeper than the true node and then infer a
regain of conservation in the clade whose rate is unchanged.
For example, in the case in which only the rhea clade is ac-
celerated (case 5), some elements are estimated as acceler-
ated at the ancestor of rheas, kiwis, emu and cassowary, and
then regain conservation in this clade except for rheas. There
might be too few substitutions on these short internal
branches for BEAST2 to determine their conservation state.
Even when this type of “loss-regain” pattern inferred by the
algorithm is counted as correct, PhyloAcc still performed bet-
ter (fig. 3). We also show that our model can recover the true
conservation state with a high certainty (posterior of true
latent state is around 1) for all but the shortest branches
(supplementary figs. S8B and S9, Supplementary Material on-
line), and that it also appears robust to the presence of indels
in the alignment (supplementary fig. S10, Supplementary
Material online).

Simulation Study: Mammalian Phylogeny
We next sought to validate our method in a second simula-
tion study, this time focusing on the common scenario where
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Fic. 3. Comparison of accuracy recovering substitution rate shift patterns between BEAST2 and PhyloAcc in each simulation case. In each case, we
ordered and categorized the simulated elements into ten equal-sized groups according to the ratio between substation rates of accelerated and
conserved states (the quantiles of r,/ry in each group are shown in supplementary fig. S8A, Supplementary Material online). X axis shows the
boundary of the ratio in each group; red curves are the accuracy of PhyloAcc (using different priors on substitution rates) and blue curves are of
BEAST2. c1 and c2 are Gamma(5, 0.04) and Gamma(1, 0.2), respectively, narrow and wide prior for conserved rate; n1 and n2 are Gamma(10, 0.2)
and Gamma(4, 0.5), respectively, narrow and wide prior for accelerated rate. “cXnX” means a combination of them. “BEAST2 exact” shows the
accuracy recovering the true pattern, whereas “BEAST2 extend” shows the accuracy allowing “loss-regain” pattern (see main text).

a convergent phenotype arises in multiple, distantly sepa-
rately lineages on a phylogeny. We used a recent tree for 62
mammals (Murphy et al. 2004), focusing on the transition to
marine habit (Foote et al. 2015; Chikina et al. 2016), and
simulated DNA elements under different patterns of substi-
tution rates variation. We compared PhyloAcc with phyloP,
PAML-+Wilcoxon and PAML+phylANOVA in various cases:
1) all lineages conserved; 2) cetaceans (dolphin and killer
whales) accelerated; 3) pinnipeds (seal and walrus) acceler-
ated; 4) manatee, seal and dolphin accelerated, that is, one
species from each of the three independent lineages; 5) all
five marine mammals accelerated; 6) pinnipeds and panda
(sister lineage of pinnipeds) accelerated; and 7) species
descending from the common ancestor of cat and pinni-
peds (supplementary fig. S11, Supplementary Material on-
line). Cases 2 through 5 are marine mammal-specific
accelerated cases, whereas cases 6 and 7 are a case of non-
specific acceleration. The average proportion of per-element
nucleotide differences between pairs of species ranges from
0.09 (case 1) to 0.12 (case 7).

We conducted an analysis similar to that of the avian data
set to compare the sensitivity and specificity of PhyloAcc and
