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• Is a trait neutrally evolving or under selection?  

• If not neutral, is the trait changing too fast or too slow?

• At which scale, between or within species variations?

• How to compute variations, and how to normalize it?
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Trait evolution between and within species
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How fast should evolve a neutral trait?

Most plant and animal species, including humans, are 
subdivided into many partially isolated subpopulations. 
Depending on the relative strengths of natural selection, 
genetic drift, migration and mutation, these subpopula-
tions become differentiated — both genetically and 
pheno typically — over time1,2. Understanding the causes 
and consequences of this differentiation is of broad 
interest in different disciplines of biological sciences, 
including both fundamental research (for example, 
evolutionary biology, ecology and genetics) and applied 
realms (for example, forestry and fishery management, 
medicine and conservation biology). Of particular inter-
est is determining to what degree population differen-
tiation is caused by selective (that is, adaptive) versus 
neutral (that is, stochastic) processes.

At the genetic level, there is a well-developed theory 
and body of empirical evidence explaining population 
differentiation. The degree of this differentiation can be 
measured by FST (BOX 1), which is a standardized meas-
ure of genetic differentiation among populations for a 
genetic locus2. For neutral loci that are not influenced 
by natural selection, the degree of differentiation among 
subpopulations depends largely on their effective size 
and the amount of migration between them: small, iso-
lated populations tend to become more differentiated 
from each other than large populations that are con-
nected by gene flow (for example, REF. 3). However, the 
degree of genetic differentiation among subpopulations 
also depends on the strength and nature (for example, 
diversifying or balancing selection) of the predominant 

selective pressures experienced by the populations or 
demes under study. In the case of adaptive population 
divergence, directional selection is expected to increase 
FST of selected or linked loci, relative to that of neutral 
loci4,5. Yet, because most quantitative traits of evolution-
ary, ecological, economic and even of medical interest — 
such as body size and intelligence quotient — are known 
or thought to have a polygenic basis6,7, distinguishing 
neutral and selective patterns of population differentia-
tion at the phenotypic level is not easily accomplished 
with standard FST estimates. Trait-based inference, how-
ever, can be accomplished under a related analytical 
framework.

QST is a quantitative genetic analogue of FST that 
measures, similarly to FST, the amount of genetic vari-
ance among populations relative to the total genetic  
variance in the trait (rather than at a specific locus in the 
case of FST; BOX 1). The value of QST for a neutral quantita-
tive trait that has an additive genetic basis is expected to 
be equal to the FST for a neutral genetic locus (BOX 1). This 
finding — which is based on the work of Sewall Wright8 
(see REF. 9 for a historical account of the development of 
the method) — provides a basis for evolutionary infer-
ence: given a set of assumptions (see below), FST meas-
ured from neutral molecular markers can be used as a 
null expectation for the degree of population divergence 
due to drift and migration10,11. In cases in which QST ≈ FST,  
the inference is that trait divergence among subpopula-
tions could have been achieved by genetic drift alone. If 
QST > FST, trait divergence exceeds neutral expectation, 
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Genetic drift
Random change in allele 
frequencies due to stochastic 
factors.

Deme
A group of individuals that 
actively interbreed and share a 
common gene pool.

Directional selection
Selection that favours the 
extreme phenotypes at one 
end of the distribution but 
disfavours those at the 
opposite end.

QST–FST comparisons: evolutionary 
and ecological insights from  
genomic heterogeneity
Tuomas Leinonen1, R. J. Scott McCairns1, Robert B. O’Hara2 and Juha Merilä1

Abstract | Comparative studies of the divergence of quantitative traits and neutral 
molecular markers, known as Q

ST
–F

ST
 comparisons, provide a means for researchers to 

distinguish between natural selection and genetic drift as causes of population 
differentiation in complex polygenic traits. The use of Q

ST
–F

ST
 comparisons has increased 

rapidly in the last few years, highlighting the utility of this approach for addressing a wide 
range of questions that are relevant to evolutionary and ecological genetics. These studies 
have also provided lessons for the design of future Q

ST
–F

ST
 comparisons. Methods based on 

the Q
ST

–F
ST

 approach could also be used to analyse various types of ‘omics’ data in new and 
revealing ways.
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ABSTRACT

Neutrality tests in quantitative genetics provide a statistical framework for the detection of selection on
polygenic traits in wild populations. However, the existing method based on comparisons of divergence at
neutral markers and quantitative traits (Qst–Fst) suffers from several limitations that hinder a clear
interpretation of the results with typical empirical designs. In this article, we propose a multivariate
extension of this neutrality test based on empirical estimates of the among-populations (D) and within-
populations (G) covariance matrices by MANOVA. A simple pattern is expected under neutrality: D ¼
2Fst/(1 � Fst)G, so that neutrality implies both proportionality of the two matrices and a specific value of
the proportionality coefficient. This pattern is tested using Flury’s framework for matrix comparison
[common principal-component (CPC) analysis], a well-known tool in Gmatrix evolution studies. We show
the importance of using a Bartlett adjustment of the test for the small sample sizes typically found in
empirical studies. We propose a dual test: (i) that the proportionality coefficient is not different from its
neutral expectation [2Fst/(1 � Fst)] and (ii) that the MANOVA estimates of mean square matrices
between and among populations are proportional. These two tests combined provide a more stringent
test for neutrality than the classic Qst–Fst comparison and avoid several statistical problems. Extensive
simulations of realistic empirical designs suggest that these tests correctly detect the expected pattern
under neutrality and have enough power to efficiently detect mild to strong selection (homogeneous,
heterogeneous, or mixed) when it is occurring on a set of traits. This method also provides a rigorous and
quantitative framework for disentangling the effects of different selection regimes and of drift on the
evolution of the G matrix. We discuss practical requirements for the proper application of our test in
empirical studies and potential extensions.

THE comparison of genetic differentiation at neutral
markers and at quantitative traits is a commonly

usedmethod to estimate the relative impacts of drift and
selection onpolygenic traits in thewild. Typically, a set of
populations is sampled, from which the differentiation
among populations is estimated for a set of molecular
markers (Fst) and is compared to the same measure of
differentiation at a single or a set of quantitative traits
(Qst).Underpureneutrality, and if the traits are additive,
Qst¼ Fst for any trait (Spitze 1993). Departures from this
neutral expectationare consideredevidenceof selection
acting on the quantitative trait under study. Qst , Fst is
evidence of homogeneous selection for the trait among
populations, i.e., selection for the same optimal value of
the trait in all populations, while Qst . Fst is evidence of
heterogeneous selection for the trait, i.e., selection for
different optima among populations (Merila and
Crnokrak 2001).

However, proper empirical detection of selection
requires being able to detect a statistically significant
departure from the neutral expectation (Qst ¼ Fst) and
therefore depends on the confidence intervals (C.I.’s) of
both Qst and Fst estimates. When studying single traits,
confidence intervals on Qst are very large (Merila and
Crnokrak 2001; Latta 2004;O’Hara andMerila 2005;
Goudet andBuchi2006), often spanning.50%of their
total possible range [0, 1], even in themost recent studies
with a large sampling effort (Porcher et al. 2006).
Furthermore, the methods employed to estimate the
C.I. are not always statistically efficient (O’Hara and
Merila 2005). Overall, the power of the test with single
traits Qst is very low with the sampling designs typically
possible inempirical studies (O’HaraandMerila2005),
so that rejection of the neutral expectation is unlikely,
even when fairly strong selection is in fact occurring
(Latta 2004). Consequently, most Qst–Fst comparisons
use mean Qst values among a set of quantitative traits,
which are compared to Fst estimates from several marker
loci (Chapuis et al. 2007). In doing so, the C.I. for Qst is
reduced (and the power of the test increased) at the cost
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Unité Mixte de Recherche UMII–CNRS (UMR 5554), Université de
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Variation among populations in gene expression should be related
to the accumulation of random-neutral changes and evolution by
natural selection. The following evolutionary analysis has general
applicability to biological and medical science because it accounts
for genetic relatedness and identifies patterns of expression vari-
ation that are affected by natural selection. To identify genes
evolving by natural selection, we allocate the maximum among-
population variation to genetic distance and then examine the
remaining variation relative to a hypothesized important ecolog-
ical parameter (temperature). These analyses measure the expres-
sion of metabolic genes in common-gardened populations of the
fish Fundulus heteroclitus whose habitat is distributed along a
steep thermal gradient. Although much of the variation in gene
expression fits a null model of neutral drift, the variation in
expression for 22% of the genes that regress with habitat tem-
perature was far greater than could be accounted for by genetic
distance alone. The most parsimonious explanation for among-
population variation for these genes is evolution by natural selec-
tion. In addition, many metabolic genes have patterns of variation
incongruent with neutral evolution: They have too much or too
little variation. These patterns of biological variation in expression
may reflect important physiological or ecological functions.

evolutionary analysis � Fundulus � microarray � phylogenetic comparative
approach � genomics

Gene expression has been hypothesized to be of adaptive
importance (1), and heritable variation that affects fitness

is necessary for evolution by natural selection. Although adap-
tive differences in expression have been identified in single-gene
studies (2–6; see ref. 7 for review), microarray approaches offer
great promise to rigorously address this hypothesis because they
assay many loci at once. Furthermore, it is generally agreed that
much of variation in gene expression for a particular environ-
mental condition has a genetic basis (8, 9) according to studies
in yeast (10–13), Drosophila (14–18), mice (19), and humans
(20–22).

Widespread heritable variation combined with extensive nat-
ural variation in gene expression revealed by microarray studies
(11, 13, 14, 23–26) provides the substrates for evolution. How-
ever, two evolutionary forces govern the variance of traits among
taxa: neutral drift and natural selection. Under a neutral drift
model, the variation in a trait has little biological effect§ and is
a function of genetic distance: Traits will be more similar among
closely related taxa than among more distantly related taxa
(27–29). If natural selection has occurred, the variation in a trait
affects an organism’s fitness and is a function of the ecological
setting: Traits are conserved or diverge depending on the specific
ecological pressures (30). Recent studies suggest that much of
the extensive variation in gene expression among individuals and
taxa is simply random neutral divergence (31, 32), whereas
others have found extensive hallmarks of selection (16, 18, 33).
However, no specific adaptive hypotheses have been applied to
microarray data to refute or substantiate these claims. Here we
apply a correction for genetic relatedness (i.e., the phylogenetic
comparative method; refs. 34–36) to reveal variation most
parsimoniously accounted for by neutral evolution. After re-
moving the neutral phylogenetic effects, remaining variation

significantly associated with an independent ecological factor,
such as habitat temperature, would be most parsimoniously
accounted for by natural selection. This approach is conservative
because it attributes maximum among-population variation to
genetic distance before considering natural selection.

This approach was applied to Fundulus heteroclitus, a teleost
fish widely distributed along the Atlantic coast of North Amer-
ica, where there is a change of 1°C per degree latitude or �12.5°C
between Maine and Georgia (37). In this species, there is
evidence for local adaptation to this clinal variation in temper-
ature (3, 37–39). Also, adaptation may be more prevalent in this
species because of large local populations (census population
size �10,000 for a single estuarine creek, Ne � 105; ref. 65) in
which small selective pressures should dominate the effects of
genetic drift. However, because many ecological factors may
covary with temperature along the latitudinal gradient from
Maine to Georgia, caution should be exercised in identifying only
temperature as the specific agent of natural selection (30). Thus,
temperature is considered a proxy for environmental variation
that we predicted affects the evolution of gene expression.

Evolution by natural selection requires heritable variation in
traits that affect fitness. Although the heritable variation among
individuals in gene expression was not directly ascertained, all
individuals were subject to common conditions and acclimated
(see Methods) for �2 months. Acclimation is well studied (40,
41), and acclimating fish to a common environment minimizes
physiological differences caused by differences in an animal’s
native habitat. Thus, much of the variation in gene expression is
unlikely to be due to the native habitat temperature and more
likely represents both genetic and other random biological
sources of variation. Although raising animals at one common
temperature reduces environmental influences, it ignores gene-
by-environment interactions. Thus, heritable differences due to
complex interactions are not ascertained.

Results
Population Genetics. Individuals for this study were collected from
Maine, Connecticut, New Jersey, North Carolina, and Georgia,
and extensive structure existed among populations (Fig. 1).
Population genotyping by using microsatellite markers yielded
pairwise FST estimates ranging from 0.01 to 0.24 (all statistically
significant, P � 0.05). The neighbor-joining tree (Fig. 1) supports
previous analyses of these populations, which show a break
between northern and southern groups at the Hudson River
(43–45). These data also indicate significant isolation-by-
distance (Mantel test, 1,000 permutations: P � 0.024, r � 0.65).
Thus, the spatially separated groups appear to follow indepen-
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Drift and Directional Selection Are the Evolutionary
Forces Driving Gene Expression Divergence in Eye and

Brain Tissue of Heliconius Butterflies
Ana Catalán,*,†,1 Adriana D. Briscoe,‡ and Sebastian Höhna†,§,**,1
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ABSTRACT Investigating gene expression evolution over micro- and macroevolutionary timescales will expand our understanding of
the role of gene expression in adaptation and speciation. In this study, we characterized the evolutionary forces acting on gene
expression levels in eye and brain tissue of five Heliconius butterflies with divergence times of �5–12 MYA. We developed and applied
Brownian motion (BM) and Ornstein–Uhlenbeck (OU) models to identify genes whose expression levels are evolving through drift,
stabilizing selection, or a lineage-specific shift. We found that 81% of the genes evolve under genetic drift. When testing for branch-
specific shifts in gene expression, we detected 368 (16%) shift events. Genes showing a shift toward upregulation have significantly
lower gene expression variance than those genes showing a shift leading toward downregulation. We hypothesize that directional
selection is acting in shifts causing upregulation, since transcription is costly. We further uncovered through simulations that parameter
estimation of OU models is biased when using small phylogenies and only becomes reliable with phylogenies having $ 50 taxa.
Therefore, we developed a new statistical test based on BM to identify highly conserved genes (i.e., evolving under strong stabilizing
selection), which comprised 3% of the orthoclusters. In conclusion, we found that drift is the dominant evolutionary force driving gene
expression evolution in eye and brain tissue in Heliconius. Nevertheless, the higher proportion of genes evolving under directional than
under stabilizing selection might reflect species-specific selective pressures on vision and the brain that are necessary to fulfill species-
specific requirements.

KEYWORDS Brownian motion; natural selection; stabilizing selection; Ornstein–Uhlenbeck; RevBayes

Species and populations diverge through the accumulation
of genetic changes that affect coding or non-coding ge-

nomic regions thatGenetic variationaffectinggeneexpression
has the potential of changing gene expression patterns in a
spatiotemporal manner by changing gene expression profiles
in specific organs and cell types at particular developmental

stages (Carroll 2005; Signor and Nuzhdin 2018). This spa-
tiotemporal attribute of gene expression might enable evolu-
tionary change in a compartmentalized manner, allowing for
change where it is required but also allowing for the needed
processes to remain conserved. Phenotypic diversity caused
by changes in gene expression encompasses a great variety of
traits, including changes affecting an organism’s coloration
(Nadeau 2016), size, and shape (Ahi et al. 2017), as well as
sensory perception and behavior, among other phenotypes
(Lee et al. 2000; Wanner et al. 2007). Even though major
advances have been made in linking gene expression varia-
tion to a phenotype (Catalán et al. 2016; Glaser-Schmitt and
Parsch 2018), discerning the evolutionary forces that shape
gene expression level variation among closely related species
is an area that needs further research.

To understand the evolutionary forces acting on gene ex-
pression it is necessary to model within- and between-species
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Manuscript received July 8, 2019; accepted for publication August 24, 2019; published
Early Online August 29, 2019.
Available freely online through the author-supported open access option.
This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.
Supplemental material available at FigShare: https://doi.org/10.25386/genetics.
9736253.
1Corresponding authors: LMU Biozentrum Department Biologie II, Ludwig-Maximilians-
Universität München, Großhaderner Str. 2, Planegg-Martinsried, Munich 82152,
Germany. E-mail: ana.catalan@gmail.com; and sebastian.hoehna@gmail.com

Genetics, Vol. 213, 581–594 October 2019 581

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/213/2/581/5930581 by Inst suisse D

roit com
pare user on 13 Septem

ber 2021

A quantitative framework for characterizing the
evolutionary history of mammalian gene expression
Jenny Chen,1,2 Ross Swofford,1 Jeremy Johnson,1 Beryl B. Cummings,1,3 Noga Rogel,4
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The evolutionary history of a gene helps predict its function and relationship to phenotypic traits. Although sequence con-
servation is commonly used to decipher gene function and assess medical relevance, methods for functional inference from
comparative expression data are lacking. Here, we use RNA-seq across seven tissues from 17 mammalian species to show that
expression evolution across mammals is accurately modeled by the Ornstein–Uhlenbeck process, a commonly proposed
model of continuous trait evolution. We apply this model to identify expression pathways under neutral, stabilizing, and
directional selection. We further demonstrate novel applications of this model to quantify the extent of stabilizing selection
on a gene’s expression, parameterize the distribution of each gene’s optimal expression level, and detect deleterious expres-
sion levels in expression data from individual patients. Our work provides a statistical framework for interpreting expression
data across species and in disease.

[Supplemental material is available for this article.]

Comparative genomicshas identified andannotated functional ge-
netic elements by their evolutionary patterns across species (Rubin
et al. 2000; Kellis et al. 2003; Siepel et al. 2005; Pollard et al.
2006; Lindblad-Toh et al. 2011). Current comparative studies focus
primarily on analysis of genomic sequences, relying on a well-es-
tablished theoretical framework developed from observations
that neutral sequence diverges linearly across time (Harris 1966;
Lewontin and Hubby 1966; Kimura 1968; Jukes and King 1971).
These methods allow for detection of sequence elements that
evolve slower (e.g., due to purifying selection) or faster (e.g., due
to positive selection or relaxed selective constraints) than expected
under the null model of neutral evolution.

It has long been accepted that divergence of gene regulation,
manifested by phenotypic changes in gene expression, also plays
a key role in evolution (King and Wilson 1975; Wang et al. 1996;
Pierce and Crawford 1997; Ferea et al. 1999; Fraser et al. 2010).
An evolutionary analysis of gene expression should help interpret
gene function and evolutionary processes in ways that cannot
be addressed by sequence alone: The extent of stabilizing selection
on a gene’s expression level in different tissues could reveal the one
(s) inwhich the gene plays themost important role; the strength of
evolutionary constraint on a gene’s expression level could help in-
terpret expression levels observed in clinical samples; and identify-
ing genes whose expression level is under directional (positive)
selection can help assess the basis of lineage- and species-specific
phenotypes.

Multiple studies have analyzed expression data collected
across mammalian species using various heuristic methods for de-

fining conserved and divergent expression levels (Chan et al. 2009;
Brawand et al. 2011;Merkin et al. 2012; Perry et al. 2012).However,
there is currently no consensus on a quantitative framework for ad-
dressing the functionalquestions related to evolutionof expression
levels, due in part to a lack of agreement for how to best model ex-
pression evolution in mammals. InDrosophila, studies have found
that unlike sequence evolution, divergence of gene expression lev-
els is not continuously linear across evolutionary time. Instead, it
reaches saturation due to stabilizing selective pressures, requiring
more sophisticated models than standard neutral drift models
(Bedford and Hartl 2009; Kalinka et al. 2010). In contrast, initial
gene expression studies inmammals have been hampered by small
data sets leading to inconsistent reports on the relative contribu-
tion of neutral drift and stabilizing selection within the mammali-
an lineage (Khaitovichet al. 2004;Yanai et al. 2004;Blekhmanet al.
2008; Brawand et al. 2011). Early microarray-based studies ob-
served a linear relationship between expression differences and
divergence time across primates, suggesting neutral evolution
(Enard et al. 2002; Khaitovich et al. 2004, 2005). Subsequent anal-
ysis, however, suggested that these observations were confounded
by microarrays containing only human DNA probes (Gilad et al.
2006)which, once accounted for, left fewdifferences inprimate ex-
pression levels, highlighting stabilizing selection as the dominant
mode of expression evolution. A more recent large-scale study of
expression evolution across nine mammals profiled by RNA-seq
(Brawand et al. 2011)—alleviating the limitations of hybridization
technology—noted that more closely related species indeed have
more similar expression levels (supporting a neutral model), but
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Phylogenetic Comparative Analysis: A Modeling

Approach for Adaptive Evolution
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abstract: Biologists employ phylogenetic comparative methods to
study adaptive evolution. However, none of the popular methods
model selection directly. We explain and develop a method based on
the Ornstein-Uhlenbeck (OU) process, first proposed by Hansen.
Ornstein-Uhlenbeck models incorporate both selection and drift and
are thus qualitatively different from, and more general than, pure
drift models based on Brownian motion. Most importantly, OU mod-
els possess selective optima that formalize the notion of adaptive
zone. In this article, we develop the method for one quantitative
character, discuss interpretations of its parameters, and provide code
implementing the method. Our approach allows us to translate hy-
potheses regarding adaptation in different selective regimes into ex-
plicit models, to test the models against data using maximum-like-
lihood-based model selection techniques, and to infer details of the
evolutionary process. We illustrate the method using two worked
examples. Relative to existing approaches, the direct modeling ap-
proach we demonstrate allows one to explore more detailed hy-
potheses and to utilize more of the information content of com-
parative data sets than existing methods. Moreover, the use of a model
selection framework to simultaneously compare a variety of hy-
potheses advances our ability to assess alternative evolutionary
explanations.

Keywords: Ornstein-Uhlenbeck, Brownian motion, selective regime,
adaptation, evolutionary model, Anolis lizards.

We have stressed throughout the important role that models

of evolutionary change play in our statistical methods. Brown-

ian motion models have been put to use for characterizing
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change in continuously varying characters, as has a Markov

model in the case of dichotomous characters. New models,

based on undoubtedly wicked mathematics, will gradually

emerge. (Harvey and Pagel 1991)

The comparative method is a central tool for investigating
the adaptive significance of organismal traits. A funda-
mental problem facing any interspecific comparative anal-
ysis is that the species compared are not independent: to
a greater or lesser extent they share a common evolution-
ary history. Numerous methods have been devised to cir-
cumvent this problem (reviewed in Harvey and Pagel 1991;
Miles and Dunham 1993; Martins 1996; Martins et al.
2002). However, as has long been recognized, the most
popular methods for phylogenetic comparative analysis
assume an inappropriate model of evolution (Westoby et
al. 1995; Price 1997). In particular, a purely neutral model
of evolution—Brownian motion—is used to model the
evolutionary dynamics of a trait thought to be evolving
in response to some selective factor (Harvey and Purvis
1991; Harvey and Rambaut 2000; Martins et al. 2002).

In his seminal article introducing the method of in-
dependent contrasts, Felsenstein (1985) recognized two
cases in which Brownian motion (BM) may not be an
appropriate model: when selection persists through time
so that evolutionary changes on successive branches are
correlated, and when different lineages are subject to the
same selective regime (i.e., common environment, pred-
ators, food type, or habitat use). Both of these are to be
expected in the presence of natural selection.

The use of BM is not limited to the method of inde-
pendent contrasts. Although it is not always made explicit,
BM is the underlying model of evolution in nearly all
phylogenetic comparative methods for quantitative char-
acters including phylogenetic autocorrelation (Cheverud
et al. 1985), weighted least squares parsimony (Huey and
Bennett 1987; Maddison 1991), phylogenetic regression
(Grafen 1989), maximum likelihood (ML) methods for
ancestral character state reconstruction (Schluter et al.
1997), and simulation methods (Martins and Garland
1991; Garland et al. 1993).

Perhaps because the BM model does not adequately de-

vol. 164, no. 6 the american naturalist december 2004 �

Phylogenetic Comparative Analysis: A Modeling

Approach for Adaptive Evolution

Marguerite A. Butler* and Aaron A. King†

Department of Ecology and Evolutionary Biology, University of
Tennessee, Knoxville, Tennessee 37996-1610

Submitted November 26, 2003; Accepted August 19, 2004;
Electronically published November 16, 2004

Online enhancements: appendix, animations, computer code.

abstract: Biologists employ phylogenetic comparative methods to
study adaptive evolution. However, none of the popular methods
model selection directly. We explain and develop a method based on
the Ornstein-Uhlenbeck (OU) process, first proposed by Hansen.
Ornstein-Uhlenbeck models incorporate both selection and drift and
are thus qualitatively different from, and more general than, pure
drift models based on Brownian motion. Most importantly, OU mod-
els possess selective optima that formalize the notion of adaptive
zone. In this article, we develop the method for one quantitative
character, discuss interpretations of its parameters, and provide code
implementing the method. Our approach allows us to translate hy-
potheses regarding adaptation in different selective regimes into ex-
plicit models, to test the models against data using maximum-like-
lihood-based model selection techniques, and to infer details of the
evolutionary process. We illustrate the method using two worked
examples. Relative to existing approaches, the direct modeling ap-
proach we demonstrate allows one to explore more detailed hy-
potheses and to utilize more of the information content of com-
parative data sets than existing methods. Moreover, the use of a model
selection framework to simultaneously compare a variety of hy-
potheses advances our ability to assess alternative evolutionary
explanations.
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change in continuously varying characters, as has a Markov

model in the case of dichotomous characters. New models,

based on undoubtedly wicked mathematics, will gradually

emerge. (Harvey and Pagel 1991)

The comparative method is a central tool for investigating
the adaptive significance of organismal traits. A funda-
mental problem facing any interspecific comparative anal-
ysis is that the species compared are not independent: to
a greater or lesser extent they share a common evolution-
ary history. Numerous methods have been devised to cir-
cumvent this problem (reviewed in Harvey and Pagel 1991;
Miles and Dunham 1993; Martins 1996; Martins et al.
2002). However, as has long been recognized, the most
popular methods for phylogenetic comparative analysis
assume an inappropriate model of evolution (Westoby et
al. 1995; Price 1997). In particular, a purely neutral model
of evolution—Brownian motion—is used to model the
evolutionary dynamics of a trait thought to be evolving
in response to some selective factor (Harvey and Purvis
1991; Harvey and Rambaut 2000; Martins et al. 2002).

In his seminal article introducing the method of in-
dependent contrasts, Felsenstein (1985) recognized two
cases in which Brownian motion (BM) may not be an
appropriate model: when selection persists through time
so that evolutionary changes on successive branches are
correlated, and when different lineages are subject to the
same selective regime (i.e., common environment, pred-
ators, food type, or habitat use). Both of these are to be
expected in the presence of natural selection.

The use of BM is not limited to the method of inde-
pendent contrasts. Although it is not always made explicit,
BM is the underlying model of evolution in nearly all
phylogenetic comparative methods for quantitative char-
acters including phylogenetic autocorrelation (Cheverud
et al. 1985), weighted least squares parsimony (Huey and
Bennett 1987; Maddison 1991), phylogenetic regression
(Grafen 1989), maximum likelihood (ML) methods for
ancestral character state reconstruction (Schluter et al.
1997), and simulation methods (Martins and Garland
1991; Garland et al. 1993).

Perhaps because the BM model does not adequately de-
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Modelling (mean) trait evolution between species

Speciation events

Time

Stabilizing selection
An optimal value for the trait.
Ornstein-Uhlenbeck (OU) process.

Neutral trait
Random walk of the trait
Brownian process

Diversifying selection
Different optimal value for the trait, 
changing along the phylogeny.
Shifted OU process. 

 

 

• OU process can be favored a neutral trait [1,2]

 → Selection but it’s not.
• Brownian process can be favored for trait
under diversifying selection[3]

 → Neutral evolution but it’s not. 
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Pitfalls of modelling (mean) trait evolution between species

[1]Silvestro et al (2015); [2]Copper et al (2016);  [3]Hansen & Martins (1996)
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Diversifying selection
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changing along the phylogeny.
Shifted OU process. 

 

 

• OU process can be favored a neutral trait [1,2]

 → Selection but it’s not.
• Brownian process can be favored for trait
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Quantitative-genetics
across populations.
→ How to adapt QST-FST 
methods across species?

Contrast polymorphism 
& divergence.
→ How to adapt McDonald & 
Kreitman test (dN/dS>pN/pS) for 
trait changes along a phylogeny?

Phylogenetic comparative
method.
→ What is the expected rate 
of evolution for a neutral trait?

Phylogenetic DNA
evolution.
→ How to a derive a dN/dS
ratio but for a trait instead of 
protein coding DNA sequences?

What are you familiar with?
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• Ratio of between over within species trait variations
• Normalize using nucleotide variations (i.e. divergence and polymorphism)

Stabilizing selection

Trait variation
within species

Trait variation
between species

Variation between

Variation within

Trait
mean

Trait
variance

Trait
heritability

Sequence 
divergence

Sequence 
diversity

Trait variations
(e.g. brain size)Between

species
Within
species

Normalizing
factor

Normalizing
factor

Neutral trait evolution Diversifying selection
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When are between and within species variations equal? 

P̄ is the trait mean value. If the trait is neutral and encoded by many loci, P̄ evolves
as Brownian process. cov


P̄i, P̄j


is the covariance in mean trait value between a pair

of species[1]:

cov

P̄i, P̄j


= VA

Ne
· t = 4Ne · µ · L · a2

Ne
· t, (6)

= 4t · µ · L · a2. (7)

For a neutral genomic region of interest, some mutations will eventually reach fixa-
tion in the population due to genetic drift (Pfix = 1/2Ne)[1], resulting in a substitution.
The substitution rate per generation (q) is[2,3]:

q = 2Ne · µ · Pfix = 2Ne · µ · 1
2Ne

= µ. (8)

For t generations, the genetic distance (d) measured as the number of substitution
per site is:

d = t · q = t · µ. (9)

We thus have for a pair of species:

σ2
B

def=
cov


P̄i, P̄j


4d

= 4t · µ · L · a2

4t · µ
= L · a2. (10)

Within species variation:

• VP : phenotypic variance.
• h2: heritability for the trait.
• π: mutations per site between two haplotypes.

Between species variation:

• cov

P̄i, P̄j


: covariance in mean trait value between a pair of species.

• d: shared nucleotide divergence between a pair of species.




σ2
W

def= VP · h2

π
= ��4Ne · �µ · σ2

M

��4Ne · �µ
= σ2

M,

σ2
B

def=
cov


P̄i, P̄j


4d

= ��4t · �µ · σ2
M

��4t · �q
= σ2

M.

=⇒ σ2
B/σ2

W = 1.

• µ: mutation rate per generation.
• q: substitution rate per generation.
• Ne: effective population size.
• σ2

M: effect on the trait per mutation.

2
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Lynch (1998); Hansen & Martins (1996); Kimura (1968); Tajima (1989)
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Can we test our estimate against simulated data?

Generation n+1.

Generation n.

Generation n+2.

Parent 1

Parent 2 Genetic drift: parents are chosen randomly.
Selection: probability to be chosen is weighted by �tness.
Mutation: loci passed to o�springs can mutate.

Individual i

Fitness

Wi

Alleles:

Genotypic effect:

Phenotype

• Simulator across the phylogeny under different scenarios.



Latrille Thibault Trait evolution at the population and phylogenetic scaleCC-BY-SA 10/13

Can we test our estimate against simulated data?

• Simulations across the phylogeny under different scenarios.

Phenotypic variance

       Stabilizing selection
An optimal value for the trait.

       Neutral trait
No fitness function.

       Diversifying selection
An optimal value for the trait, 
changing randomly.

Time Time Time
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Test of neutrality against simulations

 • Can test for diversifying selection acting on a trait.
• False positive for detection of stabilizing selection.

100.1 1

       Stabilizing selection
An optimal value for the trait.

       Neutral trait
No fitness function.

       Diversifying selection
An optimal value for the trait, 
changing randomly.
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Application to brain and body size in mammals

RESEARCH ARTICLE SUMMARY
◥

ZOONOMIA

A genomic timescale for placental mammal evolution
Nicole M. Foley et al.

INTRODUCTION: Resolving the role that different
environmental forces may have played in the
apparent explosive diversification of modern
placental mammals is crucial to understand-
ing the evolutionary context of their living and
extinct morphological and genomic diversity.

RATIONALE: Limited access to whole-genome
sequence alignments that sample living mam-
malian biodiversity has hamperedphylogenomic
inference, which until now has been limited to
relatively small, highly constrained sequence
matrices often representing <2% of a typical
mammalian genome. To eliminate this sampling
bias, we used an alignment of 241 whole genomes
to comprehensively identify andrigorously analyze
noncoding, neutrally evolving sequence variation
incoalescentandconcatenation-basedphylogenetic
frameworks. These analyses were followed by vali-
dation with multiple classes of phylogenetically
informative structural variation. This approach
enabled the generation of a robust time tree for
placental mammals that evaluated age varia-
tion across hundreds of genomic loci that are
not restricted by protein coding annotations.

RESULTS: Coalescent and concatenation phy-
logenies inferred frommultiple treatments of the

data were highly congruent, including support
for higher-level taxonomic groupings that unite
primates+colugos with treeshrews (Euarchonta),
bats+cetartiodactyls+perissodactyls+carnivorans+
pangolins (Scrotifera), all scrotiferans excluding
bats (Fereuungulata), and carnivorans+pangolins
with perissodactyls (Zooamata). However, be-
cause these approaches infer a single best tree,
they mask signatures of phylogenetic conflict
that result from incomplete lineage sorting and
historical hybridization. Accordingly, we also
inferred phylogenies from thousands of non-
coding loci distributed across chromosomeswith
historically contrasting recombination rates.
Throughout the radiation of modern orders
(such as rodents, primates, bats, and carnivores),
we observed notable differences between locus
trees inferred from the autosomes and the X
chromosome, a pattern typical of speciationwith
gene flow. We show that in many cases, previ-
ously controversial phylogenetic relationships can
be reconciled by examining thedistribution of con-
flicting phylogenetic signals along chromosomes
with variable historical recombination rates.
Lineage divergence time estimates were no-

tably uniform across genomic loci and robust to
extensive sensitivity analyses inwhich the under-
lying data, fossil constraints, and clock models

were varied. The earliest branching events in the
placental phylogeny coincidewith thebreakupof
continental landmasses and rising sea levels in
the Late Cretaceous. This signature of allopatric
speciation is congruent with the low genomic
conflict inferred for most superordinal rela-
tionships. By contrast, we observed a second
pulse of diversification immediately after the
Cretaceous-Paleogene (K-Pg) extinction event
superimposed on an episode of rapid land emer-
gence. Greater geographic continuity coupled
with tumultuous climatic changes and increased
ecological landscapeat this timeprovidedenhanced
opportunities for mammalian diversification, as
depicted in the fossil record. These observations
dovetailwith increasedphylogenetic conflict ob-
servedwithin clades that diversified in theCenozoic.

CONCLUSION:Ourgenome-wideanalysis ofmul-
tiple classes of sequence variation provides the
most comprehensive assessment of placental
mammal phylogeny, resolves controversial rela-
tionships, andclarifies the timingofmammalian
diversification. We propose that the combina-
tion of Cretaceous continental fragmentation
and lineage isolation, followed by the direct and
indirect effects of theK-Pg extinction at a time of
rapid land emergence, synergistically contributed
to the accelerated diversification rate of placental
mammals during the early Cenozoic.▪

ZOONOMIA

Foley et al., Science 380, 365 (2023) 28 April 2023 1 of 1
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The timing of placental
mammal evolution.
Superordinal mammalian
diversification took place
in the Cretaceous during
periods of continental
fragmentation and sea
level rise with little phylo-
genomic discordance
(pie charts: left, auto-
somes; right, X chromo-
some),which is consistent
with allopatric speciation.
By contrast, the Paleo-
gene hosted intraordinal
diversification in the
aftermath of the K-Pg
mass extinction event,
when clades exhibited
higher phylogenomic
discordance consistent
with speciation with
gene flow and incomplete
lineage sorting.
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Understanding the role of constraints in adaptive evolution 
is a long-standing challenge in evolutionary biology1–3. The 
allometric relationship between brain size and body size 

has been a particularly common example in debates about the 
causes and consequences of evolutionary constraints4–11. Brain–
body allometry can be described by a power law, whereby brain 
size =  a(body size)b. This law is usually expressed in logarithmic 
form as the following standard linear allometric equation: log(brain 
size) =  log(a) +  blog(body size), where a is a scalar (intercept) and 
b is the allometric exponent (slope)7. Depending on the level of 
comparison, brain–body allometry reflects variation among devel-
opmental stages (ontogenetic allometry), among adult individuals 
within a species (static allometry) and among species (evolutionary 
allometry). These three types of allometry can be causally related, 
such that static allometry is determined by ontogenetic allometry, 
and evolutionary allometry is determined by ontogenetic and static 
allometry12,13. Limited evolvability in ontogenetic and static allom-
etry can therefore generate evolutionary constraints.

For over a century, it has been recognized that evolutionary 
brain–body allometry explains a large fraction of brain size variation 
across vertebrates14,15. This pattern is typically explained by physi-
ological scaling4,16,17 and developmental constraints6,7. However, 
birds and mammals have evolved a substantially larger brain for a 
given body size, or larger relative brain size (that is, encephaliza-
tion), compared to other vertebrates4,5. Despite prolific research to 
understand their unrivalled encephalization and intelligence18–20, 
it remains unclear how birds and mammals have undergone such 
evolutionary changes in brain size under allometric constraints 

that are considered to be universal across vertebrates. Theoretical 
arguments8–10 suggest that a decoupling of phenotypic integration 
between brain and body size, which is expressed by a reduction 
in static allometric exponents, can mitigate allometric constraints 
and potentiate encephalization. The variability of evolutionary 
allometric exponents in carnivores21 and increased among-species 
variances of relative brain size in cetaceans and primates22–24 sug-
gest a decoupling in the relationship between brain and body size 
in large-brained lineages. However, an adequate test for the decou-
pling hypothesis requires a comparison of static allometries across 
a wide range of taxa. Here, we compile the most extensive brain- 
and body-mass dataset to date, consisting of 20,213 observations 
of adult individuals from 4,587 species across jawed vertebrates, to 
test the decoupling hypothesis for avian and mammalian encepha-
lization. Using phylogenetic comparative methods, we compare the 
pattern of brain–body evolutionary allometry across major verte-
brate forms and ask how macroevolutionary patterns are related to 
static allometries. We further aim to elucidate the potential under-
lying mechanisms of the decoupling process by comparing ontoge-
netic brain–body allometries across taxa.

Results
We estimated evolutionary allometries by fitting log10–log10 regres-
sions of brain mass against body mass using phylogenetic general-
ized least squares (PGLS) models, whereby the residual variance is 
modelled according to Brownian motion25 with phylogenetic heri-
tability (λ )26. As illustrated in Fig. 1, mammals and birds occupy a 
section of morphospace well above ray-finned fishes, reptiles and 

Breakdown of brain–body allometry and the 
encephalization of birds and mammals
Masahito Tsuboi   1,2,3*, Wouter van der Bijl   2, Bjørn Tore Kopperud1, Johannes Erritzøe4,  
Kjetil L. Voje1, Alexander Kotrschal   2, Kara E. Yopak5,6, Shaun P. Collin6, Andrew N. Iwaniuk   7 and 
Niclas Kolm   2

The allometric relationship between brain and body size among vertebrates is often considered a manifestation of evolutionary 
constraints. However, birds and mammals have undergone remarkable encephalization, in which brain size has increased with-
out corresponding changes in body size. Here, we explore the hypothesis that a reduction of phenotypic integration between 
brain and body size has facilitated encephalization in birds and mammals. Using a large dataset comprising 20,213 specimens 
across 4,587 species of jawed vertebrates, we show that the among-species (evolutionary) brain–body allometries are remark-
ably constant, both across vertebrate classes and across taxonomic levels. Birds and mammals, however, are exceptional in that 
their within-species (static) allometries are shallower and more variable than in other vertebrates. These patterns are con-
sistent with the idea that birds and mammals have reduced allometric constraints that are otherwise ubiquitous across jawed 
vertebrates. Further exploration of ontogenetic allometries in selected taxa of birds, fishes and mammals reveals that birds and 
mammals have extended the period of fetal brain growth compared to fishes. Based on these findings, we propose that avian 
and mammalian encephalization has been contingent on increased variability in brain growth patterns.
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Figure S1.  
Overview of methods for estimating heterozygosity, historical Ne, and genetic load across 
individual mammalian genomes. (A) For each species in the Zoonomia alignment, 
homozygous derived substitutions were estimated relative to the reconstructed sequence of the 
closest ancestral node in the phylogeny. Heterozygous variants were estimated from the short-
read data mapped to the reference genome. (B) Mean heterozygosity and proportion of the 
genome in runs of homozygosity (fRoH) were estimated from the distribution of 50-kb genomic 
windows. (C) Historical effective population size (Ne) was estimated over time and summarized 
by the harmonic mean (dashed line). (D) Genetic load was inferred from the evolutionary 
conservation (measured by phyloP) of mutated positions, assuming that mutations at sites 
conserved across placental mammals are likely deleterious, and from the predicted impact of 
mutations in protein-coding genes, including single-copy genes with associated phenotypes in 
knockout mouse lines. Genetic load was estimated from the proportion of homozygous derived 
substitutions that were deleterious (fixed drift load), and the proportion of heterozygous variants 
that were deleterious (segregating mutational load), relative to total mutations of each type.  
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The contribution of historical processes to
contemporary extinction risk in placental mammals
Aryn P. Wilder*†, Megan A. Supple*†, Ayshwarya Subramanian, Anish Mudide, Ross Swofford,
Aitor Serres-Armero, Cynthia Steiner, Klaus-Peter Koepfli, Diane P. Genereux, Elinor K. Karlsson,
Kerstin Lindblad-Toh, Tomas Marques-Bonet, Violeta Munoz Fuentes, Kathleen Foley, Wynn K. Meyer,
Zoonomia Consortium, Oliver A. Ryder*‡, Beth Shapiro*‡

INTRODUCTION: TheAnthropocene ismarkedby
an accelerated loss of biodiversity, widespread
population declines, and a global conservation
crisis. Given limited resources for conservation
intervention, an approach is needed to identify
threatened species from among the thousands
lacking adequate information for status assess-
ments. Suchprioritization for intervention could
come from genome sequence data, as genomes
contain information about demography, di-
versity, fitness, and adaptive potential. However,
the relevance of genomic data for identifying
at-risk species is uncertain, in part because
genetic variation may reflect past events and
life histories better than contemporary con-
servation status.

RATIONALE: The Zoonomia multispecies align-
ment presents an opportunity to systemati-
cally compare neutral and functional genomic
diversity and their relationships to contem-
porary extinction risk across a large sample
of diverse mammalian taxa. We surveyed
240 species spanning from the “Least Concern”
to “Critically Endangered” categories, as pub-

lished in the International Union for Conserva-
tion of Nature’s Red List of Threatened Species.
Using a single genome for each species, we
estimated historical effective population sizes
(Ne) and distributions of genome-wide hetero-
zygosity. To estimate genetic load, we identified
substitutions relative to reconstructed ancestral
sequences, assuming that mutations at evolu-
tionarily conserved sites and in protein-coding
sequences, especially in genes essential for vi-
ability in mice, are predominantly deleterious.
We examined relationships between the conser-
vation status of species and metrics of heterozy-
gosity, demography, and genetic load and used
thesedata to train and testmodels todistinguish
threatened from nonthreatened species.

RESULTS: Species with smaller historical Ne

are more likely to be categorized as at risk of
extinction, suggesting that demography, even
from periods more than 10,000 years in the
past, may be informative of contemporary
resilience. Species with smaller historical Ne

also carry proportionally higher burdens of
weakly and moderately deleterious alleles,

consistent with theoretical expectations of the
long-term accumulation and fixation of ge-
netic load under strong genetic drift. We found
weak support for a causative link between fixed
drift load and extinction risk; however, other
types of genetic load not captured in our data,
such as rare, highly deleterious alleles, may also
play a role. Although ecological (e.g., physiolog-
ical, life-history, and behavioral) variables were
the best predictors of extinction risk, genomic
variables nonrandomly distinguished threat-
ened from nonthreatened species in regression
and machine learning models. These results
suggest that information encoded within even
a single genome can provide a risk assessment
in the absence of adequate ecological or pop-
ulation census data.

CONCLUSION: Our analysis highlights the poten-
tial for genomicdata to rapidly and inexpensively
gauge extinction risk by leveraging relationships
between contemporary conservation status and
genetic variation shaped by the long-term dem-
ographichistory of species.Asmore resequencing
data and additional reference genomes become
available, estimates of genetic load, estimates of
recent demographic history, and accuracy of pre-
dictive models will improve. We therefore echo
calls for including genomic information in assess-
ments of the conservation status of species.▪
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Genomic information
can help predict extinc-
tion risk in diverse
mammalian species.
Across 240 mammals,
species with smaller his-
torical Ne had lower
genetic diversity, higher
genetic load, and were
more likely to be threat-
ened with extinction.
Genomic data were used
to train models that
predict whether a spe-
cies is threatened,
which can be valuable
for assessing extinction
risk in species lacking
ecological or census data.
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are more likely to be categorized as at risk of
extinction, suggesting that demography, even
from periods more than 10,000 years in the
past, may be informative of contemporary
resilience. Species with smaller historical Ne

also carry proportionally higher burdens of
weakly and moderately deleterious alleles,

consistent with theoretical expectations of the
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such as rare, highly deleterious alleles, may also
play a role. Although ecological (e.g., physiolog-
ical, life-history, and behavioral) variables were
the best predictors of extinction risk, genomic
variables nonrandomly distinguished threat-
ened from nonthreatened species in regression
and machine learning models. These results
suggest that information encoded within even
a single genome can provide a risk assessment
in the absence of adequate ecological or pop-
ulation census data.

CONCLUSION: Our analysis highlights the poten-
tial for genomicdata to rapidly and inexpensively
gauge extinction risk by leveraging relationships
between contemporary conservation status and
genetic variation shaped by the long-term dem-
ographichistory of species.Asmore resequencing
data and additional reference genomes become
available, estimates of genetic load, estimates of
recent demographic history, and accuracy of pre-
dictive models will improve. We therefore echo
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Trait
mean

Trait
variance

Trait
heredity

Nucleotide
diversity

Nucleotide
divergence

Sequence diversity

Trait diversity

Males

Females

Body size Brain size

1.24 4.53**

6.00**0.94

* *significant p-value with risk α=0.05 
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Take home messages

Mélodie Bastian, Théo Gaboriau, Nicolas Salamin

thibault.latrille@unil.ch@phylogenetrips

• Use the ratio of between over within species trait variations.

• Normalized using nucleotide variations (i.e. divergence and polymorphism).

• Not good to detect of stabilizing selection (false positives).

• Good to detect diversifying selection.

Speciation events

Time

mailto:thibault.latrille%40ens-lyon.org?subject=
mailto:thibault.latrille@univ-lyon1.fr
mailto:thibault.latrille%40ens-lyon.org?subject=
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Genetic architecture of the trait and individual phenotype
• dN is the rate of non-synonymous substitutions.
• dS is the rate of synonymous substitutions.

Coding sequences Quantitative traits
Adaptation / Diversifying selection ω > 1 σ2

B/σ2
W > 1

Neutral regime of evolution ω = 1 σ2
B/σ2

W = 1
Purifying / Stabilizing selection ω < 1 σ2

B/σ2
W < 1

5

Alleles:

Genotypic effect:

Phenotype

Lande (1978); Lynch (1998)

• L is the number of loci encoding the trait.
• al ∼ N (0, a2) is the effect of a mutation on the trait at locus l ∈ {1, . . . , L}.
• gi,l ∈ {0, 1, 2} is the genotype at locus l for individual i ∈ {1, . . . , Ne}.
• Gi =

∑L
l=1 al × gi,l is the influence of genotype on the trait for individual i.

The mean (Ḡ) and variance (VA) of the genotype are:

Ḡ = 1
Ne

Ne∑
i=1

Gi and VA = 1
Ne

Ne∑
i=1

(
Gi − Ḡ

)2 (13)

• ξi ∼ N (0, VE) is the effect of environment on the trait for individual i.
• Pi = Gi + ξi is the phenotype for individual i.

The mean (P̄ ) and variance (VP ) of the phenotype are:

P̄ = 1
Ne

Ne∑
i=1

Pi and VP = 1
Ne

Ne∑
i=1

(
Pi − P̄

)2 (14)

Heritability (h2) is defined as:

h2 = VA

VP
= VA

VA + VE
(15)

Gi =
L∑

l=1
al × gi,l (16)

Pi =
L∑

l=1
al × gi,l + ξi (17)

6
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Normalizing trait variation using polymorphism

• L is the number of loci encoding the trait.
• a is the average effect of a mutation on the trait.
• µ is the mutation rate per loci per generation.
• Ne is the effective number of individual in the population.

At the individual level, the mutational variance (VM) is the rate at which new mutations
contributes to the trait variance per generation[1]:

VM = 2µ · L · a2. (1)

At the population level, mutations supply new variants in the population, while
genetic random drift depletes standing variation. If the trait is neutral, at equilibrium
between mutation and drift[2], the additive genetic variance in the population (VA) is:

VA = 2Ne · VM = 4Ne · µ · L · a2. (2)

For any neutral genomic region of interest, the genetic diversity (π), the fraction
of the region that are different between two randomly sampled haplotypes, is also a
balance between mutations and drift[1]:

π = 4Ne · µ. (3)

At the population level, we have:

σ2
W

def= VA

π
= 4Ne · µ · L · a2

4Ne · µ
= L · a2. (4)

VA is also the phenotypic variance (VP ) multiplied by heritability (h2), giving:

σ2
W = VP · h2

π
= L · a2. (5)

1

[1]Tajima (1989)
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Evolution of mean trait value as a function of trait architecture

P̄ is the trait mean value. If the trait is neutral and encoded by many loci, P̄ evolves
as Brownian process. cov


P̄i, P̄j


is the covariance in mean trait value between a pair

of species[1]:

cov

P̄i, P̄j


= VA

Ne
· t = 4Ne · µ · L · a2

Ne
· t, (6)

= 4t · µ · L · a2. (7)

For a neutral genomic region of interest, some mutations will eventually reach fixa-
tion in the population due to genetic drift (Pfix = 1/2Ne)[1], resulting in a substitution.
The substitution rate per generation (q) is[2,3]:

q = 2Ne · µ · Pfix = 2Ne · µ · 1
2Ne

= µ. (8)

For t generations, the genetic distance (d) measured as the number of substitution
per site is:

d = t · q = t · µ. (9)

We thus have for a pair of species:

σ2
B

def=
cov


P̄i, P̄j


4d

= 4t · µ · L · a2

4t · µ
= L · a2. (10)

Within species variation:

• VP : phenotypic variance.
• h2: heritability for the trait.
• π: mutations per site between two haplotypes.

Between species variation:

• cov

P̄i, P̄j


: covariance in mean trait value between a pair of species.

• d: shared nucleotide divergence between a pair of species.





σ2
W

def= VP · h2

π
= ��4Ne · �µ · σ2

M

��4Ne · �µ
= σ2

M,

σ2
B

def=
cov


P̄i, P̄j


4d

= ��4t · �µ · σ2
M

��4t · �q
= σ2

M.

=⇒ σ2
B/σ2

W = 1.

• µ: mutation rate per generation.
• q: substitution rate per generation.
• Ne: effective population size.
• σ2

M: effect on the trait per mutation.

2

[1]Hansen & Martins (1996)
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Normalizing mean trait value evolution using divergence

P̄ is the trait mean value. If the trait is neutral and encoded by many loci, P̄ evolves
as Brownian process. cov


P̄i, P̄j


is the covariance in mean trait value between a pair

of species[1]:

cov

P̄i, P̄j


= VA

Ne
· t = 4Ne · µ · L · a2

Ne
· t, (6)

= 4t · µ · L · a2. (7)

For a neutral genomic region of interest, some mutations will eventually reach fixa-
tion in the population due to genetic drift (Pfix = 1/2Ne)[1], resulting in a substitution.
The substitution rate per generation (q) is[2,3]:

q = 2Ne · µ · Pfix = 2Ne · µ · 1
2Ne

= µ. (8)

For t generations, the genetic distance (d) measured as the number of substitution
per site is:

d = t · q = t · µ. (9)

We thus have for a pair of species:

σ2
B

def=
cov


P̄i, P̄j


4d

= 4t · µ · L · a2

4t · µ
= L · a2. (10)

Within species variation:

• VP : phenotypic variance.
• h2: heritability for the trait.
• π: mutations per site between two haplotypes.

Between species variation:

• cov

P̄i, P̄j


: covariance in mean trait value between a pair of species.

• d: shared nucleotide divergence between a pair of species.




σ2
W

def= VP · h2

π
= ��4Ne · �µ · σ2

M

��4Ne · �µ
= σ2

M,

σ2
B

def=
cov


P̄i, P̄j


4d

= ��4t · �µ · σ2
M

��4t · �q
= σ2

M.

=⇒ σ2
B/σ2

W = 1.

• µ: mutation rate per generation.
• q: substitution rate per generation.
• Ne: effective population size.
• σ2

M: effect on the trait per mutation.

2

[1]Kimura (1962); [2]Kimura (1968); [3]McCandlish & Stoltzfus (2014)[
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Estimation at the phylogenetic scale
Input:

• n is the number of taxa.
• D (n × n) is the symmetric distance matrix computed from the branch lengths

and the topology of the phylogenetic tree.
• P̄ (n × 1) is the vector of mean trait values at the tips of the tree.
• 1 (n × 1) is a vector of ones.

Output:

• ϕ is the estimate mean trait value at the root.
• σ2

B is the estimated trait variance measured at the phylogenetic scale.

At the phylogenetic scale, the maximum likelihood estimates of ϕ and σ2
B are[1]:




ϕ =

1⊺ × D−1 × 1

−1 ·

1⊺ × D−1 × P̄


,

σ2
B = 1

4


P̄ − ϕ · 1

⊺ × D−1 ×

P̄ − ϕ · 1


n − 1 .

(11)

Input:

• n is the number of taxa.
• VP (n × 1) is the vector of phenotypic variance at the tips of the tree.
• π (n × 1) is the vector of genetic diversity at the tips of the tree.
• h2 (n × 1) is the vector of heritability at the tips of the tree.

Output:

• σ2
W is the mean estimate of σ2

W across species.

σ2
W = 1

n

n
i=1

VP,i · h2
i

πi
. (12)

ρ = σ2
B

σ2
W

ρ > 1
ρ < 1
ρ = 1

P [ρ > 1]

σ2
W

def= VP · h2

π

3

[1]O’Meara et al. (2006)


