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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.
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Q..—F.. comparisons: evolutionary
and ecological insights from
genomic heterogeneity

Tuomas Leinonen’, R. J. Scott McCairns', Robert B. O’Hara? and Juha Merilé’

Abstract | Comparative studies of the divergence of quantitative traits and neutral
molecular markers, known as Q  —F . 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 . —F ., 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 ,—F,, comparisons. Methods based on
the Q.,—F approach could also be used to analyse various types of ‘omics’ data in new and

revealing ways.

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
phenotypically — over time'?. 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 F,, (BOX 1), which is a standardized meas-
ure of genetic differentiation among populations for a
genetic locus®. 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
F,, of selected or linked loci, relative to that of neutral
loci*®. 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 basis®”, distinguishing
neutral and selective patterns of population differentia-
tion at the phenotypic level is not easily accomplished
with standard F, estimates. Trait-based inference, how-
ever, can be accomplished under a related analytical
framework.

Q,, is a quantitative genetic analogue of F that
measures, similarly to F , 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 F;; BOX 1). The value of Q_ for a neutral quantita-
tive trait that has an additive genetic basis is expected to
be equal to the F, for a neutral genetic locus (BOX 1). This
finding — which is based on the work of Sewall Wright®
(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), F meas-
ured from neutral molecular markers can be used as a
null expectation for the degree of population divergence
due to drift and migration'*"". In cases in which Q. = F,,
the inference is that trait divergence among subpopula-
tions could have been achieved by genetic drift alone. If
QST > F, trait divergence exceeds neutral expectation,
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Box 1 | Deriving measures of population differentiation in molecular markers and phenotypic traits

Wright's Fg; and related estimators” allow the partitioning of the total genetic variation (dZ,) in single genes (for example,

Uniform selection
Selection that favours similar
phenotypes in different
populations.

Stabilizing selection
Selection that eliminates both
extremes and favours the
intermediate phenotypes.

Additive genetic variance
(V). The part of total genetic
variance that determines the
response to selection in
quantitative traits. It can be
modelled as allelic effects that
have an additive effect on the
phenotype in heterozygotes.

Common garden

An experimental setting in
which individuals from different
populations are reared under
identical environmental
conditions to standardize
environmental influences on
phenotypes.

neutral marker loci) into within-population (7,,) and between-population (¢7,) components, such that a standardized
measure of the degree of among-population allelic differentiation is obtained as:

Fsr= G(ZJB/(O-éB+GéW) (1)

Similar partitioning of genetic variance in a quantitative polygenic trait for populations diverging owing to genetic
drift can be achieved by relating the components of allelic variation from equation 1 to those of genetic variance in

the polygenic trait as®:

ety = Ars: (2)
0w =(1=Fs) Vy (3)
ogr=(1+Fs) Vs (4)

where V, refers to additive genetic variance in a common ancestral population. Therefore, a quantitative trait analogue

of F;— coined Q;'* — can be obtained as:

Qsy = 05/06r = 2Fs7/(1 + Fe7) = 04/ (08 + 208) ()

Hence, for neutral traits in diploid organisms, the quantities defined by equations 1 and 5 are expected to be the
same. Building on the framework of variance partitioning first outlined by Wright, both Lande® and Whitlock** have
independently confirmed the expectation of equivalency under neutrality. Thus, barring technical challenges in
estimating the quantities of interest, this expectation (F, = Q,;) provides a theoretically sound basis for inferring
deviations from neutrality (Qg; > F; or Q ; < F)). As long as the markers used to estimate F; are neutral, and the
within- and among-population components of variance that are used to estimate Q; are based on genetic rather than

phenotypic data, the neutral expectation (F, = Q) is shown to be robust under a variety of demographic scenarios

and is likely to have been caused by directional selection.
If Q,, < F, trait divergence among populations is less
than expected by genetic drift alone; this pattern is sug-
gestive of uniform selection or stabilizing selection across
the populations.

Q,,~F,, comparisons have been used in an increasing
number of studies to infer the action of natural selec-
tion on complex phenotypic traits, as well as to quantify
the degree of spatial genetic structuring in quantitative
traits among populations (see REFS 9,11,12 for earlier
reviews). In this Review, we first introduce the con-
cepts and issues related to estimating the parameters
of interest. We then summarize the insights that have
been accumulating from the rapidly increasing num-
ber of empirical and theoretical studies focused on
Qg,—F,, comparisons and discuss generalizations that
are emerging from the empirical data. We will also
cover some of the recent methodological and concep-
tual developments and challenges relating to the use of
Q,~F, comparisons, and we explore the utility, appli-
cability and promise of the Q. -F, approach in rela-
tion to quickly evolving genomic methods and rapidly
accumulating genomic data.

Estimating and comparing F and Q

Estimating Q . Q, is defined as the proportion of vari-
ation in a given trait that is attributable to genetically
based differences among populations, as scaled to the
total genetic variation in the trait'*'*. This can be repre-
sented as Q. =07,,/(07,+207,, ), where 07, is the among-
population (additive) genetic component of variance,

and 7, is the average within-population component

13,25,52

of additive genetic variance (V,) (BOX 1). From this, it is
obvious that the estimation of Q_, requires quantita-
tive genetic data from multiple populations. This is
also the Achilles heel of the Q, -F,, approach: logistic
demands to obtain such data can be formidable, as the
estimation of the parameters of interest requires breed-
ing experiments that are conducted under standard-
ized environmental conditions (that is, ‘common-garden’
experiments). Although labour-intensive, this is the
most reliable method of ensuring that among-population
variance components reflect genetic differences, and are
not inflated by direct environmental effects. Moreover,
breeding experiments can be designed such that within-
population components of variance truly reflect additive
genetic variance. A basic text on quantitative genetics
will provide numerous design options, but strategies
that use half-sib crosses will generally provide unbiased
estimates of V,. If a half-sib design is not tractable, a
reasonable approximation of o, can be achieved from
a sufficient number of full-sib families. Alternatively, by
relaxing assumptions underlying standard quantitative
genetic inference, purely phenotypic data can be used
to estimate P, which is a Q  analogue that lacks some
of the genetic rigour of Q . (BOX 2). The P approach
is the only option when species are not suitable for the
breeding designs that allow the estimation of V. In these
cases, which often involve species of conservation inter-
est, P, can provide a reasonable proxy for Q.. However,
the impact of its underlying assumptions regarding the
magnitude of environmental effects on within- and
among-population components of variance should
always be evaluated with sensitivity analyses' (BOX 2).
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Box 2 | Pg;: inference without common-garden data

Given the difficulty of estimating within- and among-population components of
genetic differentiation in quantitative traits, it has become a popular practice to

replace Q; with its phenotypic analogue, P,

, P, aterm coined by Leinonen et al.**. The

main challenges involved with use of P, are that both within- and among-population
components of variance (equation 5 in BOX 1) can be confounded by environmental
effects®. Although the inclusion of environmental variance in the within-population
component of variance is likely to render P, estimates conservative, the opposite is
true in the case of the among-population component of variance. Namely,
environmental differences experienced by different populations are a common source
of phenotypic divergence in a wide range of taxa and traits. For example, Q; values
estimated using wild-caught copepods (that is, P.;) were 1.8 times larger than those
estimated using animals reared in a common-garden experiment from the same
populations®. However, when judiciously applied, P, estimates can still be informative:

*hsT

sensitivity analyses can be carried out to evaluate the impact of assumptions regarding
the magnitude of environmental effects on within- and among-population components
of variance'***?". Meta-analytical results are also reassuring, as they show that P
estimates are not generally higher than Qg estimates®. That said, given the widespread
occurrence of counter-gradient variation®, this similarity could be coincidental.

Nevertheless, being measured on the same scale as Q  and F, P,

s Ps; €stimates provide a

useful yardstick to compare the relative influence of genetic adaptation, phenotypic
plasticity and genetic drift as causes of population differentiation. Hence, although P
estimates cannot provide hard evidence proving the action of natural selection in the
past, they are informative regarding the degree of phenotypic differentiation among
populations and different traits.

Bayesian methods
Statistical methods in which
the probability of a hypothesis
is tested using a prior
probability, which is updated
whenever new data are
obtained. Estimated
parameters are derived from a
posterior distribution.

Parametric bootstrap

A method of estimating
confidence intervals from
simulated data sets that are
constructed from a fitted
statistical model. This contrasts
non-parametric bootstrapping
in which estimates are derived
by resampling data with
replacement.

Neutral marker loci

Loci (for example,
microsatellites or SNPs) that
are inherited in a Mendelian
manner and not influenced by
selection.

Microsatellites
Short repeated sequences
of DNA.

When quantitative genetic data from multiple popu-
lations have been obtained, Q,, and associated dispersion
estimates (that is, standard errors or confidence limits)
can be obtained using linear mixed-model approaches.
However, because estimating Q,, is essentially based on
estimating variance components and their ratios (see the
above equation for Q,), the precision of these estimates
is likely to be poor unless many populations and families
are used in the estimation®. Although this may represent
a challenge for studies of organisms that are not easily
cultured in common-garden settings, studies based on
small numbers of populations and families can still be
informative provided that selection has been strong
(that is, Q,, >> Fy,). Various statistical approaches have
been used to estimate confidence intervals and standard
errors of Q, many of which have been shown to yield
erroneous or even biased estimates'. In this respect,
Bayesian methods and the parametric bootstrap seem to
work best".

Numerous technical refinements that help to deal
with some additional issues in Q, estimation have been
developed in recent years. For example, progress in
multivariate Q  ~F,. methods'" has been a welcome
development as a means of dealing with the causes and
consequences of correlated selection. Because of plei-
otropy and linkage, different traits can be genetically
correlated and hence not free to evolve independently®%
consequently, inference based on traditional univariate
analyses of Q . cannot distinguish between selection act-
ing directly on a trait, or a correlated signature that arises
through selection acting on covarying traits. Although
they have been under-used to date, such multivariate
approaches represent an important step towards the
goal of studying evolution of the phenome, given hier-
archical — and sometimes conflicting — genome-wide
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influences on trait expression. The Q. -F, approach can
also be used to study hierarchical partitioning of genetic
variance in quantitative traits across varying levels of
spatial structure®>*2. The challenge here is to correct for
different variance parameters at different levels of the
hierarchy to make them analogous to F_. A method to
do this has been introduced only recently®.

Estimating F . Accurately defining a neutral baseline
for the degree of differentiation that is expected under
genetic drift is equally crucial for the successful imple-
mentation of this analytical framework. This can be
obtained by estimating F for neutral marker loci, such as
microsatellites or appropriate single-nucleotide polymor-
phisms (SNPs), in the classical Weir and Cockerham?**
framework. The methods and issues associated with
estimation of F_ have been recently covered in many
excellent reviews**>?°, Here, it suffices to say that the cru-
cial issues from the perspective of Q ~F, comparisons
are whether the markers used are indeed neutral, and
whether their mutation rates are not too high relative to
rates of migration”. Marker neutrality may be less of an
issue if inference is based on the distribution of mean
F,, derived from a large number of loci; however, the
use of mean F is probably inappropriate. Whitlock*
has demonstrated that Q , tends to behave similarly to
a single-locus F, and as such, the correct approach is
to compare Q. against the distribution range of single-
locus F estimates, not their mean. In this instance, out-
lier loci have the potential to bias the threshold values
defining neutrality, as loci under selection will inflate
the variance, thereby setting an artificially inflated upper
value of F and potentially leading to a failure to detect
traits under selection. In these cases, we would argue
that testing assumptions of marker neutrality should be
considered an essential first step in any Q, ~F, analysis.
However, care must also be taken not to artificially
deflate neutral thresholds. Although there are numerous
methods currently available to detect outlier loci that are
under selection®®?, such tests can be sensitive to false
positives®**?2. The practical consequence of this would
be removal of high-but-neutral F values (false-positive
outliers) when calculating thresholds of neutral diver-
gence, thereby potentially leading to false positives in the
evaluation of Q. This seems to be less problematic for
Bayesian-based outlier tests**~*°, but it is important to be
aware of this potential source of inferential bias.
Recently, the choice of marker that is used to define
F,, has also become a cause for concern. Microsatellites
in particular have been criticized as being too varia-
ble, and their use as markers may lead to situations in
which within-group heterozygosity is sufficiently high
to significantly deflate F_, even when calculated for
theoretically maximally divergent populations. The
practical result is the setting of too liberal a neutral
baseline expectation against which Q, is evaluated™.
This has led some authors to advocate the use of SNP
data”, based on the assumption of lower mutation
rates. However, it is currently unclear whether the
enthusiasm for SNP data is well founded. Nucleotide
mutation rates are highly variable, depending on their

NATURE REVIEWS ‘ GENETICS

ADVANCE ONLINE PUBLICATION | 3

© 2013 Macmillan Publishers Limited. All rights reserved




REVIEWS

location in the genome and the type of mutation®?’.

Moreover, the significance and degree of potential bias
from mutation relative to other sources of variance in
F, and Qg estimates is as yet unclear, although simu-
lation studies suggest that bias is unlikely to be severe
unless migration rates are low relative to mutation rates
in marker loci**.

SNP data also have other characteristics that compli-
cate their use in Q~F, comparisons. For example, the
use of SNP panels has been shown to upwardly bias F,
estimates*!, probably owing to the fact that most SNP
panels contain a mixture of both neutral and selected
markers*. Yet, an advantage of SNPs that gives them the
potential to surpass the utility of microsatellites is the
relative ease with which large numbers of markers can be
scored, thereby permitting a more reliable estimate of the

Box 3 | Alternatives to Q_~F_ comparisons

There are various alternative formal model-based approaches to detect or infer the
action of natural selection, each of which is accompanied by specific limitations and/or
assumptions.

Phenotype-based inference

Direct measurements of natural selection are possible?, but challenging, especially in a
multiple-population context. Even when possible, current and past selection pressures
could be different. Conversely, direct measures of neutral trait divergence can be
inferred from experimental lines, such as from mutation-accumulation experiments®’,
thus yielding an alternative baseline against which among-population differences can
be compared. However, such an approach is necessarily limited to organisms that have
extremely rapid generation times. Lande’s*'® rate test and equivalents (for example,
REFS 101,102) are ultimately quantitative genetic approaches, but they require
information and/or assumptions on quantities (for example, mutation rate and time
since divergence) that are not usually available. Consequently, a relatively small number
of studies have used these approaches’28103:104,

Genotype-based inference

Tests based on patterns of DNA polymorphisms, such as the McDonald-Kreitman
test'®, are restricted to coding DNA or protein sequences, and the link to complex
phenotypes is not usually traceable. Genome scans and outlier tests?>2%!% provide yet
another way to detect the action of past natural selection, but the link between
selected loci and phenotypes is usually not easy to establish, except perhaps for
oligogenic or monogenic traits. Conversely, a Q ; = F¢ result implies heterogeneity in
the patterns of genomic differentiation. As such, it becomes natural to ask whether
outlier detection methods can be used to identify quantitative trait loci (QTLs) under
selection. The general answer to this question is, unfortunately, negative'*°. There are
two main reasons for this. First, most quantitative traits are coded by many genes®, and
small shifts in allele frequencies at individual QTLs are hard to detect using genome
scans*. Second, apart from shifts in allele frequencies at individual QTLs, covariance
among allelic effects across QTLs also contributes to population differentiation in
quantitative traits (that is, Q,'?). Therefore, pronounced adaptive differentiation among
populations can take place without detectable differentiation in underlying QTLs2°21%7,

The advantage of Q;

From a practical perspective, the contrast between Q. —F  and genome scans for
detecting adaptive differentiation in quantitative traits is one of an unfortunate
trade-off. Although genome scans are logistically easier to conduct than Q. —F, studies,
the latter are inferentially superior when focal traits are strongly polygenic. That said, as
shown by both simulations and empirical data, under certain conditions (such as high
gene flow, strong divergent selection and fairly simple genetic architecture), genome
scans can detect adaptive differentiation*’. Nevertheless, the Q  ~F  approach exhibits
a distinctive advantage of practical importance over genome scans: the rate at which
phenotypic differentiation as measured by Q; reaches its equilibrium in response to
local selection is substantially faster (tens rather than hundreds of generations) than
allele frequencies at QTLs*, thereby permitting the detection of recent selective events
(see also REF. 108).

distribution of single-locus F,. Thus, there is probably
no simple solution to the question of marker selection at
this time: careful pre-planning and marker screening —
with an emphasis on minimizing false positives in outlier
detection — before inference are highly recommended.

Comparing Q,, to F. The theory and conditions for
the expectation Q= F. under neutrality rest on firm
theoretical foundations (BOX 1), and the empirical results
from a few experimental tests give at least qualitative
support for these theoretical expectations****. Moreover,
as the metric (that is, Q) is scaled identically to the
empirical distribution of null (that is, neutral) expecta-
tion against which it is to be compared, it represents
both a theoretical and practical advantage over other
statistical tests for natural selection for which the neu-
tral distributions are dependent on multiple assump-
tions (BOX 3). However, the correct application of Q.~F;
comparisons depends on the recognition that both
parameters are estimated from data, and as such, accu-
rate inference is dependent on the dispersion of those
estimates. Regrettably, this issue was frequently ignored
in early applications of the technique, which tended to
focus on point estimates of the parameters. Although
this error is less common in recent studies, examples
can still be found in the literature; thus, the message
bears repeating.

Various direct numerical approaches have been used
to compare Q. and F estimates. However, as Whitlock
has pointed out®, it is important to make the distinc-
tion between two types of Q. ~F,, comparisons. The first
refers to comparisons of mean Q estimated across sev-
eral traits with the mean F, estimated over several loci.
The second involves the comparison of Q, for a single
trait to that of a distribution of F_ estimated for several
loci. Although the two types of comparisons are decep-
tively similar, different statistical approaches are needed
for each®*. Comparing the mean Q, across a number
of traits might be useful for example in conservation
planning, when trying to assess the overall importance of
local adaptation in a species, but there are various prob-
lems with using the mean Q_, such as non-independence
of the traits measured?®. Thus, in most cases the QST ofa
single trait and its comparison with a distribution of
F, across a number of loci is the appropriate method
of choice. Yet even in the case of single-trait compari-
sons, meaningful inference also requires an estimate of
the statistical error around Q, which is a demand that
can be met through bootstrapping or sampling from the
posterior distribution of Bayesian-based estimates.

As previously noted, the usual comparison of Q. to
mean F_ is incorrect, as under neutrality Q, is expected
to behave similarly to a single-locus F *, and there
can be appreciable variation in F_ across neutral loci.
Whitlock & Guillaume* have recently developed a simu-
lation approach to test whether the Q of a given trait is
consistent with the null hypothesis of selective neutrality.
This is achieved by first simulating a range of neutral Q,
values (Q",) — which can be derived using F values
from even a fairly small number of loci*® — and then
testing whether Q_, for the trait of interest falls within

4] ADVANCE ONLINE PUBLICATION

www.nature.com/reviews/genetics

© 2013 Macmillan Publishers Limited. All rights reserved



this neutral distribution. This method has been shown
to have better statistical power and a lower type 1 error
rate than the traditional method of comparing Q.. and
F . The multivariate method of Ovaskainen et al.”* also
makes use of this approach, and is able to disentangle
genetic drift from selection even when data are available
for only a few populations. This is an important point,
given that quantitative genetic data from multiple popu-
lations is difficult to obtain, and that there is an inherent
lack of precision in Q, estimates that are obtained using
traditional methods from a small number of popula-
tions'. Another virtue of this method is that it allows
genetic drift and directional selection to be distinguished
between as causes of population differentiation, even in
cases in which the traditional Q,,-Fy, approach loses
it power, that is, when levels of neutral differentiation
are very high*. Although the multivariate approach of
Ovaskainen et al." has not yet been used in any empiri-
cal study, a few recent studies have followed the recom-
mendation by Whitlock & Guillaume** and compared
observed Q, estimates with the distributions of Q. that
are expected under neutrality*~*! (FIG. 1¢).

Caution should be exercised when interpreting any
empirical result, as theory assumes that both within-
and among-population components of variance reflect
pure additive genetic variance: the presence of non-
additive variance can cause Q_ to be greater or smaller
than F, even for neutral traits”**. Non-additive vari-
ance may complicate inference from Q. —F_ compari-
sons, especially when highly differentiated groups
(for example, subspecies) are compared®. The effects
of epistasis on Q, have not been explored in detail,
but Whitlock®® found that simple additive-by-additive
epistasis in a neutral trait is likely to bias Q, estimates
downwards, thus rendering tests for directional selec-
tion conservative. Likewise, the effect of dominance
seems to lower Q. with respect to neutral expecta-
tion>**, However, under certain conditions, dominance
can also inflate Q, over its neutral expectation®*, but
it seems that such inflation is unlikely for traits that
involve many loci*. Control over non-additive sources
of variance can be achieved through specialized breed-
ing designs and explicit statistical modelling and may
be crucial for certain Qg -F,, comparisons (for exam-
ple, traits with a monogenic architecture). However,
their likely effect is to reduce the power of the method
to detect selection, so that the inference of directional
selection will be conservative. When it comes to detect-
ing and testing for stabilizing selection, this downward
bias represents a major challenge, as tests will tend to
be liberal if dominance is present.

Users of the technique should also be aware of an
unresolved source of potential bias: the unknown effect
of mutational variance. In this respect there may be two
main points to consider: first, what are the frequen-
cies of mutations at coding genes relative to neutral
regions of the genome? Second, what are the relative
phenotypic effects of such mutations, and how are they
likely to affect the estimation of Q_,? Just as mutational
differences can affect precision in estimates of F, so
too might differential mutation rates in causative loci
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influence precision in QST estimates. However, results of
mutation-accumulation experiments hint at a similar-
ity in rates of mutation: empirically based observations
show that the rate of neutral mutation in phenotypes
varies widely across traits and species, much to the
same extent as the variability in the rate of mutation
that is reported in neutral genetic markers®. Results
of theoretical modelling also suggest that the rate of
mutation accumulation — when environmental vari-
ance (V,) is moderate (0.001 < V, <1)* — may be simi-
lar to that reported for microsatellite markers®. A few
experiments have also directly compared molecular
and phenotypic mutation rates, again with results that
vary across species. For example, in Caenorhabditis
elegans, rates are approximately equal, whereas in
Drosophila melanogaster, the rate of molecular muta-
tion may be 2-3 times greater than that of neutral, phe-
notypic change®. The reassuring conclusion we might
draw from these observations is that even when dif-
ferences exist, they are not orders of magnitude apart.
Thus, rate-based discrepancies between genetic and
phenotypic indices of divergence may prove to be a
limited cause for concern, although this awaits formal
and detailed investigation.

Potentially more problematic may be differences in
the magnitude of mutational effects. Recent simulations
suggest that for mutations occurring incrementally
with a constant variance, Q. seems to be surprisingly
immune to the effects of mutation rate?”’. As quantita-
tive traits may accumulate mutational variance over
many causative loci®, under a constant mutation rate
per locus, the value of Q. under neutrality might be
expected to decrease inversely with the number of loci.
Coincidentally; if the loci influencing variability in quan-
titative traits are also subject to high rates of mutation,
this could also compensate for related bias in F***.
However, whether a high number of underlying loci can
compensate for a low per-locus mutation rate depends
on the genetic architecture. For purely additive inherit-
ance, the number of loci might cancel out?. Extrapolating
interpretations of previous work on the phenotypic
effects of mutations is also encouraging with regard to
the validity of Q -based inference. For example, work by
Caballero et al.** suggests that varying mutational effects
are more likely to influence the dominance component
of phenotypic variance. As previously discussed, this is
likely to bias Q, estimates downwards, making infer-
ence more conservative, rather than over-estimating
potentially ‘false” signals of selection.

In summary, there are various issues to be consid-
ered when interpreting results from Q. ~F, compari-
sons, some of which still await further investigation,
and others for which results of recent studies provide
yet largely unused solutions. The outstanding challenges
aside, Q. ~F,, comparisons provide a well-founded and
tractable inferential metric that implicitly encompasses
contemporary and historical phenotypic changes as
reflected in quantitative genetic parameters. However,
the onus remains on the researcher to ensure that the
technique is properly applied. Ideally, experiments
should be designed with the same rigour as any breeding
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<Figure 1| Q; is a highly flexible index that is useful for addressing diverse
biological questions. Q ~F, comparisons can be applied to a diverse range of taxa to
address myriad questions across disciplines. a [The traditional application of Q. —F;
comparisons is to investigate the relative roles of natural selection and genetic drift in
population differentiation. The example here shows that natural selection has been the
driving force for population divergence in various life-history traits in grayling
(Thymallus thymallus). Trait differentiation is shown between different pairs of three
Norwegian grayling populations (Les, Ht and Aur), which originated from a common
source 80-120 years ago. Dashed vertical lines indicate the effect of genetic drift (F,),
horizontal lines indicate confidence intervals and the horizontal bars indicate the
effect of selection (Q,)). b | The technique also has practical applications in the context
of conservation; for example, for comparing relative roles of genetic drift (F;) and
selection (Qg;) in common frog (Rana temporaria) populations living in continuous and
fragmented habitats. The patterns suggest that genetic drift may be constraining
adaption in fragmented landscapes. c | Best practices dictate that index distributions
are considered. For Qg alone, this can include the comparison of simulated
distributions of Q,, with the distribution expected under neutrality (Q",,). Here, the
difference between Q  and Q"; values (values >0 indicate directional selection) are
shown for the brown trout (Salmo trutta) for mean trait values for survival and body
length, and for the plasticity of these traits. Results for hatchery-reared and wild
(experimental (exp.) stream) populations provide evidence for divergent selection in
both settings. d | However, it is more typical that Q. is compared to a neutral
distribution that is inferred from molecular markers. For example, flowering time
has been shown to respond to selection over 12 generations of divergent selection.
Here, QST values (dashed vertical lines) are compared to a simulated distribution of
F, (red lines and purple dots) and the actual F  values from 21 microsatellite markers
(blue bars).Ina,bandd, Fe; and QST are shown on the same scale, and the horizontal
axes depict either the value of F . or Q.. Part ais reproduced, with permission, from
REF. 72 © (2002) Macmillan Publishers Ltd. All rights reserved; part b is reproduced,
with permission, from REF. 69 © (2007) Wiley; part ¢ is reproduced, with permission,
from REF. 51 © (2012) Wiley; and part d is modified, with permission, from REF. 74
© (2010) Wiley.

plan used in quantitative genetics. Equal care and con-
sideration should go into the choice of markers used to
infer the neutral baseline against which Q. is ultimately
compared. This should include a routine screening for
outlier loci, and as computational solutions for model-
ling and estimating mutation rate become tractable, a
screen to ensure that mutational variance will not bias
estimation.

Evolutionary and ecological insights

There has been an exponential increase in the number of
studies using the Q. ~F, approach: whereas two previous
meta-analyses listed 18 (REF. 11) and 62 (REF. 9) studies, our
literature search retrieved 148 studies (Supplementary
information S1 (table)). A steady increase can also be
seen in the number of theoretical studies, which now
number 36 (8 were published by 2001, whereas 22 had
been published by 2008). Empirical studies cover a wide
range of taxa (from pathogenic fungi®** to humans®*°),
traits and research problems not only in various subdis-
ciplines of evolutionary biology, but also in evolution-
ary genetics, plant and animal breeding sciences, forestry
and conservation biology. Some representative studies,
illustrating the applicability and diversity of issues that
have been addressed using Q. —F comparisons, are
listed in TABLE 1.

Allozyme

One of two or more enzymes
that are encoded by different
alleles at the same locus.

Sympatric

Species or populations
that exist in the same
geographical area.

Detecting selection. Typically, Q. ~F,. comparisons are
used as an exploratory tool to detect traits that are under
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selection, especially in cases in which background infor-
mation on the traits is limited®. However, applying the
Q,,—F,; approach at different taxonomic levels (from
demes to species) and at different spatial scales (such as
populations originating from different areas or habitats)
opens up possibilities to address an even wider range of
questions.

Usually the objects of study are populations that are
known to differ in morphological or life-history charac-
ters, and the aim is to find out the extent to which natu-
ral selection explains the differentiation. For example,
in the first study to explicitly use the term Q, Spitze'’
showed that in Daphnia obtusa populations that were
known to have diverged in quantitative traits, QST of
body size exceeded the corresponding F. from neutral
allozyme markers. This provided evidence that natural
selection had been the driving force behind the observed
differentiation in body size'’. A common inference from
Q,,~F,, comparisons is that local adaptation can take
place despite high gene flow (that is, low F.; FIC. 1a).
In one example of this, despite high gene flow between
sympatric rainbow smelt (Osmerus mordax) ecotypes,
they were found to maintain adaptive differentiation
through divergent selection on feeding-related traits®.

Although the earliest studies were done on model
invertebrates, QST—FST comparisons have since been used
to detect selection in myriad taxa. For example, a review
of studies applying Q,, -F,. comparisons to forest trees
found that differentiation in most of the twelve species
across a range of life-history and morphological traits
exceeded neutral differentiation, indicating that these
traits have been subjected to diversifying selection®. The
magnitude of adaptive differentiation as reflected in Q,
was dependent on the geographical range and number
of populations used®’.

Addressing spatial and temporal questions. Although
the geographic distance separating populations can
influence Q , and F_, their comparison can also shed
light on the relative importance of population history
and natural selection in explaining population differen-
tiation. This opens up a wide range of applications for
which Q  ~F comparisons can be useful. For example,
Q,,~F,, comparisons have been used to shed light on
biological invasions by comparing indices of divergence
in the invasive species’ native and invasive ranges, thus
providing information on the evolution of invasiveness
and the adaptive potential of invasive species®. Q. —F,
comparisons have also been used to study possible con-
straints on adaptive differentiation that are imposed by
habitat fragmentation. For example, a comparison of Q.
and F,, in continuous and fragmented habitats found
that habitat fragmentation was associated with increased
genetic drift and a lower degree of adaptive differentia-
tion in common frogs (Rana temporaria)®, thus sug-
gesting a reduced adaptive potential in fragmented
versus continuous habitats (FIC. 1b). The breadth of pos-
sible applications and inferences made from Q. -F,,
comparisons widens even further when a temporal
dimension is added. For example, Q  ~F_ comparisons
across generations provided experimental evidence
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Anadromous

Fish that spend most of their
lives in the sea and migrate
to fresh water to breed.

Quantitative trait loci
(QTLs). Segments of a
chromosome affecting or
linked to a quantitative trait.

Isolation by adaptation

A positive correlation between
the degree of adaptive
phenotypic and molecular
genetic divergence among
populations that is
independent of the
geographical distance
separating the populations.

Table 1| Examples of applications of Q. —F  comparisons

Context Species

Local adaptation Rana temporaria'®, Tyto alba'*®,

Helianthus maximiliani'?,

various tree species®’

112

Sexual selection Silene latifolia

114

Speciation Pundamilla spp, Larus spp

Antichiropus variabilis'®,
Pinus pinastris®

Evolutionary stasis

Human-induced

Thlaspi caerulescens'®, Rana
evolution 7

temporaria®®, Arabidopsis halleri

119

Artificial selection  Oryza sativa'*, Zea mays

Conservation Arabis fecunda'®°,

Araucaria araucana'*!

Management Liatris scariosa'?!, Salmo trutta®*

Transcriptomics Salmo salar®

Human evolution ~ Homo sapiens®*!??

for contemporary adaptive evolution of phototactic
behaviour in Daphnia magna™.

Although adding a temporal dimension to Qg -F,
comparisons increases the number of possible appli-
cations, across-generation comparisons of Q . —F, are
quite rare. In natural populations these have been mainly
limited to demonstrating adaptive genetic evolution in
anadromous fish that have recently colonized freshwaters,
and for which the history of colonization is well known
(for example, REF. 71). Human-assisted introductions
have also been used to demonstrate adaptive genetic
evolution (for example, REF. 72) (FIG. 1a). Combining data
from natural and captive populations has the potential to
provide information on the rates of evolution in different
environments. It can also inform conservation and man-
agement when captive breeding is done for the purpose
of future re-introduction into the wild”. As an illustra-
tion, important life-history traits of hatchery-reared fish
can evolve in a direction such that they are adaptive in
the hatchery environment, but harmful in the wild (for
example, REF. 51) (FIG. 1¢). This has obvious and important
implications for management of fish populations.

Studying the genetic basis of evolutionary transitions.
Combining Q. -F . comparisons with genomic inves-
tigations can provide deeper insights into the genetic
underpinnings of evolutionary divergence. A good
example of how the Q. -F, approach can be used first
to demonstrate an adaptive genetic response to selection,
and then to provide a platform for a more detailed inves-
tigation of the genetic architecture of the focal traits, is
a study of bread wheat™. The authors combined spatial
and temporal (across 12 generations) estimates of Qg

Inference

Identification of natural selection as a cause of broad-scale
clinal variation in morphological and life-history traits

Identification of sex-specific selection as the cause of
evolution of sexual dimorphism

Adaptive divergence maintains species integrity despite
high gene flow

Identification of selective constraints explaining
phenotypic uniformity across species ranges

Demonstrations of how human-induced habitat changes
can either cause or impair adaptation

Demonstrations of how selective breeding shapes
diversification and population structuring of crop species

Demonstrations that setting conservation priorities should
not be based only on neutral marker diversity, and that

Q,,~F; comparisons can be used to identify populations

that are suitable for translocation

Identification of units or populations that are suitable for
translocation or stocking

Identification of genes under selection using the
distribution of Q; values of transcription levels

Identification of adaptive phenotypic differentiation
among human populations

and F to establish that flowering time has evolved in
response to selection, and they subsequently tested for
divergent selection on candidate loci to identify the
causal genes that underlie the evolution of flowering
time (FIG. 1d). For many species, experimental manipu-
lations are not possible and pedigree information is
not available. In these cases, the increasing availability
of genomic data could provide a way of estimating the
quantitative genetic parameters that are needed for infer-
ring the relative roles of natural selection and genetic
drift in the observed divergence (see below).

Q,,~F,, trends. In line with the results of previous meta-
analyses®'!, the pattern emerging from a compilation
of data from 143 published studies (Supplementary
information S1 (table)) is that Q. generally exceeds F
(FIG. 2). Thus, although the variance in the data is large,
directional natural selection seems to be the most com-
mon cause for divergence in many studied traits. The
degree to which population differentiation in neutral
marker genes is predictive of the degree of genetic dif-
ferentiation in quantitative traits has been subject to
debate!™'>7. Such a correlation would be expected on
theoretical grounds: divergent selection that causes dif-
ferentiation in quantitative trait loci (QTLs) can also lead
to differentiation in neutral markers by restricting gene
flow (which is termed ‘isolation by adaptation’”®). In line
with earlier results based on fewer studies, there seems to
be a positive relationship between Q. and F,.(Spearman
rank correlation =0.24; P<0.001), although at low values
of F, Q,, tends to be generally higher than F_, and at
high values of F_, Q, is generally lower than F_ (FIG. 2).
However, the relationship between the expected ‘true’
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RNA-seq
High-throughput sequencing
of cDNA.

values of Q. and F_ (Supplementary information S1
(table)) cannot be statistically differentiated from a
1:1 linear relationship (FIC. 2). Therefore, the degree of
neutral marker differentiation may be a better predic-
tor than previously thought of the degree of differentia-
tion in genomic regions that underlie differentiation in
adaptive traits”””%, which is an observation that warrants
further investigation.

Applying Q . -F to ‘omics’ data

Measures of transcript abundance are essentially pheno-
typic data reflecting variability in levels of gene expres-
sion. As such, the QST—FST framework lends itself to the
analysis of expression data. Indeed, much of the impetus
for early ‘population transcriptomics’ — in this context,
the analyses of transcriptome-wide patterns of expres-
sion across multiple populations — was founded on the
hypothesis that different levels of transcriptional varia-
tion within and among populations could be important
determinants of local adaptation”®. This was perhaps
best demonstrated by Whitehead and Crawford®', who
showed that selection on gene expression could be
inferred by comparing the ratio of among- and within-
population variance in transcript abundance (FIC. 3).
Although not strictly a Q. ~F,, analysis, this ratio of
variance is related to the QST index. Thus, it is some-
what surprising that to date, relatively few studies have
subjected transcriptomic data to formal Qg ~F,, analy-
ses. One likely reason for this is that Q . —F_ analyses
require a quantitative genetic approach, and therefore,
transcriptomic data are needed from many individu-
als. In our review of the literature we only found three
such studies”**>%, and even these suffer to some extent
from the common problems that plague many Q. -F,
comparisons. Nevertheless, their findings have revealed
evidence of directional selection in the transcriptome,
and perhaps more importantly, point to a means of
studying how gene expression has evolved in a broader
range of taxa. Thus, Q. -F; analyses may be a particu-
larly expedient tool in the immediate future as the use of
other high-throughput ‘omics’ data (such as proteomics,
metabolomics and lipidomics) become more common.

The future of Q. —F,

Quantitative genetics was instrumental in the develop-
ment of the ‘modern synthesis’ and continues to provide
the basic framework for comprehending the evolu-
tion of complex traits, such as understanding inherit-
ance and the genetic underpinnings of trait variability
within populations®”®. Like other quantitative genetic
approaches, Q.. — which is itself a quantitative genetic
parameter in essence — will continue to provide a means
of understanding the causes and extent of genetic dif-
ferentiation in complex polygenic traits. As such, poten-
tial applications of Q. -F,, comparisons are varied and
cover all areas of study in which genetic differentiation in
polygenic traits is of interest. The recent methodological
and analytical developments in quantitative genetics —
spurred on by access to large amounts of genomic infor-
mation — have the potential to bring about important
refinements to Q. ~F, comparisons. For example, access
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1.0 .

Figure 2 | Comparison of mean Q; and F_, estimates
across published studies. There is a significant
non-parametric correlation (Spearman rank correlation
coefficient=0.24,n=218,P<0.001) between average Q,,
and F estimates across all studies published to date.
Moreover, the fitted relationship between F and the
expected ‘true’ value of Q  (see Supplementary
information S1 (table)) does not significantly differ from a
1:1 relationship (dashed red line). The solid line denotes
the posterior mode of predicted Q,; estimated as a
function of its relationship with F, whereas the light grey
and dark grey shaded areas denote the 50% and 95%
posterior density intervals, respectively. Note that the
95% posterior density limits include the 1:1 line over
the full range of possible F; values.

to large numbers of SNP markers opens the possibility
of estimating quantitative genetic parameters without
experimental crosses or access to recorded pedigrees®-’.
Likewise, marker data can now be used to improve quan-
titative genetic parameter estimation through ‘weight-
ing’ of the relationship matrix®, which would improve
the accuracy of Q. estimates. However, in the context
of Qg estimation, the challenge with both of these
approaches will be in obtaining unbiased estimates of the
among-population genetic components of variance.
Recent advances in sequencing and related technolo-
gies are likely to revolutionize evolutionary and genetic
research in many ways, but the pace of data acquisition
risks outstripping that of theoretical developments.
From the perspective of the evolutionary biologist, miss-
ing or incomplete null or neutral models for many omics
data (for example, transcriptome and metabolome data)
limit our understanding of how selection has shaped
their evolution. Analyses that use Q,~F,, comparisons
provide a useful means of bridging this gap, although
so far they have rarely been used in this context. One
particularly interesting avenue might be the application
of complementary analyses to RNA-seq data. With suf-
ficient coverage of the transcriptome, such data can also
be used to infer expression differences. Genes for which
cis-regulatory elements are found within the untrans-
lated regions (UTRs) could be analysed both by Q_ ~F;
comparisons of transcript abundance and by metrics of
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Figure 3 | Inferring selection on gene expression. Early comparisons of the ratio of among-population to
within-population variance in transcription (a) were instrumental for inferring the adaptive importance of variation in
gene expression. Although analogous to Q,, inference based on such an F-ratio comparison may be less robust. For
example, many transcripts inferred to be neutrally divergent on the basis of overlapping variance ratios clearly
exceed the range of neutral expectation that is defined by the reported range in F (this range is indicated by the red
lines in part b). Additionally, such an analysis may over-estimate the number of transcripts under stabilizing selection,
as evidenced by associated Q; estimates being significantly greater than neutrality. It should be noted that the
region defining neutral expectation is probably overly conservative given that it is based on the full range of reported

Proximate—ultimate
distinction

Proximate causation refers to
biological functions in terms of
physiological factors, whereas
ultimate causation explains
traits in terms of the
evolutionary forces they

are subjected to.

Phenomics

Large-scale phenotyping of
the full set of phenotypes
of individuals.

F¢; values, rather than first screening for outlier loci and/or establishing a mean estimate bounded by confidence
limits. As such, the correct identification of transcripts under stabilizing selection is probably obscured in part b.
Data is derived, and figure is modified with permission, from REF. 81 © (2006) US National Academy of Sciences.

sequence divergence. In a narrow sense, such an analysis
would be a considerable step towards overcoming one
of the limitations of Q, -F, studies, namely that they
cannot identify specific genomic regions that are under
selection. In more general terms, such a connection
between mechanistic and phenomenological aspects
may yield fundamental insights into the proximate—
ultimate distinction, which continues to influence biological
thought®.

The developing field of ‘phenomics™** is also likely to
benefit from a Q  -based analytical framework. Q.~F;
comparisons could provide an expedient means to filter
and classify traits that have been under different modes
or strengths of selection. Multivariate Q,-F . meth-
ods are likely to be particularly useful in this respect,
although the computational challenges might turn out
to be formidable. In particular, numerical methods that
are able to handle increasingly large variance-covariance
matrices must be optimized: as the dimensionality of
a matrix scales quadratically with the number of focal
traits, some form of dimension reduction will be needed
if inherently high-throughput endeavours such as
phenome-wide analyses are to be tractable.

With sufficient attention to experimental design, Q;
estimation can be fairly precise. However, as pointed out
in earlier papers>'*", the published Q,, estimates and
their standard errors suffer from considerable heteroge-
neity in quality and many inaccuracies. These problems

can partly be traced back to a lack of ready-to-use soft-
ware to estimate the parameters of interest. Given the
enormous interest in Q. ~F . comparisons, as reflected
in an exponentially increasing body of work, there is
an obvious need for reliable, publicly available applica-
tions. To some extent this is being addressed as authors
begin to provide analytical scripts; these are typically
codes for user-defined functions in the R computing
language'>'®*>*". However, a fully integrated R package
or standalone application would be helpful.

Finally, there is also a need for further theoretical
work, particularly in two areas. The first is an investiga-
tion of the effects of possible negative bias in F,, caused
by high mutation rates on the Q  ~F, comparison. The
second is in understanding how Q. behaves under selec-
tion. Thus far there has been surprisingly little work on
this (see REFS 92,93 for some rare examples), and we have
little understanding of how different patterns of diver-
gent selection and migration affect Q  -F,, divergence.

In summary, although Q. -F,, comparisons can be a
reliable means of testing for adaptive population diver-
gence, the onus remains on the researcher to ensure that
the technique is properly applied. Ideally, experiments
should be designed with the same rigour as any breed-
ing plan used in quantitative genetics. Equal care and
consideration should go into the choice of markers that
are used to infer the neutral baseline against which Qg
is ultimately compared. This should include a routine
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screening for outlier loci, and as computational solutions
for modelling and estimating mutation rate become trac-
table, a screen to ensure that mutational variance will not
bias estimation. Overall, it is clear that although expand-
ing the theoretical underpinnings of Q. remains an
open area for future research, the operational flexibility
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