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Polygenic adaptation: a unifying
framework to understand positive
selection

Neda Barghi®, Joachim Hermisson@® and Christian Schlétterer

Abstract | Most adaption processes have a polygenic genetic basis, but even with
the recent explosive growth of genomic data we are still lacking a unified
framework describing the dynamics of selected alleles. Building on recent
theoretical and empirical work we introduce the concept of adaptive architecture,
which extends the genetic architecture of an adaptive trait by factors influencing
its adaptive potential and population genetic principles. Because adaptation can
be typically achieved by many different combinations of adaptive alleles
(redundancy), we describe how two characteristics — heterogeneity among loci
and non-parallelism between replicated populations — are hallmarks for the
characterization of polygenic adaptation in evolving populations. We discuss how
this unified framework can be applied to natural and experimental populations.

Consider a population experiencing a novel
selection pressure on a trait with a polygenic
basis after an environmental change. The
population responds by a rapid shift of
the trait mean towards a new optimum. But
how is this phenotypic change genetically
encoded? Historically, two highly successful
schools of evolutionary research have
approached the question from different
directions. Whereas quantitative genetics
focuses on the phenotype, molecular
population genetics relies on genomic
signatures at selected and linked loci.
Building on disjointed data sets, both
schools developed diverging narratives of
phenotypic adaptation: whereas quantitative
genetics envisions adaptation via subtle
allele frequency shifts at many loci,
population genetics predicts independent
selective sweeps, leading to phenotypic
adaptation via single-locus mutations.
Recently, several studies sought to
reconcile the two fields'~*. Which elements
are needed in a joint framework of polygenic
adaptation that accounts for a wide range of
adaptive scenarios, and for different types
of data? Which concepts and summary
statistics are effective for characterizing these
scenarios in theoretical and empirical work?
Although much of the current discussion
revolves around the predicted patterns

of adaptation (sweeps versus shifts), the
construction of a joint framework requires
an analysis of the model assumptions that
drive these patterns.

The molecular population genetic
approach of adaptive evolution follows
areductionist paradigm. It works under
the implicit assumption that selection
on the phenotype translates into directional
selection for single beneficial alleles towards
a fixed target frequency™® (usually fixation;
FIG. 1a,b). Under this assumption, genotypic
adaptation decouples from the phenotype
and the adaptive process decomposes into
a collection of largely independent events
at single loci.

This reduction of phenotypic adaptation
to individual loci allowed for a highly
developed theory of selection footprints on
linked neutral variation. The archetypical
‘hard sweep’ model® assumes constant
selection on a new beneficial mutation,
which rapidly increases from frequency
0 to 1. Consequently, the population
genetic view of adaptation has often been
characterized by large frequency changes
and rapid fixation of unconditionally
beneficial alleles®”. However, although this
mode leaves the clearest sweep signature,
the modelling framework itself (the sweep
model) readily allows for extensions.
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For soft sweeps from standing genetic variation®’,
later-beneficial alleles experience an initial
phase of neutral or negative selection.
Single-locus selection can also depend

on spatial structure or allele frequency'*''.

In this case, adaptive evolution may not
drive beneficial alleles to fixation but lead

to patterns of partial sweeps'>.

The general sweep model thus allows
for allele frequency changes of any size,
including small changes (‘partial sweeps
from standing genetic variation’). It also
allows for weak selection and slow allele
frequency changes — in which case, the
model predicts that selection will only
leave feeble footprints. The limitation of
the approach is not the mode or magnitude
of selection at single loci, but rather the
assumption that concurrent allele frequency
changes in the genomic background do
not influence the single-locus selection
response. In particular, the model implies
that adaptation at each locus aims for the
same target frequency across computational
or experimental replicates. At the end of
the adaptive phase, stochastic differences
between replicates are only visible in the
footprint on linked variation.

This reductionist approach also has
important consequences for long-term
evolution. If adaptation decomposes into
single-locus events, the short-term response
to positive selection during the adaptive
phase determines the long-term patterns of
adaptive divergence between populations or
species. For the classical hard sweep model,
in particular, adaptation simply proceeds by
a series of single-locus substitutions. This
concept of an adaptive walk is the basis of
several influential approaches to describe the
adaptive process over longer timescales'*™"°.

Classical quantitative genetics is primarily
concerned with phenotypes and does not
aim at a detailed description of adaptation
at the genotypic level. Indeed, it usually
does not refer to genotype frequencies at all.
The key insight by Fisher (1918)'° is that the
evidence of gradual phenotypic evolution
collected by biometricians (for example,
Galton") is fully compatible with Mendelian
genetics as long as sufficiently many genes
contribute to the trait. In particular, the
influential infinitesimal model'*~*' assumes
an infinite number of loci as the genetic basis
of the trait, each contributing an infinitely
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Fig. 1| Alternative adaptive paradigms: selective sweeps versus the infinitesimal model. a,b | Selective sweeps. Beneficial mutations arise recurrently
in a population and increase in frequency until fixation (part a). The consecutive fixation of beneficial alleles increases the fitness of the population
(part b). ¢,d | The infinitesimal model. A large number of contributing alleles experience subtle frequency changes after a shift in the trait optimum (part c)
that result in changes in the mean trait of the population (part d). For simulation parameters, see Supplementary information.

small amount. Consequently, the change

in allele frequency due to selection on each
single locus becomes vanishingly small'.
Intuitively, phenotypic adaptation then
occurs by subtle frequency shifts at many
loci (FIC. 1¢,d), leading to a view of genotypic
adaptation in quantitative genetics that

is as far away from the hard sweep model
of molecular population genetics as can
possibly be imagined.

However, similar to the sweep model, the
quantitative genetic framework is not bound
to a particular pattern (such as subtle shifts).
Its predictions for phenotypic evolution, such
as a smooth change in the trait mean under
directional selection with a stable genetic
variance, do not require the extreme genetic
assumptions of the infinitesimal model. They
hold, to a good approximation, for a much
larger class of models*~*' and allow, to some
extent, for loci of larger effect and sweep-like
changes in the allele frequency'****. The
crucial assumption is that the selection
response is collective and dominated by
many small contributions. It is not important
whether any single locus contributes to the
phenotype or not: there are no fixed target
frequencies for alleles at single loci. Indeed,
knowledge of the phenotype of an individual
provides hardly any information about the
underlying genotype®'.

This assumption also remains relevant
over longer evolutionary timescales: as
shifts in the trait optimum do not lead to

fixation of alleles in the infinitesimal model,
short-term adaptation cannot determine
the patterns of adaptive divergence between
populations or species. These long-term
patterns, then, rather reflect evolutionary
forces (such as genetic drift, migration or
purifying selection) that act after the rapid
adaptive phase and will typically differ
strongly between independently evolving
populations.

In this Perspectives article, we start
by presenting the empirical evidence for
polygenic adaptation and highlight the
challenges and limitations of current
approaches used. Next, we develop
an integrated framework of polygenic
adaptation by emphasizing redundancy,
the salient feature of polygenic adaptation,
which explains parallelism and heterogeneity.
After discussing the mathematical
foundations of polygenic adaptation,
we illustrate how polygenic adaptation
could be studied either in the laboratory,
by experimental evolution or in natural
systems that allow for replication.

Empirical evidence

One primary goal of molecular population
genetics in the past decades has been the
identification of selective sweeps®. Elaborate
statistical tests have been developed to
identify sweep signatures both for single
loci and for genome scans***, but even for
some classic sweeps a polygenic adaptation

model may fit as well (BOX 1). More recently,
with plummeting sequencing costs and

the availability of sequence data from huge
population samples, the hitherto neglected
genetic basis of quantitative traits once again
became a topical study object’. The insight
from many genome-wide association studies
(GWAYS) that most traits are highly polygenic
in combination with the central role of the
infinitesimal model in quantitative genetics
culminated in the ‘omnigenic’ model®. This
model suggests an important contribution
of thousands of genes outside core pathways
to heritability, thereby providing the abstract
infinitesimal framework with a concrete
mechanistic basis’.

Based on the expectation of small
effects for individual loci, the anticipated
genomic signature of individual markers
does not provide a strong enough signal
to detect selection. For genome scans this
is even more challenging, as the required
multiple testing correction further reduces
the sensitivity. Hence, new approaches to
study the genetics of adaptation through
polygenic traits were required.

A common feature of most empirical tests
for polygenic adaptation is that the required
statistical power is achieved by combining
information from a priori defined sets of
single-nucleotide polymorphisms (SNPs).
Individual tests differ by the method used
to extract a selection signal and how the SNP
sets are defined.
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Box 1| Sweep signatures: from oligogenic to polygenic adaptation

Given that molecular population genetics has been aiming to detect the
genomic signatures of selective sweeps, it is not surprising that several
very convincing examples have been reported. For some of them, even the
genotype—phenotype relationship has been experimentally confirmed.
Nevertheless, as discussed in the main text, sweep-like selection signals
are also possible with polygenic adaptation. Hence, it is important to
question the underlying architectures, even for classic sweep signatures.

Oligogenic adaptation — the outcome of pleiotropic constraints?
One very prominent example is coat colour in Peromyscus mice. In the
Nebraskan deer mice, selection for the derived light coat colour left
characteristic population signatures at the Agouti locus'?”. This was

also experimentally confirmed by directly measuring selection in field
experiments'?’. The coat colour of the closely related beach mouse has

a different genetic basis in populations inhabiting the Atlantic and Gulf
coasts. In the Gulf coast populations, Mc1r is the major contributor'”*, but
in Atlantic populations Mc1r is not involved in the colour polymorphism.
With Mc1r and Agouti being the key players in many vertebrates®,
genetic redundancy is limited, although other genes in the pigmentation
pathway could have been targeted as well. A similar situation is observed
in Arabidopsis thaliana, where all naturally occurring glabrous plants
(lacking trichomes) are caused by mutations in GL1, although many other
genes also affect trichome development'?>**°. Both examples are a vivid
demonstration of the difference between genetic architecture, where
many genes could contribute to an adaptive phenotype, and adaptive
architecture, where pleiotropy reduces redundancy at the genetic level.

Sweep signatures of rare large-effect alleles
The development of insecticide resistance is a very insightful example
to demonstrate the complexity of distinguishing sweep and polygenic
architectures. Genome scans identified a strong sweep signature
around the gene Cyp6g1 due to the insertion of a transposable element
in the two closely related species Drosophila simulans and Drosophila
melanogaster”®. Overexpression of Cyp6g1 fully rescues resistance to
the insecticide DDT'?". Nevertheless, selection for insecticide resistance
in the laboratory using sublethal doses of DDT resulted in many resistance
loci distributed across the entire genome'?%. This discrepancy has been
explained by the Cyp6g1 resistance allele being at too low a frequency
in the founder population of the laboratory selection experiments'%.
Another interesting explanation for this discrepancy comes from studies
of insecticide resistance in the Australian sheep blowfly, Lucilia cuprina®.
Using a founder population, which was not mutation limited, independent
resistance mutations mapping to the same position as a resistance allele
from natural populations were obtained using high concentrations of the
insecticide diazinon. Sublethal doses, however, resulted in a polygenic
response. This pattern could be explained by the major effect allele being
favoured for a distant trait optimum, but not for a close trait optimum.
Here, alleles with smaller effect are favoured to prevent overshooting.
Very similar results have been obtained for herbicide resistance,
where pronounced sweep signatures can be detected for target-site
resistance’*’. Nevertheless, non-target-site-based resistance, which
typically involves multiple loci, is the most important resistance
mechanism worldwide for glyphosate and acetyl-CoA carboxylase
inhibitors**. Similar to the Australian sheep blowfly, experiments with
weak selection favoured non-target site-based resistance mechanisms
Itis important to note that sweep signatures do not preclude polygenic
adaptation at other loci. Theoretical analyses even suggest that the
contribution of large-effect alleles and small/intermediate-effect alleles
have different temporal dynamics, with large-effect loci contributing
more at an early phase of adaptation whereas alleles with smaller effects
dominate at later stages’®. A nice demonstration for this principle comes
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One early landmark approach identifies
selection via the correlation of SNP
frequencies in multiple populations with
environmental variables. The covariance

of allele frequencies across populations,
which is created by the population history,
is accounted for by a large panel of random
SNPs*. Applying this method to humans”
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from the classic sweep signature associated with maize domestication.
It is driven by the insertion of Hopscotch, a transposable element, in
the regulatory region of the gene teosinte branched 1 (REFS*****). This
transcription factor regulates a complex network of genes, which are
involved in the architecture of the plant and inflorescence. As most

of the genes in this network carry selection signatures from maize
domestication'*’, adaptation targeted the entire network, rather than
only asingle gene.

Incomplete sweeps — a hallmark of polygenic adaptation
Polygenic adaptation can be studied by changing trait optima, as is usually
done in experimental evolution studies. An extension is to change the
trait optimum after the population has reached the previous trait
optimum — either in the same or opposite direction*****’. An interesting
alternative experimental design was pursued in a D. melanogaster
population, which was infected with Wolbachia and selected for
resistance to the Drosophila C virus'**'* (see the figure). This resistance
was mediated by allele frequency changes at the genes pastrel and
Ubc-E2H, which show strong sweep signatures'*. After having reached
the maximum resistance level, the allele frequency of these genes

did not change any further, although the alleles had not reached fixation
(see the figure, upper panels). This population was fixed for Wolbachia, an
intracellular microorganism, which also contributes to C virus resistance.
The evolved populations were treated with antibiotics to remove
Wolbachia. In the absence of Drosophila C virus exposure, no allele
frequency changes were noted in Wolbachia-free populations (see the
figure, middle panels). Resuming Drosophila C virus exposure, the lack

of Wolbachia-mediated resistance, which corresponds to moving the
phenotype away from the trait optimum, resulted in a further frequency
increase of both alleles. The frequency increase in the pastrel and Ubc-E2H
genes restored the pre-antibiotic treatment resistance level (that is, the
trait optimum was reached again (see the figure, lower panels))**. Hence,
this example nicely demonstrates that stabilizing selection is operating
even for resistance traits with few contributing factors.

Summary

The three examples of sweep-like signatures, which can be associated
with adaptation to a trait optimum, may be a common phenomenon.

We propose that polygenic adaptive architectures featuring redundancy
and non-parallelism in the adaptive response may be the most likely
scenario even for cases with apparent sweep signatures. Hence, polygenic
adaptation should be routinely used to build hypotheses about the
expected genomic response.

and Arabidopsis thaliana® resulted in a
strong enrichment of non-synonymous SNPs
among the variants with the strongest
correlation. The other SNP categories,
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Fig. 2 | Different approaches to characterize polygenic adaptation. Upper
panels indicate how candidate single-nucleotide polymorphisms (SNPs) are
identified. Lower panels show the weighting of these SNPs: colour intensity
corresponds to the locus identity and bar height depicts the locus weight.
a| Candidate SNPs are obtained from predefined groups of genes using Gene
Ontology terms, pathways or networks. Each candidate SNP has the same
weight. b| Significant SNPs from genome-wide association studies constitute
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the group of candidate SNPs, which are all weighted equally. ¢ | Al SNPs are
included as candidate SNPs, but weighted according to the variance
explained (polygenic score). d | The SNPs in combination with the vari-
ance explained by them are an estimate of the genetic architecture. When
these SNPs are reweighted by population genetic factors and pleiotropy,
which determine how much a given SNP contributes to the new phenotype
after a shift in the trait optimum, the adaptive architecture is described.

synonymous and intergenic, showed a
much weaker signal. A more fine-grained
classification of SNP sets relies on similar
functional properties defined by Gene
Ontology categories or pathways*>*
(FIG. 2a). SNPs in genes of a given category
can be treated jointly and significance is
tested by comparison with a matched set
of background markers. Although these
approaches successfully provided evidence
for polygenic adaptation, the lack of
a direct link to phenotypes leaves some
uncertainty about the nature of the
selected traits.

GWAS, however, provide a powerful
approach to link polygenic traits with
their underlying genetic architecture. With
phenotypes and genotypes from hundreds
of thousands of individuals, human GWAS
are particularly powerful’>*>. The important
step in going from association studies to the
characterization of adaptive polygenic traits
is the identification of a collective selection
signature for contributing alleles®**.
Hence, another class of tests for polygenic
adaptation involves grouping SNPs that
show a significant association with the
focal trait (FIG. 2D). If this group of SNPs
differs for the selection summary statistic
from background SNPs, this is considered
evidence for polygenic adaptation. One
example of this class of tests is the higher
frequency of SNPs with significant GWAS
effects for human height in northern
Europeans than in southern European
populations. This collective signature
suggests that the size differences in human
populations are caused by selection™.
Similarly, elevated differentiation (measured
by the fixation index, Fy,) of trait-associated

alleles among populations without a specific
spatial context has been used to detect
polygenic adaptation. Contrasting human
populations from three different continents
detected selection for schizophrenia,
waist-to-hip ratio and height®. Finally, the
singleton density score, a selection signature
that is particularly well suited for large
sample sizes, has been found significantly
elevated for height-increasing and
pigmentation-associated GWAS variants®.
The limitations of these approaches are
discussed in the next section.

An alternative approach follows from
the idea of genomic prediction®, which
was developed because GWAS markers
with a significant effect explain only a small
fraction of the total variation. Rather than
focusing on a subset of (significant) SNPs,
all of them are considered, regardless of
whether they pass a nominal significance
threshold (FIC. 2¢). Unlike the other methods,
the polygenic score does not treat each
focal SNP equally, but weights each of them
according to the explained phenotypic
variance. Thus, polygenic scores account
for a substantial fraction of the phenotypic
variation that remains unexplained by
significant markers. Selection signatures
based on polygenic scores were detected
in human populations for a diverse set
of traits, including body size and skin
pigmentation™.

Limitations of current methods

For methods to study polygenic adaptation,
increasing the statistical power by combining
groups of SNPs is conceptually appealing,
although this comes with several limitations
and problems.

Are available GWAS data sets suited to
studying adaptation? Powerful GWAS are
currently limited to humans and species

of agricultural importance, which directly
reflects the type of phenotypes studied.
Currently, studied traits are typically

either of applied relevance or can be easily
measured, which raises the question of
their appropriateness for studying adaptive
processes in natural populations®. Hence,
more powerful studies on traits that are
relevant to adaptation in the wild are needed,
with the plant community spearheading this
development*"*.

The role of deleterious variants and
pleiotropy. GWAS identifies variants that
affect a trait irrespective of whether they
are beneficial or deleterious. Evidence
from human populations suggests that

the influence of deleterious alleles on a
broad range of phenotypes is pervasive>*.
In contrast to their substantial impact

on GWAS, such deleterious alleles are

not expected to contribute to polygenic
adaptation. Including them in GWAS-based
SNP sets could either dilute the signal or
result in false-positive signals of polygenic
adaption due to heterogeneous selection
efficacy in different populations.

Many alleles contributing to a trait are
pleiotropic’ — they affect more than one
phenotype. This is particularly relevant
for the omnigenic model, which implies
universal pleiotropy. The genomic response
to selection on a polygenic trait is strongly
affected by pleiotropy’***~". On the one
hand, alleles are less likely to respond
if they affect other phenotypes under
stabilizing selection. Hence, even alleles
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with a large effect size in GWAS may not
respond during polygenic adaptation due

to pleiotropy. On the other hand, selection
on pleiotropically related traits may create
spurious selection signals on the focal trait,
even if this trait itself is not a selection target.

The challenge of population structure.
Most GWAS target only a few populations;
in human studies, these are typically popu-
lations with European ancestry. The implicit
assumption of all polygenic selection sig-
natures relying on candidate SNP sets from
GWAS is that phenotypes can be predicted
based on genotypes. Nevertheless, the linkage
structure and allele frequencies differ between
populations, and the extent to which the esti-
mated effects can be transferred to genetically
differentiated populations has not only been
challenged for some traits in humans™°' but
also in domestic animals™* and plants™.
It is not clear whether this translates only into
reduced statistical power or could also lead
to false positives in selection tests based on
polygenic scores. However, a clear example
for a false-positive selection signature based
on polygenic scores comes from the reanaly-
sis of human height using a different set
of SNPs derived from a data set with less
population stratification™. Two independent
studies could not find a selection signature
associated with body height with effects esti-
mated from the less stratified population, but
reproduced the original result with estimates
from a structured population sample®>".
This result underlines the challenge to dis-
tinguish between demography and selection,
in particular when many weak signals are
combined.

An interesting approach to avoid
the problem of population stratification
combines GWAS-based effect sizes at one
time point with genomic data before and
after selection™. This approach provides
the advantage that the estimated effect sizes
are combined with realized allele frequency
changes, and thus integrates selection
response with effect sizes.

Single or multiple selection events? An
implicit assumption of polygenic adaptation
is that the observed pattern results from a
single selection event on a single focal trait.
However, the identification of the selected
trait is challenging (BOX 2), and in many cases
the observed signal may result from multiple
independent selection events on a set of
correlated traits, because the contributing
loci are (for example) combined into the
same Gene Ontology category. Similarly,

it is conceivable that alleles of genes

with different functions exhibit a similar
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Box 2 | The challenge of defining selected traits

Trait hierarchy
Phenotypes are hierarchically organized (see the figure). High-level phenotypes, such as fitness
and viability, are the outcome of many other underlying phenotypes. Any adaptation will result in
higher fitness, but studying fitness alone will not provide much information about how and why
the increase in fitness was achieved. This requires the identification of a lower-level phenotype,
which needed to be altered by selection to increase fitness. The left and right panels in the figure
represent individuals from two populations that have adapted by modifying the same intermediate-
level phenotype, but through changes in different low-level phenotypes. In both individuals,
the high-level phenotype (for example, fitness) has evolved in the same direction, but it is not
possible to infer which of the underlying phenotypes has contributed to the change in high-level
phenotype. Thus, the focus on high-level traits prevents further insights into the lower levels of the
trait hierarchy that are the actual drivers behind this change. Therefore, we propose that traits of
intermediate hierarchy are more likely to be informative about the underlying adaptive
architecture.

With genetic redundancy, many different genes could contribute to the selected phenotype,
which limits the informativeness of a single gene for the adaptation process. Hence, finding the
correct hierarchical level is one major challenge for studying adaptive phenotypes.

Example: altitude adaptation in humans. Populations living in high altitudes in Tibet and Ethiopia
adapted by regulating red blood cell production'*’. The genomic analysis of Andean populations
suggested a different target of selection. Here, genes associated with cardiovascular development
and function showed the strongest selection signals®. Although all populations adapted to a
similar environmental selective force, two different evolutionary solutions have been selected’*".
This raises the question of the adaptive phenotype. Whereas studies on Tibetan and Ethiopian
populations suggest regulation of red blood cells to be the adaptive trait, analysis of Andeans
points to cardiovascular phenotypes. It is apparent that the focus on either of the phenotypes as
selection targets could result in incorrect conclusions, and another higher-level phenotype (for
example, oxygen supply at high altitude) should be considered as the selection target, for which
functional redundancy exists.

Pleiotropy

The genetic covariance between traits'*> makes it extremely challenging to distinguish between
selected phenotypes and traits that covary either due to linkage disequilibrium (non-random
association of single-nucleotide polymorphisms across loci) or pleiotropy (alleles that affect
multiple phenotypes). As a consequence, research on adaptive phenotypes typically focuses on
traits that are easy to score or for which an a priori hypothesis exists about their adaptive role.

142

Example: thermal budget hypothesis. A well-characterized pattern is the clinal variation in body
pigmentation for many insects, in particular, Drosophila species'*’. According to the hypothesis,

the more efficient absorption of sunlight by darker pigmentation provides a selective advantage in
colder latitudes by providing thermal energy to insects. Although plausible, a detailed analysis of the
relative importance of size and colour refuted the thermal budget hypothesis for small insects, such
as Drosophila species'**. On the other hand, an experimental evolution study in Drosophila simulans
showed that temperature affects dopamine signalling, with increased dopamine synthesis in cold
temperature regimes'*. Because dopamine is an important precursor of the black melanin in fruit
flies, it is conceivable that the naturally occurring cline for dopamine synthesis could explain the
pigmentation cline.
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Box 3 | Theory: the architecture of adaptation of a simple trait

The simplest trait to feature genetic redundancy of its optimum has just two states, for example, a
phenotype that is either resistant or non-resistant to a pathogen. Imagine that ‘non-resistant’ is the
initial state of the population, and that the ‘resistant’ phenotype can evolve by a mutation at one of
L different loci (for example, by shutting down a gene along a linear pathway that is exploited by
the pathogen). There are thus L redundant ways to obtain the adaptive phenotype from the initial
state, but mutation at multiple loci does not lead to further phenotypic changes. If (almost) all
individuals in a population use the same mutation to produce the resistant phenotype, the genomic
pattern is sweep-like. If most individuals use different alleles, adaptation occurs by polygenic shifts.
In general, assume that adaptation occurs from mutation-selection—drift balance and we observe
the population towards the end of the adaptive phase, when only a fraction, f,, of individuals are
non-resistant. Then, the probability that the frequency of mutant alleles at loci 1-L in a single
evolutionary replicate given by (x,, ..., x,) can be explicitly derived’’

1 Yo f

6-1 w i
Pl = ) T [§ X’] [? 1-x ]
where 6 = 4N,y is the population mutation parameter (N, is the effective population size and y the
mutation rate per locus) and B(6) is a normalization factor. P[x,, ..., x,] defines the architecture of
adaptation. One can show that, for this simple case, the shape of this architecture depends mostly
on asingle compound parameter 6, = (L - 1)0, combining the level of redundancy (measured by L)
and the mutation parameter 6"”. For 6, < 1, adaptation is dominated by a single locus and we
observe sweep-like signatures; forebg > 1, we obtain subtle frequency shifts at many loci; and at
intermediate values 0, ~ 1, we observe a heterogeneous polygenic adaptive response (see the
figure). The figure shows the joint distribution of mutant allele frequencies when 95% of individuals
have adapted (f, = 0.05). The frequency distribution (across replicates) of the locus with the largest
mutant frequency at this time is shown in red, the second largest in dark blue, and so forth. Although
there is a major (sweep-like) frequency change at the first (red) locus, other alleles also increase
in frequency, resulting in a mixed selection signal, which is typical foerg = 1.Lines are from the
formula shown in this box, with simulation dots.
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Figure reprinted from REF.”’, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

correlation with environmental variables.
Hence, any a priori grouping of candidate
loci (SNPs) may cause misleading results.
Furthermore, it is possible that selection
occurred at different time points, and thus
the signature reflects different adaptation
events. An extended method based on an
admixture graph addresses this limitation
and introduces a temporal component of
adaptation. By estimating divergence and

admixture events it is possible to infer
selection strength on each branch, and thus
to infer the extent to which populations
experienced selection®.

An integrated view

As discussed above, the deep rooting of
current tests for polygenic adaptation in the
infinitesimal model has several apparent
limitations arising from the combination

of the signature of multiple candidate loci.
We propose an integrated framework for
polygenic adaptation, which goes beyond
the single-locus approach and combines key
concepts of the infinitesimal model with a
realistic genetic architecture and population
genetic principles.

From genotype to phenotype: the role of
genetic redundancy. The genetic architecture
refers to “the pattern of genetic effects
that build and control a given phenotypic
character”. It can be represented as a
genotype-phenotype map, summarizing
the effect sizes of all alleles affecting the
focal trait, together with their interaction
effects due to dominance or epistasis. Via
collections of major and minor effect loci
(and some epistatic relationships®'), both
quantitative trait locus (QTL) mapping and
GWAS aim to provide this map.

One central property of the genetic
architecture of polygenic traits is the general
many-to-one relationship, that is, a single
phenotype corresponds to a larger number
of genotypes. These genotypes are thus
redundant with respect to the phenotype
they produce (BOX 3). Indeed, redundancy of
the selection target is a generic property
of any polygenic trait under stabilizing
selection. In this case, the level of adaptive
convergence is the phenotype rather
than the genotype. This feature has two
consequences for the patterns of molecular
variation under polygenic adaptation. First,
replicate populations that adapt to the same
trait optimum are expected to show different
adaptive responses on the genotypic level
(FIG. 3a,b). Second, within each replicate,
individuals can use different sets of alleles
to produce the optimal phenotype. If many
individuals in the adapted population
use the same beneficial alleles, polygenic
adaptation produces large frequency shifts
and sweep-like patterns. Small shifts are
observed if individuals mostly use different
beneficial alleles.

With redundancy, adaptation is therefore
necessarily a collective phenomenon across
loci. This does not just mean that many loci
contribute, but that adaptation at each
of these loci can only be understood in a
polygenic context. This is ignored in the
classical sweep model. In stark contrast,
the infinitesimal model assumes that
conditioning on a trait value does not
constrain the underlying allele frequencies at
single genes at all*’. The model thus assumes
an architecture with infinite redundancy.
Clearly, any integrative framework of
polygenic adaptation needs to allow for trait
architectures with quantifiable, intermediate
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Fig. 3 | Genetic redundancy and heterogeneity among loci are the main
characteristics of polygenic adaptation. Each line shows the trajectory of
one allele contributing to the selected phenotype. a,b | Genetic redundancy
results in non-parallel signatures of adaptation across replicate populations.
Replicate populations (parts a and b) adapt to the same trait optimum using
different alleles. c—f | Allele frequencies in the founder population (parts ¢
and d) and distance to the trait optimum (parts e and f) are among the fac-
tors accounted for in the adaptive architecture of a trait. Heterogeneity of
allele frequenciesin replicate populations affects the adaptive response and
parallelism across replicates, as alleles with higher starting frequency
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produce a more repeatable adaptive response (parts ¢ and d). Founder popu-
lations with similar genetic architectures (parts c—f), when exposed to envi-
ronments with different trait optima, will have different adaptive
architectures. A close trait optimum (parts ¢ and d) would require a fre-
quency increase at few loci, whereas a further distant optimum (parts e
and f) results in selection signatures at more loci. g,h | Adaptation to the new
optimum can be achieved by a sweep-like signature of a large-effect locus
(part g) or smaller frequency increases of multiple small-effect alleles (part h).
The colour intensity in parts g and h reflect allelic effect sizes. For simulation
parameters, see Supplementary information.
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levels of redundancy. The importance of
genetic redundancy for adaptation has been
stressed before*>%3,

The architecture of adaptation: heterogeneity
and parallelism. Although the genetic
architecture specifies how the phenotype
can be changed by mutation, it does not
imply which alleles at which loci will be used
during the course of adaptive evolution.
For a trait optimum with redundant genetic
basis, the genetic architecture shows how
evolution can ‘solve the problem’ but does
not quantify which solution is most likely.
This is because the genetic architecture
does not account for several key factors that
are contingent on the selection scenario
and that determine the contribution
of individual alleles. These include, in
particular, the starting frequencies of all
potentially contributing alleles and the
pleiotropic fitness constraints®. For example,
large-effect alleles are less likely to be
favoured when the new trait optimum is
close or when the environment only leads
to slow changes in the optimum; they are
more likely to contribute after a rapid change
to a distant new optimum®**". Similarly,
it is well known that large-effect alleles are
disfavoured relative to small-effect alleles
if negative pleiotropic effects on fitness are
prevalent'**. In a simple model, the effect
size of the most-favoured allele declines
proportionally to ~1/ ~/7, where # is the
number of pleiotropically affected traits®.
To predict the pattern of polygenic
adaptation, we therefore define the
adaptive architecture of a trait to describe
the adaptive potential for a given selection
scenario. With redundancy, this architecture
always takes the form of a probability
distribution of allele frequencies that
contribute to the adaptive response, both
across replicates and across all loci in the
genetic basis of the trait (a joint frequency
distribution; BOX 3). Variance measures of
this distribution provide crucial information
about the adaptive scenario. For each locus,
the variance across replicates measures the
expected degree of parallelism (also called
convergence or repeatability*) of adaptive
evolution and informs us how representative
a pattern from a single observation can be.
For each replicate, the variance across loci
reflects the heterogeneity of the adaptive
response due to differences in the relative
contribution of the genes. Reaching the
new trait optimum, strongly contributing
genes are characterized by high frequencies
in all or most replicates, whereas weakly
contributing genes are optional and do not
appear in many individuals and/or replicates.

The variances (and all other parameters
of the distribution) depend on the genetic
architecture of the trait, but in addition
also on the fitness constraints, the starting
conditions and the population genetic
forces that act during the adaptive phase
(FIG. 2d). Whereas constant factors such as
fitness constraints increase heterogeneity
among loci but decrease differences among
replicates (increased parallelism), stochastic
forces due to mutation, migration and
drift increase the heterogeneous response
across both loci and replicates (reduced
parallelism).

With this definition, the adaptive
architecture follows the concept of the
genetic architecture in that both describe
so-called dispositional properties®, that
is, genetic architecture as the potential
for phenotypic variation® and adaptive
architecture as the potential for adaptation.
Capturing adaptive potential is essential if
we are interested in prediction (in which
configuration polygenic adaptation is
likely to occur) rather than in description
(how it has occurred in a particular case).
In contrast to the genetic architecture, the
adaptive architecture does not just depend
on mutation (the distribution of mutational
effects) but also on all other population
genetic forces — in particular, selection and
drift — that act during the adaptive phase.

Modelling polygenic adaptation. An early
analytical approach to characterize the
footprint of polygenic adaptation focuses
on the sweep signal (or lack thereof)
at a single focal QTL in the presence
of quantitative background variation™.
Recently, the approach has been extended
to include fluctuating selection”. As in
quantitative genetics, background loci are
not modelled explicitly, but are represented
by a distribution that evolves with a constant
variance. Explicit background loci are
included in studies on the footprint at a focal
QTL in two- to eight-locus models””, but
none of these studies considers polygenic
patterns across multiple loci.

Several studies consider the polygenic
signature that results from selection on
an additive trait. Depending on initial
levels of variation and the distance to the
trait optimum, simulation studies find
both sweep-like signatures at single loci
and polygenic shifts'>7*". Analytical
approaches use a deterministic framework
to predict how key aspects of the adaptive
architecture depend on the distribution
of locus effects if adaptation occurs from
mutation—selection balance”>’¢, Whereas
a deterministic approach does not

allow for differences among replicates,
the probabilistic nature of the adaptive
architecture is revealed in the presence of
genetic drift. Analytical results have been
derived for a simple polygenic model with
identical loci’”” (BOX 3) and in the limit of a
highly polygenic trait*7*.

Recombination and linkage constitute
another source for heterogeneity of the
adaptive architecture. Indeed, recent
studies”** of adaptive introgression using
a version of the infinitesimal model that
accounts for linkage®' show that this
necessary extension of the model already
results in heterogeneous responses with
large frequency changes of introgression
haplotypes in some genomic regions’**.

The spatial population structure can be
an important factor to shape the adaptive
architecture, in particular for a trait with
high genetic redundancy. If selection is
homogeneous across a large spatial range,
the adaptive architecture is expected to
represent a mosaic of local replicates. This
has been explored for a single adaptive
step®, but the models assume allelic
exclusion and do not allow mutant alleles
at different loci to co-segregate in the
same region. Local adaptation of a polygenic
trait leads to a pattern of multilocus clines®.
After the initial adaptive phase, gene
flow can result in a turnover of adaptive
alleles and a long-term advantage of
large-effect alleles, which are more robust

to swamping®.

Charting the adaptive architecture: replicates
and time-series data. Replicates of adaptive
evolution provide the most valuable source of
information about the adaptive architecture.
Clearly, replicates are essential to determine
the degree of parallelism of adaption, which
can be quantified by several indices™*"*".
Replicates are also required for the
interpretation of the observed heterogeneity
in the selection response across loci, to
separate factors that are constant across
replicates (for example, locus effects) from
chance events (for example, recombination
and genetic drift). Random allele frequency
fluctuations during the early phase of the
adaptation processes are a major factor
determining to what extent a given allele will
be contributing to the new trait optimum®.
This effect is more pronounced in small to
moderate-sized populations than in large
natural populations. Hence, experiments
with moderate population sizes provide a
powerful approach to exploit redundancy
and study the influence of various factors

of the adaptive architecture. FIGURE 3c—f
shows that alleles with a high starting
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Fig. 4 | Different stages of polygenic adaptation. Phases are approximately demarcated by the
vertical dotted lines. a,b| Phase 1: in this phase of directional selection, the trait mean adapts rapidly
to match the new optimum. Phase 2: after the rapid adaptive phase, allele frequencies change under
the weaker forces of genetic drift and selection against the segregation load, which produces subop-
timal phenotypes. Phase 3: once drift has disturbed the allele frequency beyond a critical point, the
allele fate (fixation or loss) is determined, and they are rapidly driven there by selection. As the sorting
of alleles during phase 2 is mainly governed by the stochastic forces of genetic drift, phase 2 is longer
in larger populations (part a, effective population size (N,)=36,000) than in small ones (part b, N, =450).
The stochastic nature is also responsible for the transition from phase 2 to phase 3 differing among
loci and precludes the definition of hard boundaries between these two phases. Hence, the dotted
lines only roughly indicate the transition between phases 2 and 3. For simulation parameters, see

Supplementary information.

frequency contribute more consistently to
the optimal phenotype than low-frequency
alleles. Although low-frequency alleles have
variable contributions to optimal phenotypes
(FIG. 3¢,d), they make a more consistent
contribution when the distance to the trait
optimum is increased (FIC. 3¢,/). Among
replicates, extremely different selection
responses can occur: either a sweep signature
at a single locus (FIG. 3g) or small/moderate
frequency shifts at several loci (FIG. 3h).

In addition to replicates, time-series data
also provide important information about the
adaptive scenario. Three different phases can
be distinguished for a typical time series in
polygenic adaptation. During the first phase,
the contributing adaptive alleles increase
in frequency. When the trait optimum is
reached, the second phase starts with the
contributing alleles being mainly affected
by drift. In the third phase, the alleles are

sorted until they reach fixation (FIC. 4). With
phases 2 and 3 being specific to polygenic
adaptation, time-series data are a powerful
approach to uncover these dynamics.

Experimental study systems
Heterogeneity and parallelism (or non-
parallelism) are two key features that
characterize polygenic adaptation. Replicate
populations, preferably with time-series
data, are needed to study these features
experimentally. In the following sections we
discuss a range of study systems that have
the potential to contribute to future studies
of polygenic adaptation.

Natural populations. The ideal natural
system to study polygenic adaptation
would consist of multiple populations
that independently evolve to the same
environmental stressor. Genotypes and

PERSPECTIVES

phenotypes of the founding populations
would be known and the adaptation process
on both levels could be followed in real
time. Typically, however, studies of parallel
evolution are retrospect and lack direct
knowledge of the starting populations. In
addition, most natural habitats are unique
and true replicates rarely exist. Nevertheless,
relaxing the criterion to similar, rather

than identical, environments allows the
identification of a few systems with potential
to study polygenic adaptation in natural
populations.

A parallel phenotypic response of different
populations to similar environmental
challenges is a classical hallmark of natural
selection and has been documented across
a wide range of species. In several cases,
the genetic causes of parallel phenotypic
evolution have also been documented”*.
Iconic examples (see also BOX 2) include the
parallel evolution of crypsis in beach mice
and several further species”, the evolution
of insecticide resistance in flies”* and
the loss of body armour in sticklebacks”.
As case studies, these examples are
valuable, in particular because they offer
rather complete adaptive histories, from
the ecological selection pressures down
to the genotype. They typically also show
a high level of parallelism on the genetic
level and involve large changes in the allele
frequency of key genes (that is, sweep-type
architectures). However, their potential for
the study of polygenic adaptation is still
limited for two reasons. First, the level of
replication is very low. Second, focus on the
most striking cases of parallel evolution
harbours a risk of bias and cannot be taken
as representative of polygenic adaptation in
general. Indeed, rapid evolution of extreme
phenotypes may favour large-effect alleles
in traits with oligogenic bases. In line with
this expectation, adaptation occurs by loss
of function of a key gene in several cases
highlighted above.

These biases can be attenuated when
we compare the evolution (parallel or
not) across a broader range of traits in
independent populations that are exposed
to similar conditions. In nature, such
conditions can be found in latitudinal”
and altitudinal®®~'** clines, where similar
phenotypic and, to some extent, also genetic
changes are shared, sometimes even across
continents. However, the level of replication
is usually modest. More replication is offered
in several cases of parallel colonization
or range expansion. An example is the
parallel river system of the Northern Range
mountains in Trinidad. Waterfalls separate
high and low-predation guppy populations
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in different rivers, which has resulted in
highly parallel phenotypic changes'**-'%.

In sticklebacks, different contrasts —
marine/freshwater, lake/stream and benthic/
limnetic — have been studied in multiple
rivers, making this a particularly powerful,
highly replicated system'*~'%, The power to
study heterogeneity of polygenic adaptation

in natural replicate populations has been
demonstrated in a study of benthic/limnetic
adaptation”. Thirty-two phenotypes showed
parallel evolution between two lakes, but
about 50% of the underlying QTLs were

not shared®. Although this is clearly less
parallel than the famous plate armour trait,
we are currently lacking a solid framework

Glossary

Adaptive architecture

The measure of the probability that alleles contribute to
adaptation. Adaptive architecture extends the genetic
architecture by including further factors that influence
the adaptive potential.

Adaptive introgression
New, favourable alleles are introduced into a population
by migration.

Admixture graph
A representation of the divergence and admixture
between populations.

Clines
Spatial patterns of allele frequency differences, which
are maintained by a spatial selection gradient.

Common garden experiments

Experiments that, in order to control for the effects

of the environment on phenotypes, measure the
phenotypes of different genotypes in the same/similar
environments.

Epistasis
Interaction between genes in a non-additive way.

Genetic architecture

Information about genes, with their associated
effect sizes and patterns of pleiotropy, epistasis and
dominance.

Genetic basis

The set of all loci contributing to a trait, but without
reference to effect sizes or pleiotropy, epistasis

or dominance.

Genetic drift

A stochastic process arising from the random
sampling of gametes contributing to the next
generation. In small populations, genetic drift can
be strong and results in large, non-directional allele
frequency changes.

Genome-wide association studies

(GWAS). A genetic technique that identifies
statistically significant associations between
phenotypes and underlying genetic variants. GWAS
are particularly powerful, because they take advantage
of recombination events that occurred historically

in the focal population.

Infinitesimal model

The phenotype is determined by a very large (infinite)
number of alleles, each with a very small effect, and by
the environment.

Mutation—selection balance
An equilibrium situation for a population close to an

alleles are introduced into the population by mutation
as are removed by purifying selection.

adaptive optimum. The same number of new deleterious

Non-synonymous SNPs
Single-nucleotide polymorphisms (SNPs) in protein-coding
genes that result in an amino acid replacement.

Parallelism

(Also known as convergence or repeatability). Replicate
populations reach the same trait values using the same
set of alleles; non-parallelism is the possible consequence
of redundancy. Parallelism has been also described for
asexual microorganisms, where the same mutations are
independently acquired in replicate populations.

Pleiotropy
A single gene affects multiple traits.

Polygenic traits

(Also known as complex traits). Quantitatively variable
phenotypes that are affected by many contributing loci
and the environment.

Purifying selection
Removal of deleterious alleles from a population.

Quantitative trait locus (QTL) mapping
A genetic mapping technique that relies on recombination
events that occurred during the experiment.

Quantitative traits
Traits with a continuous distribution of phenotypes with
a large number of contributing alleles.

Redundancy
Different combinations of alleles produce the same
phenotypic value.

Selective sweeps

Classic selection signatures in molecular population
genetics describing a pattern of reduced DNA
polymorphism around the site of a recently fixed
beneficial allele.

Singleton density score

A test statistic to detect selection based on the distance
of singleton single-nucleotide polymorphisms nearest
to the focal variant.

Soft sweeps

Different alleles at the same locus are favoured and
contribute to adaptation. They can either be generated
by recurrent mutations or they segregate in the
population before the adaptive episode starts.

Stabilizing selection
Selection favours individuals with an intermediate trait
value.

Standing genetic variation
Polymorphic sites segregating in a natural population.

Swamping
Beneficial alleles are driven to extinction by immigration
of non-favoured alleles.

to decide how much parallelism is expected.
Furthermore, as there is no direct access
to the ancestral populations, and because
local adaptation to unresolved ecological
differences among lakes may reduce
parallelism, it remains difficult to identify
the causes of the observed heterogeneity
in the adaptive response'””.

A barely exploited opportunity to
study temporal dynamics is provided by
sediment analyses, where each layer of
sediment represents a different historic
time. So far, sediment analysis has been
largely employed to study presence/absence
patterns''’, but the combination of steadily
dropping sequencing costs with more
refined enrichment methods provides
the potential to study allele frequency
changes across time. Some systems, such
as Daphnia, can go even one step further.
Diapausing eggs can be recovered from
dated sediment layers and reactivated in
the laboratory. The phenotypes of resulting
parthenogenetic lineages can be studied in
common garden experiments''!, Hence, it is
not only possible to follow allele frequency
changes over time but also to monitor the
associated phenotypic evolution.

Experimental evolution in the laboratory.
Experimental introduction of populations

is a classic experimental evolution setting

in the wild, which has already provided
interesting results'*-'°>!"2 but typically
suffers from low levels of replication and the
challenge of environmental heterogeneity.
Experimental evolution under controlled
laboratory conditions overcomes these
limitations and provides the opportunity

to study adaptation for traits of interest
without confounding factors, such as
environmental heterogeneity, uncontrolled
migration and variable population sizes. The
major advantage of experimental evolution
is the ability to replicate experiments at

a scale that is rarely possible in the wild.
Although most experimental evolution
studies are on asexual microorganisms,

we focus on outcrossing systems, as

the combination of different alleles by
recombination is essential for the multilocus
nature of polygenic adaptation. Because of
moderate population sizes and numbers

of generations in typical experimental
evolution studies with sexual eukaryotes,
new mutations can be neglected'"”. This
implies that adaptation needs to occur from
standing genetic variation. Using freshly
collected population samples as founders for
experimental evolution allows one to build
on natural frequency spectra for adaptive
alleles and provides a natural setting to study
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parallelism and heterogeneity. Combining
experimental evolution with whole-
genome sequencing of pooled individuals
(Pool-Seq'"*) provides a powerful approach
to study allele frequency dynamics during
adaptation.

Most experimental evolution studies
focus on the identification of parallel
selection signatures across replicates'>~'*C,
Only recently was non-parallelism among
replicates explicitly considered in a
study of 10 replicate Drosophila simulans
populations®. Computer simulations showed
that the pattern of non-parallelism among
replicates is not consistent with a selective
sweep scenario of independent adaptation at
different loci. The pattern of non-parallelism
instead fits collective polygenic adaptation
to a new trait optimum. Most selection
targets started at low frequency in the
founder population, but common targets
could also be detected®. Low-frequency
alleles were associated with stronger
selection than common alleles®. The power
of phenotypic and genetic time-series data
was demonstrated by a study in yeast'”.

In contrast to other experimental evolution
studies, which aimed for highly diverse
founder populations, in this study the
adaptive trajectories of only two genotypes
was followed for almost 1000 generations
in the presence of recombination. After an
initial rapid frequency change, very little
frequency change was observed, and the
fitness variance among individuals was

not strongly reduced during the plateauing
phase. Supported by computer simulations,
the authors concluded that, similar to the
infinitesimal model, adaptation was
facilitated by many loci with small effects.
Further work is needed to reconcile this
extreme polygenic architecture with results
from more complex founder populations —
in particular, the role of deleterious alleles
needs clarification.

Outlook

Both experimental evolution and natural
populations exhibiting parallel phenotypic
evolution offer great potential to study
non-parallelism and heterogeneity in the
quest to understand the genetic basis of
adaptation. We anticipate that the combi-
nation of time-series data with replicate
populations will be a particularly powerful
method to uncover the genetic architecture
of adaptation. Of particular interest are
specifically designed experimental evolu-
tion studies, both in the laboratory and,
whenever possible, also in natural settings.
Smaller population sizes increase genetic
drift, resulting in more heterogeneity

within populations and non-parallelism
among populations, but with a sufficient
level of replication it is possible to obtain
reliable signatures that can be distinguished
from neutral variation. Reducing the
number of adaptive alleles by starting experi-
ments with a small number of founders will
result in stronger selection responses of
individual alleles, providing the potential
of further follow-up functional character-
ization. Once the adaptive architecture

of a trait is well characterized by experi-
mental evolution studies, it will be possible
to expand the focus to natural popu-
lations to understand their dynamics in

complex systems.
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