GENETICS, 2024, 228(3), iyae140

https://doi.org/10.1093/genetics/iyae140
Advance Access Publication Date: 22 August 2024

Investigation

sailill GENETICS

The genetic architecture of polygenic local adaptation and
its role in shaping barriers to gene flow

Arthur Zwaenepoel (@ ,"* Himani Sachdeva (& ,*>* Christelle Fraisse (® '*

"TUMR 8198 — Evo-Eco-Paleo, CNRS, Univ. Lille, Lille F-59000, France
2Department of Mathematics, University of Vienna, Vienna 1090, Austria

*Corresponding author: UMR 8198 — Evo-Eco-Paleo, CNRS, Univ. Lille, Lille F-59000, France. Email: arthur.zwaenepoel@univ-lille.fr
*Contributed equally.

We consider how the genetic architecture underlying locally adaptive traits determines the strength of a barrier to gene flow in a main-
land-island model. Assuming a general life cycle, we derive an expression for the effective migration rate when local adaptation is due to
genetic variation at many loci under directional selection on the island, allowing for arbitrary fithness and dominance effects across loci.
We show how the effective migration rate can be combined with classical single-locus diffusion theory to accurately predict multilocus
differentiation between the mainland and island at migration-selection—drift equilibrium and determine the migration rate beyond which
local adaptation collapses, while accounting for genetic drift and weak linkage. Using our efficient numerical tools, we then present a
detailed study of the effects of dominance on barriers to gene flow, showing that when total selection is sufficiently strong, more reces-
sive local adaptation generates stronger barriers to gene flow. We then study how heterogeneous genetic architectures of local adap-
tation affect barriers to gene flow, characterizing adaptive differentiation at migration—selection balance for different distributions of
fitness effects. We find that a more heterogeneous genetic architecture generally yields a stronger genome-wide barrier to gene flow
and that the detailed genetic architecture underlying locally adaptive traits can have an important effect on observable differentiation
when divergence is not too large. Lastly, we study the limits of our approach as loci become more tightly linked, showing that our pre-
dictions remain accurate over a large biologically relevant domain.
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Introduction

When a population is subdivided across multiple habitats with
different environmental conditions, the extent to which distinct
subpopulations can maintain locally beneficial genetic variation
depends on the rate of migration between them. Migration be-
tween populations that maintain divergently selected alleles can
generate migration load (a reduction in mean fitness due to the in-
flux of locally maladaptive alleles) or may lead to loss of local
adaptation altogether (so-called swamping by gene flow) (e.g.
Lenormand 2002). While local adaptation may be driven by a
few conspicuous loci (e.g. adaptive melanism in peppermoths
(van't Hof et al. 2016) or pocket mice (Nachman et al. 2003)), it is be-
lieved to typically be polygenic, involving alleles of different effect
at many loci across the genome (Pritchard and Di Rienzo 2010; Le
Corre and Kremer 2012; Schumer et al. 2018; Westram et al. 2018;
Martin et al. 2019; Barghi et al. 2020; Bomblies and Peichel 2022;
Stankowski et al. 2023).

Whenlocal adaptation is polygenic, migration between popula-
tions adapted to different environmental conditions will generate
linkage disequilibria (LD), i.e. statistical associations, between se-
lected loci, as locally deleterious alleles will tend to reside in the
genomes of individuals with recent migrant ancestry. The rate

at which individual locally deleterious alleles are eliminated will
be affected by these associations, a phenomenon often referred
to as a “coupling” effect (Barton 1983; Kruuk et al. 1999; Feder
et al. 2012; Yeaman 2015; Sachdeva 2022). Indeed, sets of loosely
linked locally deleterious alleles introduced by migrants will be
eliminated jointly in the first few generations after migration at
a rate which depends essentially on the relative fitness of migrant
individuals and their immediate descendants. These coupling ef-
fects will in turn affect the equilibrium migration load and
swamping thresholds (i.e. the migration rate beyond which local
adaptation is lost). Neutral variation may also come to be asso-
ciated with locally selected alleles, so that the latter constitute a
“barrier” to neutral gene flow, increasing neutral genetic differen-
tiation (as quantified by Fsr for instance) beyond the single-locus
neutral expectation (Petry 1983; Bengtsson 1985).

Barrier effects due to divergent selection at many loci may play
an important role in the evolution of reproductive isolation (RI),
and hence speciation (Nosil 2012; Barton 2020). The colonization
of a new habitat will often involve selection on polygenic traits
and give rise to a subpopulation that exhibits some divergence
from its ancestors (Barton and Etheridge 2018). Conditional on
the initial successful establishment of such a divergent
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subpopulation, whether or not speciation ensues depends on
whether local adaptation can be maintained in the face of mal-
adaptive gene flow (if any), and on the extent to which the partial
RIderiving from local adaptation may promote further divergence
and strengthen RI (e.g. through reinforcement, coupling of locally
adaptive alleles with intrinsic incompatibilities, or the establish-
ment of additional locally beneficial mutations; (Barton and De
Cara 2009; Bierne et al. 2011; Butlin and Smadja 2018; Kulmuni
et al. 2020)).

Despite mounting evidence that local adaptation is indeed of-
ten polygenic, little is known about the underlying genetic details
and how these influence the maintenance of adaptive differenti-
ation in the face of maladaptive gene flow (Yeaman and
Whitlock 2011; Yeaman 2015; Bomblies and Peichel 2022). How
many loci are involved? What are the typical effect sizes? Are di-
vergently selected alleles typically closely linked or spread all over
the genome? How nonadditive is local adaptation? Relatedly, it is
currently unclear how the detailed genetic architecture of local
adaptation affects the strength of the resulting barrier to gene
flow across the genome. These issues do not only arise in the study
of local adaptation per se, but are also central to speciation re-
search, as we still have little insight in the genomic architecture
underlying isolating mechanisms in nature (Jiggins and Martin
2017; Ravinet et al. 2017).

In a recent paper, Sachdeva (2022) showed that, when the loci
under selection are unlinked, the effects of LD on equilibrium dif-
ferentiation at any individual locus in a polygenic system can be
well described by classical single-locus population genetic theory,
provided that the migration rate mis substituted by an effective mi-
gration rate m, (Petry 1983; Bengtsson 1985; Barton and Bengtsson
1986; Kobayashi et al. 2008), which captures the multilocus barrier
effect, i.e. how gene flow at a focal locus is affected by selection
against the associated genetic background. The effective migra-
tion rate for a neutral locus can furthermore serve as a quantita-
tive measure of RI, i.e. RI=1-m,/m (Westram et al. 2022).
Crucially, m, depends itself on the frequencies of divergently se-
lected alleles, giving rise to feedback effects where a smallincrease
in migration rate may cause a sudden collapse of local adaptation
(i.e. swamping). In Sachdeva (2022), a detailed study was con-
ducted of the joint effects of drift and LD on swamping thresholds
and neutral differentiation in the mainland-island and
infinite-island models of population subdivision, assuming a hap-
loid sexual life cycle and divergently selected loci of equal effect.

In this paper, we focus on how the genetic architecture of a lo-
cally adaptive additive trait determines the strength of a barrier
to gene flow and the conditions for maintaining local adaptation.
Extending the theoretical framework of Sachdeva (2022), we derive
an expression for the effective migration rate at a neutral locus un-
der a polygenic architecture of local adaptation with arbitrary fit-
ness and dominance effects across loci (referred to as a
heterogeneous barrier), assuming a population with a general life cy-
cle (which includes haplontic and diplontic life cycles as special
cases) and weak linkage. We use this m, to build an approximation
for the marginal allele frequency distributions at migration-selec-
tion balance in a mainland-island model, allowing us to quantify
the extent of adaptive differentiation at equilibrium and swamp-
ing thresholds at individual loci influencing the polygenic trait.

After showing the accuracy of our approximations, we use
these to address a number of questions concerning the relation-
ship between the genetic architecture of divergently selected
traits and the strength of the resulting barrier effect across the
genome. In particular, we ask: Are barriers to gene flow stronger
when locally adaptive alleles are recessive or dominant? Does a

more heterogeneous architecture of local adaptation lead to
stronger barriers to gene flow or rather the converse? How does
the distribution of fitness effects (DFE) of locally adaptive alleles
affect equilibrium differentiation and swamping thresholds at in-
dividual loci? How does linkage affect the strength of a barrier to
gene flow and swamping thresholds? Finally, in the Discussion
section, we summarize our main findings and the limits of our ap-
proach, and consider the relevance of our theoretical work for the
inference of the genetic architecture of local adaptation and bar-
riers to gene flow from genomic data.

Model and methods
Mainland-island model

Here we outline a mainland-island model for a sexual population
subject to selection in both the haploid and diploid phases. We as-
sume a regular and synchronous alternation of generations,
where an island population of N haploids (gametophytes) pro-
duces an effectively infinite pool of gametes from which 2Nk ga-
metes are sampled that unite randomly to form Nk diploid
individuals (sporophytes), k being the number of diploids per hap-
loid individual (Supplementary section 2.1). The diploid gener-
ation produces in turn an effectively infinite pool of haploid
spores through meiosis, of which N are drawn to form the next
haploid generation. Throughout, we assume that sexes need not
be distinguished. Our notation is summarized in Table 1.

We shall focus on the case of haploid-phase migration, where
in each generation, M haploid individuals on the island are re-
placed by haploid mainland individuals, where M is Poisson dis-
tributed with mean Nm. Our models and approximations are
however straightforwardly extended to allow for gametic or dip-
loid migration, or indeed any combination of these (see
Appendix A). Fitness on the island is determined by L biallelic
loci which are under divergent selection relative to the mainland.
The Lloci may be linked or unlinked, and we denote the recombin-
ation rate between locus 1 and j by r. The mainland population is

Table 1. Glossary of the main symbols (parameters, variables) and
some of their interrelations.

Sym. Equals Description

0 — Beneficial allele on the island

1 — Deleterious allele on the island

S1 — Haploid-phase selection coefficient against the 1
allele

So1 — Diploid-phase selection coefficient against
heterozygotes

S11 — Diploid-phase selection coefficient against
homozygotes

S 2s1 +s11 Effective selection coefficient

h setel  Effective dominance coefficient

N — Number of haploid individuals

k — Number of diploid individuals per haploid
individual

N. (L+55)" Effective population size

L — Number of selected loci

u — Mutation rate

m — Migration rate

Tjj — Recombination rate between locus i and j

pi 1-gq; Frequency of the 0 allele at locus i on the island

p; 1-q¢ Frequency of the 1 allele atlocus i on the mainland

o — Vector of allele frequencies at all loci except locus i

Pq_i — Vector of heteroyzgosities at all loci except locus i

gi — Gene flow factor at locus i

Additional subscripts i and j for selection coefficients refer to locus-specific
parameters.

Gz0z Aenuer 1 uo Jasn suuesneT ep alsisAlun Aq G488E/ /01 | eeAl/g/8zZ/a1oni./Sonaush/woo dno-olwspese//:sdny wolj papeojumoq


http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae140#supplementary-data

Polygenic barriers to gene flow | 3

assumed to have a constant genetic composition. In the results
section we shall assume the mainland to be fixed at each locus
for the allele which is deleterious on the island. Throughout, we
assume a scenario of secondary contact where the locally dele-
terious allele is initially rare on the island.

Fitness effects are allowed to vary arbitrarily across loci. The
wild-type and deleterious alleles (denoted by 0 and 1) at locus i
have relative fitnesses on the island of 1 and e™*# in the haploid
phase. The relative fitnesses for the three genotypes in the diploid
phase 00, 01, and 11 at locus i are 1, e~So1, and e~%11. Throughout,
we denote the frequency of the wild-type allele (on the island) at
locus 1 by p;, and the frequency of the locally deleterious allele
by g; =1 - p;. Fitness is multiplicative across loci, so that, for in-
stance, the log relative fitness of a haploid individual fixed for
all the 1 alleles is given by logw=-3Y",s;. We assume that
each haploid (diploid) individual contributes gametes (spores) to
the gamete (spore) pool in proportion to its fithess. We assume
symmetric mutation at a small constant rate u per locus, occur-
ring at meiosis. Individual-based simulations of this model are im-
plemented in a Julia package (Bezanson et al. 2017) available at
https://github.com/arzwa/Sewall.

In the following sections, we build up a theoretical approxima-
tion to this model, and validate the approximations by comparing
numerical results against individual-based simulations.

Single-locus theory

We start by considering the evolutionary dynamics at a single lo-
cus in the island population with and without drift. Next, we use
this single-locus theory to approximate the multilocus dynamics
by defining an appropriate effective migration rate, capturing the ef-
fects of all the other loci on any one focal locus. We then outline a
numerical approach to study the equilibria of the multilocus mod-
el using this approximation.

We first consider a deterministic model for the allele frequency
dynamics at a single locus, ignoring the influence of the other loci
as well as genetic drift. As shown in detail in Supplementary
section 2.1, for weak selection and migration, the dynamics of p
can be described in continuous time by the nonlinear ordinary dif-
ferential equation (ODE)

B _ n(p - p) + spafh+ (1~ 20, (1)

where p* is the frequency on the mainland of the allele which is
beneficial on the island, s = 2s1 + 511 the effective selection coeffi-
cient (combining haploid-phase and diploid-phase selection) and

h =% the effective dominance coefficient. The equilibria of

eq. (1) are analyzed in detail in Supplementary section 2.1. We as-
sume throughout that s is positive, and p* will be assumed to be
small, sothatselectionincreases p, whereas migration decreases p.

When evolutionary forces are sufficiently weak, diffusion the-
ory can be applied to approximate the equilibrium allele fre-
quency distribution at a single locus in a finite population. Note
that our haplodiplontic model is akin to the standard Wright-
Fisher (WF) model with a population size that regularly alternates
between N and 2Nk gene copies. The corresponding effective
population size is hence N, = (N1 + (2Nk)™!)™", twice the harmonic
mean of the phase-specific number of gene copies (Hein et al. 2004)
(twice because our unit of time is an alternation of generations,
not a single generation). The equilibrium allele frequency distri-
bution at a single locus is then given by

¢(p) & pQNe(u+mp*)—1q2Ng (u+mq*)—1e—Nesq(Qth(l—Qh)q)’ (2)

where no closed-form expression is known for the normalizing
constant. This is essentially Wright's distribution, generalized to
a haplodiplontic life cycle (Wright 1937).

Effective migration rate

To make the bridge from single-locus to multilocus theory, we de-
rive an expression for the gene flow factor (gff), i.e. the reduction in
gene flow at a neutral locus (relative to the “raw” migration rate m)
due to its being in LD with multiple selected loci (Bengtsson 1985;
Barton and Bengtsson 1986). As shown formally in Kobayashi et al.
(2008), for weak migration, the gff at an unlinked neutral locus
equals the expected reproductive value (RV) of migrants in the
resident background. This is the expected long-term genetic con-
tribution of a migrant individual to the local population, relative
to that of a resident individual. In order to calculate the expected
RV of migrants, one has to track the average reproductive output
of a migrant individual (relative to resident individuals), as well as
that of its descendants over multiple generations. At any time, the
proportion of individuals with recent migrant ancestry on the is-
land is O(m), so that the probability of individuals with migrant
backgrounds mating with each other to produce, for instance, F2
crosses of the migrant and resident genotypes, is O(m?), and hence
negligible for sufficiently weak migration. The descendants of a
migrant individual will therefore most likely be F1s and subse-
quent backcrosses with the resident population, so that to a
good approximation, the RV of a migrant depends only on the rela-
tive fitnesses of F1, BC1, BC2, etc. individuals.

Let W™ and W denote the relative fitness of an individual de-
rived from an nth generation haploid, respectively diploid, back-
cross of a migrant with the resident population (i.e. Wf;) is the
relative fitness of an F1 diploid, Wff) of an offspring from a F1 x
resident cross (BC1 generation), etc.). Assuming migration occurs
in the haploid phase before selection, the gff for a neutral locus
can be expressed as

m o0
9= = [E[Wif’) [1 Wé"’WS“}, )
n=1

where W%O) is the relative fitness of the haploid migrantin the resi-
dent population (Barton and Etheridge 2018; Sachdeva 2022;
Westram et al. 2022). Note that this involves an expectation over
all possible lines of descent of an initial haploid migrant. In prac-
tice, g is determined only by the first 10 backcross generations or
so, as subsequent backcrosses are essentially indistinguishable
from residents. While this gff applies strictly only to neutral loci
(Kobayashi et al. 2008), it gives a reasonable approximation for
the reduction in gene flow at (weakly) selected loci as well.

In order to derive a useful approximate expression for g, we
shall make two further important assumptions: (1) both the resi-
dent and migrant subpopulations, as well as each backcross gen-
eration, is in Hardy-Weinberg and linkage equilibrium (HWLE); (2)
the expected allele frequency at any locus in any backcross gener-
ation is midway between that of the parents (e.g. the mean of the
mainland and island allele frequencies for the F1 generation). In
reality, due to Mendelian segregation, individuals will not inherit
exactly half of the selected alleles of each parent, and this segre-
gation variance will lead to variation within F1s, BCls, etc. on
which selection can act, resulting in deviations from the midpar-
ent value. However these deviations are O(s?), and can be ignored
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for s « 1. As derived in Appendix A, in the unlinked case, the ap-
proximate gff at locus j under these assumptions is

gj ~ exp |:—2 > “sii(ar - Elqi]) - si(1 - 2hy) (prE[q] - [E[pi%]):|, 4)

i#

It is worth stressing that the gff is a function only of the expected
allele frequencies and heterozygosities (E[p;q;]) at the selected loci,
and does not depend on any multilocus associations between se-
lected loci. Also, although we assume migration is sufficiently rare
(m < 1), alleles introduced by migrants may be common (if m ~ s),
resulting in appreciable heterozygosities. We shall often highlight
the dependence of the gff on the allele frequencies and heterozyg-
osities by writing g[E[p], E[pq]]. Note further that eq. (4) corre-
sponds to ([E[W%O)][E[Wél)]){ i.e. the product of the relative fitness
of a haploid migrant in the haploid resident population and the
relative fitness of the diploid F1 in the diploid resident population,
squared. Hence, g can, in principle, be determined empirically.
Equation (4) is straightforwardly adapted to allow for migration
in the diploid phase (see Appendix A).

As shown in Appendix B, we can heuristically account for weak
linkage by considering the allele frequency dynamics at a neutral
locus linked to a single barrier locus. The resulting expression for
the gff is

sihi(qF — E[qi]) = si(1 = 2hy)(p}Elqi] - E[piqi])
i REexXp|— ! ! ’ 5
. p|: ; m+ 1y +si(hy — E[q;] + 2(1 - 2hy)E[piqi]) 2
Note that when r>s~m (i.e. recombination is much stronger
than selection per locus) the denominator in the sum in the expo-
nentbecomes 13, so that eq. (4) appears as a special case of eq. (5)
when r;; =0.5 for all i, j.

Multilocus dynamics and equilibria

The gff captures the effect of LD among selected loci on the rate of
gene flow from the mainland into the island at any individual lo-
cus. The key observation is that a certain separation of time scales
applies: although selection against migrant genotypes can be very
strong (of magnitude Ls, roughly), these genotypes are rapidly bro-
ken down by recombination (at a rate r;j ~ r). Thus, as long as re-
combination among selected loci is stronger than selection per
locus (r>s), LD decays much faster than allele frequencies
change. The main effect of LD is then to reduce the effective
rate of migration at any individual selected or neutral locus
(Sachdeva 2022).

As a consequence, in the deterministic case, we expect that the
effects of LD should be captured by substituting the effective mi-
gration rate m, = mg formin eq. (1). Specifically, we get a system of
L coupled differential equations, where for 1 <j <L,

dp;
EJ =-mg;[pilp; + sip;a;(hy + (1 = 2hy)qy), (6)

where we assumed the mainland to be fixed for the deleterious al-
lele on the island at all loci. Here we write g;[p_;] for the gff to high-
light the dependence of the gff at locusj on the allele frequencies
at the other L — 1 loci. One can find the equilibria of this model by
numerically solving for p at stationarity (as we do in
Supplementary section 2.5), but here we will focus on the more
general stochastic case with arbitrary N,s.

In order to account for LD in the stochastic case, we can plug me
into the single-locus diffusion approximation to determine the
equilibrium allele frequency distribution for each locus on the is-
land (Sachdeva 2022). Specifically, we can compute moments of
the allele frequency distribution at each locus by solving self-
consistently for E[p;] and E[p;q;] in

Elpj] = Z7" I pjd(py; Ne, u, mg;[E[p_], Elpq]l, s;, hy)dp;
Elpa] = 25" | piaggps; Ne, u, mg; [ Elp], Elpa]]. s, hy)dp,

where the Z's are normalizing constants, and E[pq_;] is the vector
of expected heterozygosities at all loci excluding locus j. To solve
this system of 2L nonlinear equations, we use the fixed point iter-
ation outlined in Supplementary section 2.3. The numerical meth-
ods used in this paper are also implemented in the Julia package
available at https:/github.com/arzwa/Sewall.

Realized genetic architecture of divergent
selection

For a given DFE of divergently selected loci, we can use the diffu-
sion approximation to predict the distribution of s and h (under-
stood as effective selection and dominance coefficients) for
those loci that maintain divergent alleles at migration-selection
balance. We refer to this as the realized architecture of local adap-
tation, and quantify it as the conditional probability density for s
and h atlocus i, given that a randomly sampled gene copy at locus
i from the island population is the locally beneficial allele (the
event X; = 1, where X; is an indicator random variable), i.e.

[5 Pr{X; =11s;, h, Blfprz(s;, hi, B)dB
Pr{Xi = 1} (8)
o [ E[pi |'si, h, Bfore(si, hi, B)dB.

fiuhil1Xi=1)=

Here, fore denotes the joint density of the selection and dominance
coefficient across the L divergently selected loci, and B is a short-
hand for the selection and dominance coefficients at the L—1
other loci (“B” for background), and we integrate over the set of
all possible such backgrounds B. For a given DFE model, we can
characterize this conditional probability density using a Monte
Carlo approach by sampling random L-locus genetic architectures
from the DFE and calculating the expected beneficial allele fre-
quency E[p;|si, h;, B] for each locus in the barrier as a weight for
the associated (s;, h;) pair. The weighted sample will be distributed
according to f.

Results

Our main aim is to elucidate how the genetic architecture of poly-
genic divergent selection determines the strength of a barrier to
gene flow, and how, in turn, a polygenic barrier to gene flow affects
swamping thresholds at individual loci under divergent selection.
We first ignore linkage, and assess the accuracy of our theoretical
predictions for the unlinked case by comparing numerical results
based on the multilocus approximation against individual-based
simulations. Having established the validity of our approxima-
tions, we next examine the effects of dominance and heteroge-
neous genetic architectures on the strength of a barrier to gene
flow and swamping thresholds. Finally, we consider the effects
of linkage between barrier loci for realistic genetic maps.
Throughout, we focus on parameter regimes where drift may
be appreciable but does not overwhelm selection per locus
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(Nes > 5, where 5 is the average selection coefficient across the
L-locus genetic architecture), where the rate of migration is rough-
ly of the same order as the strength of selection per locus
(0 <m/s < 2, say), and where multilocus selection is appreciable
but not so strong as to likely yield complete RI (roughly
0.5 <15 <2). Mutation per locus is always considered weak
(u/s < 1/100).

Evaluation of the approximation for unlinked loci
We find that substituting m. = mg[E[p], E[pq]] for m in the single-
locus diffusion theory and solving self-consistently for E[p] and
E[pq] (see egs. (4) and (7)) yields remarkably accurate predictions
for allele frequencies and swamping thresholds as observed in
individual-based simulations (Fig. 1 and Supplementary Fig. 1).
Not only can we reliably obtain the expected allele frequencies,
but we also obtain very good predictions for the entire allele fre-
quency distribution (Fig. 1, right).

Effect of dominance on barrier strength and
swamping thresholds

The effects of dominance on migration-selection balance at a sin-
gle locus are well known (Haldane 1930; Nagylaki 1975, recapitu-
lated in Supplementary section 2.2). However, it is less clear how
dominance affects the ability to maintain adaptive differentiation
and RIfor polygenic architectures (but see Harris and Nielsen 2016
for an investigation in the context of selection against intro-
gressed ancestry after an admixture pulse).

To explore the effects of dominance in a polygenic barrier, we
assume all loci have the same fitness effects (a homogeneous bar-
rier) and that the mainland is fixed for the locally deleterious allele
on the island (qf =1). Under these assumptions, we obtain the
simpler expression

g= e—ZLsh[E[p] e—QLs(l—Zh)[E[pq] (9>

Note that the loci are indistinguishable under the stated assump-
tions, hence we can write E[p;] = E[p] for all i € [1..L]. Here, the first
factor is just the gff associated with a haploid L-locus system with
selection coefficients sh. The second factor captures the effects of
dominance and depends on the heterozygosity E[pq]. Clearly, h has

L =50 B m/5=0.45
5, =0.01, 5, =0.01,h=0.5

Z__ 1.00 5

G

<3

%i 0.75 F . 0

= S -5

EZomf S o0m1n

3 (g <o -10F 014,0.35,0.40

£g £ —0.25,0.26,1.40

g é 0.25 15 F —1.79,0.06,0.33

& £ —013,0.38,1.17

3 0.00 E | : 9o b | | ) )
0.0 0.5 1.0 1.5 2.0 0.00 025 050 0.75 1.00

777,/5 freq. of locally beneficial allele (p)

Fig. 1. The theoretical approximation for unlinked loci agrees well with
individual-based simulations. Left: expected equilibrium frequencies for
the locally adaptive allele on the island (E[p]) for increasing migration
rates for six loci in an unlinked multilocus barrier (L = 50). Right:
frequency distributions (log,, 4, see eq. (2)) at m/5 =0.45 for the same set
of loci. Lines show predictions from the multilocus approximation,
whereas dots show results from individual-based simulations (simulating
for 200N, generations, sampling every 10th generation after discarding
the first 50N, generations). We assume N, =500 and L = 50 loci, with
selection coefficients in the haploid and diploid phase at each locus
sampled from an exponential distribution with mean 0.01, and
dominance coefficients for the diploid phase sampled from a

Uniform(0, 1) distribution (the values of s1, So1, and sq1 for the six
highlighted loci are shown in the legend (x100)). We assume u =5/100.

opposing effects on both factors. The immediate effect of domin-
ance is therefore that the gff is decreased (barrier strength in-
creased) relative to the additive case (h =1/2) whenever invading
alleles exhibit a dominant deleterious effect on the island
(h>1/2). Only when the heterozygosity becomes appreciable
does the second factor contribute to the increase (when h>1/2)
or decrease (when h < 1/2) of the gff.

Effect of dominance on equilibrium frequencies

We now examine the effect of dominance in more detail (Fig. 2).
We find, as expected, that stronger net selection against mal-
adapted genotypes (larger Ls) increases the equilibrium frequency
of the locally beneficial allele relative to the single-locus predic-
tion, but that the magnitude of this effect depends quite strongly
on dominance. When invading alleles are recessive (Fig. 2, h=0),
gene flow is not at all impeded while migration is weak and locally
deleterious alleles are rare on the island. This is essentially be-
cause, F1s, BC1s, etc. will almost always be heterozygous for the
deleterious allele (even when migrants are homozygous), so that
deleterious alleles are not “seen” by selection and the gff is close
to one. Only once deleterious alleles are segregating at appre-
ciable frequencies on the island, are F1, BC1, etc. individuals likely
to be homozygous at several loci, thus exposing locally deleterious
alleles to selection and reducing the RV of migrants. Thus, reces-
sive invading alleles contribute to the genomewide barrier to gene
flow only above a certain level of migration.

The situation is clearly different when invading alleles are
dominant (Fig. 2, h=1), as these will immediately express their
fullload in the resident population even in the heterozygous state,
causing them to be efficiently eliminated (the gff being at its min-
imum when migrant alleles are rare). Any increase in the fre-
quency of the deleterious allele on the island will merely
increase the expected relative fitness of individuals with migrant
ancestry, and hence reduce the barrier effect (increase the gff). We
observe a transition between these two qualitatively different
types of behavior at intermediate values of h: when h<1/3, the
barrier strength increases with increasing introgression, decreas-
ing the rate of gene flow, until differentiation falls below
(3h—1)/(4h - 2). When h>1/3 on the other hand, an increase in
the frequency of introgressed alleles always reduces the barrier
strength (Supplementary Fig. 2).

Effect of dominance on swamping thresholds

In the single-locus model, arbitrarily small frequencies of the lo-
cally beneficial allele can be maintained at migration—selection

h=0.0 h =10

10
0.02 08 F
10 06 f
L5 04 F
0.2 F

0.0 b [ — 0.0 bt
0.00 0.25 0.50 0.75 1.00 1.25 0.00 0.25 050 0.75 1.00 1.25 0.00 0.25 050 0.75 1.00 1.25
m/s m/s m/s

Fig. 2. Recessive local adaptation (invading alleles are dominant) yields
stronger barriers to gene flow and sharper swamping thresholds.
Equilibrium frequencies (E[p]) of the locally beneficial alleles in a genetic
architecture with L equal-effect loci are shown for increasing Ls for the
case of recessive (h =0), additive (h =0.5) and dominant (h = 1) invading
alleles. Note that the mainland is fixed for the alternative allele, so that
E[p] corresponds to the expected allele frequency difference at
equilibrium. The lines show the predictions based on the multilocus
approximation, whereas the dots show results from individual-based
simulations. We assume s =0.02, N,s = 20, u=s/100. Individual-based
simulations were run for SON, generations, sampling every 10 generations
after discarding the first 10N,.
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balance when h < 2/3, whereas in the case of h > 2/3 (i.e. invading
alleles are dominant), swamping occurs abruptly if the frequency
of locally beneficial alleles falls below 0.5 (Supplementary section
2.2). Sachdeva (2022) showed that such sharp thresholds for
swamping also appear in the absence of dominance due to LD be-
tween immigrant alleles. This is because a small increase in local-
ly deleterious allele frequencies across many loci can
substantially increase the relative fitness of migrant individuals
and hence the effective migration rate, which further increases
gene flow and deleterious allele frequencies, leading to a positive
feedback effect (Sachdeva 2022). As the number of loci, and conse-
quently Ls, increases, this effect will become more pronounced,
increasing both the critical migration rate at which swamping oc-
curs and the minimum level of differentiation that can be main-
tained before the swamping point is reached, leading to sharper
swamping thresholds.

Our results indicate that dominance has a considerable influ-
ence on how LD sharpens and displaces swamping thresholds
(Fig. 2). Sharp thresholds for swamping always appear when Ls be-
comes sufficiently large, irrespective of dominance, and the mi-
gration rate at which swamping occurs increases with
increasing Ls. However, for h < 2/3 (i.e. when invading alleles are
not strongly dominant), the critical migration threshold for
swamping hardly shifts for Ls < 2. This is in sharp contrast with
the case where local adaptation is due to strongly recessive alleles
(invading alleles are dominant, h> 2/3), where the threshold for
swamping increases rapidly with Ls (Fig. 2).

Importantly, the critical differentiation level below which lo-
cal adaptation collapses is strongly affected by dominance. For
instance, for Ls=2 and h =0, the differentiation between main-
land and island decreases smoothly until a value of E[p] =~ 0.3
is reached, after which local adaptation collapses (Fig. 2). For
the h=0.5 (additive case), this occurs at a value of E[p] ~ 0.6,
whereas for h =1, differentiation is either almost complete or ab-
sent (Fig. 2). To see why this happens, it is helpful to contrast the
expression for the gff (eq. (9)) for the h=0 and h=1 cases. When
invading alleles are completely recessive (local adaptation is
fully dominant, h=0), we have g = e 2tPdl ie. the gff is only af-
fected by the heterozygosity E[pq], which first increases as locally
deleterious alleles become more common, thereby decreasing the
gff. Hence, for weak migration there is a negative feedback: a
small increase in deleterious allele frequency increases the het-
erozygosity, decreasing the rate of gene flow. Only once the fre-
quency of deleterious alleles exceeds 0.5 does the heterozygosity
start to decline again, and does the positive feedback described
above for the additive case emerge. When invading alleles
have a fully dominant effect (h=1), g=e ?EP-FPa) 5o that
there is always a positive feedback between increasing deleteri-
ous allele frequency (falling p) and increasing gff. A more de-
tailed analysis of swamping thresholds in the deterministic
model defined by eq. (6) is provided in Supplementary section
2.5. Likewise, an analysis of the effect of the relative strength
of selection in the haploid and diploid phase is included in
Supplementary section 2.6.

We stress that our approach accounts for genetic drift. Drift re-
duces the efficiency of selection at each locus, reducing, on aver-
age, the allele frequency divergence between the mainland and
island. This in turn increases the expected relative fitness of mi-
grants and their descendants, thereby reducing the barrier effect
and reducing the extent to which allele frequency divergence at
any individual locus is increased by LD with the other selected
loci (Supplementary Figs. 3 and 4). As a result, swamping thresh-
olds are both decreased and made less sharp by drift, and the

detailed behavior depends on the dominance coefficient
(Supplementary Fig. 3B).

Heterogeneous genetic architectures

We now depart from the unrealistic assumption of equal selection
and dominance coefficients across the polygenic barrier. In the
methods section above, we developed the multilocus theory for
general heterogenous genetic architectures (see eq. (4)), where
the selection coefficients s1, sp1 and s11 can vary arbitrarily across
loci, and we already verified that we do indeed obtain accurate
predictions in this setting (Fig. 1). This allows us to address in
more detail a number of questions pertaining to the genetic archi-
tecture of local adaptation at migration-selection balance, while
accounting for both LD and genetic drift. All results in the follow-
ing paragraphs apply to a general life cycle with arbitrary selec-
tion in both phases, provided that s and h are interpreted as
effective selection and dominance coefficients (Table 1). Given
the accuracy of our theoretical approximation (e.g. Fig. 1 and
Supplementary Fig. 31), we restrict ourselves to numerical predic-
tions in the following sections.

Effect of variation in fitness effects on overall differentiation

We first consider the case with variable selection coefficients
across the L loci in the barrier, assuming no dominance. Fig. 3a
shows the average per-locus expected differentiation across the
barrier (A=Y E[p; - pf]l/L) when selection coefficients are
sampled from a Gamma distribution (note that A=3YFE[p;]/L,
since we assume the mainland is fixed for the locally deleterious
allele on the island, i.e. p¥ =0 for all i). When migration is weak
relative to selection (roughly m/5 < 1/4), increasing the variance
in fitness effects, while keeping 5 constant, yields on average lower
equilibrium differentiation than a homogeneous barrier of
strength L3, although the barrier strength (as measured by the
average gff across the L selected loci, g) is hardly affected
(Fig. 3b). By contrast, at higher migration rates, where loci with se-
lection coefficients close to § become prone to swamping, hetero-
geneous architectures tend to yield higher equilibrium
differentiation and a stronger barrier effect than a homogeneous
one with the same total effect LS (Fig. 3a,b).

One should be careful, however, in the interpretation of A. As
shown in Fig. 3(c,d), differentiation across loci in the barrier is of-
ten strongly bimodal, especially when Var[s] is large, where most
loci are either strongly differentiated or not at all, and with rather
few loci having E[p] near A. This implies that empirically, instead
of detecting L selected loci with an average differentiation of A,
we are more likely to observe about LA strongly differentiated
loci, at least when migration is relatively weak. For low m/s, the
weaker differentiation observed for more heterogeneous barriers
is due to a smaller number of loci effectively contributing to local
adaptation, with about half of the locally beneficial alleles
swamped at m/s=0.1 while the other half is strongly differen-
tiated (Fig. 3¢, Var[s]/s% > 1) As expected, for stronger migration,
the increased differentiation relative to the homogeneous case
is driven by a subset of strongly selected loci that resist swamping
(Fig. 3d).

These results are not significantly affected when there is vari-
ation in h, at least when h and s are uncorrelated
(Supplementary Fig. 5). The effect of increasing Var[h], while keep-
ingthes; fixed across the barrier, is less dramatic than the effect of
heterogeneity in selection coefficients, although we do see sys-
tematic increases or decreases in equilibrium differentiation de-
pending on whether the migration rate exceeds the swamping
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Fig. 3. More heterogeneous genetic architectures yield stronger barriers to gene flow when migration is high, but not when migration is low. a) The
boxplots show the mean per-locus differentiation (A = Y-F E[p;]/L) across the L = 100 divergently selected loci, for 200 random L-locus architectures with
no dominance and selection coefficients sampled from a Gamma(x, x/5) distribution, with E[s] =5 =0.01 and six different values of « (note that

Var[s] = §%/k, i.e. k! « Var][s]). The solid horizontal line shows the predicted equilibrium differentiation per locus for a homogeneous barrier of strength L§
(i.e. the prediction accounting for LD but not for heterogeneity in selection coefficients). (a, inset) Density functions for the six different Gamma
distributions used in (a). b) Average locus-specific gff (g) across the L divergently selected loci for the same random architectures as in (a). ¢,d) Expected
beneficial allele frequencies across the barrier in a single simulation replicate for each of the six assumed distributions, sorted by allele frequency,
assuming (c) m/s=0.1 and (d) m/5 = 0.4. Colors are as in (a). Other parameters are N,3 = 10, u/5 = 0.005. All results are based on the multilocus

approximation.

threshold for recessives (which are associated with higher equilib-
rium frequencies) or not (Supplementary Fig. 6).

Differentiation and swamping at individual loci in a
heterogeneous barrier

Focusing on a single locus embedded within a heterogeneous bar-
rier, we find that, for weak migration, variation in selection coeffi-
cients across the barrier has a negligible effect on differentiation
at a focal locus with fixed selective effect, whereas (as already
shown in Fig. 3) it does have a strong effect on average differenti-
ation across the L loci (Supplementary Figs. 7 and 8). On the other
hand, when migration is strong, a given locus shows on average
higher equilibrium differentiation when embedded in a heteroge-
neous barrier than in a homogeneous one, even when the average
differentiation across the barrier is lower in the former
(Supplementary Figs. 7 and 8). These results are in line with the
observed effect of Var[s] on g (Fig. 3b) and indicate that the pres-
ence of a small number of loci of large effect can have a strong im-
pact on the total barrier strength, and hence on the expected
differentiation at a focal selected locus when migration is strong
(Supplementary Fig. 7). As the distribution of selection coefficients
is generally believed to be at least somewhat leptokurtic (note that
excess kurtosis «x~! for our Gamma DFE model), we conclude that
heterogeneity in selection coefficients can have important conse-
quences for observable differentiation at migration selection-
balance that would not be adequately captured by substituting
an average selection coefficient in either single-locus or multilo-
cus theory.

Figure 4 highlights how different lociin a heterogeneous barrier
are affected differently by the genome-wide barrier effect. For
each locus, the expected differentiation at equilibrium is com-
pared against the corresponding single-locus prediction, showing
the magnitude of the barrier effect. Selection and dominance
coefficients across the Lloci are assumed to be independently dis-
tributed according to a Gamma and Uniform distribution

respectively (see Supplementary section 2.7). As expected, the
barrier effect is strongly dependent on both m/5 and the total
strength of selection Ls (Fig. 4), as well as the strength of genetic
drift (Supplementary Fig. 9). Ignoring swamped loci, differenti-
ation is most strongly affected for loci with recessive locally bene-
ficial alleles, whereas the deviation from the single-locus
prediction for dominant variants is considerably less (Fig. 4 and
Supplementary Fig. 7). This is in line with our results for the ef-
fects of dominance in homogeneous architectures. Again we
find that when migration is strong, increased heterogeneity of se-
lection coefficients leads to stronger barrier effects, where an ap-
preciable proportion of alleles are protected from swamping due
to association with a few strongly selected barrier loci
(Supplementary Figs. 10 and 11).

The realized architecture of local adaptation

Although the above results indicate that, when LS is appreciable,
the barrier effect is strongest for recessive locally adaptive alleles
(Fig. 4), this does not imply that the distribution of dominance
coefficients among alleles that are divergently maintained at
equilibrium will be shifted towards more recessive alleles (larger
h). Although strongly selected recessives will tend to show strong
differentiation, weakly selected recessive alleles will be more
prone to swamping than partially dominant ones (e.g.
Supplementary Fig. 7). One way to quantify how these two phe-
nomena interact to yield the realized genetic architecture of diver-
gent adaptation (related to the concept of adaptive architecture, as
defined in Barghiet al. 2020) is by considering the conditional prob-
ability density for the selection and dominance coefficient at a lo-
cus, given that a locally adaptive allele is observed on the island at
that locus (see Methods, eg. (8)). Fig. 4b shows Monte Carlo ap-
proximations to the marginal distributions f(s;|X;=1) and
f(hi1X; =1) obtained in this way for the heterogeneous barrier
model assumed in the preceding section.
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Fig. 4. Characterizing barrier effects for heterogeneous genetic architectures of local adaptation for different levels of migration and total barrier
strength. a) Deviation of predicted allele frequencies for loci in heterogeneous polygenic barriers when accounting for LD (i.e. predictions using the
multilocus theory, y-axis) from single-locus predictions that neglect LD (x-axis). The rows show results for different total strengths of selection (L3),
whereas the columns show results for increasing rates of migration relative to selection (m/s). We assume the s; to be exponentially distributed with
mean § and dominance coefficients are sampled uniformly from the [0, 1] interval. Each dot is associated with a single locus in an L-locus barrier, and is
colored according to its dominance coefficient (yellow for locally beneficial recessives (h = 1), purple for dominants (h =0)). Each plot shows results for
1,000 such loci, subsampled from a total of 150,000/L randomly sampled L-locus architectures. b) Monte Carlo approximation to the marginal distribution
of the selection and dominance coefficient conditional on observing a divergent allele on the island (i.e. f(s; | X; = 1) and f(h; | X; = 1), see eq. (8)). The
distribution graphed in gray shows fpeg, i.e. the marginal distribution of the selection and dominance coefficient for a random locus in the L-locus barrier
in the absence of migration. We assumed N,5 =20 and u/s = 0.005 for all results.

As expected, we find that as migration rates go up (colors in
Fig. 4b), the distribution of selection coefficients in the barrier at
migration—selection balance shifts towards higher values of s.
This effect becomes weaker with increasing Ls, which increases
the extent by which small-effect alleles are protected from
swamping. Notably, recessives contribute less to the DFE at migra-
tion—selection balance compared to the DFE of the selected loci
when migration is sufficiently strong (note the blue curves in
Fig. 4b, corresponding to m/5 =0.5). This is despite the fact that,
conditional on no swamping, equilibrium frequencies of reces-
sives are most affected by LD (Fig. 4a). This is most notable
when L3 is not large (top row in Fig. 4). When Ls = 1.5 for instance,
the depression in the conditional density at h=1 becomes very
slight even for relatively large migration rates (bottom row in
Fig. 4b). We observe a similar shift in the distribution of domin-
ance coefficients when h is Beta distributed with mean 2/3 instead
of uniformly on the unit interval (Supplementary Fig. 12).

Interestingly, we observe a nonzero correlation between s and h
among selected loci that maintain divergent alleles, even when no
such correlation exists a priori across the L divergently selected
loci. At equilibrium, observed variants of relatively large effect
are more likely to act recessively than variants of small effect
(Fig. 5 and Supplementary Fig. 15). The correlation is negligible
for small migration rates, but as the strength of migration in-
creases so that swamping effects become relevant, the correlation
coefficient can become as large as 0.25, depending on Ls.

The simple DFE model assumed above, where selection and
dominance coefficients are independent, is almost certainly inad-
equate. Theoretical and empirical work has indicated that, on the

one hand, a correlation between selective effect and degree of
dominance can be expected in standing genetic variation, with
segregating deleterious alleles more likely to be recessive if they
have large s (Caballero and Keightley 1994; Zhang et al. 2004;
Agrawal and Whitlock 2011). On the other hand, during adapta-
tion, dominant beneficial alleles have higher establishment prob-
abilities than (partially) recessive ones with the same homozygous
effect (Haldane’s sieve, Haldane 1927; Turner 1981). These two as-
pects interact when adaptation is from standing variation: while
more recessive beneficial alleles are less likely to fix than domin-
ant alleles, they are more likely to be segregating at appreciable
frequencies when the population faces an adaptive challenge
(Orr and Betancourt 2001, but see Muralidhar and Veller 2022).
To examine how the realized genetic architecture of local adap-
tation depends on the correlation between s and h among diver-
gently selected loci, we consider two alternative, admittedly ad
hoc, DFE models, outlined in Supplementary section 2.7. Both
models assume Gamma distributed selection coefficients and in-
corporate a positive correlation between s and h, so that alleles of
large effect tend to be more recessive (recall once more that h in
our case is the dominance coefficient of the invading allele, so h =
1 corresponds to recessive local adaptation). We keep the average
dominance coefficient fixed to 2/3 for each model. In contrast with
the independent model, we find that for the model in which s and
h are positively correlated, recessives (h > 1/2) are typically more
likely to contribute to the realized differentiation at equilibrium
(Fig. 5 and Supplementary Figs. 12-14 and 16-18). When we
make the opposite assumption that locally beneficial alleles
tend to be dominant (h < 1/2, corresponding, for instance, to the

Gz0z Aenuer 1 uo Jasn suuesneT ep alsisAlun Aq G488E/ /01 | eeAl/g/8zZ/a1oni./Sonaush/woo dno-olwspese//:sdny wolj papeojumoq


http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae140#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae140#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae140#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae140#supplementary-data

Polygenic barriers to gene flow | 9

m/s = 0.00 m/s = 0.20

Independent
h

m/s = 0.40

m/s = 0.60

Logistic
h

CK9%4
h

A= 094

A=037 L A=016 L A=003

S S

.0
0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06

S S S

Fig. 5. The DFE affects the realized genetic architecture of local adaptation at migration—selection balance. Contour plots for the joint density of h and s
conditional on observing a divergent allele on the island (see eq. (8)) are shown for the three DFE models (rows) for increasing rates of migration (columns).
Values of A in the lower right corner denote the mean expected differentiation per locus. We assume L§ = 0.8, §=0.01, N,§ = 20, u/s = 0.005 and
exponentially distributed selection coefficients, and parameterize the DFE models so that E[h] = 2/3, assuming a = 2, = 1 for the independent model, a =
7.2,b=1.2, 6 =1 for the logistic model and K = 50 for the CK94 model (see Supplementary section 2.7 for details on the different DFE models considered
here). The densities are approximated using a Monte Carlo approach, simulating 500 replicate L locus genetic architectures from the assumed DFE model,
determining the equilibrium allele frequencies for each replicate, and fitting a kernel density estimate to the sample so obtained.

case with a strong Haldane’s sieve effect during adaptation), we
find a somewhat less dramatic shift in the joint density as migra-
tion rates go up (Supplementary Fig. 19). The distribution also
shifts towards higher selection coefficients, but somewhat less
so than in the model with the opposite correlation. Swamping of
partially recessive alleles of small effect further shifts the distri-
bution towards smaller values of h. These examples show how
correlations between s and h among the loci under divergent se-
lection can have a rather important influence on the realized gen-
etic architecture at migration-selection balance (and hence on
which loci actually contribute to adaptive differentiation).

The effects of linkage

So far, we have ignored physical linkage of the L loci under selec-
tion. The importance of linkage will depend on the total map
length, the number of chromosomes, and the number and loca-
tion of the selected loci. For organisms with a small number of
chromosomes (e.g. Drosophila), linkage may have important con-
sequences, whereas with larger chromosome numbers (for in-
stance, in humans), most of the barrier effect may be due to
unlinked loci.

The overall effect of linkage should be to increase the strength
of a barrier to gene flow, as linkage increases the variance in intro-
gressed ancestry among a migrant’s descendants, yielding more
efficient purging of sets of introgressing maladaptive alleles
(Barton 1983; Veller et al. 2023). However, it is less clear what hap-
pens in finite populations and close to swamping thresholds,
where linked combinations of adaptive and deleterious alleles
may persist due to Hill-Robertson interference. We expect that
when recombination is strong relative to selection, i.e. r; > s; for
all j, the basic separation of timescales between the breakdown
of LD and the establishment of migration-selection equilibrium
at individual loci still applies, and eq. (5) should yield reasonably
accurate predictions. However, associations between tightly
linked loci, for which r 5 s, will be broken down by recombination
at rates comparable to or slower than their elimination by

selection, so that the strength of coupling is increased (Barton
1983; Kruuk et al. 1999), and the approach based on inserting an ef-

fective migration rate in single-locus theory becomes
inappropriate.
These predictions are verified in our simulations

(Supplementary Fig. 20). As the strength of recombination relative
to selection (r/s) decreases, the barrier strength increases. We find
thatforr/s > 4, equilibrium frequencies and swamping thresholds
appear to be accurately predicted using single-locus diffusion the-
ory with the approximate gff given by eq. (5), although a slight but
systematic overprediction of the equilibrium frequencies is ap-
parent. As expected, when the strength of recombination de-
creases further (r/s < 4), the approximation breaks down.

We now consider what this means for realistic genetic maps. In
Fig. 6 (see also Supplementary Fig. 21), we compare our numerical
predictions against individual-based simulations for L=100
equal-effect loci, uniformly distributed along the human and
Drosophila genomes (i.e. each selected locus is at a randomly
sampled position in the genome), assuming Ls =1 and N,s = 10.
We obtain very good predictions for both equilibrium frequencies
and swamping thresholds for the human genetic map, where tight
linkage is rare (>99% of the r;;/s values exceed 4). For the Drosophila
genetic map (where 97% of the r;/s values exceed 4, and 92% ex-
ceed 10), we obtain fair predictions for equilibrium differentiation
when the migration rate is not too high. However, we tend to pre-
dict swamping at lower m/s than observed in individual-based si-
mulations, in line with our observations in Supplementary Fig. 20.

These results highlight that, for similar DFEs and population
genetic parameters, divergent local adaptation is expected to
lead to a much stronger barrier to gene flow (and hence stronger
RI) in organisms with a Drosophila-like recombination landscape
than in organisms that resemble humans in this regard (Fig. 6).
Prediction accuracy is not noticeably different for heterogeneous
barriers (Supplementary Fig. 22); nor does it depend in any obvious
way on effective selection and dominance coefficients
(Supplementary Fig. 23). This suggests that the effects of linkage
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Fig. 6. Approximations based on effective migration rates accurately predict divergence along the genome when linkage among barrier loci is weak
relative to the strength of selection per locus. Effects of linkage on the equilibrium frequencies of locally adaptive alleles for L = 100 loci randomly
scattered on the Human (loose linkage on average) and Drosophila (more tight linkage on average) genomes are investigated. From left to right: scatter plot
of the predicted equilibrium frequencies of the locally beneficial allele (E[p]) at the 100 loci versus those observed in individual-based simulations (p);
observed (dots) and predicted (lines) allele frequencies for five loci for increasing migration rate; strength of selection relative to recombination across the
genome (log, s/1),1.e. for each pair of lociiandj, log, s/r; is shown. We assume haploid selection with equal selection coefficients across all loci, assuming

Ls=1, Nes =10, u=s/100.

are largely orthogonal to the effects of dominance and barrier het-
erogeneity studied above, at least in the absence of epistasis.

Discussion
LD and polygenic migration-selection balance

We study genetic barriers to gene flow comprising an arbitrary
number of unlinked or weakly linked divergently selected loci
with heterogeneous selective and dominance effects, assuming
a mainland-island model and a general haplodiplontic life cycle.
We derive expressions for the effective migration rate at any given
locus in terms of the allele frequency divergence at all other loci,
and then use this together with classical single-locus theory to
self-consistently predict divergence at all selected loci.
Importantly, this allows us to study the effects of coupling among
barrier loci without assuming that locally deleterious alleles are
somehow rare, enabling us to study swamping by gene flow in
the polygenic setting.

Our results show how the maintenance of adaptive differenti-
ation in the face of gene flow depends jointly on the extent of
LD, drift, dominance and variation in selective effects across
loci. The general success of the approach indicates two important
features of polygenic migration—selection balance. Firstly, it sug-
gests that the “separation of time scales” argument that is at the
root of the approach indeed works, and generalizes well beyond
the case of haploid equal-effect loci to more realistic architectures
with dominance, heterogeneous fitness effects and weak linkage.
Unless loci are tightly linked (i.e. r/s < 4), strong selection against
multilocus genotypes occurs only in the first few generations after
a migrant arrives, and the long-term fate of a migrant allele is un-
affected by LD conditional on having survived these initial genera-
tions. As a consequence, the effects of LD are well described by the
usual single-locus dynamics, but with a reduced migration rate.
Secondly, it indicates that our rather crude approximation to

the expected reproductive value of a migrant individual on the is-
land (which assumes that migrants only cross with residents, that
in each such cross the proportion of migrant alleles is exactly
halved, and that each backcross generation is in HWLE), is an ad-
equate estimator of the gff.

The effect of dominance on a polygenic barrier to
gene flow

Our analyses for homogeneous genetic architectures indicate that,
when there is selection in the diploid phase, dominance can have
a considerable impact on the expected level of adaptive differenti-
ation and swamping thresholds. In the multilocus setting, depend-
ing on the total strength of divergent selection (Ls), partially
recessive variants may lead to strongly increased swamping thresh-
olds and produce a much stronger barrier to gene flow than domin-
ant variants with the same homozygous effect (Fig. 2), in sharp
contrast with the single-locus case (Haldane 1930). The reason for
this is that for recessive local adaptation, the dominant invading al-
leles areimmediately exposed to selection, whereas for dominant lo-
cal adaptation, the recessive invading alleles can introgress easily as
long as the frequency of locally deleterious alleles is low. We find
that dominance has a strong effect on the feedback between the le-
vel of differentiation and the strength of selection against migrants
(which leads to sharp swamping thresholds).

Itshould be emphasized, however, that all our results assume a
mainland-island model of migration and a scenario of secondary
contact. The effects of dominance may be more subtle in models
with multiple demes and more symmetric patterns of migration,
in which case assumptions on environmental dependence of
dominance may become important (e.g. Birger 2013).

Heterogeneous architectures of polygenic barriers

When migration is weak relative to the average strength of selec-
tion per locus, increased variation of s in the DFE underlying
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locally adaptive traits gives rise to lower overall adaptive differen-
tiation at equilibrium, while generating a barrier to gene flow of
similar strength (Fig. 3). On the other hand, for high rates of migra-
tion, more heterogeneous architectures generate a stronger bar-
rier to gene flow due to the presence of a larger number of
strongly selected loci that resist swamping. As a consequence,
we can expect a more heterogeneous architecture of divergent se-
lection to be more favorable for the evolution of RI between
lineages coming into secondary contact.

The presence of a few loci of relatively large effect can cause a
substantial reduction in gene flow even at unlinked loci, raising
neutral differentiation across the genome. Hence, from an empir-
ical perspective, it may become harder to map loci underlying
adaptation and RI when the genetic architecture becomes more
heterogeneous. At the same time, our results also emphasize
that, despite appreciable genome-wide coupling effects, consider-
able variation in equilibrium differentiation across nonswamped
lociremains, depending on the locus-specific fitness effects (Fig. 4).

The genetic architecture of local adaptation at
equilibrium

When there is appreciable gene flow, only a subset of the diver-
gently selected loci that underlie a locally adaptive trait will actu-
ally exhibit substantial differentiation at migration-selection
balance, and the DFE of these loci need not be representative for
the DFE associated with all loci underlying the trait (that is, the
genetic architecture of local adaptation may differ to greater or
lesser extent from the genetic architecture of locally adaptive
traits Yeaman and Whitlock 2011).

We find that when selection is fairly weak (LS is small), the sub-
set of divergently selected loci that exhibit significant differenti-
ation at migration-selection balance constitutes a more biased
subset than when L5 is large (Fig. 4). This has implications for
our ability to map locally adaptive loci: when L5 is large, Rl is ef-
fectively complete, and genome-wide differentiation will be
high, so that mapping locally adaptive loci becomes essentially
impossible. When L3 is small, adaptive loci will be more easily de-
tected, but they will constitute a more biased subset of the loci
that contribute to variation in locally adaptive traits. Similarly,
the DFE at equilibrium shifts more and more to larger selection
coefficients when migration increases (Fig. 4), whereas the effect
on the distribution of dominance coefficients depends on the cor-
relation between s and h in the DFE underlying locally adaptative
traits (Fig. 4 and Supplementary Figs. 12-14).

Importantly, the maintenance of polygenic migration-selec-
tion equilibrium itself generates correlations between selection
and dominance coefficients. Such correlations are often discussed
in the context of adaptation, with different factors influencing the
relationship between the homozygous effect and dominance devi-
ation in the DFE of new mutations (Agrawal and Whitlock 2011;
Manna et al. 2011), the DFE of the standing genetic variation (Orr
and Betancourt 2001; Zhang et al. 2004), and the DFE of variants
fixed during adaptation (Orr 2010). We show that migration-selec-
tion balance may be another source of s-h correlation: especially
when RI is low and gene flow rather strong, recessive alleles that
are divergently maintained at equilibrium tend to have higher se-
lection coefficients than dominant alleles, even when no such cor-
relation exists a priori (Fig. 5).

Linkage and heterogeneous gene flow across the
genome

We developed a heuristic approximation for the gff when loci are
linked across the genome using two-locus theory (Appendix B),

and we showed that it accurately predicts multilocus equilibrium
differentiation and swamping thresholds when linkage is not too
tight (roughly r/s > 4). Comparison with individual-based simula-
tions for the human and Drosophila genetic maps, shows that our
approximations are reasonably accurate for realistic genetic
maps, at least when divergently selected loci are not tightly clus-
tered in the genome. For the Drosophila genetic map however,
where tight linkage is common, we predict swamping at lower mi-
gration rates than observed in individual-based simulations,
whereas for the human genetic map we can accurately predict
swamping thresholds (Fig. 6).

Having an approximation which captures both the effects of
physical linkage and large-scale genome-wide LD on patterns of
genetic differentiation, we can use our theoretical work to illu-
minate the conditions under which one would expect to see so-
called “genomic islands” of divergence rather than distinct iso-
lated divergent sites or genome-wide elevated differentiation
(Feder et al. 2012; Via 2012; Yeaman 2013; Shi et al. 2023). Indeed,
for a given migration rate, the genetic architecture of divergent se-
lection (the number of selected loci, the DFE, and their distribution
across the genome) will jointly determine how m, varies across the
genome. The latter will in turn determine the expected pattern of
neutral differentiation across the genome, as reflected for in-
stance in an Fsr “genome scan.” Our approach allows the detailed
prediction of such patterns of heterogeneous differentiation for
complicated polygenic architectures, accounting for LD among
selected loci.

As an illustration, we show in Fig. 7 a predicted Fsr landscape
for a stretch of genome under divergent selection, highlighting
the importance of taking into account LD among selected loci
when predicting neutral differentiation. When LD is accounted
for, allele frequency divergence at selected sites is higher than
when LE is assumed, which feeds back into the m, approximation
as it decreases the reproductive value of migrants. In the example
in Fig. 7, we clearly observe three effects of this. First of all, a clear
genome-wide increase in Fsr is observed. Secondly, some isolated
Fsr peaksin the yellow curve are absent from the green curve, cor-
responding to loci that would be subject to swamping in the

A Fgp landscape, 15 = 0.7, m/§ =15, N,s = 25.0

accounting for LD
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Fig. 7. The effects of LD among barrier loci on heterogeneous gene flow
across the genome. a) Predicted neutral Fsr = (1 + 2Neme)’1 across a
genomic segment with L = 100 selected sites uniformly scattered across
the segment. For the yellow (top) line, we use eq. (5) to calculate local m,
across the genome with expected allele frequencies for the selected sites
calculated accounting for LD among selected loci (i.e. using eq. (7)). For
the green (bottom) line, we ignore LD, and use eq. (5) with expected allele
frequencies for the selected sites calculated using single-locus theory,
effectively assuming the selected loci are in LE and attain migration—
selection balance independently of each other. b) Positions and fitness
effects of selected sites in (a). We assume no dominance and u =3/100.
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absence of the protective effects of LD. Thirdly, in regions where
multiple rather weakly selected alleles occur close to each other
(e.g. near 280 cM, or 600 cM), LD leads to the emergence of a region
with elevated differentiation relative to the genome-wide Fsr
level.

Inference of barriers to gene flow and the genetic
architecture of RI

Our results bear relevance to model-based inference of barriers to
gene flow from genomic data. Recent approaches to quantify gene
flow in pairs of diverging populations based on observed genetic
variation have accounted for heterogeneity in barrier effects by
assuming a demographic model in which the migration rate m (in-
terpreted as m,.) varies along the genome (Fraisse et al. 2021;
Laetsch et al. 2023). However, none of these approaches explicitly
models the underlying genetic architecture of divergent selection
that is assumed to cause variation in m, across the genome.

So far, the only approach which has attempted this is the one
by Aeschbacher et al. (2017), which combines information about
local recombination rates with deterministic population genetic
theory to obtain predictions of m, across the genome. They as-
sume a homogeneous genetic architecture with no dominance,
where selected loci occur with a constant density across the gen-
ome, and infer the selection density per unit of map length (to-
gether with the migration rate) through its effect on observable
neutral differentiation. Importantly, they assumed m < s and no
genetic drift at selected loci, so that there is essentially complete
divergence at each selected locus. We wonder, naturally, whether
our approximations could be fruitfully employed in a similar in-
ferential approach, allowing for drift and heterogeneous barrier
architectures, while avoiding the assumption that introgressing
alleles are rare and accounting for the effect of LD on allele fre-
quency divergence at selected loci. Such an approach that expli-
citly connects variation in m, across the genome to the numbers
and fitness effects of selected loci could allow for more detailed in-
ferences about the genetic architecture of local adaptation and RI,
and provide insights about the limits to such inference.

Limitations of the model

Several important limitations of the model, besides the issues
arising from tight linkage, should be noted. Firstly, we have as-
sumed that local fitness is determined by an additive trait under
directional selection, considering a history where a rapid polygen-
ic selection response has driven up allele frequencies to near fix-
ation. Alternatively, populations may be under stabilizing
selection towards different optima. With stabilizing selection
and abundant standing variation, a polygenic selection response
may initially only involve subtle changes in allele frequencies
(Sella and Barton 2019; Hayward and Sella 2022), and there may
be considerable genetic redundancy (Yeaman 2015; Barghi et al.
2020), leading to a scenario that is quite different from the one as-
sumed in this paper. The extent of RI that can be maintained when
these aspects of polygenic adaptation become important remains
unclear and may require different approaches.

Secondly, our focus on the maintenance of polygenic local
adaptation and the RI it causes provides only part of the picture,
as we have ignored both the initial polygenic response, and the la-
ter build-up of divergence in the face of gene flow. We have con-
sidered how a given genetic architecture underlying divergent
selection results in observable patterns of adaptive differentiation
atequilibrium, but remain largely ignorant about what a plausible
genetic architecture of divergent selection looks like, or how it
evolves during divergence with gene flow (Yeaman and Whitlock

2011; Yeaman 2013). However, if we consider a history of rapid
polygenic adaptation from standing genetic variation, followed
by secondary contact between divergently adapted populations,
our theory should readily apply. Such a divergence history will re-
sult in large-scale genome-wide patterns of LD among effectively
unlinked regions, and this is often observed empirically (e.g.
Schumer et al. 2014). We have also completely ignored epistasis,
which may be an important additional source of multilocus selec-
tion against hybrids and their descendants (e.g. Dobzhansky-
Muller incompatibilities, see for instance Schumer et al. 2018).
All these are important topics deserving further study if we are
to understand how populations can remain locally adapted
when subjected to maladaptive gene flow, and, ultimately, the
adaptive processes that could drive the origin of new species.
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Appendix A: Detailed derivation of eq. (4)

Under the assumptions stated above eq. (4), each of the W is de-
termined by the allele frequencies and heterozygosities at the se-
lected loci in the mainland and the island populations at the
assumed equilibrium. This allows us to determine [E[q?")], the ex-
pected frequency of the locally deleterious allele (in the island)
at locus i among nth generation descendants from a migrant, in
terms of the allele frequencies in the mainland and island popula-
tions. Indeed, we have the recursive relation qi(") =1 (qgn_l) +q), i.e
the expected frequency of the deleterious allele atlocus iin an nth
generation descendant is the mean of the corresponding frequen-
cies in the resident population and the (n — 1) generation back-
crosses. Hence, we have [E[qﬁ”)] =4 (qF + (2" - 1)E[g;]). Denoting the
selection coefficient at locus i for the haploid phase by s;;, the ex-
pected relative fitness of an nth generation haploid descendant is

] 2L ]

=exp|-27") si(qf - E[qi] i|
eXP[—ZiLzlsil[E[Qiﬂ [ Z e

where we have assumed that per-locus selection is sufficiently
weak that O(s?) terms can be ignored. For the diploid phase, a simi-
lar argument shows that for the (n + 1)th generation,

[E[Wf;“)] = 2" Yy o 0] ~El]) (5 ~2500) (pr ] -Elpiai])

Putting everything together, the approximate gff becomes

o = e[w | [1(e[w Je[wi])

ﬁ —2% 3 (g7 —Ela)-si(1-2h) (p7Elal-Elpia) (A1)
k=0
= 72 2 sihia;—Ela)-si(1-2h) (prEla-Elpial)

where sih; = si; + Sip1 and s;(1 — 2h;) =si11 — 2501 (See Table 1).

Two remarks are due. Firstly, the gff as derived above yields the
effective migration rate at an unlinked neutral locus. We can cal-
culate the gff at a selected locus by making the assumption thatit
is the same as that of a hypothetical neutral locus at the same lo-
cation—an assumption which is only expected to work well if se-
lection at the focal locus is sufficiently weak. Hence, if we wish to
calculate the effective migration rate for a selected locus in the
barrier, say locusj, the relevant gff is obtained by excluding index
j from the sum in eq. (A1).

Secondly, we have assumed that migration occurs at the start
of the haploid phase, e.g. due to spore dispersal. While the details
of when migration occurs in the life cycle do not matter for the
single-locus model as long as selection and migration are suffi-
ciently weak (so that the continuous-time limit is appropriate),
these details do matter for the effective migration rate. This is be-
cause, although selection per locus is weak (s being small), selec-
tion against migrant genotypes can be strong (Ls being
appreciable). Thus, when migration is due to dispersal of gametes
(e.g. pollen dispersal), the first generation experiencing selection
on the island will be the diploid F1 generation, so that the appro-
priate gff under the same approximation is g /[E[Wfqo)]. Secondly,
when migration occurs at the beginning of the diploid phase
(e.g. seed dispersal), the first generation experiencing selection
will consist of diploid migrant individuals, so that g[E[WéO)] is the
appropriate gff, where

L
- 2p7 7501 +0}7Si11
0 o™ 2 Pl asionHas,
EWY] ~

e~ ZL 2E[piqilsior +E[a7]si11

=eXP[ ZSm ar — Elqi]) - si(1 - 2h) (7 a7 - [E[pi%]):|~

If the haploid, diploid, and gametic migration rates are my, mp, and
ms, respectively, the effective migration rate will be

(m1 + EWPIm, + E[W?] " ma)g.

Appendix B: Accounting for (weak) linkage

To heuristically account for weak linkage between L loci, we shall
extrapolate from a two-locus model at quasi-linkage equilibrium
(QLE). We shall hence first consider the deterministic dynamics of
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a two-locus haplodiplontic model with mainland-island migra-
tion in continuous-time.

We assume a locus A with alleles Ag and A1 and a linked locus B
with alleles By and B, with recombination between the two loci
occurring at rate r. We assume arbitrary dominance and no epis-
tasis, with relative Malthusian fitnesses of all possible two-locus
genotypes in the two phases given by the following tables

Haploid phase

Bo By
Ao 0 b1 (B1)
Ay a1 a1 +p
Diploid phase
BoBo  BoB: B1B;

AoAg 0 B B (B2)
AoAq a1 oo1+for 001+ P
ApAq o1 o1+ Py o1+ Py

Let ag = a1 + ap1 and a, = a11 — 2ap1 (and similarly for g, and ). Let
x; and y; denote the frequency of the A;B; haplotype on the island

and mainland respectively. The two-locus dynamics in
continuous-time are given by
XU = m(yu - XU) + (a)ij - CT))XU - ﬂinD (B?))

where D = xooX11 — X01X10 18 the usual measure of two-locus LD, w;
the marginal fitness of the A;B; haplotype, @ the mean Malthusian
fitness and #;; =1 when i=j and -1 otherwise. We write py =1—
qa = Xoo + Xo1 for the frequency of the Ag allele, and pg=1-¢gz =
Xoo + X10 for the frequency of the By allele. Defining

Qa=o0a+opda Qs =P +PBy0s
Pa=ag+oypa Pp=p, +pyps,

one can find that @ = gaQa + qsQgp and write the marginal fitnesses
as

oo —®=—qaQa — q5Qs

wo1 —®=f, —qaQa — qsPs
®=o0aq —qaPa —qsQp

0 = 0 +ﬁa —qAPA —qBPB.

v (B4)

w11 — W

Using eq. (B4) with eq. (B3), and assuming the mainlandis at HWLE
with allele frequencies p% and p§ at the two loci, one can derive the
dynamics for pa, ps, and D:

pa=mpj —pa) —pagaQa — QD
Ps=m(pz — ps) — PsqsQs — QuD
D =m((p} — pa)(p} — ps) — D)
+(Qa(pa — qa) + Qa(ps — g8))D — 1D.

(B5)

We can use eq. (BS) to derive the effective migration rate at a neu-
tral locus linked to a barrier locus maintained at migration-
selection balance. Let A be the selected locus, and B the linked
neutral locus. The dynamics of the system are given by eq. (B5),
where Qp=0. Assuming r is sufficiently large relative to the
strength of selection (linkage is sufficiently weak) so that D equili-
brates much faster than the allele frequencies (QLE assumption),
we can solve the system for D at equilibrium to find

~ _ M(pi — pa)(ps — ps)
D_m+/;—Qi(pf—qi) (B6)

We can plug this into the ODE for the neutral locus to find

BA =IO )55 - pa )

pB:m(I_m+r—QA(pA—qA

Suggesting that the effective migration rate under the stated as-
sumptions should be

Wle=m(1——(pA_pA)QA ) (B8)
m+71—Qa(pa —qa)
_ Wh-pala (% -Pa)a

~ me m+1-Qa PA—da) Y me~ T (Bg)

where the second approximation holds well for weak linkage
(r> s ~m), which we assumed when we derived eq. (B7). If we
now consider a multilocus system with L loci, and assume that
the effects of the L — 1 other loci on gene flow at a focal locus act
multiplicatively, we can approximate the gff at locusiasin eq. (5).

Editor: D. Roze
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