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Resumo

O impacto que a migracao entre populagdes que se estdo a adaptar a diferentes ambientes ainda é pouco
compreendido a nivel gendémico. A possibilidade de sequenciar genomas de varios individuos de
diferentes populac6es abriu a porta para estudar estes processos e detectar regides gendmicas envolvidas
na adaptacdo local. Dados de espécies com divergéncia recente sugerem que os padrdes de diversidade
e diferenciacdo ao longo do genoma sdo bastante heterogéneos (e.g., insectos Timema e Heliconius,
peixes Gasterosteus aculeatus). Uma explicacdo para este padrao é que as zonas do genoma com maior
divergéncia (medida através do indice de fixacdo - Fsr) estdo sobre seleccdo divergente e envolvidas na
adaptacéo local ao passo que zonas com pouca diferenciacdo sao neutrais e reflectem o fluxo genético
devido a migragdo. De acordo com esta viséo, a heterogeneidade da diversidade e diferenciagdo ao longo
do genoma é sindnimo de divergéncia com fluxo genético.

No entanto, previsdes teoricas recentes indicam que linked selection (i.e., o efeito de seleccdo num alelo
afectar os alelos neutrais proximos) podem gerar os mesmos padrdes heterogéneos no genoma. Um
destes processos € a background selection (BGS), que € o efeito que a selecgdo purificante para remover
alelos deletérios tem nos alelos neutrais vizinhos. Este processo reduz a diversidade genética e, como
tal, pode levar a um aumento da diferenciacdo (Fsr) entre populagdes. Estudos anteriores indicam que a
magnitude deste processo de BGS é em parte controlada pela taxa de recombinacdo. Dado que a taxa de
recombinacdo varia ao longo do genoma, espera-se também variacao no efeito da BGS, o que pode levar
a padrdes heterogéneos.

Com mutacBes deletérias recessivas pode ocorrer um processo de selec¢do balanceadora denominado
“Associative Overdominance” (AOD). Este processo ocorre com mutacdes recessivas com efeito
selectivo reduzido. Estas mutagbes ndo tém efeitos no fitness quando em heterozigotia e podem
aumentar de frequéncia devido a deriva genética. Logo, em zonas de recombinacéo reduzida é provavel
que diferentes genomas acumulem mutacdes deletérias em diferentes posicBes. Isto leva a que
individuos heterozigdticos com dois genomas com mutagdes deletérias em posicGes diferentes tenham
uma fitness maior que homozigéticos (i.e., overdominance). Por sua vez, este tipo de selegdo
balanceadora afecta os alelos neutrais vizinhos, dado que a AOD leva a manutencdo da diversidade
genética e de haplotipos com diferentes combinagfes de mutacGes deletérias, mantendo a diversidade
neutral.

Estes dois processos (AOD e BGS) tém sido usados como uma explicacdo para a diferente velocidade
com que as populacdes com diferentes efectivos populacionais perdem diversidade. No entanto, séo
mutuamente exclusivos, a BGS apenas ocorre se houver uma diminui¢do da frequéncia das mutacdes
deletérias e a AOD apenas ocorre se houver uma manutencdo da diversidade. Estudos tedricos recentes
em modelos com uma Unica populagdo concluiram que o coeficiente de seleccdo € um dos principais
factores envolvidos na transicdo entre os dois processos.

No entanto, desconhece-se qual o impacto que a BGS e AOD tém quando existe migracdo entre
populagdes, e como é que estes processos afectam a diferenciacdo genémica na presenca de migrag&o.
Esta tese tem como objectivo quantificar o impacto de BGS e AOD nos padrdes genémicos de
populacdes que estdo a divergir com ou sem fluxo genético. Para tal, usamos um programa de simulagéo
de evolucdo de populagdes (SLiM3). Simulamos individuos dipldides com genomas compostos por
cromossomas de 50 Kb. Consideramos que metade das mutacOes é deletéria e a outra metade neutral,
assumindo o mesmo coeficiente de selec¢do s para todas as mutacOes deletérias (i.e., fitness para
posicBes homozigoticas é 1-s), sendo a fitness de vérias posi¢cdes gendmicas multiplicativa. Uma vez



que existem previsBes teoricas sobre o impacto da BGS na diversidade de populag¢Bes isoladas,
simuldmos uma populacéo isolada com a mesma amostragem e pardmetros que no cenario com duas
populagdes (ver abaixo). Os nossos resultados indicam que, para coeficientes de seleccdo s acima de
0.001 (i.e., coeficiente de selecgdo relativo Nes>10, existe uma boa concordancia entre as previsoes e as
simulacdes indicando que o programa de simulacdes foi implementado correctamente.

Para o caso de duas populagGes, usamos o modelo isolation with migration no qual uma populagéo
ancestral se divide em duas popula¢fes que passam a evoluir com ou sem migracao entre elas. Para que
a populacéo ancestral estivesse em equilibrio seleccdo-deriva-mutacgdo, nas simulagdes a populagéo
ancestral com um efectivo populacional de 1000 individuos evolui isoladamente durante 8000 geracdes.
As duas populacdes descendentes tém o0 mesmo efectivo populacional, e evoluem durante 2000 geracdes
com ou sem migracdo entre elas. Ao fim destas 2000 geracdes, 20 individuos de cada populagdo séo
amostrados e as mutagdes neutrais presentes nos seus genomas séo analisadas. Para estudar o efeito da
migracdo usdmos varias taxas de migracao, incluido o valor de zero que corresponde a um cenario sem
migracdo. Varidmos outros pardmetros como o coeficiente de seleccéo s (entre 0 e 0.5), o coeficiente de
dominéncia h (0.01 e 0.5) e a taxa de recombinacéo relativa r (10, 1 ou 0.1 vezes a taxa de mutag&o).
Para cada combinacdo de pardmetros fizemos 100 a 200 simulagdes e estimamos varias estatisticas,
como a diversidade genética populacional (através do nimero de pairwise differences - =), a
diferenciagéo entre populagbes (Dxy e Fst), 0 grau de desvio do Site Frequency Spectrum neutral
(através do D de Tajima), o linkage desequilibrium (através do R?) e uma estatistica para detectar
selecgdo balanceadora ().

Os nossos resultados indicam que, no caso de duas populagGes sem migracao entre elas, as mutacdes
co-dominantes com coeficientes de seleccdo s intermédios (1 < Nes < 100) levam a uma diminuicéo de
aproximadamente 50% no n ¢ de 40% no Dxy, e a um aumento de 30% no Fsr em relacdo aos niveis
neutrais esperados. Este efeito tem uma maior magnitude com taxas de recombinacdo menores. Os
nossos resultados também indicam que a ocorréncia de migragdo diminui o efeito que a BGS tem na
redugdo da diversidade dentro das populagdes (m) e na distancia genética entre populagdes (Dxy).
Estudos tedricos anteriores sugerem que a ocorréncia de BGS pode levar a aumentos de Fsr. Os nossos
resultados confirmam esta hipétese, excepto para 0 caso com taxas de migragdo mais elevadas do que
2N:m=10, em que 0 Fst ndo se desvia do esperado para regides neutrais.

No que diz respeito aos resultados com mutagdes recessivas, os padrdes gerados dependem do
coeficiente de selecgdo. Com seleccéo intermédia (1 < Nes < 100) ha um aumento do 7 (200%) ¢ do Dxy
(100%) e uma diminuigdo do Fst (70%) em relacdo aos niveis neutrais esperados. Tal como no caso da
BGS, estes efeitos ttm maior magnitude com uma taxa de recombinagdo mais baixa. A migragéo leva
qualitativamente aos mesmos padrdes, apesar de a migragdo diminuir a magnitude dos efeitos
anteriormente descritos.

Em relacdo a taxa de recombinacdo, os nossos resultados indicam que o efeito das mutagdes deletérias
na diversidade genética neutral é visivel quando a taxa de recombinagdo é igual ou inferior & taxa de
mutacdo. Com taxas de recombinacdo 10 vezes superiores & taxa de mutacdo, as Varias estatisticas
indicam que os padrdes sdo semelhantes a espectativa neutral. Uma vez que ha uma variacao da taxa de
recombinacgdo ao longo do genoma, zonas do genoma com elevada taxas de recombinacdo podem ser
usadas como indicadores dos niveis neutral, o que pode ser utilizado como uma referéncia para testar a
ocorréncia de BGS ou AOD.



Estudos anteriores em modelos com uma Unica populacéo indicam que a transi¢do entre AOD e BGS é,
em parte, devida ao coeficiente de selec¢do. Os nossos resultados também mostram que a ocorréncia de
baixas taxas de migracdo ndo leva a uma alteracdo dos padrbes gerados quer pela ocorréncia de AOD
quer pela ocorréncia de BGS. Como tal podemos concluir que populagdes que experienciam pouca ou
nenhuma migracdo terdo assinaturas genomicas semelhantes em zonas com baixas taxas de
recombinacdo, no caso de as mutacOes deletérias serem o principal factor. Tal hipdtese pode ser testada
com dados gendmicos ao comparar pares de populagGes com diferentes taxas de migracdo, dado que
esperamos padrdes semelhantes em populagdes com niveis de migracédo distintos.

Muitos dos testes de selecgéo divergente existentes sdo baseados na deteccdo de outliers em genome
scans, i.e. regides com estatisticas como Fst ou a diversidade com valores extremos. Os nossos
resultados indicam que valores extremos de Fst elevado ou diversidade reduzida pode ser resultado da
ocorréncia de BGS e ndo de seleccdo divergente. Por outro lado, zonas do genoma com Fsr reduzido
tém sido interpretados como zonas neutrais do genoma afectados pela a migragéo. Os nossos resultados
indicam que mesmo com migracao superior a 2N.m>10, regides de Fst baixo podem ser gerados por
AOD.

O nosso estudo torna claro que a migragdo ndo muda os padres gerados pela ocorréncia de linked
selection e que existe a necessidade de desenvolver métodos de deteccdo de seleccdo que tenham em
conta a variagdo na taxa de recombinagdo ao longo do genoma. Para tal, ira ser necessario no futuro
estudar a interacgdo entre os factores analisados nesta tese e selec¢do positiva e sele¢do divergente.

Palavras-chave: Background Selection, Associative Overdominance, Isolamento com migracéo,
Recombinacéo.



Abstract

The effects of background selection (BGS), i.e. the effect that purifying selection due to removal of
deleterious mutations at given site has on linked neutral sites, is well understood in single population
models. For recessive deleterious mutations, heterozygotes can have a higher fitness leading to
associative overdominance (AOD). Previous studies suggest that BGS may increase genomic
differentiation, misleading genomic scans that rely on high differentiation regions to detect genes
involved in local adaptation. However, little is known about the interaction of BGS and AOD with gene
flow. To characterize the genomic impact of BGS, AOD and migration we used a forward-in-time
simulator implemented in the program SLiM 3.2. We considered an isolation with migration model with
two populations of constant size. To understand the relative impact of each parameter we used various
combinations of migration rates, recombination rates, selective coefficients and dominance coefficients.
We find that, in relation to neutral expectations, co-dominant deleterious mutations decrease within
population diversity and increase genetic differentiation (Fsr) between populations, although with high
migration (2Nem>10) Fsr does not deviate from neutral expectation. Consistent with the effect of AOD,
for recessive deleterious mutations we found an increase of neutral diversity for selective coefficients s
between 0.0001 and 0.1, when recombination rate is lower than the mutation rate. AOD also leads to a
decrease in population differentiation (Fst), with higher migration rates decreasing the magnitude of this
effect. Thus, BGS and AOD can lead to heterogeneous genomic patterns and bias the detection of
divergent selection.

Keywords: Background Selection, Associative Overdominance, Isolation with migration, Hitchhiking.
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1 State of the Art

The recent access to large amounts of genomic data from several individuals from populations adapted
to different environments has changed our understanding of the genetic basis of adaptation. This has led
to the widespread use of genomic scans as a tool to detect genes under selection (Hoban et al. 2016).
One of the statistics used in genome scans is the Fsr, which measures the relative genetic differentiation
between two populations (Nei 1973). These genome scan tests of differentiation rely on the fact that, if
a certain gene or region of the genome is under positive selection in the environment of one population
but not in another, or if different alleles are favoured in different environments (divergent selection),
there will be an increased differentiation in that gene or region of the genome. It is further assumed that
the demographic history of the populations affects the genome-wide patterns and reflect the neutral
distribution of Fst, whereas genomic regions with extremely high Fsr (outliers) correspond to potential
genes under positive or divergent selection. Another of the measures used to detect selection is genetic
diversity. These tests are based on the fact that positive selection affects linked neutral variation, a
process known as a selective sweep (SSW) (Barton 2000). A selective sweep occurs when a positively
selected allele increases in frequency and, due to the linkage between it and neighbouring neutral sites,
it will also increase the frequency of linked neutral alleles. Because of recombination, selective sweeps
reduce only the diversity of sites closely linked to regions of the genome affected by selection, and
diversity levels recover to the neutral expectation as we move away from selected sites. The comparison
of the diversity at each region with the global mean value of all genome will allow to detect outliers
under putative selection (Hoban et al. 2016; Booker et al. 2017). However, demographic history and
neutral processes are also expected to lead to variation along the genome, and hence genome scans rely
on statistical tests to detect outliers that model the variation expected due to the inferred demographic
history of populations (Beaumont and Nichols 1996; Wolf and Ellegren 2017).

The use of genome scans has revealed high heterogeneity in levels of differentiation and diversity along
the genome of many species (Nosil et al. 2009). Such heterogeneity has been predicted by theoretical
models that have shown that local adaptation may lead to an increase in genetic differentiation (Tigano
and Friesen 2016), especially in populations with migration between them. This is because migrant
individuals may carry genes that are maladaptive in the receiving population. The introgression of these
maladapted genes into the receiving population will cause the individuals that express them to have a
lower fitness, decreasing the probability of these genes to be transmitted to future generations. In
contrast, neutral regions can freely flow between populations because they do not impose a fitness cost
and, as such, may introgress and recombine freely between populations. This suggests that
heterogeneous genomic patterns of differentiation are expected under scenarios of divergent selection
in face of gene flow. However, theoretical studies suggest that heterogeneous differentiation along the
genome may also be caused by purifying selection due to removal of deleterious mutations acting on
linked neutral mutations, a process known as background selection (Charlesworth et al. 1993).

Background selection (BGS) was first described by (Charlesworth et al. 1993) as an explanation for the
pattern found by (Begun and Aquadro 1992), that regions with low recombination rates have a reduced
genetic diversity when compared with the rest of the genome. The explanation lies in the fact that the
removal of deleterious mutations from zones of the genome with low recombination also leads to the
removal of neutral mutations in linkage with the removed mutations, reducing neutral diversity. In
regions of high recombination, neutral mutations have a lower chance of being lost due to removal of
linked deleterious mutations, thus resulting in a positive correlation between recombination rate and
genetic diversity (Hudson and Kaplan 1995).
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Figure 1.1 The effects of background selection on linked neutral mutations. This figure shows four genomes (black lines)
that have deleterious mutations (red triangles) that are in linkage with neutral mutations (blue circles). Over time (left side of
the figure), deleterious mutations are removed and that causes linked neutral mutations to be removed as well. This leads to a
lowered diversity in this region. This will likely increase differentiation, as different populations are likely to loose different
mutations. Adapted from (Booker et al. 2017)

Most theoretical work on BGS has been developed for single populations. Theoretical results showed
that the effects of BGS can be approximated by a reduction of the effective population size (N.) (Hudson
and Kaplan 1995). Due to the removal of chromosomes (individuals) that have accumulated deleterious
mutations, the dynamics can be described by a population without such individuals and thus with a
smaller effective size N.. The reduction of population size also leads to an increase in the effects of
genetic drift and, as such, increased differentiation in allele frequencies between populations. This
prediction has been confirmed by some theoretical results that have suggested that BGS may increase
Fst in populations with (Zeng and Corcoran 2015) and without (Charlesworth et al. 1997; Nordborg
1997) migration. One of the main factors governing the strength of BGS is recombination rate (Hudson
and Kaplan 1995; Nordborg et al. 1996). This is due to the fact that low recombination rates lead to tight
linkage between the selected deleterious mutation and the neighbouring neutral mutations. Due to this,
the co-occurrence due to linkage of a deleterious and a neutral mutation in the same haplotype will lead
the removal of the both mutations, ultimately leading to a greater reduction of diversity. Since
recombination rate varies along the genome (Comeron et al. 2012), it is expected that the magnitude of
BGS also varies along the genome (Nordborg et al. 1996).

Other phenomena can lead to a statistical association between neutral and deleterious mutations like the
effect seen in regions with low recombination rates, including inbreeding and gene conversion (Chen et
al. 2007). Gene conversion is a process of DNA repair that is based on the replacement of a track of the
genome by the homologous sequence. The interaction that gene conversion (Campos et al. 2017; Pouyet
et al. 2018; Campos and Charlesworth 2019) and inbreeding (Charlesworth et al. 1997; Bersabé et al.
2016) have with linked deleterious selection has also been studied from a theoretical perspective. The
results from such studies indicate that gene conversion and inbreeding lead to a reduction in neutral
diversity that is similar the one expected for the case of BGS (Charlesworth et al. 1997; Bersabé et al.
2016; Campos et al. 2017; Campos and Charlesworth 2019; Gilbert et al. 2019).

Another factor that increases the statistical association between neutral and deleterious mutations is the
presence of modifiers of the recombination rate, such as reductions of recombination due to
chromosomal inversions (Kirkpatrick and Barton 2006). Inversions have been associated with local
adaptation due to the fact that they inhibit crossing-over between chromosomes with and without the
inversion (Stevison et al. 2011). Thus, in a scenario of divergence with gene flow, inversions (and
regions of low recombination) behave as barriers to gene flow (Sousa and Hey 2013). This leads to a
lowered probability of invasion in this region by a maladapted allele, eventually leading to accumulation
of mutations under divergent selection in such regions (Feder et al. 2012).



Another aspect that determines the effects of the removal of deleterious mutations on linked neutral
variation is the dominance of deleterious mutations. If deleterious mutations are recessive, then it is
possible that pseudo-overdominance occurs, a phenomenon where heterozygotic individuals have
greater fitness than homozygotic ones due to haplotypes with deleterious mutations in different positions
(Gilbert et al. 2019). This is expected to occur when mutations are slightly deleterious and hence can
increase in frequency and even fix. To explain this process, assume a scenario where all haplotypes in
the population have the same number of recessive deleterious mutations, but in different positions. Since
all haplotypes have the same number of recessive mutations their relative fitness is 1.0. However, since
deleterious mutations are in different positions in different haplotypes and all deleterious mutations are
recessive, then heterozygotes have a higher fitness than homozygotes. This may lead to the maintenance
of two or more haplotypes segregating in the population. This is a form of balancing selection that will
lead to the persistence of haplotypes that have deleterious mutations in different positions, which are
selected against in homozygote state but that are favoured in heterozygotes. This causes the neutral
mutations linked to the different haplotypes with deleterious mutations to also be maintained in the
population, which increases genetic diversity. This process has been termed associative overdominance
(AOD) (Otha 1971). Recent theoretical (Zhao and Charlesworth 2016) and experimental (Schou et al.
2017) results suggest that AOD can lead also to a retardation in the loss of diversity in small populations.
Other studies suggested that, in order for AOD to occur, the scaled selective coefficient N,s should be
bellow 100 (Gilbert et al. 2019).

The distribution of dominance and selective coefficients of deleterious mutation is one of the factors
that determines if AOD or BGS is more prevalent in the genome. Mutation accumulation and gene
deletion studies in Drosophila melanogaster (Fry and Nuzhdin 2003) and Saccharomyces cerevisiae
(Agrawal and Whitlock 2011) have suggested that deleterious mutations are usually recessive. In these
organisms, the selective coefficient of deleterious mutations has been found to be between 0.1 and 0.3
for D. melanogaster (Garcia-Dorado et al. 1998) and on average 0.045 for S. cerevisiae (Agrawal and
Whitlock 2011). According to the theoretical results found by (Gilbert et al. 2019) the occurrence of
AOD is likely in populations with an effective size smaller than 1,000 for D. melanogaster and smaller
than 10,000 for S. cerevisiae.

Because the occurrence of BGS results from the removal of deleterious mutations and the occurrence of
AOD depends on the maintenance of haplotypes with slightly deleterious mutations, these two processes
are incompatible. As such, there is a transition between the two, and the conditions that govern the
transition between AOD and BGS have been the subject of recent studies. It was found that the selection
coefficient and the dominance of the deleterious mutations are probably the main factors that determine
the transition from AOD to BGS (Pamilo and Palsson 1998; Palsson and Pamilo 1999; Pazlsson 2004;
Bersabé et al. 2016; Gilbert et al. 2019). However, all of these studies assumed single populations
models. Most populations are sub-divided in sub-populations connected by migration. Furthermore,
there is a growing interest to understand the conditions under which populations can adapt to different
environments with gene flow. However, the role that migration has on the AOD to BGS transition, and
how the interaction between these two processes and migration impacts population differentiation at the
genomic level is still poorly understood.

Theoretical studies have shown that the transition between the occurrence of BGS and the occurrence
of AOD is dependent of the value of the effective selection (the selection coefficient times the population
size) and the dominance (Zhao and Charlesworth 2016). However these results were obtained for a
single population, and as such, the effects that other parameters may have, especially in models with
migration between populations are not yet well understood. Distinguishing the effects that lead to BGS
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and AOD and their impact on the genomic patterns is one of the important steps in understanding how
to interpret genomic patterns from natural populations. This is required in order to develop methods to
detect selection accounting for migration, BGS and AOD.
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Figure 1.2 The effect of Associative Dominance (AOD) on genomic patterns. Each part of the image show three dyploid
genomes (black lines) that have different deleterious mutations (blue and orange triangles) that are in linkage with neutral
mutations (blue circles) First, slightly recessive deleterious mutations appear in each genome and rise in frequency due to their
reduced fitness costs and the effects of drift. After some time (middle image), the deleterious mutations can become frequent
enough that all chromosomes have deleterious mutations. As such, the individuals that are homozygotic for the deleterious
mutations (individual in the centre) have lower fitness than heterozygotic ones (individuals in the edges). Thus, heterozygotes
are favoured, which is a type of balancing selection that maintains the various haplotypes. The linked neutral variation is also
maintained.



2 Objectives

The main goal of this thesis is to characterize the interaction between migration and various forms of
linked purifying selection due to removal of deleterious mutations, aiming to answer the following
guestions:
e What is the effect of recombination on Associative Overdominance (AOD) and background
selection (BGS) on genomic patterns under models of isolation with migration?
e What is the impact of BGS and AOD on genomic differentiation and diversity when there is
migration?

To answer these guestions we performed a simulation study under a model of population divergence
(isolation with migration model with two populations). We used individual-based simulations to
evaluate the impact of several evolutionary processes acting at the genome level, including
recombination rate, selection coefficient and dominance of deleterious mutations, effective population
sizes and migration rates. We quantified the genomic impact of linked selection on diversity and
population differentiation in isolation with migration models with varying levels of gene flow, by
calculating several summary statistics that are widely used in genome scans. We also investigated how
the transition between BGS and AOD depends on the combination of parameters such as recombination
rate, selective coefficient, dominance and migration rates.



3 Methods

To understand the interaction between migration and linked selection we simulated populations under
various scenarios, studying several combinations of parameter values. To do this we performed forward-
in-time individual-based simulations, implemented in the program SLiM 3.2 (Haller and Messer 2018).
We considered single and two population models, and several combinations of parameters, described in
separate sub-sections below.

3.1 Single population model

Since most theoretical results about BGS were obtained for single population models, to test if SLiM
simulations fit theoretical expectations of BGS and to verify that our simulations were implemented in
SLiM correctly, we first considered a model with a single population evolving alone for 10° generations.
The genomic structure, sampling, selective coefficients, dominance and recombination rates were the
same as in the scenario of an isolation with migration model with two populations (see below). We then
compared the results of these simulations with known theoretical results obtained for a single population
(Hudson and Kaplan 1995; Campos et al. 2017).

3.2 Isolation with Migration model

To quantify the effect of migration and deleterious mutations on genomic patterns we considered an
isolation with migration model, with an ancestral population splitting into two populations with the same
effective size as the ancestral. To ensure that the ancestral population is in mutation-selection-drift
equilibrium, the ancestral population (effective size Ne=1000) evolves alone for 8000 generation. Then,
it splits into two descending sub-populations (Ne=1000 each), which then evolve for 2000 generations
(scaled split time of t=(time in generations)/(2Ne)=1.0). We assumed that since the split time there is
continuous migration, occurring at a constant rate m (corresponding to a scaled migration rate of 2Nem).
To compare cases without migration, we also considered a migration rate of zero.
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Figure 3.1 The isolation with migration model with two populations considered. To ensure that the ancestral population is at
mutation-selection-drift equilibrium, we let the ancestral population evolve alone for 8000 generations. We used 8000
generations because this is 8 times larger than the Ne and hence it is enough to attain equilibrium. After this, the ancestral
population splits into two populations at time to (2000 generations ago) after which they exchange migrants at a constant rate
m (which can be 0 or greater) until the present time (scaled migration rate measured as 2Nem). Ne was assumed to be the same
(1000) in all populations. Note that the scaled divergence time to/(2Ne) is 1.0.



3.3 Replicates and sampling

For each combination of the parameters described in detail below, we performed 100 replicate
simulations for the scenario with one population and 200 replicate simulations for the isolation with
migration scenario with two populations. At the end of the simulation we sampled the genomes of 20
diploid individuals from each population (i.e., 40 gene copies from each population). Because SLiM
allows the modelling of different mutation classes, this allowed to output only the neutral mutations
while also simulating the effects of deleterious mutations.

3.4 Genomic structure

In our simulations we assumed that each diploid individual had two copies of a single homologous
chromosome with 50Kb. To avoid the possibility that a single site could have neutral and deleterious
mutations, we only allowed each site to either have neutral mutations or deleterious mutations. We
considered a sequence of alternating neutral and deleterious sites, i.e. the proportion of sites that could
potentially have deleterious mutations was 0.50. This choice is in part justified by the structure of a
codon. In coding regions, if we consider that non-synonymous mutations are deleterious, then such
mutations likely occur when the first or second nucleotides of a codon mutates, since the first two
positions determine the amino acid that is codified for most codons. In contrast, the third nucleotide is
usually redundant and does not change the amino acid that is codified, resulting in synonymous
mutations. Thus, under this simplifying assumption, the proportion of deleterious sites in a coding region
would be approximately 2/3. In order to simplify the structure of the simulated genome and computation
of summary statistics we assumed that this ratio is 1/2 rather than 2/3. We also assumed that the
deleterious and neutral mutation rate was the same, and hence the probability of neutral and deleterious
mutations appearing each generation was equal.
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Figure 3.2 Genome structure of the diploid individuals in our simulations. Each figure (triangle or circle) represents a single
position in the chromosome where only one type of mutation can occur, triangles represent sites where deleterious mutations
can occur and circles represents sites where neutral mutations can occur. In the beginning of the simulation (top image) the
genome starts without any mutations. As time goes on, mutations appear in the genome, both deleterious (in red) and neutral
(in blue) are assumed to occur at the same rate g

For each site where deleterious mutations could occur, we assumed the following fitness landscape: 1.0
for homozygote for the ancestral allele (i.e., if it had no deleterious mutations), 1-hs for heterozygous
sites (i.e. with one ancestral and one deleterious allele) and 1-s for homozygous sites for the deleterious
allele, where s is the selection coefficient and h is the dominance coefficient of the deleterious mutation
considered (h=0.5 indicates co-dominant and h=0.0 indicates fully recessive). For simplicity, we
assumed the same selective and dominance coefficients for all deleterious mutations. The fitness of a



given individual was computed as the product of the fitness for each site, and hence fitness was
multiplicative with no epistatic interaction occurring between the different loci.

3.5 Selective coefficients

Because the selective coefficient is thought to be one of the main causes of transition between BGS and
AOD, many different values across different scales were used to determine the selective coefficients at
which this transition occurs. We assumed that all deleterious mutations have a fixed constant selective
coefficient to reduce the complexity of the analysis. We performed simulations varying the selective
coefficient values s between 0.0001 and 0.5. More specifically we tested the following values: 0.0001,
between 0.001 and 0.009 with an increment of 0.001; between 0.01 and 0.09 with an increment of 0.01
and between 0.1 and 0.5 with an increment of 0.1. We also ran simulation with the selective coefficient
equal to O in order to compare with the known theoretical results of neutral theory and as a way of
establishing a baseline with which to compare our results for cases where no theoretical results were
available.

3.6 Recombination rate

Because the impact of BGS on diversity is governed by the ratio between recombination and mutation
rate (Hudson and Kaplan 1995), the mutation rate was set to a constant (2.5x10-/site/generation), but
the recombination rate was allowed to vary in relation to the mutation rate, taking the values of 0.1, 1
and 10 times the mutation rate (2.5x108, 2.5x107 and 2.5x10® per site per generation). This corresponds
to the probability that a recombination event occurs between two adjacent given sites at each generation,
in relation to the probability that there are mutations at those sites. Previous studies show that, in
primates the ratio between the recombination rate and the mutation rate varies approximately between
0.1 and 4.0 (Auton et al. 2012) while in insects this ratio is slightly higher than 1 (Terhorst et al.
2017). We used the same ratios of 0.1, 1.0 and 10.0 as used in the latter study (Terhorst et al. 2017) in
order to explore a realistic range of values.

3.7 Dominance

Because AOD is expected to only occur if deleterious mutations are recessive, we tested the effect of
dominance by using two fixed dominance coefficients (h=0.01 and h=0.5) for each combination of other
parameters.

3.8  Migration rate

In the isolation with migration models with two populations we varied the migration rate m (i.e. the
probability of migration per individual per generation) between 0.00005 and 0.005. We considered three
migration rates, corresponding to scaled migration rates of 2N,m = 0.1, 1 and 10 immigrants per
generation. The latter was chosen as the highest value because with values of 2N,m > 1, migration is
stronger than genetic drift and hence it counterbalances the loss of diversity and increased differentiation
due to genetic drift.

3.9 Effective population size

We considered that the population size of the ancestral and two descending populations was constant
and equal in all populations (N.=1,000 individuals). To understand if the strength of genetic drift
affected our results, we also ran simulations with a single population with a larger Ne of 10,000
individuals. Due to time constraints we tested a smaller set of selection coefficients, between the smaller
and higher of the two population simulations. In this case, we used the same relative scaled times (i.e.,
in terms of time/(2Ne)), both for the split and for reaching equilibrium in the ancestral population, which
were set to t,=20,000 and 80,000 generations, respectively.



Table 8.1 Parameters used in the simulations ran with Slim 3.2. — where not applicable.

Scenario = Mutation Selective Effective Migration Dominance Recombi- Repe-
rate Coefficient size rate Coefficient nation rate titions
7 (s) (Ne) (2Nem) (h) ")
Single 2.5x107 Between 0 10,000 - 0.01and 0.5 0.1,1and 10 100
Populati [site and 0.1 times the mutation
on /generation rate u
Single 2.5x107 Between 0 1,000 - 0.01and 0.5 0.1,1and 10 100
Populati [site and 0.5 times the mutation
on /generation rate s
Isolation 2.5x107 Between 0 1,000 0, 0.01 and 0.5 0.1,1and 10 200
with [site and 0.5 0.1,1and times the mutation
Migratio = /generation 10 rate u
n immigrants

/generation

Scenario Effective Effective Divergence time Time until
population size — population size — divergence
Parent Population Derived
Populations

Single Population 1000 Individuals - - -

Isolation with 1000 Individuals 1,000 Individuals 2000 generations 8000 generations
Migration

3.10 Summary statistics

We performed the treatment of the SLiM output with the software R (R Core Team 2018).

To measure the nucleotide diversity (w) for each population we calculated the average number of
pairwise differences between two sequences sampled in the same population. The following formula
was used:

L
n
T=2 mz pi(1—p;) Equation 8.1
=

where i is the index of each site, p; is allelic frequency of site i, n is the sample size (number of sequences
sampled) and L is the size of the sequence.

In order to quantify the differentiation between populations for the isolation with migration models with
two populations we used two complementary statistics: (i) the absolute genetic distance Dyy, which
measures the mean number of pairwise differences between two sequences taken from two different
populations; and (ii) the relative differentiation given by the fixation index (Fsr) according to the



estimator of (Bhatia et al. 2013), which measures the “the correlation between randomly drawn alleles
from a single population relative to the most recent common ancestral population” (Bhatia et al. 2013).
The Fsr is a relative measure of differentiation, whereas Dx, measures the absolute divergence. For SNPs
with two alleles, an Fst of 0.0 for a given locus indicates that the same allele is shared between both
populations with exactly the same frequency and an Fsr of 1.0 indicates that each population has fixed
a different allele. To measure the Dy the following formula was used:

L
Dy, = Z(Pu(l —Pi2)) + @iz(1 — pin))

i=1

Where, p;;is allelic frequency of site i in population j. To measure the Fsr, the following formula
(equation 10 from (Bhatia et al. 2013)) was used for each site i:

_ pi1(1 —pir) _ Piz(1 — piz)
nq n,

D

(P — Pi2)? Equation 8.3
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Where p;;is allelic frequency of site i in population j, and n; is the sample size of population j. After
calculating their value, the ratio of the value of these three statistics to the expected values under
neutrality was calculated. The expected equilibrium value for diversity & is given by 4N, uL (Watterson
1975), where W is the mutation rate per site per generation and L is the total length of the locus. We
investigated the patterns for the deleterious and neutral sites and, given that half of the sites were neutral,
we used p(L/2). The expected values under neutrality for D,.,, and Fs; where obtained from equation 22
and 23 in (Wilkinson-Herbots 2008), and equation 24 of (Zeng and Corcoran 2015), respectively.

To test deviations from the neutral expectations of the site frequency spectrum (SFS), we calculated the
Tajima’s D for each population (Tajima 1989). This method compares the scaled mutation rate 6 (4Nep),
when inferred from the nucleotide diversity and when inferred from the number of segregating sites
(Hamilton 2009). The neutral expectation of Tajima’s D is 0, with a positive or a negative value
indicating an excess or a lack of diversity given the expected value for the number of segregating sites
in the sample.

To measure the effects of BGS, AOD and migration on linkage disequilibrium we calculated the average
r? for all pairs of SNPs within the 50Kb chromosome for each population (Hill and Robertson 1968).
This measure is based on the difference between the observed co-occurrence of two alleles at different
loci and their expected co-occurrence given their allelic frequencies assuming free recombination, that
is, independent segregation. Higher values of r? correspond to higher linkage disequilibrium (Hill and
Robertson 1968).

For recessive slightly deleterious recessive mutations AOD can occur, and this can be seen as a form of
balancing selection. This is due to the fact that heterozygotes have a higher fitness and hence selection
maintains haplotypes with deleterious mutation in different sites. To detect regions under AOD in the
genome we computed B, the summary statistic of (Siewert and Voight 2017) which was proposed to
detect balancing selection. We developed a script to implement a function that computes this statistic in
the R language. This test is based on the fact that in a region of the genome under balancing selection,
SNPs in that region will have similar frequencies to each other more often than would be expected under
neutrality (see Figure 3.3). In order to compute this summary statistic we have to follow the following
steps. First, we choose a genomic window to analyse; then, for every SNP in that window (“core SNP”)
we calculate the similarity in frequency of the core SNP to every other SNP in the window being
analysed. This calculation generates a score that is later exponentiated by a factor p (20 in our
implementation), which controls the weight given to each SNP, depending on frequency similarity to
the “core SNP”. This procedure is applied to each SNP in the window and the scores obtained are then
averaged, producing a weighted diversity (8p) for each window. The Watterson’s diversity (Watterson
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1975) is then calculated for the window and subtracted to 0. The value obtained this way, B, is expected
to be approximately 0 in a region under neutrality, and higher than 0 in a region under balancing selection
(Siewert and Voight 2017).

For this statistic, in order to minimize the effects of the stochasticity of the occurrence of mutations, we
chose a window size of 50Kb that corresponds to the length of the chromosomes we simulated.

New balanced Balanced SNP reaches Fixation of Variation
SNP arises equilibrium frequency within Allelic Class
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Figure 3.3 Schematic of the genomic pattern generated under Balancing Selection. § is based on the correlation between the
frequency of an allele under balancing selection (Blue star in the figure) and the frequency of neighbouring alleles. These may
co-occur in the same haplotype as the selected allele (the blue triangle and the yellow circle) or on other haplotypes (purple
pentagon). Adapted from Siewert and Voight 2017
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4 Results

We start by describing the effects of deleterious mutations in the diversity and differentiation patterns,
dividing the results into two sections, first for a single isolated population and then for two populations
under isolation with migration models. The results for two populations are divided into two sections that
correspond to the scenarios with and without migration between populations. We only show the results
for the highest migration rate, as for the other migration rates investigated, we obtained qualitatively
similar results to the ones obtained without migration between populations. For simplicity, when
summarizing results we use ~ to represent approximately, e.g. ~50% means approximately 50%.

For many of the figures shown in the results, the x-axis corresponds to log;o(N,s), where N is the
effective population size and s is selection coefficient of the deleterious mutations (assumed to be equal
for all deleterious mutations). For comparison we show the values expected under neutrality, with s=0.
However, due to the fact that we plot selective coefficients in log10 scale and log;,(0) is not defined,
we arbitrarily defined the s of neutral mutations to be 10~7. As such, the neutral case of s=0 is
represented as log;o(N.s) = —2. In order to simplify the text, we refer to selection coefficients between
0 and 0.0001 (log;o(N,s) between -1 and 1) as “weak selection” because 4N, is much lower than 1, i.e.
s << 1/Ng; selection coefficients between 0.0001 and 0.01 (log;(N,s) between 1 and 2) as “intermediate
selection” because they correspond to values of Nes between 0.1 and 10, i.e. 0.1*(1/Ne) <5 < 10*(1/Ne);
and selection coefficients between 0.01 and 0.1 (log;o(N,s) between 2 and 3) as “strong selection”, as

S >>l.
Ne

Given that we want to understand the effects of selection relative to neutral regions, for most figures,
the y-axis corresponds to the relative value of each statistic in relation to its neutral expectation, i.e. the
ratio between the mean observed value across simulations for each statistic and its neutral theoretical
expectation for each combination of parameters. The exceptions to this are the figures that show the
absolute results for Tajima’s D, R? and B, for which values were not standardized relative to the neutral
expectation.

4.1 Single Population

In order to verify that SLiM model was implemented correctly, we compared the results of simulations
with theoretical expectations of the effect of BGS on linked neutral diversity, which were derived by
(Hudson and Kaplan 1995; Campos et al. 2017) for a single population. The results for the comparison
between the theoretical expectation for the effects of BGS and the results from SLiM simulations are
shown in Figure 4.1 for the two population sizes we tested (N.=1,000 and 10,000). The theoretical
predictions only match the simulations when log;,(N,s) > 1, indicating that simulations do not
perfectly match the expected by the theoretical models. This is likely due to the fact that the theoretical
predictions models assume no genetic drift and that selection is the main factor. Thus, this is only a good
approximation with a sufficiently strong selection, 2N,s > 1. This hypothesis is corroborated by the
results for the bigger population size because in this case the effects of drift are lower and, as such, there
is a slightly better agreement between the results from the model and the results from the simulations
for low selection coefficients. This indicates that we implemented the BGS model correctly in SLiM.
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Figure 4.1 The effects of linked selection on neutral diversity in a single constant-size population of 1,000 (A) and 10,000
(B) individuals experiencing removal of co-dominant deleterious mutations of fixed selective coefficients, at different
recombination rates. Dotted lines correspond to the theoretical (dotted line) expectation derived for the effects of Background
Selection (BGS) by HK95 (Hudson and Kaplan, 1995) and C17 (Campos et al. 2017). Solid lines correspond to the mean of
100 simulations performed using SLiM of a 50Kb region with alternating deleterious and neutral sites with a fixed selective
coefficient. Two different lines are shown for the theoretical expectation for the effect of BGS but only one of them is visible
because they overlap. The results for a selection coefficient of 0 is ploted at a value of -2, due to the logarithm of 0 being
undefined.
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Since there are no theoretical predictions for the neutral value of the B statistic that can be used to detect
balancing selection, we computed this statistic for the single population simulations. The results for the
statistics to detect balancing selection B (Figure 4.2) show that there is an inverse relationship between
the recombination rate and the mean value of this statistic, i.e. the value becomes larger for lower
recombination rates. We can also see that, with lower recombination rates there is greater variation in
the value of B, likely due to the influence of selection on linked neutral variation. In contrast to the
expectation that =0 for neutral mutations (Siewert and Voight 2017), we found that the value of B
depends on the recombination rate. Nevertheless, as expected for neutral mutations, when comparing
the results for recessive and co-dominant mutations, their values are very similar for the neutral case
with s=0. For the case of the higher and intermediate recombination rates tested, we found that there
was no big difference between the B values for co-dominant or recessive mutations. For the case of
lower recombination, a difference exists between the values for recessive and co-dominant deleterious
mutations for values of selection strength between -0.5 and 2.0 in log10 scale. With recessive mutations
we see higher B values than the neutral case for log;,(N,s) = —2, whereas, for co-dominant the B
values are lower than neutral case for log,,(N.s) = 1. Values of B higher than the expected under
neutrality indicate the action of balancing selection. For strong selection we found B values lower than
the neutral case likely indicating no evidence for balancing selection.
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Figure 4.2 Effects of linked selection on g in a single constant-size population of 1,000 individuals experiencing removal
of co-dominant or recessive deleterious mutations of fixed selective coefficients, with different recombination rates. Solid
lines correspond to the mean of 100 simulations performed using SLiM of a 50Kb region with alternating deleterious and
neutral sites with a fixed selective coefficient. Note the different scale in the y-axis with each recombination rate. In order to
plot the results for neutral mutations (selection coefficient of 0) we show the results for neutrality at -2, due to the logarithm
of 0 being undefined.
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4.2 Populations without migration

4.2.1 The effect of co-dominant deleterious mutations

Overall, our results indicate that the removal of co-dominant deleterious mutations affect several
statistics that are used to quantify the diversity and differentiation patterns along the genome, and that
linked selection can lead to heterogeneous genomic patterns. The effect depends on the selective
coefficients and recombination rate.

Regarding the within population diversity (m) of populations under the effects of co-dominant
deleterious mutations, the ratio between observed and expected neutral diversity is lower than 1.0 in
cases of intermediate selection, indicating that the removal of deleterious mutations decreases diversity
of linked neutral variation (Figure 4.3a and b). For weak and strong selection, observed neutral diversity
remains close to 1.0, indicating that removal of deleterious mutations has no effect on neutral diversity
when mutations are nearly neutral or when selection is strong. The decrease of the ratio between
observed diversity and the neutral expectation (0) that occurs with intermediate selection (between
s=0.0001 and s=0.01) is stronger with lower recombination rate (r=0.1u), with values ranging from
approximately 40% to 60% of the neutral expectation, whereas when recombination rate occurs at the
same rate as mutation rate (r=p), the values ranged from 60% to 90% of the neutral expectation. For
recombination rates 10 times higher than mutation rate, then the removal of deleterious mutations has a
very limited effect on linked neutral diversity, with mean values of relative diversity ranging between
~90% to ~99% of the neutral expectation.

Regarding the absolute genetic distance between populations, for scaled selective coefficients between
0 and 2 in log10 scale, we found that Dyy is lower than the neutral expectation, ranging from ~10% to
~20% for the lower recombination and ~10% to ~30% intermediate recombination. This indicates that
that the effect of removing deleterious mutations reduces the number of linked neutral mutations, thus
reducing the genetic distance between populations (Figure 4.3 c¢). This is expected because we
considered that the effect of removal of deleterious mutations also occurred in the ancestral population,
and not only in each population after the divergence. This effect of reduction of Dy is observed for
intermediate selection coefficients and regions of lower recombination.

The relative differentiation between the two populations measured by Fsr indicates that the removal of
deleterious mutations with intermediate selection coefficients leads to increased differentiation, leading
to Fst values ~15% to ~30% larger than the neutral expectation (Figure 4.3 d). As seen for diversity,
this effect is stronger with lower recombination rate, and Fst values approach the neutral expectation
for weak and strong selection. Since Fst measures the relation between the diversity within and between
populations, this means that the effect of the reduction in diversity within populations is larger than
between populations.

In sum, for models without migration, since the effects of linked selection are stronger with low

recombination, we expect regions of the genome experiencing low recombination and affected by co-
dominant deleterious mutations to have valleys of diversity and genetic distance and peaks of Fsr.
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The values of Tajima’s D within each population were negative for all selective coefficients, including
for neutral mutations with s=0 (Figure 4.3e and f). A negative Tajima’s D indicates an increase in the
number of rare alleles compared to the expected in neutral sites in a stationary population. As seen with
other statistics, the removal of deleterious mutations also affects the value of Tajima’s D computed at
linked neutral sites, resulting in more negative values indicating an excess of rare alleles. With
intermediate selection we found even more negative Tajima’s D values, ranging from —0.5 for high
recombination rates to -1.2 with low recombination rates. As seen for other statistics, the reduction in
Tajima’s D values is stronger for the lower recombination rate considered. This pattern, in conjunction
with the results for diversity and differentiation, indicates that BGS reduces the diversity of the
population by reducing the occurrence of intermediate frequency alleles.
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Figure 4.3 Measures of various statistics of the neutral mutations for an isolation model with two population and no
migration under the effects of co-dominant deleterious mutations. a) and b) ri/(expected rr) for population 1 and 2 ¢) and d)
Dxv and Fst between both populations d) and e) Tajima’s D for population 1 and 2. In a)-d) the statistics are shown relative
to the neutral “expected” value based on analitycal equatiations, with values equal to 1.0 indicating no deviations from
neutrality. Results obtained for neutral mutations for 200 simulations performed in SLiM 3.2 for co-dominant deleterious
mutation. All these statistics are here represented as a function the logarithm of the selection coefficient for different
recombination rates. The solid line represents the mean for the 200 simulations while the shaded area represents the 25% to
75% quantile of the distribution of each statistic across simulations. Different colours correspond to simulations with different
recombination rates. Results for neutrality (selection coefficient s=0) are show in log10 scale as -2 as the logarithm of 0 is
undefined.
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4.2.2 The effect of recessive deleterious mutations

For the simulations done with recessive deleterious mutations, we find very different patterns when
compared with the co-dominant case. The within population diversity () was larger than the neutral
expectation () for weak and intermediate selection, with values ranging from approximately 50% to
200% for the low and intermediate recombination rates (Figure 4.4 a-b). However, for strong selection
(s>0.01, log1l0(Nes)>2), the diversity was ~50% to ~30% lower than the neutral expectation. The
reduction in diversity observed for strong selection is more pronounced for low recombination, which
is similar to results of co-dominant mutations.

The genetic distance between populations, measured with Dy, display a similar pattern to the one
observed for diversity since it is ~50% to ~200% greater than the neutral expectation with weak and
intermediate selection, while also being ~50% to ~30% smaller than neutral expectation with strong
selection (Figure 4.4 c). On the other hand, the relative differentiation of populations Fsr, shows the
reverse pattern, with values of Fsr lower than ~50% of the neutral value for intermediate selection,
reaching as low as ~10% of the neutral expectation for low recombination rates, and with Fst values
~30% larger than neutral for strong selection (Figure 4.4 d). Thus, for the genetic diversity, genetic
distance (Dxy) and relative genetic differentiation (Fst) there is a clear transition in the effect of linked
selection approximately at logio(NeS)=2.

For the Tajima’s D values, like in the case of co-dominant deleterious mutations, they were also negative
for the neutral simulations and with strong selection. However for weak and intermediate selective
coefficients we found positive Tajima’s D, reaching values between 0.5 and 1.0 for the simulations with
lower recombination rate (Figure 4.4 e and f). Together with results for diversity, this indicates that the
increase in neutral diversity seen with weak and intermediate selection is not accompanied by an
increase in the number of segregating sites with rare allele frequencies. Instead, positive Tajima’s D
indicates a deficit of rare mutations, and an increase in intermediate allele frequencies, which may occur
due to balancing selection or due to demographic events, such as population contraction and population
structure.

4.2.3 The Effect of linked selection on Linkage Disequilibrium (LD)

Although our simulations with different selective coefficients assume a constant recombination rate
across each chromosome of 50Kb, the effects of linked selection can affect the patterns of linkage
disequilibrium (LD), which we measured with the r? statistic. Values of r? close to 1.0 indicate strong
LD and values close to 0 indicate no LD. We show the average r? for each population in Figure 4.5.
Since lower recombination rates lead to a lower probability of crossing-over occurring between
contiguous sites, a higher value of linkage disequilibrium (and of r?) is expected with lower
recombination rates. Thus, the values of r? depend directly on the recombination rate, even under
neutrality, and hence we compare the effects of selection for each recombination rate separately.

We found that the r? with deleterious co-dominant mutations, with low recombination rate, decreases by
~40% below the neutral value, reaching the minimum with log,,(N,s) = 1. For stronger selection r?
increases, but it is still ~20% below neutral values. For intermediate recombination, r? decreases up to
~5% below the neutral value with log;,(N.s) = 1 but increases up to ~10% above neutral value with
strong selection of log;q(N.s) = 3. In both scenarios the turning point where r? begins to increase
occurs when selection becomes stronger than drift, at log;o(N.s) > 1. One possible explanation is that
for selection coefficients lower than the turning point, deleterious mutations may increase in frequency
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due to drift. This in turn will lead the co-occurrence of deleterious mutations in the same individual but
in a heterozygote state and in different haplotypes to become more common. Thus, recombination will
produce haplotypes with less deleterious mutations and these are favoured by selection. This situation
is reversed if selection is stronger than drift because in that case selection efficiently removes deleterious
mutations and linked neutral variation. This decreases diversity and increases LD.

When it comes to recessive deleterious mutations the r? is greater than the neutral value with low
selection and intermediate or low recombination, increasing by ~30% and ~5% respectively. Thus, we
can conclude that, in these scenarios, hon-recombinants are favoured by AOD. For values of s larger
than log,,(N.s) > 2 we can see a decrease in the value of r2 bellow neutral values. This is the same as
found in the case of co-dominant mutations, indicating a transition from AOD to BGS. In sum, AOD
favours non-recombinants (high LD) while BGS favours recombinants (low LD).

High recombination rate leads to low values of r? and in that case we found similar results for recessive
and co-dominant mutations. In this scenario we can see that varying the selection coefficient against
deleterious mutations does not have a strong effect on the values of r? indicating that with high
recombination selection does not affect LD patterns.

4.2.4 The effect of linked selection on statistics to detect Balancing Selection (f3)

We show the values of the statistic B used to detect balancing selection for each population and
recombination rate in Figure 4.6 The results for the high recombination show that, if recombination is
frequent enough, B is independent of selection. However, with intermediate and low recombination rates
there is a high degree of variation in the B score due to changes in the selection coefficient. In the case
of co-dominant mutations, there is a reduction of B with intermediate selection below neutral levels, a
sign that balancing selection is not occurring. However, with recessive mutations, the values of f§ are
100% higher than neutral expectation with intermediate selection. Similar to the results in a single
population, we found that the value of the B statistic is never O for the neutral case, as expected, and is
instead dependent on the recombination rate.
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Figure 4.4 Measures of various statistics for an isolation model with two population and no migration under the effects of
recessive deleterious mutations a) and b) ri/(expected i) for population 1 and 2 ¢) and d) Dxy and Fst between both populations
d) and e) Tajima’s D for population 1 and 2 for neutral mutations. In a)-d) the statistics are shown relative to the neutral
“expected” value based on analitycal equatiations, with values equal to 1.0 indicating no deviations from neutrality. Results
obtained by performing 200 simulations in SLiM 3.2 for each parameter combination. All these parameters are here
represented as a function of the logarithm of the selection coefficient for different recombination rates. The solid line represents
the mean for the 200 simulations while the shaded area represents the 25% to 75% quantile of the distribution of each statistic
across simulations. Different colours correspond to simulations with different recombination rates. Results for neutrality
(selection coefficient s=0) are show in log10 scale as -2 as the logarithm of 0 is undefined.
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Figure 4.5 The effect of linked selection on linkage disequilibrium (r?) in an isolation model with two constant-size
populations of 1,000 individuals and no migration, experiencing removal of co-dominant or recessive deleterious mutations
of fixed selective coefficients, with different recombination rates. Solid lines correspond to the mean of 200 simulations
performed using SLiM of a 50Kb region with alternating deleterious and neutral sites with a fixed selective coefficient. Note
the different scale in the y-axis with each recombination rate. The solid line represents the mean for the 200 simulations while
the shaded area represents the 25% to 75% quantile of the distribution of each statistic across simulations. Different colours
correspond to simulations with different dominance coefficients h. Results for neutrality (selection coefficient s=0) are show
in log10 scale as -2 as the logarithm of 0 is undefined.
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Figure 4.6 The effect of linked selection on statistics to detect balancing selection (8) in two constant-size population of
1,000 individuals experiencing removal of co-dominant or recessive deleterious mutations of fixed selective coefficients,
with different recombination rates. Solid lines correspond to the mean of 200 simulations performed using SLiM of a 50Kb
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each recombination rate. The solid line represents the mean for the 200 simulations while the shaded area represents the 25%
to 75% quantile of the distribution of each statistic across simulations. Different colours correspond to simulations with
different dominance coefficients h. Results for neutrality (selection coefficient s=0) are show in log10 scale as -2 as the
logarithm of 0 is undefined.
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4.3 Populations experiencing migration

Here, we show only the results concerning the isolation with migration models under the highest
migration rate (2Nem = 10), and we show results for the other migration rates considered (2Nem = 1 and
0.1) in the Supplementary Figures S1 through S8. The reason for this separation is that results for the
two lower migration rates do not differ qualitatively from the results without migration between the two
populations.

4.3.1 Effect of migration with deleterious co-dominant mutations

We show the results for co-dominant deleterious mutations in Figure 4.7. A seen in the figure, the effects
that deleterious mutations have on diversity or the Tajima’s D are the same with migration or without
migration (as seen on Figure 4.1) but we found differences in results for D,y and Fst. The Dy, shows a
reduction below neutral expectation (between ~5% with high recombination to ~50% with low
recombination). The Fsr on the other hand, shows a noisy pattern with most of the relative values falling
around the neutral expectation of 1.0. Taken together these results show that strong migration (2Nem =
10) reduces the genetic distance between the two populations and erases the increase in Fsr that is
generated without migration and with low migration rates withco-dominant mutations (Figure 4.3).

4.3.2 Effect of migration with deleterious recessive mutations

We show the results for diversity with recessive mutations in Figure 4.8. As can be seen in the figure,
we found the same pattern as the one that occurs in populations without migration: an increase of ~150%
in diversity when compared with neutral theoretical expectation with intermediate selection and a
decrease of ~50% with strong selection. However these effects are not as pronounced in the case of high
migration. The results for Dy, do not differ qualitatively from the ones observed without migration.
However, there is an increase of ~140% in the observed value for intermediate selection values, bigger
than the increase observed with same recombination rate and selective coefficient without migration.
This suggests that linked selection leads to an increase in observed Dy, that is stronger than the reduction
of the neutral theoretical expectation of the Dyy that is caused by an increase in the migration rate. The
Fst shows the same pattern as seen in the case of populations without migration, ~60% smaller than the
neutral expectation with intermediate recombination and intermediate selection, being approximately
equal to the neutral expectation with weak and strong selection. This indicates that the effect that
deleterious linked selection has on differentiation is independent of the occurrence of migration between
populations. However, this pattern shows some noise caused by the stochasticity of the simulation
process.

4.3.3 Effect of migration and linked selection on linkage disequilibrium (LD) patterns

Our results show that the linkage disequilibrium, as measured with r?, is slightly reduced by migration
when compared with the neutral result (Figure 4.9). This effect is seen with all recombination rates and
dominance coefficients. However, when compared with the results for populations diverging without
migration, the results do not show a marked qualitative difference, indicating that migration does not
alter the main effect of linked selection. This means that the effects that linked selection has on LD are
not greatly changed by the occurrence of migration.

4.3.4 Effect of migration and linked selection on statistics to detect balancing selection (f)

When compared to the case of isolated populations without migration, we found that the B statistic values
are reduced by migration, although this effects is only seen in the case of low and high recombination
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(Figure 4.10). In the case of high recombination there is a considerable decrease of the maximum value
of this statistic (~50%), while with low recombination this reduction is less pronounced (~10%). In the
case of intermediate selection there is an increase in the maximum value due to the occurrence of
migration of about 10%. Despite these changes in magnitude, the results with migration are qualitatively
similar to the ones obtained in the absence of migration, suggesting that the occurrence of balancing
selection with recessive mutations is independent of migration.
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Figure 4.7 Measures of various statistics for an isolation with migration model with two population and constant migration
(2Nem=10) under the effects of co-dominant deleterious mutations a) and b) rt/(expected rt) for population 1 and 2 c) and d)
Dyxy and Fst between both populations d) and e) Tajima’s D for population 1 and 2 for neutral mutations. In a)-d) the statistics
are shown relative to the neutral “expected” value based on analitycal equatiations, with values equal to 1.0 indicating no
deviations from neutrality. Results obtained by performing 200 simulations in SLiM 3.2 for each parameter combination . The
solid line represents the mean for the 200 simulations while the shaded area represents the 25% to 75% quantile of the
distribution of each statistic across simulations. Different colours correspond to simulations with different recombination rates.
Results for neutrality (selection coefficient s=0) are show in log10 scale as -2 as the logarithm of 0 is undefined.
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Figure 4.8 Measures of various statistics for an isolation with migration model with two populations and constant migration
(2Nem=10) under the effects of recessive deleterious mutations. a) and b) ri/(expected i) for population 1 and 2 c) and d) Dxy
and Fst between both populations, respectively d) and e) Tajima’s D for population 1 and 2 for neutral mutations. In a)-d) the
statistics are shown relative to the neutral “expected” value based on analitycal equatiations, with values equal to 1.0
indicating no deviations from neutrality. Results obtained by performing 200 simulations in SLiM 3.2 for each parameter
combination. The solid lines represents the mean for the 200 simulations while the shaded area represents the 25% to 75%
quantile of the distribution of each statistic across simulations. Different colours correspond to simulations with different
recombination rates. Results for neutrality (selection coefficient s=0) are show in log10 scale as -2 as the logarithm of 0 is
undefined.
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Figure 4.9 The effect of linked selection on linkage disequilibrium (r?) in an isolation with migration model with two
constant-size populations of 1,000 individuals and constant migration (2Nem=10), experiencing removal of co-dominant or
recessive deleterious mutations of fixed selective coefficients, with different recombination rates. Solid lines correspond to
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selective coefficient. Note the different scale in the y-axis with each recombination rate. The solid line represents the mean for
the 200 simulations while the shaded area represents the 25% to 75% quantile of the distribution of each statistic across
simulations. Different colours correspond to simulations with different dominance coefficients h. Results for neutrality
(selection coefficient s=0) are show in log10 scale as -2 as the logarithm of 0 is undefined.
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Figure 4.10 The effect of linked selection on a statistic to detect balancing selection () in an isolation with migration model
with two constant-size population of 1,000 individuals and constant migration (2Nem=10) experiencing removal of co-
dominant or recessive deleterious mutations of fixed selective coefficients, with different recombination rates. Solid lines
correspond to the mean of 200 simulations performed using SLiM of a 50Kb region with alternating deleterious and neutral
sites with a fixed selective coefficient. Note the different scale in the y-axis for each recombination rate. The solid line represents
the mean for the 200 simulations while the shaded area represents the 25% to 75% quantile of the distribution of each statistic
across simulations. Different colours correspond to simulations with different dominance coefficients h. Results for neutrality
(selection coefficient s=0) are show in log10 scale as -2 as the logarithm of 0 is undefined.
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5 Discussion

5.1 Co-dominant and recessive deleterious mutations lead to different genomic patterns

We studied the interaction between linked purifying selection and migration in the context of the
isolation with migration model, simulating data with an individual-based forward-in-time program,
SLiM (Haller and Messer 2018). We observed that co-dominant mutations lead to a decrease of within-
population diversity with intermediate selection coefficients. However, with recessive mutations there
is a transition between AOD to BGS.

In the case of BGS, in conditions where its effects were maximized, we found a decrease in diversity
below the neutral value of approximately 45 % in models of a single isolated population. For single
population models, here are theoretical results for the effects of BGS on linked neutral diversity (Hudson
and Kaplan 1995; Campos et al. 2017). We compared those theoretical expectations with the results
obtained from our simulations and found that, when the selective coefficients s is lower than 0.001, there
are deviations. One of the possible explanations for this is that the models assume that deleterious
mutations never rise in frequency above their equilibrium in the absence of genetic drift. However, with
low selection coefficients, the mutation-selection-drift equilibrium changes and drift becomes stronger
than selection, leading to a possible increase in frequency of deleterious alleles. This explanation is
consistent with our results, as relative diversity deviated from the theoretical expectation when Nes<10.
As expected, for co-dominant mutations with Nes>1000 the linked diversity is not affected by selection,
with values similar to the neutral expectation, which is explained by the fact that when deleterious
mutations have a strong effect they are immediately eliminated from the single haplotype they occur on,
without increasing in frequency, and hence without affecting neutral linked diversity.

The decrease in diversity that we found is consistent with the effects of BGS. This is also seen in the
case of an isolation model with two populations and no migration between them (~50%). We also found
that BGS leads to a reduction of the Dy, of up to ~30%, while increasing the Fstup to ~30%. The
occurrence of BGS is also associated with a reduction of Tajima’s D to values close to -1.0 and a
reduction in the r? of approximately 50% compared to the neutral expectation. Previous studies, similar
to ours, also found that BGS leads to a deviation from the expected neutral SFS, affecting the Tajima’s
D values (Cvijovi¢ et al. 2018; Matthey-Doret and Whitlock 2019).

In contrast, for slightly recessive deleterious mutations we found an increase in diversity between 100
and 200%, in genetic distance between ~50 and ~100%, Tajima’s D between 0 and 1.1 and r? of
approximately 30% as well as a reduction in Fsr of approximately 70%, which is consistent with the
occurrence of AOD. The increase in diversity caused by AOD has been reported in other theoretical
studies (Pamilo and Palsson 1998; Pazlsson 2004; Gilbert et al. 2019). Gilbert et al. 2019 performed a
simulation study and developed a model of AOD for a single population, and found similar effects on
diversity, leading to an increase of up to 200% of the neutral expected value, which matches very closely
what we found. Gilbert et al. 2019 results indicate that AOD only occurs if the ratio between the
recombination rate and the mutation rate is lower than 0.34. However, we found an increase in diversity
and reduction in differentiation that is consistent with the effects of AOD occurring even when the
recombination to mutation rate ratio is 1.0. These differences can be because we considered 50% of
mutations to be deleterious, whereas Gilbert et al. 2019 considered 2% of deleterious mutations.

A reduction in diversity and Dy, together with an increase in Fst due to BGS were described very
recently in a simulation study by (Matthey-Doret and Whitlock 2019). These authors found a significant
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but smaller decrease of diversity (~5 % of neutral value) than we found in the same combinations of
parameters. These authors performed a simulation study of the effect of co-dominant deleterious
mutations under various migration rates. In the absence of migration or with low migration rates
(2Nem=1) they found that BGS leads to a significant increase of Fsr of approximately 5% in both
scenarios, while higher migration rates (equal to our maximum of 2N.m=10) lead to the a non-significant
reduction of Fst. This is similar to what we found, which was an increase of Fst of ~30% and no effect
for higher migration rate of 2N.m=10. Overall, we found similar results, but there were some differences.
Because one of the main factors that influences the divergence is the relationship between population
size and divergence time, and given that the migration rate and the population sizes are the same in both
studies, we can conclude that the differences between both studies are related to differences in the
divergence times and dominance coefficients. In fact, in our simulations we considered a split time of
2000 generations (to=2Ne), while (Matthey-Doret and Whitlock 2019) set this parameter to 5000
(to=5N,) generations, leading to a greater divergence in that study.

Regarding the measurements of balancing selection our results for p show that there is a reduction of
this statistic when BGS occurs but that there is an increase of B when AOD occurs. This suggest that the
genomic patterns generated under AOD are similar to the ones generated under balancing selection, and
that this statistic can be useful to detect regions under AOD. However, this results should be interpreted
with caution, due to the fact that we found that the value of B depends on the recombination rate and it
was different from the expected neutral value of zero (Siewert and Voight 2017) in our neutral
simulations. Our results also show that Tajima’s D is negative in the neutral case, suggesting that there
is a systematic bias towards slightly negative values of Tajima’s D. This is an unexpected result because,
in the absence of population bottlenecks, expansions or selection, Tajima’s D is expected to be 0. We
need to further investigate if this is due to an error in our script to compute the Tajima’s D, by testing it
with a different simulator of neutral diversity, such as coalescent simulations.

Consistent with previous studies, we found that the extent and magnitude of the effects that linked
selection has on the genome are dependent on two key factors: the distribution of fitness effects and the
distribution of dominance effects of deleterious mutations. Mutation accumulation studies from
Drosophila melanogaster (Garcia-Dorado et al. 1998) and Saccharomyces cerevisiae (Agrawal and
Whitlock 2011) suggest that deleterious mutations are usually recessive and the mean selective
coefficient of deleterious mutation in these organisms lies between 0.1 and 0.3 for Drosophila and
approximately 0.045 for S. cerevisiae. This suggests that that the conditions conductive to the occurrence
of AOD (N,s < 100 according to our results) will be common as long as the effective population sizes
are smaller, less than 1000 for D. melanogaster and less than 10,000 for S. cerevisiae or if selective
coefficients are low.

Previous studies of gene deletions in S. cerevisiae also found that there is an inverse relationship between
the dominance coefficient and the selection coefficient, with lower dominance for mutations with a
stronger effect (Phadnis and Fry 2005). This suggests that mutations of small effect will tend to have
higher dominance coefficients, and hence could imply that conditions that generate AOD (recessive
mutation of small effect) are rare. Still, the relationship between selective coefficient and dominance
was dependent on the environment and most deleterious mutations were estimated to be partly recessive
(Phadnis and Fry 2005). There are several lines of evidence for the importance of slightly deleterious
and recessive mutations. First, studies where the distribution of fitness effects is inferred suggest that
most deleterious mutations that are not lethal have a slight fitness effect (Eyre-Walker and Keightley
2007). Second, studies from mutation accumulation and knockout mutations in model organisms suggest
that mildly deleterious mutations are partially recessive (Agrawal and Whitlock 2011). Third, recent
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estimates using genetic polymorphisms and comparative genomics indicate that many genes are affected
by deleterious mutations. For instance, (Huang and Siepel 2019) found that in humans, approximately
2000 genes show evidence of negative selection, with 773 under weak negative selection. Another
example comes from genomic data from modern and ancient DNA from domestic species, suggesting
that mutation load in domestic horses is mostly due to slightly deleterious and recessive mutations
(Orlando and Librado 2019). Fourth, very recent studies found evidence for AOD in genomic regions
of low recombination in humans (Gilbert et al. 2019) and Drosophila (Schou et al. 2017).

5.2  The Effect of BGS and AOD are maximized for low recombination rates

Our results show that for most selective coefficients and parameter combinations, the statistics were
similar to their corresponding neutral expectation with the higher recombination rate tested. This is an
expected result because both in the case of BGS (Hudson and Kaplan 1995) and in the case of AOD
(Pamilo and Palsson 1998) the strength of the effect is inversely related to the recombination rate and
positively related to the mutation rate. Note that the mutation rate was fixed in our simulations, but since
we set the recombination rate relative to the mutation rate, our results are general.

For BGS, the lower the recombination rate, the lower the diversity and genetic distance and the higher
the Fst. The opposite is true for AOD, that is, the lower the recombination, the higher the diversity and
genetic distance and the lower the Fst. We also found that the occurrence of AOD leads to an increase
in LD, as seen by the results for the r2. On the other hand, the occurrence of BGS leads to a decrease of
BGS. The explanation for the pattern we found lies in the fact that, BGS leads to recombinant haplotypes
having greater fitness than non-recombinants and, therefore, the r? we found was lower than neutral.
The opposite was found in the case of AOD, that is, it leads to a greater fitness for non-recombinant
haplotypes. This is something unexpected that should be explored in further studies, such as scenarios
without recombination and scenarios with epistatic interactions.

Because the recombination rate is the main determinant of the magnitude of the effects of linked
selection, and there is variation of the recombination rate along the genome (Comeron et al. 2012), this
leads to the occurrence of variation of the magnitude of BGS and AOD along the genome as predicted
previously for BGS (Nordborg et al. 1996). This also means that, due to their “neutral-like” behaviour,
one can use zones of the genome with high recombination rate as a control for the occurrence of AOD
and BGS.

5.3  The Effects of BGS and AOD are mostly independent of migration rate

Our results show that migration does not fundamentally change the impact that linked selection has on
the relative genomic patterns generated in models without migration. Our results indicate that with co-
dominant deleterious mutations there is an increase in Fst of up to ~30% in regions of low recombination
with migration rates below 2Nem <1.0, consistent with the effects of BGS. This is very similar to the
strongest effect that is seen without migration, where also we found an increase in Fsr of ~30%. This
has been predicted by some theoretical models that have suggested that BGS may increase Fsr in
populations with (Zeng and Corcoran 2015) and without migration (Charlesworth et al. 1997; Nordborg
1997).

This effect can be understood in terms of the effects of BGS on the effective size. (Hudson and Kaplan
1995) showed that BGS can be approximated as a local reduction in the effective size (Ne). As a result
of a lower N than neutral genomic regions, regions experiencing BGS are expected to have a lower
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genetic diversity and higher genetic differentiation. However, we found that for migration rates of
2N.m=10.0 the values of Fsr do not seem to be affected by BGS, with noisy values around 1.0 for most
selective coefficients. This suggests that when migration is strong enough the increase in Fst due to BGS
is eliminated. This can be explained by the fact that migration reduces the within (r) and between (Dyy)
population pairwise distance in the same proportion. However, we note that the results are noisy,
especially because with a 2N.m=10.0 we expect already a very low Fst of 0.02. Thus, we would need to
further investigate if this result holds for lower migration rates or for higher divergence times.

In contrast, for recessive slightly deleterious mutations we found an increased genetic diversity of at
least ~100% and reduction in Fsr of at least ~80% for N.s<100 for all migration rates tested, including
the case of no migration. Thus, the patterns of genomic signatures generated by AOD, in contrast to the
case of BGS, is not erased by strong migration. This suggests that if AOD is the main process, we should
find its genomic signatures in regions of low recombination in populations with or without gene flow.
In contrast, for regions of the genome where BGS is the main process, we expect to find differences
between populations experiencing low and high levels of gene flow. This prediction could be tested with
data from natural populations from related species experiencing different levels of gene flow.

5.4  The Transition from AOD to BGS with recessive mutations

Dependent on the selective coefficient of recessive deleterious mutations, our results indicate that there
is a transition between BGS and AOD. Interestingly, this transition was consistently seen at values of
Nes~100 even when varying levels of gene flow and for the low and intermediate recombination rates
considered.

This transition is observed in all the statistics we measured: diversity r, Dxy, Fst, Tajima’s D, r?and p.
For diversity we see a transition from at least 200% higher diversity than expected to at least ~%50
lower than expected. For Dxy this transition goes from 100% higher than expected to ~50% lower than
expected. For Fsr it goes from ~80% lower than expected to ~30% higher than expected. For Tajima’s
D it goes from 1 to -1.3. For r? it goes from ~30% higher than the neutral value to ~60% the neutral
value. For B it goes from ~250% the neutral value to ~50% the neutral value.

A transition between BGS and AOD has been predicted from single population models when looking at
the impact of different selective coefficients on diversity and deviation from the neutral site frequency
spectrum SFS (Gilbert et al. 2019). As such, if we assume that most deleterious mutations are recessive,
which is consistent with mutation accumulation experiments (Garcia-Dorado et al. 1998), then we would
expect zones of the genome with deleterious mutations of stronger effect, such as those that occur in
conserved region that code for house-keeping genes (She et al. 2009) to be under the effect of BGS,
while zones of the genome where mutations have less deleterious effects to be under the effects of AOD.
Our results indicate that this transition does not qualitatively depend on the migration rate, but it is
simply influenced by the strength of selection. However, this conclusion might depend on demographic
and selective factors that were not investigated here. For instance, it would be required to test if this
transition is independent of the effects of: (1) demographic history, in particular, different effective sizes
in ancestral and descending populations and well as the time of split; (2) variation in the selective
coefficients, rather than assuming a fixed selective coefficient; and (3) variation in the dominance
coefficient, rather than assuming that all mutations are fully recessive.
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5.5 Distinguishing between BGS and AOD in genomic data from natural populations

We found a correlation between various statistics, depending on whether BGS or AOD occurs. When
recombination is low, we found that the genomic signature of BGS is low diversity © and low Dyy, a
negative Tajima’s D, high Fsr and low R? and low B. The genomic signature of AOD is high diversity
and high Dyy, a positive Tajima’s D, low Fsr, high r2 and high f statistic.

Interestingly, we found that regions with high recombination do not show this pattern, exhibiting values
close to the neutral expectation. Hence, what we mean by “low” or “high” is in relation to what is
observed in regions of the genome with higher recombination rates, as those reflect the neutral
expectation due to demographic history. Thus, our results indicate that it might be possible to develop
simple statistical tests comparing regions of the genome with different recombination rates, in order to
detect BGS and AOD, using regions of high recombination as a benchmark. In order to test these
predictions, we would need access to both genomic polymorphism and differentiation (Fst) from pairs
of populations that have or are experiencing migration and from which the recombination map in known.
If we also have access to data from both populations with different migration rates between them, we
can test the prediction that different migration rates lead to similar genomic patterns.

5.6 Can BGS and AOD lead to false positives in genome scans?

The results we found have implications when it comes to the detection of divergent selection and genes
involved in local adaptation. These tests rely on genome scans of Fsr and diversity and assume that an
increased Fsr in a region of the genome is a sign of selection in that region while a lowered Fsr is a sign
of migrations. However, our results show that these two statistics can be affected by linked selection
due to deleterious mutations, even with when migration occurs. Because BGS can lead to an increase of
Fst with low recombination rates, it can lead to the detection of false positives. Indeed, as reported in
several studies and reviewed by (Cruickshank and Hahn 2014), regions with high differentiation (Fsr)
are usually found in regions of low recombination. This is exactly what is predicted for BGS, and hence
our results suggest that BGS can lead to false positives even when there is some migration (2Nem<10).
However, we note that this effect is reduced (less than a 30% increase in Fsr). It would be required to
further investigate if regions experiencing the joint effects of BGS and divergent selection lead to higher
peaks of differentiation.

The occurrence of AOD, on the other hand, leads to a decrease of Fsr in regions of low recombination.
This lower Fsr in regions of low recombination predicted by the effects of AOD is different from what
is expected due to divergent selection, and it is different than the reported in most studies of recently
diverged species experiencing gene flow. This suggests that the impact of AOD does not mimic the
effects of divergent selection and does not lead to false positives. However, we found that AOD can
even affects genomic regions with intermediate recombination, which means it can have a genome-wide
effect. This has an indirect implication for genome scans, as usually the statistical methods rely on the
global distribution of Fsr. Because AOD decreases the mean Fsr it can affect demographic parameters
used to determine the neutral null model.

One of the possible solutions is to use high recombination zones of the genome as a benchmark due their
“neutral like behaviour”. This would allow us to calculate the distribution of Fsr across the genome due
to neutral demographic processes, i.e. to find the “neutral” Fsr baseline against which the potential
regions of the genome would be compared to.
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6 Conclusions

Our results show that the occurrence of purifying linked selection can lead to the occurrence of BGS or
AOD if recombination rates are low. These two processes affect various statistics that used to
characterize natural population and, as such, can be detected using previously developed tools to study
natural populations. The transition between AOD and BGS that occurs due to selection can be seen
when measuring various statistics This transition is independent of migration rate. Migration also does
not change the genomic patterns we observe, except it removes the increase in Fsr seen with BGS if it
is very high (2Nem=10).

The detection of divergent selection has been based on the genome scans to detect peaks of Fsr and
valleys of diversity. Our results show that these peaks in Fsr may instead be caused by the occurrence
of BGS in regions of the genome with low recombination. In order to solve this issue one can used the
zones of the genome with high recombination rate as a neutral baseline, against which other regions can
be compared to find those with significant outlier peaks of Fsr. Another possible solution is to develop
methods to detect selection that account and model explicitly the influence that linked selection has on
the Fs‘r.

Our results generate several predictions that could be compared against genomic data from natural
populations. In the future, in order to test these predictions it would be necessary to obtain genomic data
from natural or experimental populations from which there is a known recombination map, in order to
test if the patterns we found in our simulations are verified. From a theoretical perspective, it will also
be interesting to model and explore other factors such as the interaction between positive selection and
purifying selection or the effects of linked selection on sex chromosomes.
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8 Supplemental Material

The following results are divided in two sections: population with an effective migration rate of 0.05
and population with an effective migration rate of 0.5 or an effective migration rate of 0.5. The y-axis
and the x-axis are the same as in the main text. These results show that there is not a qualitative difference
between the results of populations experiencing low migration and the results for populations that do
not experiencing migration (Figure 4.3 to Figure 4.6).
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8.1 Effective migration rate 2Nem= 0.1
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Figure 8.1 Measures of various statistics for an isolation with migration model with two population and constant
migration (2Nem=0.1) under the effects of co-dominant deleterious mutations a) and b) rn/(expected n) for population 1
and 2 c) and d) Dxy and Fst between both populations d) and e) Tajima’s D for population 1 and 2 for neutral mutations. In a)-
d) the statistics are shown relative to the neutral “expected” value based on analitycal equatiations, with values equal to 1.0
indicating no deviations from neutrality. Results obtained by performing 200 simulations in SLiM 3.2 for each parameter
combination . The solid line represents the mean for the 200 simulations while the shaded area represents the 25% to 75%
quantile of the distribution of each statistic across simulations. Different colours correspond to simulations with different
recombination rates. Results for neutrality (selection coefficient s=0) are show in log10 scale as -2 as the logarithm of 0 is
undefined.
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Figure 8.2 Measures of various statistics for an isolation with migration model with two populations and constant
migration (2Nem=0.1) under the effects of recessive deleterious mutations. a) and b) n/(expected rt) for population 1 and
2 c) and d) Dxy and Fst between both populations, respectively d) and ) Tajima’s D for population 1 and 2 for neutral mutations.
In a)-d) the statistics are shown relative to the neutral “expected” value based on analitycal equatiations, with values equal to
1.0 indicating no deviations from neutrality. Results obtained by performing 200 simulations in SLiM 3.2 for each parameter
combination. The solid lines represents the mean for the 200 simulations while the shaded area represents the 25% to 75%
quantile of the distribution of each statistic across simulations. Different colours correspond to simulations with different
recombination rates. Results for neutrality (selection coefficient s=0) are show in log10 scale as -2 as the logarithm of 0 is
undefined.
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Figure 8.3 The effect of linked selection on linkage disequilibrium (r?) in an isolation with migration model with two
constant-size populations of 1,000 individuals and constant migration (2Nem=0.1), experiencing removal of co-dominant
or recessive deleterious mutations of fixed selective coefficients, with different recombination rates. Solid lines correspond
to the mean of 200 simulations performed using SLiM of a 50Kb region with alternating deleterious and neutral sites with a
fixed selective coefficient. Note the different scale in the y-axis with each recombination rate. The solid line represents the
mean for the 200 simulations while the shaded area represents the 25% to 75% quantile of the distribution of each statistic
across simulations. Different colours correspond to simulations with different dominance coefficients h. Results for neutrality
(selection coefficient s=0) are show in log10 scale as -2 as the logarithm of 0 is undefined.
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the mean for the 200 simulations while the shaded area represents the 25% to 75% quantile of the distribution of each statistic
across simulations. Different colours correspond to simulations with different dominance coefficients h. Results for neutrality
(selection coefficient s=0) are show in log10 scale as -2 as the logarithm of 0 is undefined.
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Figure 8.5 Measures of various statistics for an isolation with migration model with two population and constant
migration (2Nem=1) under the effects of co-dominant deleterious mutations a) and b) rt/(expected i) for population 1 and
2 ¢) and d) Dxy and Fst between both populations d) and ¢) Tajima’s D for population 1 and 2 for neutral mutations. In a)-d)
the statistics are shown relative to the neutral “expected” value based on analitycal equatiations, with values equal to 1.0
indicating no deviations from neutrality. Results obtained by performing 200 simulations in SLiM 3.2 for each parameter
combination . The solid line represents the mean for the 200 simulations while the shaded area represents the 25% to 75%
quantile of the distribution of each statistic across simulations. Different colours correspond to simulations with different
recombination rates. Results for neutrality (selection coefficient s=0) are show in log10 scale as -2 as the logarithm of O is
undefined.
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Figure 8.6 Measures of various statistics for an isolation with migration model with two populations and constant migration
(2Nem=1) under the effects of recessive deleterious mutations. a) and b) r/(expected r) for population 1 and 2 ¢) and d) Dxy
and Fst between both populations, respectively d) and e) Tajima’s D for population 1 and 2 for neutral mutations. In a)-d) the
statistics are shown relative to the neutral “expected” value based on analitycal equatiations, with values equal to 1.0
indicating no deviations from neutrality. Results obtained by performing 200 simulations in SLiM 3.2 for each parameter
combination. The solid lines represents the mean for the 200 simulations while the shaded area represents the 25% to 75%
quantile of the distribution of each statistic across simulations. Different colours correspond to simulations with different
recombination rates. Results for neutrality (selection coefficient s=0) are show in log10 scale as -2 as the logarithm of 0 is
undefined.
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Figure 8.7 The effect of linked selection on linkage disequilibrium (r?) in an isolation with migration model with two
constant-size populations of 1,000 individuals and constant migration (2Nem=1), experiencing removal of co-dominant or
recessive deleterious mutations of fixed selective coefficients, with different recombination rates. Solid lines correspond to
the mean of 200 simulations performed using SLiM of a 50Kb region with alternating deleterious and neutral sites with a fixed
selective coefficient. Note the different scale in the y-axis with each recombination rate. The solid line represents the mean for
the 200 simulations while the shaded area represents the 25% to 75% quantile of the distribution of each statistic across
simulations. Different colours correspond to simulations with different dominance coefficients h. Results for neutrality
(selection coefficient s=0) are show in log10 scale as -2 as the logarithm of 0 is undefined.
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Figure 8.8 The effect of linked selection on a statistic to detect balancing selection (f) in an isolation with migration model
with two constant-size population of 1,000 individuals and constant migration (2Nem=1) experiencing removal of co-
dominant or recessive deleterious mutations of fixed selective coefficients, with different recombination rates. Solid lines
correspond to the mean of 200 simulations performed using SLiM of a 50Kb region with alternating deleterious and neutral
sites with a fixed selective coefficient. Note the different scale in the y-axis for each recombination rate. The solid line represents
the mean for the 200 simulations while the shaded area represents the 25% to 75% quantile of the distribution of each statistic
across simulations. Different colours correspond to simulations with different dominance coefficients h. Results for neutrality
(selection coefficient s=0) are show in log10 scale as -2 as the logarithm of 0 is undefined.
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