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Résumé étendu

La recombinaison génétique est un élément constitutif du cycle sexué des Eucary-
otes, et est souvent considérée comme 'un des principaux avantages de la reproduction
sexuée. FElle est la conséquence de crossing-over se produisant pendant la méiose, per-
mettant la formation de gameétes recombinants. Or, le nombre et la position de ces
crossing-over le long du génome est tres variable entre especes, ainsi qu’entre individus
au sein d’une méme espéce. Malgré le fait que des contraintes mécaniques liées a la
ségrégation des chromosomes pendant la méiose peuvent imposer un nombre minimal
et maximal de crossing-over, plusieurs résultats empiriques montrent que les taux de
recombinaison peuvent évoluer rapidement. De plus, on observe en général des taux
de recombinaison élevés chez les Eucaryotes. Une des premieres explications pour le
maintien de la recombinaison met en avant le fait que celle-ci serait avantagée car elle
permettrait d’augmenter la variance du succes reproducteur entre individus, favorisant
ainsi I’adaptation. Cependant, la recombinaison n’augmente pas nécessairement la vari-
ance du succes reproducteur et, depuis les années 1960, de nombreux travaux théoriques
se sont attachés a étudier les conditions sous lesquelles la recombinaison peut étre main-
tenue par son effet sur les combinaisons génétiques. Malgré les avancées majeures dans
la compréhension des mécanismes pouvant favoriser la recombinaison qu’ont permises
ces travaux, ils ne permettent toujours pas d’expliquer les forts taux de recombinaison
maintenus chez les Eucaryotes. En outre, les modeles actuels sur ’évolution de la recom-
binaison font généralement des hypotheses simplificatrices sur la variation des taux de re-
combinaison le long du génome et son architecture génétique. Incorporer des hypotheses
plus réalistes dans ces modeles pourrait permettre de mieux comprendre comment des
taux de recombinaisons élevés peuvent étre maintenus par la sélection naturelle. De plus,
la plupart de ces modeles se sont concentrés sur des organismes a fécondation croisée
et ’évolution de la recombinaison chez les especes se reproduisant par autofécondation
a été beaucoup moins étudiée. De facon intéressante, on observe souvent des taux de
recombinaison plus élevés chez les especes hermaphrodites autogames par rapport aux
especes allogames, suggérant que la recombinaison est plus fortement favorisée chez les

autogames.

Une premiere partie de la these a consisté a développer des modeles théoriques per-
mettant de mieux comprendre cet effet de 'autofécondation sur ’évolution de la recom-
binaison. Un premier modele a considéré I’évolution d’un gene “modificateur” affectant

le nombre moyen de crossing-over par chromosome, en présence de mutations déléteres



se produisant le long des chromosomes. Les approximations analytiques ainsi que les
résultats de simulation montrent que, sous des valeurs de parametres réalistes, la sélec-
tion pour la recombinaison est généralement plus forte chez les especes autogames ; par
ailleurs, cette sélection est principalement due au déséquilibre de liaison négatif entre mu-
tations déléteres généré par Ueffet Hill-Robertson (un effet stochastique 1ié a la taille finie
des populations). Ces résultats s’expliquent par le fait que la recombinaison est moins
efficace pour créer de nouvelles combinaisons génétiques quand 'homozygotie générée
par I'autofécondation est plus importante. Des taux de recombinaison plus élevés sont
donc sélectionnés car ils permettent d’augmenter la variance du succes reproducteur en-
tre descendants, rendant la sélection plus efficace pour éliminer les mutations déléteres.
Ce modele pourrait donc expliquer la corrélation positive entre taux de recombinaison
et taux d’autofécondation. Un deuxieme modele de simulation a exploré des scénarios
plus réalistes concernant I’architecture génétique de la variation des taux de recombinai-
son, ainsi que la distribution des crossing-over le long des chromosomes. Les résultats
montrent notamment que des taux de recombinaison plus élevés peuvent étre maintenus
lorsque cette distribution n’est pas uniforme, ou lorsque l’effet des modificateurs de re-
combinaison est restreint a une portion de chromosome. Ces résultats suggerent que la
structure du génome et son caractere non-uniforme ainsi que ’architecture génétique de
la variation des taux de recombinaison sont des éléments importants pour comprendre

I’évolution de la recombinaison.

La deuxieme partie de la these a porté sur une estimation empirique du déséquilibre
de liaison entre mutations déléteres (une composante importante de la sélection pour
la recombinaison), en utilisant des données génomiques issues de populations naturelles
de la plante allogame Capsella grandiflora, ainsi que des plantes fortement autogames
Arabidopsis thaliana et Capsella orientalis. Cette étude met en avant plusieurs bi-
ais méthodologiques pouvant générer du déséquilibre de liaison positif entre mutations
déléteres. Une premiere source de biais se produit lorsque 'analyse est restreinte aux
mutations présentes en faible fréquence. En effet, des mutations en fréquences simi-
laires ont tendance a étre en déséquilibre de liaison positif. Une deuxieéme source de
biais peut étre générée par la présence de duplications présentes a 1’état polymorphe
dans I’échantillon, et absentes du génome de référence. Ainsi, le déséquilibre de liaison
positif entre mutations déléteres observé lors de précédents travaux (notamment chez C.
grandiflora) résulte probablement en grande partie de ces biais. Néanmoins, méme avoir
pris en compte ces différents biais, du déséquilibre de liaison positif persiste entre muta-
tions déléteres et pourrait étre causé par des duplications non-détectées, d’autres biais

méthodologiques ou par des effets épistatiques. Chez 'especes autogame A. thaliana



(chez qui les duplications présentes a I’état polymorphe sont plus faciles a détecter) on
observe néanmoins du déséquilibre de liaison positif entre mutations déléteres, pouvant
étre causé par des effets épistatiques ou par la forte structure spatiale observée chez cette
espece.

Les implications de ces différents résultats théoriques et empiriques sont enfin dis-

cutées afin d’en dégager des perspectives pour des travaux futurs.
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Introduction

1 Recombination: at the origin of sexual reproduction

1.1 Variation in fitness as the fuel for natural selection

Genetic variation — defined as differences in the DNA sequence between individuals in a
population — is one of the fundamental ingredients of evolutionary change whether it is
caused by neutral of selective processes (Nei et al.,[2010). The ultimate source of genetic
variation is the imperfectness of the process of DNA replication that generates mutations
during cell division. These mutations can consist in the change of one nucleotide into
another (point mutation) or in the change of larger portions of DNA that can alter the
structure of the genome (structural variation; Mérot et al.|[2020). New genotypes that
differ from the others by at least one mutation are called variants. The majority of mu-
tations have almost no consequence on the reproductive success of individuals (and are
thus effectively neutral) and their frequency is submitted to random fluctuations caused
by genetic drift. Other mutations are submitted to natural selection to various degrees,
most of them decreasing the reproductive success (fitness) of individuals (deleterious mu-
tations) and a small proportion increasing it (beneficial mutations) (Eyre-Walker and
Keightley|, 2007). Because genetic drift is increased in smaller populations while selection
may change with the environment, the same mutation can have different fates depending
on the context where it appears. Furthermore, it is important to note that selection does
not act directly on the genotype but on the phenotype of individuals. The phenotype is
the result of the interaction between a large number of genes and environmental effects.
The field of quantitative genetics aims at studying the evolution of traits resulting from
the effect of a large number of genes (quantitative traits) that vary continuously and
thus explores how selection acts on the genotype through the phenotype. In the present
thesis we adopt the approach of population genetics which often considers genes with
independent effects on fitness and makes the simplifying assumption of a direct relation-
ship between genotype and fitness (ignoring the phenotypic level). However, the limit
between population genetics and quantitative genetics can be blurry as the interaction

between genes on fitness (considered as a phenotype), epistasis, is often incorporated



into populations genetics models. Whether a phenotypic level is explicitly considered
or not, the genetic variation that matters for natural selection is variation in fitness.
As first described by Darwin and Wallace| (1858)), heritable variation in fitness between
individuals in a population is the fuel of natural selection. A more modern formulation
by Fisher’s fundamental theorem of natural selection states that selection increases the
mean fitness of a population proportionally to the additive genetic variance in fitness
present in this population (Fisher, |1930; Frank and Slatkin|, [1992)). The additive genetic
variance in fitness represents the variance in fitness among individuals in a population
due to the additive component of the alleles they carry. This measure represents the
evolvability of a population, namely, its potential to respond to selection (Houle, 1992;
Hansen et al. |2011)). The concept of evolvability is related to the concept of adaptation,
referring to the increase of the mean fitness of a population in response to selective pres-
sures (Burt|, [1995). Populations generally face changes of their environment — abiotic or
biotic — that decrease mean fitness, so that alleles or combinations of alleles that were
previously deleterious or neutral can become advantageous. Even in a stable environ-
ment, populations need to counter the decrease in mean fitness caused by the constant

occurrence of deleterious mutations (mutation load; Lynch and Gabriel|1990; Burt|1995).

1.2 Sex and recombination

The exchange of genetic material between individuals via various forms of sex and re-
combination has been hypothesised as a mechanism that has evolved at least in part to
regenerate variance in fitness (Otto, [2009). However, the question of the relative im-
portance of different selective forces maintaining sex and recombination remains highly
debated (West et al.||[1999; |Gouyon|[1999; |Otto|[2009; see also section Modelling the evo-
lution of recombination rates in the present introduction). Indeed, sexual reproduction
can have many important costs such as the cost of males in anisogamous species, or
costs associated with the mating process (Lehtonen et al.l |2012)) and it is not yet totally
clear whether these costs can be compensated by indirect benefits associated with the

production of new genotypes.
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Figure 1: The sexual life cycle of eukaryotes characterised by the alternation between a haploid
(n) and a diploid phase (2n). Genetic material is exchanged between individuals in the form
chromosomes that combine in pairs after fertilisation and separate into haploid cells during
meiosis. Note that the chromosomes of the mother cell are replicated before meiosis.
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Sex can be broadly defined as the the exchange of genetic material between two in-
dividuals. It is present in all major groups of organisms such as prokaryotes that can
unidirectionally exchange DNA via different mechanisms such as conjugation, transfor-
mation or transduction (Redfield, 2001; Narra and Ochman, 2006). Viruses can also
display a form of sex when they co-infect a host cell (Pérez-Losada et al. 2015]). How-
ever, the extent and the evolutionary consequences of sex and recombination in those
groups remain debated (Redfield, 2001} [Vos|, [2009; Pérez-Losada et al., 2015). Eukary-
otes have evolved a typical life cycle where sex involves an alternation between a phase
in which the genome is in a single copy (n, haploid) and a phase in which it is in two
copies (2n, diploid; Figure [1)). Two haploid cells fuse during fertilisation to produce a
diploid cell, and a diploid cell gives rise to haploid cells during meiosis. The relative
duration and degree of development of these phases vary importantly across eukaryotes,
with the diploid phase dominating in many plants and animals, while in other eukaryotic
organisms either the diploid or the haploid phase may dominate, or development may
be equally important in both phases (Valero et al.l [1992; Mable and Ottol 1998). In
the sexual life cycle of eukaryotes, at each generation an individual combines half of its
genome (in the form of chromosomes) with another individual. Genes present on the
same chromosome are thus physically linked and a first level of genetic shuffling (called
segregation) occurs during meiosis when the two copies of each chromosome (maternally
or paternally inherited) are independently distributed between the daughter cells during
anaphase I (Figure [2)).

A second level of genetic shuffling, called meiotic recombination, occurs through the
pairing of homologous chromosomes during prophase I, visible as chiasmata. This pair-
ing can result into the reciprocal exchange of homologous portions of chromosome, called
crossover (CO; see Frame 1 for further details). Crossovers generate recombinant chro-
mosomes presenting a mix of paternally and maternally inherited alleles. In eukaryotes,
homologous recombination can also occur during mitosis as a mechanism for DNA re-
pair, although it usually does not result in crossover (Lafave and Sekelsky}, 2009). It has

been hypothesised that homologous recombination first evolved as a DNA-repair mech-
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The duplication of the genome occurs during the interphase (the two sister chromatids remaining tied by the centromere) followed by
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homologous chromosomes first pair and usually form chiasmata that
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can result in crossovers (CO; prophase I). The two homologous chromosomes are then split into different daughter cells (metaphase,
haploid cells in total. Modified from Wikimedia Commons | Marek Kultys (www.marekkultys.com) | CC BY-SA 3.0.



anism and was then co-opted to ensure genetic shuffling during meiosis (Cavalier-Smith,

2002)). Hereafter we will refer to recombination as the meiotic recombination process of

eukaryotes.

Frame 1: Molecular mechanisms of crossover formation

Crossover formation starts at the beginning of prophase I with the formation of multiple double
strand breaks (DSBs) along the chromosome by the protein SPO11 binding to DNA (Figure .
Although DSBs can occur without it, SPO11 catalyses the formation of DSBs and is a highly
conserved protein among eukaryotes . Proteins RAS51 and DMCI1 allow single-
end invasion of the excised chromatid into the homologous region of the other chromatid

[and Kleckner), [2015). A series of less conserved proteins can then resolve this strand invasion by a

reciprocal exchange of homologous DNA called crossover (CO). It can also be resolved by a non-
CO, resulting in gene conversion in which a portion of the donor chromosome is copied into the
homologous region of the other chromosome. A small fraction of DSBs gives COs and the majority
of them are referred to as class I COs as they are formed by a particular set of proteins (ZMM).
Class I COs are subjected to CO interference, the phenomenon by which the formation of a CO

prevents the formation of other COs nearby.

* RAD51 DMC1

* Single-end invasion
— S

FANCM

- s

Class | crossovers Non-crossovers Class Il crossovers

Trends in Genetics

Figure 3: Simplified diagram of crossover formation where only one chromatid for each
chromosome is represented. From |Zelkowski et al|(2019).
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Introduction

2 Recombination rate variation and its genetic bases

2.1 Measuring recombination rates

The effect of COs on the genetic shuffling between pairs of loci on the same chromosome
is measured as a recombination rate which is the proportion of recombinant genotypes
following meiosis. Imagine two loci on the same chromosome with the following genotype:
AB/ab with alleles A and B on one chromosome and a and b on the other chromosome.
Among a large number of meiotic products, the proportion of segregating recombinant
genotypes Ab and aB corresponds to the recombination rate between the two loci. Two
loci segregate independently when they are located on different chromosomes, in which
case the recombination rate equals 0.5. However, the recombination rate between two
loci is not completely informative about the average number of CO occurring between
them, defined as the genetic distance — measured in Morgans. Indeed, for recombination
to occur between two loci on the same chromosome their has to be an odd number of
CO between them. Moreover, the probability distribution of COs can be affected by
several phenomena such as CO interference. Because of this, the genetic distance can be
computed from the recombination rate using mapping functions (Zhao and Speed, |1996).
The number and approximate position of COs can also be directly inferred from the
observation of chiasmata during prophase I. Recombination rates can be estimated from
genomic data at different scales by genotyping a large number of gametes from a single
individual, direct relatives of a pedigree or different individuals of the same population
(Penalba and Wolf, 2020)). In order to compare recombination between different genomic
regions, individuals or species, recombination rate can be expressed as an average number

of CO (or map length) per unit of physical distance (often in cM/Mb).

2.2 Recombination rate variation

Measures of recombination rates in experimental and natural populations have shown

that recombination rates vary at different scales: within and between chromosomes,

14



within and between individuals, between sexes and between populations and taxa (Sta-
pley et al.||2017; Haenel et al|[2018; Penalba and Wolfi 2020} [Sardell and Kirkpatrick
2020 Figure [4). Crossovers do not occur randomly along chromosomes and recombina-
tion rates can vary at fine genomic scales (a few kb) from several orders of magnitude,
between regions of very low (coldspots) or very high (hotspots) recombination. At the
chromosome scale, patterns in the recombination landscape (variation of the recombi-
nation rate along the chromosome) are observed, with often higher recombination rates
near telomeres, while recombination is typically suppressed around centromeres (Haenel
et al., 2018; Brazier and Glémin, 2022)). Average recombination rates between chromo-
somes can also greatly differ in the same genome (e.g. in Angiosperms; Brazier and
Glémin|[2022). Differences in recombination rates on autosomes are often observed be-
tween the males and females of the same species, called heterochiasmy (Lenormand,
2003). In the extreme case, recombination can be absent in one sex — a phenomenon
called achiasmy — as described in many arthropod species (Satomura et al., 2019). A
shared pattern of most vertebrates, plants and mollusks is a higher recombination rate
towards telomeres in males wile recombination is more uniformly distributed along chro-
mosomes in females (Sardell and Kirkpatrick, 2020). The differences in recombination
landscapes between males and females could either be a byproduct of differences be-
tween male and female meiosis or be adaptive although no model is yet fully satisfying
(Sardell and Kirkpatrick, 2020). Finally, recombination rates can vary by several orders
of magnitude between large phylogenetic groups, with SAR (Stramenopiles-Alveolates-
Rhizaria) having the highest genome-wide recombination rates and conifers the lowest

(Stapley et al., [2017).

2.3 Direct and indirect selective forces acting on recombination

The literature on the evolution of recombination classically partitions selective forces
acting on recombination rates among direct and indirect forces. Direct selection cor-
responds to direct fitness effects caused by changes in recombination rates, which may

stem from physical constrains imposing limits to the number of CO per meiosis, while
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indirect selection stems from the effect of recombination in breaking or creating genetic

combinations.

Direct forces

Recombination landscapes are caused by the distribution of COs during meiosis which
can stem from different molecular constrains. Crossovers tend to occur in open chro-
matin regions, so that factors modifying chromatin are associated with recombination
rate variation; in particular, open chromatin patterns determine the position of recom-
bination hotspots (Brachet et al.; 2012). In many vertebrates, the position of hotspots is
determined by the well described transcription factor PRDM9 that binds specific DNA
sequences and creates an open chromatin environment favouring DSBs (Gray et al.,
2018; [Kenneth Paigen and Petkov,, 2018). PRDMY is active in most vertebrates and the
position of the sequence binding site determines the position of recombination hotspots.
The position of these hotspots is poorly conserved between species as it evolves rapidly
due to biased gene conversion — generated by COs — at the sequence binding site (La-
trille et al., |2017; Genestier et al., [2023). In vertebrates that have lost PRDM9 (birds,
dogs, reptiles) hotspots tends to occur in gene promoter regions like in plants and yeast
(Auton et al.l 2013} |Choi and Henderson, [2015; |Singhal et al.l 2015]). This recombination
centered on gene promoters could explain in part the positive correlation between gene
density and recombination rate in plants (Haenel et al., 2018; |Brazier and Glémin, 2022).
In other eukaryotes such as Drosophila and Caenorhabditis elegans, hotspots are absent
(Kaur and Rockman) 2014; Smukowski Heil et al., [2015). Overall, explanations for the
evolution of these different systems determining the fine-scale position of COs are still
lacking.

At the chromosome scale, it has been proposed that the periphery-bias in recombi-
nation rate (higher density of COs near the telomeres) could come from the fact that
homology search and DSBs are initiated from the telomeres (Zickler and Kleckner, 2015;
Haenel et al., [2018)). In addition, lower recombination rates in the centromeric region

are caused by the kinetochores suppressing DSBs and COs (Fernandes et al., [2019)).
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Crossover interference, by preventing COs to occur too close to each other, spreads the

location of COs and reduces their number, which may have evolved to limit the num-

ber of CO per chromosome (Libuda et al.| |2013; |Otto and Payseur, 2019). Indeed, too

many COs during meiosis can lead to the non-disjonction of chromosomes and aneu-

ploidy (Koehler et al. [1996)). However, this upper limit does not seem to be absolute

as it was shown that a greatly increased number of CO does not seem to impair fit-

ness significantly in mutants of Arabidopsis thaliana (Fernandes et al., 2018). Structural

variants can also influence recombination such as inversions that play a central role in

recombination suppression between sex chromosomes (Kirkpatrick, 2010). Finally, an

obligate crossover per bivalent per meiosis is generally thought to be required to ensure
the proper segregation of homologs during meiosis I. This constraint is not absolute,
however, since in achiasmate species one sex performs meiosis without any CO. As the
number of CO per chromosome does not vary much (typically from 1 to 3, 4; [Fernandes|
the difference in average recombination rate between chromosomes within a

species is mainly explained by their size (Stapley et al., 2017; Haenel et al., [2018; Brazier|
land Glémin|, 2022)).

Indirect forces

Although mechanical contraints may act on the number of COs, substantial variation in
recombination rates can be observed between individuals of the same population. Indeed,

variation in the genome-wide and/or local recombination rate between individuals has

been described either in model species (e.g fruit flies; [Singh et al|[2015), domesticated

species (e.g. house mice, pigs, cattle, sheep, maize, honey bees; Dumont et al.| 2009;

Bauer et al|[2013} [Ma et al|[2015}; [Petit et al| [2017; [Kawakami et al.[2019; Brekke
2022)) or in natural populations (e.g. humans, red deer, Soay sheep, wild mice;
‘Wang et al.2017; Johnston et al.|2016, 2018; Halldorsson et al.[2019)). This variation in

recombination has a heritable genetic basis, with heritability ranging from 8% (Johnsson
2021)) to 48% (Dumont et al. 2009). Some of the genes found in the regions that

contribute to variation in the recombination rate are shared among several mammals
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such as PRDM9, RNF212 or HEI10. Therefore, heritable variation in recombination
rates exists within populations, and natural selection could potentially act upon this
variation.

Moreover, a series of experiments have shown that recombination rates can evolve
rapidly in response to strong selection applied on recombination rate itself or on other
traits (reviewed in |Otto and Barton|2001). For example, Korol and Iliadi (1994) re-
ported in Drosophila melanogaster more than 50% increase in recombination rates over
50 generations of artificial selection for geotaxis, regardless of the direction of selection
(positive of negative geotaxis, i.e. tendency to fly towards or away from the ground).
The increase in recombination in response to strong selection could be interpreted as
indirect selection on recombination, that is, as a way of increasing variation in fitness
(Otto and Barton, |2001). It has long been hypothesised that sex and recombination
are advantageous because they increase genetic variation and thus facilitate adaptation
(Weismann), [1889). However, a large amount of theoretical work developed since the
60s has shown that this explanation is in fact not trivial: in particular, recombination
does not always increase variation, and increasing variation is not always advantageous

(reviewed by |Otto |2009).

3 Modelling the evolution of recombination rates

A common approach to understand the selective forces acting on recombination rates is
to use recombination modifier models, that represent a gene affecting recombination rates
between other loci affecting fitness. Recombination modifiers are not mere theoretical
constructs, since as we saw in the previous section, genetic variation for recombination
rates exists within natural populations (reviewed in |Gray and Cohen|2016; Stapley et
al. 2017; Zelkowski et al. 2019). Although changing recombination rates may have di-
rect fitness effects (see previous section), the recombination modifier gene is generally
considered as neutral in order to isolate the indirect component of selection for recombi-

nation. The simplest recombination modifier models consider a recombination modifier
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locus and two selected loci, in a haploid population. The modifier locus has a wild type
allele coding for a recombination rate r between the two selected loci and a mutant
allele coding for a different recombination rate r 4+ § — with § > 0 or § < 0 if the mutant
allele increases or decreases recombination — while alleles affecting fitness segregate at
the selected loci. This type of model can be used to explore under which conditions
a mutant allele increasing recombination can be favoured (i.e., increase in frequency).
Because the modifier locus has no direct fitness effect, changes in allele frequencies at
this locus are only due to genetic associations with the selected loci (hitchhiking effects).
In particular, a modifier allele that tends to produce advantageous genotypes will then
increase in frequency with these genotypes. This type of model has been used since the
60s under various assumptions, to explore the conditions under which recombination
should be favoured, and what should be the evolutionary stable recombination rates.

A first series of works explored the fate of recombination modifiers in infinitely large,
panmictic populations (no genetic drift, no population structure or migration, no in-
breeding) at equilibrium around a fitness optimum (stabilizing selection; Kimuraj |1956;
Nei|[1967; [Feldman||{1972). In this case, modifiers decreasing the recombination rate are
always favoured, as recombination decreases the mean fitness of offspring (Figure ) In
other words, recombination is disfavoured at equilibrium because is breaks the advanta-
geous genetic combinations built up by selection, a phenomenon known as the “reduction
principle” (Feldman et al., (1997). However, it is not clear whether natural populations
can truly reach a fitness optimum, even in a constant environment (Lenski et al., 2015).

A series of later models thus extended these first models to the case of directional se-
lection, and found that selection on recombination depends on how alleles are associated
within genomes and how their fitness effects interact (Feldman et al.l [1980; [Kondrashov,
1984; |Charlesworth), [1990; Barton, [1995; |Otto and Feldman, [1997)). Indeed, the only
effect of recombination is to break genetic associations among loci (Felsenstein, |1974).
Genetic associations are classically measured by the linkage disequilibrium (LD). If one
considers two loci with alleles a/A and b/ B segregating at the first and the second locus,

respectively, LD between alleles a and b is defined as Dy, = pap — PaPb, Where pgp is the
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Introduction

frequency of haplotypes ab in the population, and p,, pp the frequencies of alleles a and b
at each locus (Lewontin and Kojimal [1960; Weir, |1996)). D, thus equals zero when allele
a is not more (or less) associated with allele b than expected based on the frequency of
allele b in the population, while D, is positive (negative) when the frequency of the ab
haplotype is higher (lower) than expected based on allele frequencies. If alleles a and b
are deleterious, positive LD corresponds to a relative excess of genotypes with extreme
fitnesses (ab, AB) whereas negative LD corresponds to a relative excess of genotypes
with intermediate fitnesses (a B, Ab; Figure , B). Selection is more efficient at purging
deleterious alleles and fixing advantageous alleles when LD is positive, as the variance in
fitness within the population is higher. By contrast, negative LD tends to impede selec-
tion by reducing the variance in fitness. Recombination thus tends to be favored when
LD is negative (as it increases the variance in fitness), and disfavored when LD is posi-
tive. This effect of recombination on the variance in fitness is sometimes referred to as
the “long-term effect” of recombination. But under which conditions should LD between
selected loci be positive or negative? In infinite, randomly mating populations, the only
possible source of LD is epistasis. Positive epistasis means that the deleterious alleles a
and b tend to compensate each other when combined, leading to a higher frequency of the
ab haplotype than expected based on the frequencies of a and b (Dg;, > 0), while negative
epistasis means that the deleterious effects of @ and b tend to reinforce each other when
combined, leading to a lower frequency of the ab haplotype (Dg, < 0). Therefore, posi-
tive epistasis tends to generate positive LD, while negative epistasis generates negative
LD (strictly, this is true when epistasis is measured on a multiplicative scale, that is, as a
deviation from multiplicative effects of alleles at different loci; |[Felsenstein, [1965). From
the reasoning above, one would thus expect that recombination should be favored under
negative epistasis (as it increases the variance in fitness among offspring), but disfavored
under positive epistasis (as it decreases the variance in fitness). However, breaking LD
also has an effect on the mean fitness of offspring in the presence of epistasis: in particu-
lar, one can show that breaking genetic associations that have been built by selection is

always disadvantageous in the short term. This effect on the mean fitness of offspring is
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sometimes referred to as the “short-term effect” of recombination, and tends to disfavor
recombination under both positive and negative epistasis. As a consequence, recombi-
nation is always disfavoured when epistasis is positive, as it increases the frequency of
intermediate haplotypes (on average less fit than extreme haplotypes) and decreases the
variance in fitness, thus suffering from a long and a short-term disadvantage (Figure
). However, recombination may be favoured when epistasis is weakly negative, so that
the long-term advantage of increasing the variance in fitness outweighs the short therm
disadvantage of decreasing mean fitness (Figure ) The threshold value of negative
epistasis depends on the fitness effects of alleles ¢ and b and on the recombination rates
between the modifier and the selected loci (Barton), [1995]). Similar results were found in
the case of diploid populations, as long as mating is random (Charlesworth et al., [1990;
Barton, |1995)). However, empirical evidence for negative epistasis between selected loci
remains inconclusive: epistasis is highly variable among pairs of loci, but does not seem
to be negative on average (Rice, 2002; [de Visser and Elenal [2007). Moreover, variable
epistasis between pairs of loci is predicted to select against recombination in infinitely
large populations even when epistasis is weakly negative on average (Otto and Feldman)
1997)). Therefore, negative epistasis seems unlikely to explain the maintenance of high
recombination rates among the majority of eukaryotic species.

Another mechanism that can generate LD among selected loci is known as selective
interference or the Hill-Robertson effect (Hill and Robertson, [1966; [Felsenstein, 1974),
and involves finite population size. Indeed, drift in finite populations causes random
fluctuations in haplotype frequencies and thus in LD. While drift may generate either
positive or negative LD, situations where LD is positive tend to be rapidly dissipated
by selection (because the variance in fitness is then higher), while situations where LD
is negative tend to persist longer (because selection is less efficient at changing genotype
frequencies), yielding negative LD on average at selection-mutation-drift equilibrium.
Recombination is thus favoured because it increases the variance in fitness by bringing
deleterious mutations into the same haplotypes. The effect of selective interference in

favouring recombination has been studied either by simulation (Felsenstein and Yoko-
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lhamal, {1976} |Otto and Barton| 2001} Keightley and Ottol 2006) or analytically
and Ottol |2005; Roze and Barton, 2006; |[Roze, 2021) showing that this advantage holds

under various population sizes — even very large — making it a likely general explanation
for the maintenance of recombination. While most models on the Hill-Robertson effect
considered haploid populations, showed that recombination is also generally
favored in finite diploid populations, despite the fact that the LD between selected loci
becomes positive when deleterious alleles are sufficiently recessive (h < 0.25).

Besides selective interference, other general mechanisms that can favour recombina-
tion involve temporal or spatial changes in selection. In particular, recombination can
be favoured when epistasis fluctuates in sign over time, which occurs in some models

of coevolution between species, in particular host-parasite interactions (Charlesworth
1976; Bartonl, [1995}; [Peters and Livelyl, [1999; (Gandon and Ottol, [2007; [Peters and Lively),

2007; Salathé et al. 2008]). Indeed, coevolutionary dynamics may generate fluctuations

in LD and epistasis in the host and in the parasite (Peters and Lively, |1999; Gandon and|
Otto, 2007). If these fluctuations are sufficiently rapid, LD and epistasis have more often

opposite signs than the same sign, and recombination is favoured because it increases

the mean fitness of offspring (Peters and Lively}, [1999; Gandon and Otto, 2007} Salath¢
2009). In line with this “Red Queen hypothesis”, some experimental studies on

plants and on the red flour beetle tend to show that hosts exposed to parasite have

higher recombination rates (Fischer and Schmid-Hempel, [2005; Kovalchuk et al. 2003;

'Andronic, 2012 Kerstes et al., 2012)), although other studies on mice and flour beetle

found no effect of parasites (Greeff and Schmid-Hempel, 2010; Dumont et al., 2015).

4 The evolution of recombination in selfing species

The majority of models on the evolution of recombination consider randomly mating
populations, and the effect or the mating system has been less investigated. The capac-
ity to self-fertilise in hermaphroditic organisms — where the same individual produces

male and female gametes — is found in numerous groups of eukaryotes such as plants,
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fungi, nematodes or gastropods (Jarne and Charlesworth|, 1993} Jarne and Auld}, 2006;

Billiard et al., [2012). Selfing and its genetic consequences has been extensively studied

in plants where it is present in numerous families at various degrees (Barrett] 2002).

Interestingly, cytological data from several Angiosperm genera show that selfing species

tend to have a higher number of chiasmata than their outcrossing relatives, suggesting

that higher recombination rates have evolved in more highly selfing species (Roze and

Lenormand), [2005; Ross-Ibarra), 2007). Similar results were found from genetic maps,

pointing at higher recombination rates in the highly selfing Arabidopsis thaliana com-

pared to its outcrossing relative Arabidopsis lyrata (Kuittinen et al.| 2004; Hansson et

all, [2006; [Kawabe et all, [2006). As an extreme form of inbreeding, one of the main
g

effects of selfing is to increase the rate of coalescence between lineages present in the

same individual (1/2 for each selfing event), decreasing the effective population size and

increasing homozygosity (Pollak, [1987; Nordborg, 2000b). It has been proposed that the

higher recombination rates observed in selfing species could be caused by the fact that

heterozygosity prevents crossovers. Indeed, experiments on yeast showed that induced

heterozygosity tends to prevent recombination (Borts and Haber, [1987). However, more

recent data in yeast suggest that strong divergence is needed to prevent recombination

(Chen and Jinks-Robertson) |1999), while a recent experiment of induced polymorphism

in inbred lines of A. thaliana shows that heterozygosity does not affect the recombina-

tion landscape at large genomic scales (several megabase; [Lian et al.|2022). Moreover,

data from tertraploid rye (Benavente and Sybengal 2004) and from crosses between

A. thaliana strains with different levels of divergence show that crossovers may occur

preferentially in heterozygous regions at smaller genomic scale (Ziolkowski et al., [2015;

Blackwell et al., 2020). Because recombination between homozygous sites does not have

any genetic effect, another hypothesis is that recombination could be higher in selfing

species to compensate for its low efficacy at breaking LD (Nordborg| 2000b; Wright et]
2008]). However, indirect selection for recombination should vanish at very high self-

ing rates (due to the very high homozygosity of individuals) so that the effect of selfing

on selection for recombination may be non-monotonous. The effect of partial selfing on
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selection for recombination is thus not trivial; furthermore, previous simulation results
have suggested that recombination may be favoured in different parameter ranges in par-
tially selfing and in outcrossing populations (Charlesworth et al., [1977; [Holsinger and
Feldman) |1983).

The mechanisms by which recombination can be favoured in partially selfing popula-
tions have been described by Roze and Lenormand| (2005)) using a 3-locus deterministic
model (infinitely large populations). The results showed that correlations in homozygos-
ity among loci generated by partial selfing generate a selective force on recombination
that is absent under random mating. These correlations in homozygosity, also known as
identity disequilibria (ID) are due to the fact that, if an individual is homozygous at a
given locus, it has a higher probability to have been produced by selfing and therefore
to be also homozygous at other loci (conversely, if an individual is heterozygous at a
given locus, it has a higher probability to be also heterozygous at other loci). Because
selfing increases the frequency of double homozygotes, ID vanishes under full outcrossing
and full selfing and is maximized at intermediate selfing rates. Recombination, tends
to break these correlations in homozygosity, by increasing the frequency of genotypes
that are homozygous at one locus and heterozygous at the other among selfed offspring
(Figure[6]). In the absence of epistasis but with dominance (h # 1/2), those intermediate
genotypes have a reduced fitness compared to the average of double heterozygotes and
double homozygotes, the difference being (1 —2h)%s?/8 (Roze, 2009). Therefore, recom-
bination is disfavoured because the intermediate genotypes that it tends to generate are
less fit on average (Figure @A) However, when a particular form of epistasis known as
dominance-by-dominance epistasis egxq is negative (that is, when double homozygotes
have a lower fitness than expected on the basis of single homozygotes), recombination
is favoured because the intermediate genotypes that it tends to generate are now fitter
on average (Figure ) Therefore, recombination can be favoured under partial selfing
because it can increase the mean fitness of offspring, provided that egxq is sufficiently
negative. Furthermore, this selective force is stronger than indirect forces acting on selec-

tion for recombination in randomly mating populations. Although evidence for negative
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Figure 6: Effect of recombination in an infinitely large population of partially selfing diploids
where genotype frequencies were build up by different fitness landscapes with directional selec-
tion (left panels). A: In the absence of epistasis, dominance causes the fitness landscape to be
positively curved and recombination, by breaking correlations in homozygosity created by partial
selfing, decreases the mean fitness of offspring because intermediate genotypes (homozygous at
one locus and heterozygous at the other locus) are less fit on average than extreme genotypes
(double homozygous and double heterozygous). Therefore, recombination is disfavoured under
these assumptions. B: With sufficient negative dominance-by-dominance epistasis, the fitness
landscape is negatively curved and recombination, by breaking correlations in homozygosity cre-
ated by partial selfing, increases the mean fitness of offspring because intermediate genotypes
are fitter on average than extreme genotypes. Therefore, recombination is favoured under these
assumptions.

27



Introduction

dominance-by-dominance epistasis between mutations produced by mutagenesis has been
found in Drosophila (Sharp and Agrawal, 2016)), data on this form of epistasis remain
scarce, however. Moreover, indirect selection on recombination caused by its effect on
identity disequilibria should vanish under high selfing rates, and it is thus unclear if this
mechanism can explain the higher recombination rates observed in highly selfing species.
The results of the deterministic model of Roze and Lenormand| (2005) are based on quasi-
linkage equilibrium approximations (QLE) that only hold when effective recombination
rates are large, and thus break down when the selfing rate is not small, or when loci are
tightly linked. Yet tightly linked loci should be the ones contributing most to indirect se-
lection for recombination — unless selfing is strong — and it is thus not obvious to predict
how recombination should evolve in species with moderate or high selfing rates based on
this model. Furthermore, this model and the previous simulation models (Charlesworth
et al., [1977; Holsinger and Feldman, |1983) are deterministic, considering infinitely large
populations. However, as explained in the previous section, selective interference in finite
populations is an important force generating selection for recombination, which may be

particularly important in selfing species due to their reduced effective population size.

5 Open questions on the evolution of recombination

Important advances have been made in our understanding of the maintenance of high re-
combination rates in eukaryotes. On the one hand, theoretical models have characterized
and quantified a number of possible evolutionary forces that may favour recombination.
On the other hand, advances have also been made by empiricists in describing genetic
variation for recombination at different scales, as well as the mechanisms that may con-
strain the location and number of COs. Despite this, the vast majority of the models
on the evolution of recombination have considered very simple assumptions, often as-
suming a few selected loci (typically 2), a single recombination modifier locus, no cost
of recombination and no obligate CO. Recent models incorporated the genetic architec-

ture of the position of COs mediated by PRDM9 (Latrille et al., [2017; Genestier et al.,
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2023). However these models were designed to understand the evolutionary dynamics
of PRDM9-mediated hotspots and do not quantify the strength of selection for recom-
bination. A recent model computed the overall strength of selection for recombination
generated by selective interference between deleterious mutations segregating on a whole
chromosome and found that, under realistic parameter values, indirect selection for re-
combination becomes extremely weak when one crossover (CO) per chromosome occurs
on average (Roze, 2021). Therefore, it seems difficult to explain the range of the num-
ber of COs per chromosome observed among eukaryotes (typically between 1 and 3 or
4) from current models on the evolution of recombination due to its effect on genetic
variation (Stapley et al., [2017; |[Fernandes et al.l 2018; Brazier and Glémin} 2022)). This
discrepancy between models and data could be resolved by introducing more realistic
features into the models, for example, CO interference, an obligate CO, a non-uniform
recombination rate along the chromosome, a non-uniform density of genes along the
chromosome or multiple recombination modifier loci.

In addition, the possible strength of indirect selection for recombination has been
little explored from an empirical perspective, while the current wealth of genomic data
offers interesting possibilities. For example, several models have shown that recombi-
nation may be favoured when deleterious (or advantageous) mutations are in negative
LD (either due to selective interference or to negative epistasis). A first step to test if
recombination is maintained due to indirect selection would be to check if such negative
associations are indeed present within genomes. A series of recent works measured LD
between putatively deleterious mutations from genomic data in human, fruit fly, the out-
crossing plant Capsella grandifiora and the fungus Schizophyllum commune (Sohail et
al., 2017}, |Garcia and Lohmueller] [2021; [Sandler et al.| 2021} [Ragsdale) [2022; [Stolyarova
et al., 2022)). However, they found contrasted results: LD between putatively deleterious
variants was either positive or negative, while LD between putatively neutral variants was
positive although LD among neutral variants should be zero on average. Moreover, these
studies often use different estimates of LD and generally focus on rare mutations, which

may generate a statistical bias towards finding positive LD (Good, [2022). These results
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are thus difficult to interpret, and the possible sources of bias and technical artifacts
that may affect such estimates should be better explored. Moreover, to our knowledge,
LD between deleterious mutations has never been measured in selfing species where one
expects to find possibly stronger LD due to the decrease in effective recombination rates
and effective population size caused by selfing (Pollak, 1987; [Nordborg, 2000b]).
Finally, the effect of the mating system on the evolution of recombination should be
better explored, as the only analytical model on partially selfing populations obtained
results that are valid under weak selfing rates only, and ignores selective interference
(Roze and Lenormand, [2005). Extending this model to low effective recombination rates
and finite population size may provide new insights on the effect of the mating system
on the evolution of recombination. In addition, the relationship between recombination
and selfing rate would benefit from being updated with new data from genetic maps
in plants (but also other organisms) as the correlation has mainly been obtained from
cytological data on the number of chiasmata per bivalent, that are only indirect measures

of recombination rates.

6 Organization of the thesis

The thesis is divided into three parts:

1. In a first part, recombination modifier models are used to quantify the indirect
selection on the average number of CO per chromosome generated by deleterious

mutations occurring along the chromosome:

(a) In Chapter [I| analytical approximations and simulations are used to investi-
gate the effect of arbitrary selfing rates on indirect selection for recombination,

in finite populations.

(b) Chapter [2[ presents the results of simulations exploring more realistic scenarios
concerning the genetic architecture of recombination rate variation, as well as

the distribution of crossovers and mutations along chromosomes.
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2. In a second part, genomic data from different Angiosperm species are used to
estimate the linkage disequilibrium between deleterious mutations, an important
component of models on the evolution of recombination in outcrossing and selfing

species:

(a) In Chapter [3|the linkage disequilibrium between deleterious mutations is esti-
mated using genomic data from a natural populations of the outcrossing plant

Capsella grandifiora.

(b) Chapter [4] extends this analysis to genomic data from two highly selfing plant

species, Capsella orientalis and Arabidopsis thaliana.

3. Finally, the third part draws general conclusions from all chapters as well as per-

spectives for future works.
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Part 11

Theoretical aspects: modelling the
effect of the mating system and
heterogeneities along chromosomes on

the evolution of recombination
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In this part, recombination modifier models are used to quantify the indirect selec-
tion on the average number of CO per chromosome generated by deleterious mutations
occurring along the chromosome. In Chapter [1} the effect of selfing on indirect selection
for recombination in finite populations is explored using analytical approximations and
simulations. Chapter [2| presents simulation results on the evolution of recombination un-
der more realistic assumptions concerning the genetic architecture of recombination rate

variation, as well as the distribution of crossovers and mutations along chromosomes.
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Abstract

Cytological data from flowering plants suggest that the evolution of recombination rates is affected by the mating system of organisms, as
higher chiasma frequencies are often observed in self-fertilizing species compared with their outcrossing relatives. Understanding the
evolutionary cause of this effect is of particular interest, as it may shed light on the selective forces favoring recombination in natural
populations. While previous models showed that inbreeding may have important effects on selection for recombination, existing analytical
treatments are restricted to the case of loosely linked loci and weak selfing rates, and ignore the stochastic effect of genetic interference
(Hill-Robertson effect), known to be an important component of selection for recombination in randomly mating populations. In this article,
we derive general expressions quantifying the stochastic and deterministic components of selection acting on a mutation affecting the
genetic map length of a whole chromosome along which deleterious mutations occur, valid for arbitrary selfing rates. The results show that
selfing generally increases selection for recombination caused by interference among mutations as long as selection against deleterious
alleles is sufficiently weak. While interference is often the main driver of selection for recombination under tight linkage or high selfing
rates, deterministic effects can play a stronger role under intermediate selfing rates and high recombination, selecting against recombina-
tion in the absence of epistasis, but favoring recombination when epistasis is negative. Individual-based simulation results indicate that our

analytical model often provides accurate predictions for the strength of selection on recombination under partial selfing.

Keywords: epistasis; genetic interference; meiosis; multilocus model; mating systems

Introduction

Genetic recombination lies at the heart of the sexual life cycle,
and is often considered as one of the main evolutionary benefits
of sexual reproduction (Otto 2021). However, considerable varia-
tion for the rate and position of meiotic crossovers along chromo-
somes exists within and between species (Kong et al. 2010;
Johnston et al. 2016; Ritz et al. 2017; Stapley et al. 2017; Brand et al.
2018; Samuk et al. 2020), showing that recombination can evolve
over short timescales. Rapid changes in recombination rates
have also been observed during artificial selection experiments,
in response to selection on recombination itself or on other traits
(reviewed in Otto and Barton 2001), or following major genomic
rearrangements such as whole genome duplications (e.g. Wright
et al. 2015). Although substantial progress has been achieved over
recent years in our understanding of the molecular mechanisms
governing crossover formation (Gray and Cohen 2016; Zelkowski
et al. 2019), the evolutionary forces acting on recombination in
natural populations remain elusive. In most species, at least 1
crossover per bivalent seems required to ensure the proper segre-
gation of chromosomes during meiosis I, while data on human
trisomies suggest that homologs may fail to separate when they
are entangled by too many crossovers (Koehler et al. 1996). These
mechanistic constraints probably set lower and upper bounds to
the genetic map length of chromosomes, but may leave some
space for evolutionary change to occur. The evolution of

recombination may also be affected by indirect selective forces,
stemming from the effect of recombination on genetic variation.
In particular, higher recombination rates may be favored when
negative linkage disequilibria (LD) between selected loci exist
within populations (i.e. when beneficial alleles at some loci tend
to be associated with deleterious alleles at other loci), as recombi-
nation then increases the variance in fitness among offspring
and the efficiency of natural selection (Otto and Lenormand
2002; Agrawal 2006). Different possible sources of negative LD
have been identified, including epistatic interactions among loci
(Charlesworth 1990; Barton 1995) and the Hill-Robertson effect,
that tends to generate negative LD between selected loci from the
random fluctuations of genotype frequencies occurring in finite
populations (Hill and Robertson 1966; Felsenstein 1974; Otto and
Barton 1997; Barton and Otto 2005; Roze and Barton 2006).
Analytical and simulation models have shown that the stochastic
component of selection for recombination (due to the Hill-
Robertson effect) may be stronger than deterministic compo-
nents generated by epistasis even when population size is rather
large, especially when linkage is tight (Otto and Barton 2001;
Keightley and Otto 2006; Roze 2021).

An interesting pattern observed in several genera of flowering
plants is that self-fertilizing species tend to have higher chiasma
frequencies than their outcrossing relatives (Roze and
Lenormand 2005; Ross-lbarra 2007). Detailed comparisons be-
tween the genetic maps of the selfing Arabidopsis thaliana and its
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outcrossing relative Arabidopsis lyrata also point to higher recom-
bination rates in A. thaliana (Kuittinen et al. 2004; Hansson et al.
2006; Kawabe et al. 2006). A possible explanation for higher re-
combination rates in selfers could be that polymorphism be-
tween homologs hinders recombination (Borts and Haber 1987).
However, this hypothesis does not stand up to closer scrutiny, as
available data suggest that substantial levels of divergence are
needed to prevent meiotic recombination (Chen and Jinks-
Robertson 1999), while data from tetraploid rye (Benavente and
Sybenga 2004) and from crosses between A. thaliana strains with
different levels of divergence show that crossovers may occur
preferentially in heterozygous regions (Ziolkowski et al. 2015;
Blackwell et al. 2020), possibly due to a positive effect of mis-
matches among homologs on crossover initiation (Blackwell et al.
2020). Because recombination between homozygous loci has no
genetic effect, selfing reduces the efficiency of recombination in
breaking LD (Nordborg 2000; Wright et al. 2008), and one may
thus expect that increased rates of recombination could evolve to
compensate for this effect. However, indirect selection for recom-
bination should vanish under complete selfing (as heterozygosity
should then be extremely rare), and the effect of selfing on selec-
tion for recombination may thus be nonmonotonic. Furthermore,
it is not immediately obvious that models for the evolution of re-
combination under random mating can be directly transposed to
the case of partial selfers. Indeed, simulation models have shown
that recombination may be favored under different conditions in
partially selfing than in outcrossing populations, though the ex-
act mechanisms remained unclear (Charlesworth et al. 1977,
1979; Holsinger and Feldman 1983).

A 3-locus model of the effect of partial selfing on the evolution
of recombination was analyzed by Roze and Lenormand (2005).
The results showed that correlations in homozygosity across loci
caused by partial selfing generate a selective force on recombina-
tion that is absent under random mating. By breaking correla-
tions in homozygosity, recombination is favored when
dominance-by-dominance epistasis is negative (meaning that
double homozygotes have a lower fitness than expected based on
the fitness of single homozygotes), as recombination increases
the mean fitness of offspring produced by selfing. In the absence
of dominance-by-dominance epistasis (or when it is positive), re-
combination is generally disfavored. The analysis also showed
that even a small selfing rate has important consequences, with
the effect of breaking correlations in homozygosity quickly be-
coming the dominant source of indirect selection on recombina-
tion. However, the method used by Roze and Lenormand (2005)
only holds when effective recombination rates are large, and
thus breaks down when the selfing rate is not small, or when loci
are tightly linked—yet tightly linked loci should be the ones con-
tributing most to indirect selection for recombination, unless
selfing is strong. Furthermore, this model and the previous simu-
lation models mentioned above are deterministic, considering in-
finite populations. From previous results on selection for
recombination in finite, randomly mating populations (Otto and
Barton 2001; Keightley and Otto 2006; Roze 2021), and from the
fact that the effective size of highly selfing populations may be
strongly reduced by interference effects among loci (Glémin and
Ronfort 2013; Roze 2016), it seems likely that the Hill-Robertson
effect should be an important component of selection for recom-
bination in selfing organisms, but this has not been quantified.

In this article, we provide a general analysis of selection for re-
combination caused by interactions among deleterious alleles, in
populations with arbitrary selfing rates. In a first step, we revisit
Roze and Lenormand’s (2005) deterministic 3-locus model, and

show that linkage disequilibrium is the main source of selection
for recombination in the case of tightly linked loci or under strong
selfing, while the effect of correlations in homozygosity stays
negligible. In a second step, we explore how the stochastic com-
ponent of selection for recombination (Hill-Robertson effect) is
affected by the mating system, by extending Roze’s (2021) finite
population model to partial selfing. Last, we extrapolate the
results from the stochastic and deterministic 3-locus models in
order to quantify the overall strength of selection acting on a
modifier allele increasing the map length of a whole chromo-
some, and compare the predictions obtained with results from
individual-based simulations. The results confirm that the Hill-
Robertson effect is often the main component of selection for re-
combination when the selfing rate is high, usually generating
stronger benefits of recombination as selfing increases, but not
always. Deterministic effects may become important under inter-
mediate selfing rates and when the chromosomal map length is
sufficiently high, and may either increase or decrease selection
for recombination depending on the sign and magnitude of the
different components of epistasis.

Methods

Our baseline model is the 3-locus deterministic recombination
modifier model with partial selfing considered by Roze and
Lenormand (2005), that we reanalyze in order to obtain more ac-
curate results for arbitrary selfing and recombination rates. In a
second step, this model is extended to include the effect of ran-
dom drift in finite populations. Finally, extrapolations are used to
predict the overall strength of selection acting on a modifier af-
fecting the genetic map length of a whole chromosome.

The 3-locus model
Genetic architecture

The model considers 2 selected loci (each with 2 alleles, A, a and
B, b respectively) and a recombination modifier locus (with 2
alleles M and m). Throughout the following, a, b, and m will also
be used to refer to the 3 loci, in order to keep the notation simple.
All notations used are summarized in Table 1. Alleles a and b are
deleterious and affect fitness by a factor 1 —s in homozygotes
and 1 — sh in heterozygotes (s and h thus correspond to the selec-
tion and dominance coefficients of alleles a and b). Deleterious
alleles are generated by mutation at a rate u per generation; back
mutation is ignored. Throughout the article, we assume that h is
significantly greater than zero and that u < s, so that the equilib-
rium frequency of deleterious alleles remains small. As in Roze
and Lenormand (2005), epistasis between alleles a and b is
decomposed into 3 components (see Table 2): additive-by-
additive epistasis e,xa represents the effect of the interaction be-
tween 2 deleterious alleles, 1 at each selected locus (either on the
same or on different chromosomes), while additive-by-
dominance epistasis e,.q represents the effect of the interaction
between 3 deleterious alleles, and dominance-by-dominance
epistasis eq,q the effect of the interaction between 4 deleterious
alleles. The recombination modifier locus affects the baseline re-
combination rate ry, between the 2 selected loci, so that individu-
als with genotypes MM, Mm, and mm at the modifier locus have
recombination rates rap, Tap + Tgphm, and rq, + 814y, respectively,
with 8r,, denoting the effect of the modifier and h,, the domi-
nance coefficient of allele m. Note that because recombination
only affects the genotype of meiotic products when it occurs be-
tween heterozygous loci, any effect of the modifier on recombina-
tion rates between itself and the selected loci (fma, rmp) Will not
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Table 1. Parameters and variables of the model.

4 Selfing rate

s, h, h

Caxas Caxd: Cdxd, € ¢
deleterious alleles

Selection, dominance, and effective dominance coefficients of deleterious alleles
Additive-by-additive, additive-by-dominance, dominance-by-dominance epistasis, and effective epistasis between

B Charlesworth et al.’s (1991) synergistic epistasis coefficient

€ Strength of selection (scaling parameter)

u, U Deleterious mutation rate per locus, and per chromosome

Ty, Tij Recombination rate and effective recombination rate between lociiandj

S ap, OTap Effect and effective effect of the modifier on r,,

[ Dominance coefficient of allele m at the modifier locus

N, Ne Census and effective population size

R, Res Chromosome map length and evolutionarily stable map length

3R Effect of the modifier on R

Dyy Genetic association between the sets U and V of loci present on the maternally and paternally inherited haplotypes
of an individual

o,y Effect of selection on the sets U and V of loci present on the maternally and paternally inherited haplotypes of an in-
dividual

W, W Fitness of an individual and average fitness

F=06/(2-0) Inbreeding coefficient (probability of identity by descent at 1 locus)

Gap Joint probability of identity by descent at locia and b

Gap = bgp — F? Identity disequilibrium between loci a and b

;. qj Frequencies of the lower- and uppercase allele at locus j

n Mean number of deleterious alleles per chromosome

Table 2. Fitness matrix in the 3-locus model.

AA Aa aa
BB 1 1—hs 1-s
Bb 1-hs (1=Ns)? + eava (1—hs)(1—5s)

+ Zeaxa + €axd
(1—5)% + 4eara
+4€axd + €dxd

bb 1-s (1—hs)(1-5s)

+2€3xa + €axa

generate any indirect selection at the modifier locus (e.g. Barton
1995; Otto and Barton 1997). The results given throughout the ar-
ticle are valid for any ordering of the 3 loci along the chromosome
(i.e. either m—a—>b or a—m—b).

Genetic associations
The change in frequency at the modifier locus involves different
forms of genetic associations between alleles among loci, which
are defined as follows. As in Barton and Turelli (1991) and
Kirkpatrick et al. (2002), we define indicator variables X; 5 and
Xg; that equal 1 if the lowercase allele j (where j may be m, a, or
b) is present (or O if absent) on the maternally (X; ) or paternally
(Xg,) inherited gene of an individual (note that the terms
“maternally” and “paternally inherited” are simply used to differ-
entiate the 2 haplotypes of an individual). The average of these
indicator variables over all individuals in the population gives the
frequency of allele j for maternally and paternally inherited
genes, pj ; and pg;, respectively. The frequency of allele j in the
population, p;, is thus given by (p; & + pg;)/2. Centered variables
§j» and (g are defined as:
Yo =Xz -Pg Ctgj=Xgj~Paj @)

The genetic association between the sets of alleles U and V
(that may be &, a, b, m, ab, ma, mb, mab) present on the mater-
nally and paternally inherited haplotypes of the same individual
is given by:

Dyyv = E[Cyvl, 2

with E the average over all individuals in the population, while

Cuv = (H Cj,g) (H Cg,k) (3)

jeu keVv

Because our model does not include any sex-of-origin effect,
we always have Dyy = Dyy. Associations between alleles on the
same haplotype Dy, g = Dg y Will be denoted Dy for simplicity. For
example, Dy, measures the excess of homozygotes for allele a
(departure from Hardy-Weinberg equilibrium), while Dg, is the
linkage disequilibrium between alleles a and b.

Life cycle

Each generation starts by selection between newly formed
diploid followed by meilosis and
The effect of selection on allele frequencies and genetic associ-
ations can be computed using the multilocus genetics frame-
work of Kirkpatrick et al. (2002). For this, the fitness or an
individual relative to the mean fitness of the population is
written as:

individuals, syngamy.

SIS

=1+ Z oy v (Guy — Duv), (4)
(iR

where the “selection coefficients” ayy represent the effect of se-
lection acting on the sets of loci U and V present on the mater-
nally and paternally inherited haplotypes of an individual. Since
we do not assume any sex-of-origin effect we have ayy = oy,
while oy g will be denoted oy for simplicity. The combined effect
of selection at loci a and b can thus be represented by 9 coeffi-
clents: o, o, represent the effective strength of selection against
the deleterious alleles a and b, a4, o}, the effect of dominance at
the 2 loci, while ogp, g ps Oaba, %app, aNd dgp g, TEPresent epistatic
interactions, measured as deviations from additivity. Throughout
the article, we assume that selection is weak (s is of order ¢, where
e is a small term) while epistasis is weaker (eaxa, €axd, €daxa Of or-
der €?). Assuming that deleterious alleles stay at low frequency,
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and under the fitness matrix given by Table 2, ayy coefficients
are, to leading order:

og = o & —Sh, Ogq = opp = —S(1 —2h),
Ogp = Qg p = €axa + (Sh)27 Olab,a = Oab,h = Caxd + Szh(l - 2]’1)7 (5)
Sabab & €dxd +52(1 — 2h)°.

The effect of selection on genetic associations (in terms of ayy
coefficients) is given by equations 9 and 15 in Kirkpatrick et al
(2002), while the change in frequency of the modifier is given by:

Apm = Z oy vDmu v (6)
TV

After selection, individuals produce gametes to form the
zygotes of the next generation. During syngamy, a proportion ¢ of
fertilizations involves 2 gametes produced by the same parent
(selfing), while a proportion 1 — ¢ involves gametes sampled at
random from the whole population (outcrossing). Recombination
and syngamy do not change allele frequencies, but do change ge-
netic associations, their effect being given by equations 13 and 14
in Roze and Lenormand (2005). These equations, together with
the equations describing the effect of selection on allele frequen-
cies and genetic associations, have been implemented in a
Mathematica notebook (available as Supplementary material) that
can be used to automatically generate recursions on these varia-
bles.

Approximations

Throughout the article, we assume that the effect of the recombi-
nation modifier (8r,,) is weak and compute all results to the first
order in 8ry,. Our 3-locus diploid model can be described by 36 ge-
notype frequencies (leading to 35 independent variables), or alter-
natively by 3 allele frequencies (pm, pa, pp) and 32 genetic
associations. A separation of timescales argument can be used to
reduce this large number of variables: in particular, when selec-
tion is weak relative to recombination, allele frequencies change
slowly while genetic associations are rapidly eroded by recombi-
nation. In this case, one can show that genetic associations
quickly reach a quasi-equilibrium value, which can be computed
by assuming that allele frequencies remain constant (Barton and
Turelli 1991; Nagylaki 1993; Kirkpatrick et al. 2002). In this quasi-
linkage equilibrium (QLE) state, associations can be expressed in
terms of allele frequencies and of the parameters of the model,
and these expressions can then be plugged into Equation (6) to
obtain the change in frequency of the modifier. This is the ap-
proach used in Roze and Lenormand (2005) to quantify the
strength of selection for recombination under partial selfing, as-
suming that recombination rates are sufficiently large (relative to
the strength of selection) and that the selfing rate is not too large
(as selfing reduces the effect of recombination). However, more
accurate expressions can in principle be obtained in situations
where deleterious alleles are maintained at mutation—selection
balance: indeed, in this case changes in allele frequencies depend
solely on the effect of the recombination modifier, and the QLE
approximation thus requires only that &ry, is sufficiently small
relative to effective recombination rates (Roze 2014; Gervais and
Roze 2017; Roze 2021). This is the approach used in the present
article to obtain approximations that remain valid under low ef-
fective recombination (i.e. when recombination rates r;; or when
the outcrossing rate 1 — ¢ are of order e).

The Hill-Robertson effect

An expression for the strength of selection for recombination due
to the Hill-Robertson effect between 2 deleterious alleles in a ran-
domly mating, diploid population was derived in Roze (2021).
Generalizing this analysis to partial selfing would be extremely
tedious, as a very large number of stochastic moments of genetic
associations and allele frequencies would need to be computed.
However, in the case of tightly linked loci (r; of order ¢), which
should be the ones contributing most to selection for recombina-
tion unless the selfing rate is very high, separation-of-timescales
arguments can be used to show that the effects of selection
against deleterious alleles, recombination and drift under partial
selfing can be predicted by replacing the dominance coefficient h,
recombination rates r; and the population size N by the effective
coefficients h(1 —F) +F, (1 — F) and N/(1 + F) in the expressions
obtained under random mating, where F=¢/(2 — ¢) is the in-
breeding coefficient (e.g. Nordborg 1997; Glémin and Ronfort
2013; Roze 2016). We thus introduced these effective coefficients
into the expression derived in Roze (2021) in order to explore how
self-fertilization affects selection for recombination generated by
the Hill-Robertson effect. As we will see, comparisons with multi-
locus simulations indicate that this approach often yields correct
results.

Multilocus extrapolation

Following Roze (2021), the 3-locus analysis can be extrapolated to
predict the overall strength of selection on a modifier affecting
the genetic map length R of a whole chromosome (by an amount
8R). For simplicity, we assume that the modifier is located at the
mid-point of a linear chromosome and that the position of each
crossover is sampled in a uniform distribution along the chromo-
some (no interference). Deleterious mutations occur at a rate U
per haploid chromosome per generation, and we assume that all
mutations have the same selection and dominance coefficients s
and h, the position of each new mutation being sampled in a uni-
form distribution along the chromosome (infinite site model). We
make the simplifying assumption that epistatic effects are identi-
cal between all pairs of loci across the genome. Neglecting the ef-
fect of interactions between more than 2 mutations (for
simplicity), the strength of indirect selection for recombination
can be obtained by integrating the result from the 3-locus analy-
sis over the genetic map (see Supplementary material). When the
mean number of deleterious alleles per chromosome (n) is large
and with epistasis, more accurate expressions for selection coef-
ficients ayy at loci j and k segregating for deleterious alleles are
given by:

o & —sh 4 2Nnezxa, o = —S(1 — 2h) + 2ney.q,
Ok = Ok = Caxa + 0Ok, Oykk = €axd T %lkk; kjk = Caxd T %jolkk

)

(see Supplementary material). An approximate expression for
the mean number of deleterious alleles per chromosome n (tak-
ing into account the effects of epistasis and selfing) can be
obtained from equation 27 in Abu Awad and Roze (2020). We also
computed the overall strength of selection for recombination un-
der the diploid model of synergistic epistasis considered by
Charlesworth et al. (1991), in which the fitness of individuals is
given by W = exp [~ (ai + pi?/2)], with fi = hnpe + 1, and where
Npe and np, are the numbers of heterozygous and homozygous
mutations present in the genome of the individual. As shown in
Abu Awad and Roze (2020), this is equivalent to setting
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Cava = —Ph2, eaxq = —Bh(1 — 2h), and eguq = —B(1 —2h)% in the
present model.

Individual-based simulations

Our simulation program (written in C++ and available from
Zenodo) is equivalent to the program used in Roze (2021), with
the addition of partial selfing and the different forms of epistasis.
It represents a population of N diploids, each carrying a pair of
linear chromosomes. At each generation, the number of new del-
eterious mutations per chromosome is drawn from a Poisson dis-
tribution with parameter U, and their position along the
chromosome is drawn from a uniform distribution between 0
and 1. The fitness of each individual is computed as:

W= Wc(l - Sh)nhe(l - S)nho(l + eaxa)n2 (1 + eaxd)n3 (1 + edxd)m1 (8>

where ny and ny, are the number of heterozygous and homozy-
gous deleterious mutations in the genome of the individual, and
where n,, ns, and ny are the number of interactions between 2, 3,
and 4 deleterious alleles at 2 loci, given by:

Ny = %nhe(nhe = 1) + 2NpeNno + 2Npo (Mo — 1),
N3 = Nhelpo + 2Mpo (Mno — 1), ©
Ny = anho(nho -1

(e.g. Abu Awad and Roze 2020). The term W, corresponds to a
direct fitness effect of the chromosome map length R; as in Roze
(2021), it is set to W, = exp (—cR), so that ¢ measures a direct fit-
ness cost per crossover. This parameter reflects the fertility cost
of having too many crossovers (see Introduction); it also ensures
that R does not evolve toward very large values, and allows sim-
ple comparisons with analytical predictions.

To produce individuals of the next generation, parents are
sampled according to their fitness, each new individual being
produced by selfing with probability ¢. The recombination modi-
fier locus is located at the midpoint of the chromosome, with an
infinite number of possible alleles coding for different values of R
(the map length of the individual being given by the average of its
2 modifier alleles). One replicate was performed for each parame-
ter set. During the first 20,000 generations R is fixed to 1 in order
to reach mutation-selection balance for deleterious alleles. Then,
for an extra 5 x 10° generations (increased up to 5 x 10’ genera-
tions for high values of ¢), mutations are introduced at a rate
10~* at the modifier locus, each mutation multiplying the value
of R by a random number drawn from a Gaussian distribution
with mean 1 and variance 0.04. To allow for large effect muta-
tions, a proportion 0.05 of mutations have an additive effect on R
drawn from a uniform distribution between —1 and 1 (the new
value being set to zero if it is negative). The average map length
R, average fitness W, average number of deleterious mutations
per chromosome n, and number of fixed mutations are recorded
every 500 generations (fixed mutations are removed from the
population in order to reduce execution time). The equilibrium
value of map length is computed as the time average of R, after
removing the first 5 x 10> generations to allow R to equilibrate. In
order to study the effect of variable selection coefficients of dele-
terious mutations, we modified the above baseline simulation
program so that each new mutation is associated with a value of
s drawn from a log-normal distribution (ensuring s > 0): the value
of In(s) is drawn from a Gaussian distribution with variance sd?
and mean In(5) — sd?/2 (so that the average selection coefficient s
stays constant for different values of sd).

Results

The deterministic 3-locus model

We first reiterate the result obtained by Roze and Lenormand
(2005) under high effective recombination in a more general ver-
sion, and then provide a new analysis for the case of weak effec-
tive recombination.

High effective recombination

As found by Roze and Lenormand (2005), the joint effects of self-
ing and the recombination modifier generate an association
Dmap.ap €ven in the absence of selection. This stems from the fact
that recombination tends to break correlations in homozygosity
between loci generated by partial selfing (see also Roze 2009). The
association Dygpqp has the sign of —8ry,, reflecting the fact that
the modifier allele increasing recombination tends to be found on
genetic backgrounds in which the correlation in homozygosity
between loci a and b is relatively weaker. At QLE and to the first
order in 81y, it is given by:

267’(1};(172rab)F(17F)[Hm(1+2FYab)+F(Yma+Ymb7'Yab)]
[1+F(Yma+Ymb+'Yab)](1+2FYab)2

0 ~
Dmab,ab"' Pmab,

(10)

where the superscript “0” indicates that the effect of selection
at loci a and b is neglected in this expression, and where
Hin=hm+pm(1=2hm),v5=15(1-15) and pdme=Ppmdmpadappqy (With
q;=1-p;). Equation (10) generalizes equation 32 in Roze and
Lenormand (2005) to arbitrary h,, and any ordering of the 3 loci
along the chromosome. It shows that DY, ., vanishes under ran-
dom mating (F=0) and full selfing (F=1), because in these cases
the mating system does not generate any correlation in homozy-
gosity among loci.

The other associations in Equation (6) are generated by selec-
tion against the deleterious alleles (of order €) and by the modifier
effect. At QLE, associations Dy;, Dy, and Dy, (where i, j are ei-
ther a or b) are of order ¢, while associations Dy, Dy, Dinijy D
and Dy, are of order € (expressions for these associations are
given in Appendix A). As a result, one obtains from Equations (5)
and (6) that the change in frequency of the modifier is, to leading
order:

Apm ~ dg,qDmaa + 0%,meb,b + aab,angnabtaw (11)
the association Dy, 4 being given by:

Dmga = ab-bFD(r)nab.abv (12)
(and symmetrically for Dyypp). Dmga 1s positive when 8rg, > 0
and h<1/2 (since ay,j, and DY, ., are both negative in this case),
reflecting the fact that the modifier allele m increasing recombi-
nation tends to be found on more homozygous backgrounds at
locus a. Indeed when h < 1/2, homozygous genotypes at loci a and
b have, on average, a lower fitness than heterozygous genotypes,
and the correlation in homozygosity generated by partial selfing
increases the efficiency of selection, lowering the frequency of
homozygous genotypes. As the modifier allele increasing recom-
bination tends to break this correlation, it is associated to a rela-
tive excess in homozygosity at each selected locus. This effect
disfavors recombination (since homozygotes have a lower fitness
than heterozygotes on average), which is reflected by the first 2
terms of Equation (11). Equations (11) and (12) give:
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Apm ~ (2°‘a,aab.bF+ aab.ab)D%ab,ab: (13)

which, using Equation (5), becomes:

Apm ~ [87(1 = 21)*(1 + 2F) + €qxal Dyapaps (14)
yielding Equation 36 in Roze and Lenormand (2005). Equations
(10) and (14) show that increased recombination is favored when
dominance-by-dominance epistasis (e4.q) is sufficiently negative.
Indeed, in this case, breaking correlations in homozygosity (thus
increasing the frequency of genotypes that are homozygous at
one selected locus and heterozygous at the other) tends to in-
crease the mean fitness of offspring.

Low effective recombination

In the previous analysis, terms in r,,;(1 — F) appear in the denomi-
nators of the expressions for D,,; and Dy,; at QLE (see Appendix
A), causing these expressions to diverge (i.e. tend to infinity) as ef-
fective recombination rates (1 —F) tends to zero. Similarly,
terms in Ty.(1—F) appear in the denominators of Dy,
Dmabs Dmap, and Dyp o, Where 1y = (fma + T'mb + Tap)/2 1 the prob-
ability that at least 1 recombination event occurs between the 3
loci. This indicates that these associations should play a more
important role in the case of tightly linked loci. In order to explore
this regime, we reanalyzed the model in the case where all re-
combination rates are of order e (see Supplementary material).
This analysis shows that the effect of the linkage disequilibrium
Dgp between deleterious alleles (which was negligible under high
effective recombination) becomes predominant when loci are
tightly linked. A general expression for Dg, at equilibrium in
terms of ayy coefficients is given by:

_ Oap — a0y + 2FGgp(0ta + Ola.a) (0 + M p)

Dgp =~ = — — , 15
ab I —, Pab, (15)

where the tilde denotes “effective coefficients”: 7y, = 1y (1 — F), &g =
0g(14+F)+oqqF (and similarly for &), while &g = og(1+
Pap) + 200 pF + (dap.a + S p) (F + dap) + dap.apbap, Where by, is the
probability of joint identity-by-descent at the 2 loci (which is approx-
imately F when 1y, is small, see Appendix A). Finally, G, in Equation
(15) refers to the identity disequilibrium between the 2 loci, defined
as G = ¢g, — F> (Weir and Cockerham 1973), and thus approxi-
mately equal to F(1 — F) under tight linkage. Equation (15) simplifies
to (0lgh — %a®tp)Pqan/ (Tay — % — o,) In the absence of selfing; this is
equivalent to the result obtained by Barton (1995) under strong re-
combination (equation 9b in Barton 1995), except that «, and o, now
appear in the denominator, due to our assumption that rg, is small
(of order €). With selfing, 2 important differences appear: (1) the re-
combination rate and selection coefficients are replaced by effective
coefficients 7gp, 84, 8, 0gp (Since increased homozygosity affects
both the effects of recombination and of selection, as explained in
Appendix B), and (2) an extra term, involving the identity disequilib-
rium Gy, appears in the numerator and tends to generate positive
linkage disequilibrium between deleterious alleles.

Using the expressions for ayy coefficients given by Equation
(5), Equation (15) simplifies to:

s2(1 = h)’(1 4 2F)Gg, + &

ab =~ - =

Tap + 2sh
With & = eaxa(1 + 2F + dgp) + 2€a.a(F + Ogp) + eanaday and h = h(1—
F) + F. The fact that partial selfing generates positive linkage dis-
equilibrium between deleterious alleles in the absence of

pqﬂby (16)

epistasis has been noticed in previous analytical and simulation
studies (Roze and Lenormand 2005; Kamran-Disfani and Agrawal
2014), and may be understood as follows. Lineages with different
histories of inbreeding coexist in a partially selfing population:
lineages that have been inbred for many generations tend to be
very homozygous (at all loci), while lineages that have been in-
bred for fewer generations tend to be less homozygous. This is
the basis of correlations in homozygosity among loci, represented
by the identity disequilibrium Gg,. Because homozygosity
increases the efficiency of selection, the frequency of deleterious
alleles tends to be lower within lineages that have been inbred
for longer (purging), and higher in less inbred lineages, resulting
in positive linkage disequilibrium between deleterious alleles. As
shown by Equation (16), Dg, may become negative when epistasis
is negative and sufficiently strong, the relative importance of e,,4
and eq.q increasing as the selfing rate increases.

The fact that the allele associated with higher recombination
tends to erode Dy, more rapidly in turn generates genetic associa-
tions between the modifier and the selected loci. In particular, we
have:

87 gpHmDap a

Dinap = T 8. & Pdm Dima = o —a, (17)
with 87g = 81gp(1 —F), Tiap = Tmap(1 — F), and again &, =d, ~
—sh, Hy = Ny + pin(1 = 2h) (Do is given by a symmetric expres-
sion). These equations take the same form as under random mat-
ing (e.g. equations 9c and 11 in Barton 1995) and are interpreted
in the same way: when D, > 0, AB and ab haplotypes are in ex-
cess in the population, and the allele increasing recombination
(allele mif &ry, > 0) tends to reduce this excess, and thus becomes
more associated with Ab, aB haplotypes (which is reflected by a
negative value of Dy,qp). By contrast, when Dy, < O, the allele in-
creasing recombination becomes more associated with ab, AB
haplotypes (which is reflected by a positive value of Dy,qp). When
Dmap < 0, selection is less efficient in the m background (because
the frequency of extreme haplotypes AB and ab is lower in this
background), leading to positive values of Dy, Dy, (deleterious
alleles are more frequent in the m background). When D,q, > 0,
selection is more efficient in the m background (because the fre-
quency of extreme haplotypes AB and ab is higher in this back-
ground), and m thus becomes better purged from deleterious
alleles (which is reflected by negative values of Dynq, Dmp).

Under weak recombination, separation of timescale argu-
ments can be used to express the other associations that appear
in Equation (6) in terms of Dyngp, Dima, annid Dy, (€.g. Roze 2016); one
obtains:

Dmab‘ab =~ Dmab,a ~ Dma.ab = Dm‘ab ~ Dma,b ~ FDmab:

18

Dma =~ Dmaa ~ FDma, Dmp = Dmpp & F Dinp- (18)
Plugging these into Equation (6) yields:

Apm ~ dgDma + apDmp + apDimab s (19)

which again takes the same form as under random mating (equa-
tion 8 in Barton 1995). From Equations (17) and (19), one obtains:

o meD pPam | ~ -~ 1 1
Pm Olgp + OlaOlp Fra — G + R, (20)

Tmab — Oa — Olp
equivalent to equation 12 in Barton (1995). Given that the equilib-
rium frequency of deleterious alleles is approximately u/(sh),
thus of order u/e, Equations (16) and (20) show that under weak
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effective recombination (i.e. when 7 coefficients are of order ¢), se-
lection for recombination generated by the linkage disequilib-
rium Dy, is of order drpu?/e, thus stronger than selection for
recombination generated by the term in DS, , , seen in the previ-
ous subsection (of order drgu?, see Equation (14)). When 7 coeffi-
cients are not small (of order 1), however, indirect selection
generated by D, becomes of order 8r,,u’€? (and thus negligible).
A general expression for the change in frequency of the modifier,
valid under both weak and strong effective recombination, can
thus be obtained by summing Equations (14) and (20). We noticed
that in some cases, more accurate expressions can be obtained
by taking into account indirect effects of DS, , ., on other genetic
associations between the modifier and selected loci (these terms
should be negligible under both weak and strong effective recom-
bination, but improve the precision of our approximations for in-
termediate values of recombination rates); these expressions are
given in Appendix C. Two further improvements to our approxi-
mations are made in Appendix C, leading to more accurate
expressions when epistasis is of the same order of magnitude as
the strength of selection (eaxa, €axd, €daxa Of order €) and when the
selfing rate is high (see Supplementary material for derivations).

Figure 1 and Supplementary Fig. 1 show that our approxima-
tions provide correct predictions for the change in frequency at
the modifier locus, for all values of the selfing rate between 0 and
1. The dots in these figures correspond to the results of determin-
istic simulations, obtained by iterating exact recurrence equa-
tions for the 36 genotype frequencies: allele M is fixed during the
first 3,000 generations to reach mutation—selection balance at the
selected loci, then allele m is introduced in frequency 0.01 and
the population is allowed to evolve for an extra 1,000 generations,
Apm/pdmay being averaged over the last 500 generations (see
Supplementary material). As can be seen in Fig. 1, indirect selec-
tion is mostly driven by Dy, when recombination rates are small
(left figures) or when the selfing rate approaches 1. In the absence
of epistasis, the identity disequilibrium generates positive Dy,
which disfavors recombination (as breaking positive D, reduces
the variance in fitness, see Fig. 1, a and b). Negative epistasis gen-
erates negative D, which favors increased recombination when
effective recombination rates are sufficiently small (Equation (20)
and Fig. 1, c-f). The relative effect of the term in DY, , becomes
more important in the case of loosely linked loci and for interme-
diate selfing rates, either when epistasis is absent (in which case
it disfavors recombination, see Equation (14) and Fig. 1b), or
when the dominance-by-dominance component of epistasis is
important (in which case it favors increased recombination when
eqxa < 0, Fig. 1f). Finally, selection on recombination vanishes
under complete selfing (¢ =1), as recombination is ineffective in
that case.

The Hill-Robertson effect

An expression for the strength of selection for recombination
caused by the Hill-Robertson effect between 2 deleterious alleles
in a diploid, randomly mating population was derived by Roze
(2021). This expression consists of a sum of terms corresponding
to different mechanisms generating selection for recombination,
that all take the form &7z (sh)*u2/[Ne [T, (fu, + x;sh)] where N, is
the effective population size, U; is either mab, ma, mb, or ab, and x;
equals 1, 2, 3, or 4. In the case of loosely linked loci (ry, > sh), the
terms in sh in the denominator may be neglected and the
strength of selection for recombination increases as sh
increases—being roughly proportional to (sh)?. In the case of
tightly linked loci (ry, < sh), however, recombination rates ry,
may be neglected in the denominator and selection for

recombination now decreases as sh increases—being roughly pro-
portional to 1/(sh)>.

In order to extend these results to partially selfing popula-
tions, we replaced 8rg, ry, and h by the effective parameters
8 ap = OTap(1 — F), Ty, = 1, (1 —F), and h =h(1 —F) +F in the ex-
pression derived in Roze (2021). The effect of increasing selfing
(thus increasing F) on the strength of selection for recombination
due to the Hill-Robertson effect can be understood using the
same reasoning as above. When effective recombination rates
are large relative to the strength of selection against deleterious
alleles (selfing rate not too large, ry, not too small so that
fu. >> sh), selection for recombination becomes approximately
proportional  to  8Fy(sh)?/[Ne [[i; Fu.] = 87ap(sh)?/[Ne(1 — F)*
I, v,], which increases as F increases (mostly due to the de-
creased effective recombination rates 7y, at the denominator, but
also to the increase in h). When effective recombination rates are
small relative to the strength of selection (high selfing and/or
tightly linked loci, so that 7y, < sh), selection for recombination is
approximately  proportional to  &Fq,/[Ne(sh)®] = 61y (1 — F)/
[Ne(sh)®], which decreases as F increases (mostly due to the de-
creased effect of the modifier &7, but also to the increase in ﬁ)
One thus predicts that increasing selfing should generally have a
nonmonotonic effect on selection for recombination due to the
Hill-Robertson effect (selection for recombination first increas-
ing, and then decreasing toward zero as F increases from 0 to 1),
the position of the maximum depending on sh and on the values
of recombination rates (however, selfing may always decrease se-
lection for recombination when sh is sufficiently strong and/or
linkage sufficiently tight). These verbal predictions are illustrated
by Fig. 2. Note that selfing also has the additional effect of reduc-
ing Ne by a factor 1/(1 + F) (Pollak 1987; Nordborg 2000), thus in-
creasing the strength of the Hill-Robertson effect, but this effect
stays minor relative to the effect of selfing on effective recombi-
nation rates. Selfing may cause stronger reductions in Ne when
deleterious alleles are segregating at many linked loci, however,
through background selection effects (Glémin and Ronfort 2013;
Roze 2016).

These results also provide us with some understanding of the
relative importance of stochastic and deterministic sources of se-
lection for recombination: when effective recombination rates
are large, indirect selection due to the Hill-Robertson effect is of
order 8rg,u’€? /Ne, and should thus be negligible relative to the de-
terministic component (of order §rgu?). When effective recombi-
nation rates are small (of order €), however, selection due to the
Hill-Robertson effect is now of order 8ryu?/(Ne€?), and may thus
become of the same order of magnitude or stronger than deter-
ministic terms (which are then of order 8r4,u? /e, as shown in the
previous subsection).

Multilocus extrapolation

The 3-locus analysis can be extended to compute the overall
strength of indirect selection acting on a modifier affecting the
genetic map length of a whole chromosome. Neglecting the effect
of interactions between deleterious alleles at more than 2 loci,
this can be done by integrating the result from the 3-locus model
over all possible positions of alleles a and b. As in Roze (2021), we
consider a linear chromosome with map length R (in Morgans),
along which deleterious mutations occur at a rate U per chromo-
some per generation. The modifier is located at the mid-point of the
chromosome, allele m increasing map length by an amount 8R/2
when heterozygous and 8R when homozygous (see Methods). The
strength of selection for allele m, defined as s, = Apm/<%pmqm),
can be decomposed into 3 terms:
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Fig. 1. Effect of the selfing rate ¢ on the change in frequency of allele m in the deterministic 3-locus model (scaled by 8rg,pgmap) With no epistasis (a and
b), negative additive-by-additive epistasis (eaxa = —0.001; c and d) and negative dominance-by-dominance epistasis (eqxq = —0.001; e and f), and for
different recombination rates (a, C, €: I'mq = gy, = 0.01; b, d, f: g = 1y, = 0.1). Dots correspond to deterministic simulation results (see text for details)
and black curves to the result obtained from Equations (6) and (C1)—-(C11), which is the sum of a term generated by Dy, — Dy, (red curves) and a term

0
mab,ab

generated by D

(blue curves); dashed blue curves correspond to the strong recombination approximation (Equation (11)). Note that the red and

black curves are nearly indistinguishable in (c) and (d). The effect of additive-by-dominance epistasis (e,q4) is similar to the effect of additive-by-
additive epistasis (eaxa) for these parameter values, and is shown in Supplementary Fig. 1. Loci are in the order m—a—Db, parameters values are: s=0.01,

h=0.2, hy, = 0.5, while 8ry, = 0.01 and u = 10 in the simulations.
Sm = Sdirect + Sdet + SHR (21)

where Sgirect cOrresponds to the effect of direct selective pressures
acting on R (due to any direct effect of R on the fitness of individu-
als), sget to indirect selection caused by deterministic interactions
between deleterious alleles, and syr to indirect selection caused
by the Hill-Robertson effect. Assuming a direct fitness cost of
crossovers so that fitness decreases as e~® as R increases, the di-
rect selection term is given by Sgirect = —C8R(1 + F) to the first or-
der in 8R (e.g. Gervais and Roze 2017). From the analysis above,
the term sge: can be further decomposed into sp,, + Spo where

Sp,, corresponds to the overall effect of deterministically gener-
ated LD (D) between deleterious alleles (either by epistasis or by
identity disequilibria), given by Equations (15) and (20), while
Spo corresponds to the overall effect of associations of the form
Dpavap generated by correlations in homozygosity and by the
modifier effect, given by Equations (10) and (13). Because sp,
should be mostly driven by tightly linked loci, recombination
rates are approximated by genetic distances in Equations (15)
and (20) (before integrating over the genetic map), while &7y, is
approximated by 8Rry,/R (Roze 2021). By contrast, loosely linked
loci can make a stronger contribution to Spo and the
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Fig. 2. Effect of the selfing rate ¢ on the expected change in frequency of allele m (scaled by 8r,u?/Ne and on a log scale) generated by the Hill-
Robertson effect between alleles a and b, for different values of the strength of selection against deleterious alleles (blue: s =0.005; green: s =0.02; red:
s=0.05) and recombination rates (a: rna = rg, = 0.05; b: rmg = 14, = 0.005). The value of ¢ maximizing selection for recombination decreases as s
increases and as recombination decreases. When selection is sufficiently strong and linkage sufficiently tight, selection for recombination decreases
monotonously as ¢ increases (as can in seen in (b) for s=0.02, s=0.05). Loci are in the order m—a—b, the dominance coefficient of deleterious alleles is

settoh=0.2.

recombination rate between loci i and j in Equation (10) is thus
expressed in terms of the genetic distance d; between these loci
using Haldane's mapping function r; =[1—e2%]/2 (Haldane
1919), while 3dry is approximated by 8Re 2dd,, /R (see
Supplementary material). Note that when U is not small (so that
the mean number of deleterious alleles per chromosome n may
be large), and with epistasis, the expressions for ayy coefficients
given by Equation (7) must be used instead of Equation (5).

Concerning the integration of the term generated by the Hill-
Robertson effect, Roze (2021) showed that using scaled recombi-
nation rates py = ry/(sh) eliminates sh from the integrand, sh
only appearing in the integration limits, given by R/(2sh). The
same method can be used when ry, 8ry, and h are changed to ef-
fective parameters in order to incorporate the effect of selfing. In
particular, defining scaled recombination rates py = fy/(sh), one
finds that the overall strength of indirect selection generated by
the Hill-Robertson effect is given by the same expression as un-
der random mating (equation 3 in Roze 2021), except that the in-
tegration limits become R(1—F)/(2sh) and that the whole
expression is multiplied by a factor 1/(1 — F)>. When R(1 —F) >
sh (which implies that the selfing rate is not too large and s is suf-
ficiently small), the integral can be approximated by the same in-
tegral taken between 0 and infinity, which is ~1.8 (Roze 2021),
yielding:

1.85RU?

R 22

SHR

Equation (22) is equivalent to equation 1 in Roze (2021), replac-
ing R by R = R(1 —F) and &R by 8R = 3R(1 — F). Note that this ap-
proximation is not valid when F approaches 1, however, as
R(1 — F) > sh cannot hold in this case. Finally, the effective popu-
lation size N. may be significantly lowered by background selec-
tion effects when U is not small. Assuming that the reduction in
Ne is mostly due to tightly linked loci, one obtains that Ne ~
[N/(1+ F)] exp[—2U/(R + 2sh)] (e.g. Hudson and Kaplan 1995; Roze
2016), where N is the census population size.

The evolutionarily stable map length (Rgs) corresponds to the
value of R for which direct and indirect selection balance each
other, that is, s,, = 0. Figure 3 shows Rgs as a function of the self-
ing rate o, for different values of the direct cost of recombination
c. The curves correspond to the analytical predictions, obtained

20
s
10

0.5¢

107

0.2 04 0.6 0.8
Fig. 3. Effect of the selfing rate ¢ on the evolutionarily stable map length
Rgg, for different values of the cost of recombination c. Solid curves
correspond to the analytical predictions obtained by solving
Sdirect + Sdet + Sur = O for R, where sge; and sy are obtained by integrating
the expressions for the strength of indirect selection generated by
deterministic effects (for sqe) and by the Hill-Robertson effect (for sur)
over the genetic map (see Supplementary material). Dotted curves
correspond to the predictions obtained when ignoring indirect selection
caused by deterministic effects (i.e. solving Sgirect + Sur = O for R). Dots
correspond to individual-based simulation results; in this and the
following figures, error bars are obtained by dividing the simulation
output (after removing the first 5 x 10° generations) into 10 batches and
calculating the variance of the average map length per batch, error bars
measuring +1.96 SE. Parameter values are N = 20,000, U=0.1, s=0.02,
h:O.Q, €axa = Caxd = €dxd = O.

using Mathematica by numerically integrating the results of the 3-
locus model over the genetic map to obtain sg and spyr for a
range of values of R, and finding the value of R for which s, = 0
by interpolation (see Supplementary material). Note that the
more precise approximations given in Appendix C have been
used to compute sget, but using Equations (10), (13), (15), and (20)
often yields similar results. Figure 3 shows that the ES map
length generally increases as the selfing rate increases, due to
stronger indirect selection caused by the Hill-Robertson effect.
While indirect selection vanishes under full selfing (¢ = 1), the an-
alytical model predicts that the maximum map length is reached
for values of ¢ very close to 1, in particular when ¢ = 1072 and
¢ = 107*. In the absence of epistasis, the deterministic component
of indirect selection selects against recombination (Sger < 0).
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Fig. 4. Effect of the selfing rate ¢ on the evolutionarily stable map length Rgs, for different values of the mutation rate U, population size N, strength of
selection, and dominance coefficient of deleterious alleles (s, h). Dots correspond to simulation results, curves have the same meaning as in Fig. 3, and

default parameter values are as in Fig. 3 with ¢=0.001 (no epistasis).

Figure 3 shows that this deterministic component stays negligible
relative to the Hill-Robertson effect for parameter values leading
to low Rgs (c=0.01), while its relative effect becomes more impor-
tant for parameter values leading to higher Rgs (c = 10~%). This
agrees with the prediction that the Hill-Robertson effect becomes
stronger than deterministic effects when effective recombination
rates are sufficiently small. In the absence of epistasis, we gener-
ally found that sge; is mainly driven by sp,, the effect of Spo
staying negligible (not shown). Figure 3 also shows that extrapo-
lations from our 3-locus model often provide accurate predic-
tions of the evolutionarily stable map length observed in the
simulations, with discrepancies appearing for high values of the
selfing rate. These discrepancies may be due to the fact that us-
ing effective recombination coefficients to transpose the result
obtained under random mating to the case of a partially selfing
population (as we did to compute syr) should strictly only hold
when loci are sufficiently tightly linked (e.g. Padhukasahasram
et al. 2008; Roze 2016), while loosely linked loci may significantly
contribute to selection for recombination when the selfing rate is
high. They may also be caused by higher-order genetic associa-
tions (involving more than 2 selected loci) that are not taken into
account in the analysis.

Figure 4 shows the effects of the deleterious mutation rate U,
population size N, selection and dominance coefficients of delete-
rious alleles (s, h) on the evolutionarily stable map length
(Supplementary Fig. 2 shows the same results with R on a log
scale). As predicted, increasing U and/or decreasing N leads to
stronger effects of Hill-Robertson interference between

deleterious alleles, favoring higher values of R (see also Roze
2021). As can be seen in Fig. 4a, our analytical approximations
overestimate the ES map length when U is high: this is probably
due to the effect of higher-order genetic associations.
Furthermore, in some simulations with U=0.5, R fell to a very
small value at some point during the simulation, which led to a
quick accumulation of heterozygous mutations, the only surviv-
ing individuals being heterozygous for haplotypes carrying differ-
ent deleterious alleles in repulsion. This accumulation of slightly
deleterious mutations at the heterozygous state in a low recom-
bining region has previously been described as pseudo-
overdominance (e.g. Charlesworth and Charlesworth 1997;
Pdlsson and Pamilo 1999; Waller 2021). This occurred for
0.5 < ¢ < 0.7, in which case the simulation was terminated, as
the number of segregating mutations quickly became very large.
Figure 4c shows that selection for recombination is stronger
when deleterious alleles are more weakly selected, as already
found by Roze (2021); furthermore, above a given value of s, the
equilibrium map length decreases as the selfing rate increases
(which can be understood from the reasoning given in the previ-
ous subsection and Fig. 2). By contrast, the dominance coefficient
h of deleterious alleles has only little effect on the ES map length
(Fig. 4d). Supplementary Figs. 3 and 4 show that the results are
not significantly affected by introducing variability in the selec-
tion coefficients of deleterious alleles into the simulation pro-
gram, nor by limiting to 100 or 1,000 the number of loci at which
deleterious mutations may occur. Supplementary Fig. 5 shows
that the strength of selection for recombination due to the Hill-
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Fig. 5. Effect of the selfing rate ¢ on the evolutionarily stable map length Rgg, for different values of additive-by-additive (a), additive-by-dominance (b),
and dominance-by-dominance (c) epistasis, and different values of Charlesworth et al.’s (1991) synergistic epistasis coefficient § (d). Note the different
scale of the y-axis in (c). Dots correspond to simulation results, curves have the same meaning as in Fig. 3, and default parameter values are as in Fig. 3

with ¢=0.001.

Robertson effect is accurately predicted by Equation (22) when se-
lection against deleterious alleles is sufficiently weak, as long as
the selfing rate is not too high.

Figure 5 shows the effect of each form of diploid epistasis
(axas €axds €daxa) and of Charlesworth et al’s (1991) synergistic
epistasis coefficient f (that combines the 3 forms of epistasis, see
Methods) on the ES map length. Note that only negative values of
epistasis were considered, as combinations of deleterious muta-
tions quickly become beneficial when epistasis is positive and U
is not very small. Negative epistasis tends to lower the strength
of the Hill-Robertson effect (dotted curves in Fig. 5), by increasing
the effective strength of selection against deleterious alleles.
Nevertheless, the deterministic effects generated by negative
epistasis increase the overall strength of selection for recombina-
tion. Supplementary Fig. 6 shows that this increase is driven by
the term in Dy, in the case of negative additive-by-additive (eaxa)
and additive-by-dominance (e,.q) epistasis, the term in DY, . be-
ing negligible when ey., < 0, while it disfavors recombination
when e,,4 < 0 (one can show that this last effect is generated by
the first term of Equation (13), since effective dominance coeffi-
cients gj; are increased by e,,q, as shown by Equation (7)). In the
case of dominance-by-dominance epistasis (eq.q), the large in-
crease in recombination observed for moderate values of the self-
ing rate is generated by the term in D‘Y)mb,ab, and thus corresponds
to the benefit of recombination previously described by Roze and
Lenormand (2005). One can note that the model overestimates

the strength of selection for recombination in this case. This is
possibly due to the fact that, while the effect of eg,q on effective
dominance coefficients a;; is negligible as long as epistasis is suf-
ficiently weak, one can show that g;; increases with eg,q when
dominance-by-dominance epistasis becomes the main source of
selection against deleterious alleles (see Appendix G in Roze
2009), reducing selection for recombination through the first
term of Equation (13).

Discussion

Digging into the causes of general empirical patterns such as the
positive correlation between selfing rate and chiasma frequency
observed within several families of flowering plants may help us
to gain a better understanding of the selective forces affecting
the evolution of recombination rates. While there is no obvious
reason why the mechanistic constraints associated with chromo-
somal segregation during meiosis should differ between out-
crossing and selfing species, the mating system of organisms
does affect the benefit of recombination through its effect on ge-
netic variation. Although indirect selective forces acting on re-
combination are expected to vanish under complete selfing (as
heterozygosity should then be very rare), the results presented in
this article show that intermediate selfing rates may either in-
crease or decrease selection for recombination caused by inter-
ference (Hill-Robertson effect) among deleterious mutations,
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depending on parameter values. Roughly, selfing leads to stron-
ger selection for increased chromosomal map length as long as
sh < R(1 — F) (mostly due to the fact that selfing reduces effective
recombination rates, thus increasing the strength of genetic asso-
ciations), while selfing decreases selection for recombination
when sh > R(1 — F), due to the fact that changes in recombina-
tion rates have little effect on genetic associations in this regime.
Given that most deleterious mutations seem to have weak fitness
effects (e.g. Charlesworth 2015), selection for recombination
should thus be increased by selfing, and be maximized for selfing
rates slightly below 1 (as illustrated by Figs. 3 and 4).

In agreement with previous results (Otto and Barton 2001,
Keightley and Otto 2006; Roze 2021), we found that interference
is often the main driver of selection for recombination when link-
age is tight (or when the selfing rate is strong), while determinis-
tic effects tend to become more important when recombination
is frequent. In the absence of epistasis, the variance in the degree
of inbreeding among individuals caused by partial selfing (associ-
ated with a more efficient purging of deleterious alleles in more
inbred lineages) generates positive associations among deleteri-
ous alleles, selecting against recombination in infinite popula-
tions. As a result, the equilibrium map length may be lower
under moderate selfing rates than under random mating in large,
highly recombining populations, as can be seen in Fig. 3 with
c=10"* As in standard models of infinite, randomly mating pop-
ulations (Charlesworth 1990; Barton 1995), negative epistasis be-
tween mutations tends to favor recombination by generating
negative LD between deleterious alleles. This effect is often maxi-
mized at high selfing rates, again due to the fact that selfing
reduces effective recombination rates, thus increasing the mag-
nitude of LD. Furthermore, components of epistasis involving
dominance (eax4, edxd) also contribute to generating linkage dis-
equilibrium (through an effective epistasis parameter) when the
selfing rate is greater than zero.

Under high effective recombination, Roze and Lenormand
(2005) showed that correlations in homozygosity among loci gen-
erated by partial selfing (identity disequilibria) are the main driv-
ers of indirect selection on recombination rates, favoring higher
recombination when dominance-by-dominance epistasis is nega-
tive (as recombination then benefits from a short-term advan-
tage, by increasing the mean fitness of offspring). The results of
the present article temper the relative importance of this effect,
by showing that it becomes negligible relative to the effect of de-
terministically generated LD and Hill-Robertson interference un-
der high selfing and in the case of tightly linked loci.
Nevertheless, moderate selfing rates may favor a significant in-
crease in chromosomal map length through this short-term ben-
efit of breaking identity disequilibria, provided that dominance-
by-dominance interactions are negative and represent a major
component of epistasis (Fig. 5c). In principle, the average sign and
overall importance of dominance-by-dominance effects can be
inferred from the shape of the relation between the degree of in-
breeding of individuals and their fitness (Crow and Kimura 1970,
p. 80), negative e4,4 causing a faster than linear decline in fitness
with inbreeding. This method was used on several plant species
and did not yield any clear evidence for negative e4,4 (Willis 1993;
Falconer and Mackay 1996); however, the methodology used (in-
volving experimental crosses to increase the degree of inbreeding
of individuals) generates a bias against finding negative eg,q, as
deleterious alleles may have been purged from the more highly
inbred lines. Using an experimental protocol that avoids this
bias, Sharp and Agrawal (2016) found evidence for negative eg.q
(on viability) between EMS-induced mutations in Drosophila

melanogaster. While more work is needed to assess the generality
of this result, previous experimental studies showed that epista-
sis is typically quite variable among pairs of loci (de Visser and
Elena 2007; Kouyos et al. 2007; Martin et al. 2007). As shown by
Otto and Feldman (1997), recombination tends to be less favored
when epistasis is variable, and it would thus be of interest to ex-
tend our model to more realistic fitness landscapes including dis-
tributions of epistasis.

While the indirect benefits of increased crossover rates may
be strong when recombination is rare (e.g. Keightley and Otto
2006), they typically become rather weak under frequent recom-
bination (Roze 2021), and one may thus wonder to what extent
our model can explain a positive effect of selfing on chiasma fre-
quency when at least 1 crossover per chromosome occurs during
meiosis. When our model is modified so that 1 crossover per biva-
lent necessarily occurs (leading to a minimum map length of 50
cM, thatis, R=0.5) and letting R evolve above 0.5 using a similar
model as before, one indeed observes very limited effects of indi-
rect selection on the evolutionarily stable map length (except for
high selfing rates) in the absence of epistasis, for a deleterious
mutation rate per chromosome of U=0.1 (Fig. 6). Substantial
increases in recombination under partial selfing can be favored
in the presence of negative ej.q, however, chromosomal map
length being maximized for moderate selfing rates in this case
(Fig. 6a). Furthermore, higher chromosomal mutation rates lead
to important increases in R at high selfing rates due to stronger
Hill-Robertson effects, as can be seen on Fig. 6b for U=0.5. More
generally, equilibrium values of R with 1 obligate crossover per bi-
valent should be approximately the same as in Figs. 3-5 when
setting to 0.5 the points falling below R=0.5 (with some slight dif-
ferences caused by the fact that the distribution of the number of
crossovers per chromosome is not Poisson anymore in this modi-
fied model).

Are these results consistent with empirical data on the effect
of selfing on recombination? Supplementary Fig. 7 shows chi-
asma count data from several families of Angiosperms (compar-
ing closely related species with contrasted mating systems) that
were used to generate Figure 1 in Roze and Lenormand (2005). As
can be seen on Supplementary Fig. 7, the increase in chromo-
some map length in selfing species compared with their outcross-
ing relatives is generally of the order 20-30 cM, which seems
consistent with the results obtained here for moderate chromo-
somal mutation rates, either due to the Hill-Robertson effect or
to negative values of eaya, €3xq Or Charlesworth et al.’s (1991) syn-
ergistic epistasis coefficient f. The results obtained under nega-
tive eq,q seem less consistent with the empirical patterns, as they
show that R should be maximized for moderate selfing rates
(Figs. 5 and 6). As the data do not include any precise selfing rate
estimate, it is difficult to assess whether the observed patterns
are more consistent with a gradual increase in R as selfing
increases (as predicted for example under negative eaya, €axq OI ff)
or with a sharper increase at higher selfing rates (as predicted un-
der the action of the Hill-Robertson effect alone). Further insights
could be gained by comparing the genetic maps of closely related
species for which estimates of selfing rates are available.

As already noted in Roze (2021), the fact that chromosomal
map length may evolve toward values greater than 0.5 even in the
absence of selfing (as can be seen on Supplementary Fig. 7) may
seem at odds with the predictions of our model. Several explana-
tions can be proposed to explain this discrepancy. First, the direct
fitness cost of increasing R above 0.5 may be very low, as suggested
by recent experiments on A. thaliana mutants in which map length
is increased up to 7 to 8-fold without any clear effect on fertility
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Fig. 6. Effect of the selfing rate ¢ on the evolutionarily stable map length Rgs, when at least 1 crossover per chromosome occurs during meiosis (leading
to a minimal map length of R=0.5). Dots correspond to simulation results, curves correspond to analytical predictions; default parameter values are as
in Fig. 3 with ¢=0.001. a) Blue: no epistasis, green: e4,.4 = —0.005. b) Blue: U=0.1, red: U=0.5.

(Fernandes et al. 2018). Second, relaxing the (unrealistic) assump-
tion that crossovers occur anywhere along the chromosome with
the same probability may generate stronger effects of indirect se-
lection on the evolutionary stable map length. In particular, data
from Caenorhabditis elegans and humans suggest that structural
constraints may impose restrictions on the possible localization of
obligate crossovers along chromosomes (Koehler et al 1996;
Ottolini et al. 2015; Altendorfer et al. 2020); the fact that crossovers
are often more frequent in subtelomeric regions (in plants and ani-
mals) may possibly reflect such constraints (e.g. Haenel et al. 2018).
Restricting the position of the obligate crossover in a given chromo-
somal region should increase the strength of indirect selection act-
ing on a modifier allele increasing recombination in other regions,
particularly if the modifier is located in regions with lower recom-
bination. Effects of nonuniform positions of crossovers along chro-
mosomes and crossover interference will be explored in a future
work. Third, sweeps of beneficial mutations may also increase the
strength of indirect selection for recombination (Hartfield et al.
2010; Roze 2021). Note that this may also enhance the effect of self-
ing on recombination, since transitions toward predominant self-
ing are often followed by a number of phenotypic changes such as
reduced flower size (“selfing syndrome,” e.g. Cutter 2019) that may
be seen as adaptations to the new mating system, thus involving
the spread of newly beneficial alleles that may (at least transiently)
favor higher recombination rates. Recombination rates may also
be further increased after transitions to selfing due to stronger
Hill-Robertson effects caused by population bottlenecks and ex-
tinction/recolonization dynamics that often characterize selfing
populations (e.g. Guo et al. 2009; Willi et al. 2018; Orsucci et al. 2020).

Interestingly, predominantly selfing species often maintain
low rates of outcrossing in nature (e.g. Bonnin et al. 2001,
Bomblies et al. 2010), which may reflect the effect of selective
forces favoring the maintenance of recombination. Indeed, deter-
ministic and stochastic multilocus models showed that individu-
als outcrossing at a low rate are often selectively favored over
complete selfers in conditions where recombination is advanta-
geous (negative epistasis or finite population size, Charlesworth
et al. 1991; Kamran-Disfani and Agrawal 2014). However, higher
effective recombination rates could in principle be achieved by
increasing either the outcrossing rate of individuals or the num-
ber of crossovers at meiosis, and one could imagine that one

solution or the other may be favored depending on the different
types of direct and indirect selective forces that may act on out-
crossing versus recombination modifiers. Exploring the joint evo-
lution of outcrossing and recombination rates in predominantly
selfing species would thus be of interest, both from a theoretical
and empirical perspective.

Data availability

All derivations are provided in the Mathematica notebook avail-
able as Supplementary material at doi.org/10.5281/zen-
0do.6783728, along with the C++ codes used to run the
simulations.

Supplemental material is available at GENETICS online.
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Appendix A: High effective recombination

Under high effective recombination, the associations between
the modifier and the selected loci involved in Equation (6) are
given by (see Mathematica notebook for derivation):

Dmab,a ~ Dma,ab ~ F(O"b + 0L’b,}:')Dy(?nab,ab (Al)
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1+ 2F 2F
o~ (1 + 2Frma)[2F (0t + Ota,a_)%,b + Olgp b + Olab,ab) Dy (A2)
Tma(1 —F)

F(1 4 2rmq)

Dypg~— — 2
M 4 OF e

(A3)

Dinab.bs Dmb.ab, Db, and Dp,, being given by symmetric expressions.
Dmab, Dmab, @and Dy, are given by:

Do~ (1 + 2Frma) (1 + 2Frmp)
mab (1 = F)[Tmab + 2F(rmalmb + TmaTab + TmbTab) + 6F2 malmpTap]
x[(1 + 2Frg)TaDO

mab,ab

_Srame (Dab - Da.b)p%’n - Srab(l - Hm)(Dmab,m - Dma,mb)]
(A4)
Do~ Fl(1 + 2Frma) (1 + 2Frp) + (1 — F)(Tma + Tmp + 4FTmalmp)] D
m.ab (T + 2Frmg) (1 + 2Frymp) mab
(A5)
F

Prap = (1 = F)[rmab + 2F(fmalmb + T'maTab + TmbTab) + 6F?TmalmbTab)
X[(1 + 2FTma)[(1 + 2Frmp) (1 + 2Frgy)
+(1=F)(rmp +Tap + 4Frmbrab)]TabD9nab,ab
—(1 + QFYmb)[l - (1 - 3F)rma][5rame(Dab - Da‘b)pqm
+0Orgp(1 — Hm)(Dmab,m - Dma,mb)“

(A6)

(Dmpq being given by a symmetric expression), with Hp, = hy+
(1 —2hm)pm, and:

Tap = %ap + Aap,a + %app + Aab.ap + 2F(0tg 4 0laa) (otp + 0 ) (A7)
(1 = F)[6tap — 8abtp + 2FGp(0g + 0taa) (0 + oty p)]
rab(l - F) Plab
(A8)

Dgy — Da‘b ~

F(rma + Tmb — Tap — 2rmarmb)
1+ F(rma + Tmb + Tap — 2TmaTmb

Dmab‘m - Dma.mb =

) (Dab - Da‘b)pqm-
(A9)

The identity disequilibrium Gy, is given by ¢y, — F2, with:

2(1 — F)rab(l — rab)

G = F R (=) | (410

Appendix B: Interpreting effective selection
coefficients

The form of the coefficients &, and d,, representing the effective
strength of selection against deleterious alleles and the effective
epistasis between pairs of deleterious alleles in a partially selfing
population can be understood as follows. Assuming that deleteri-
ous alleles stay rare in the population (u < s), we can neglect
homozygotes for deleterious alleles produced by outcrossing, and
consider that homozygosity for deleterious alleles necessarily
implies identity-by-descent among these alleles. Then, if an indi-
vidual carries allele a on one of its haplotypes, with probability F
it also carries allele a on its second haplotype. In that case, the fit-
ness effect of the deleterious allele () is increased by «, due to
the presence of a on the second haplotype, and by a4, due to the
interaction among those 2 deleterious alleles: therefore, the ef-
fective strength of selection experienced by deleterious alleles is
8a = (1 + F)og + Foae (Which, using Equation (5), yields &4 &~ —S]:l).
A similar reasoning can be used to compute the effective epista-
sis coefficient. With probability ¢, an individual is identical-by-
descent at both loci a and b; with probability F— ¢ it is
identical-by-descent at the first locus and not at the second (or at

the second and not at the first), while with the complementary
probability 1 — 2F + ¢y, it is identical-by-descent at neither locus.
Therefore, an individual carrying alleles a and b on one of its hap-
lotypes is aabb with probability ¢, aaBb (or Aabb) with probabil-
ity F — ¢, and AaBb with probability 1 + 2F — ¢,,. In the first case
(aabb), the fitness effect of the interaction between a and b (o) is
increased by the interaction between a and b present on the other
haplotype (oqp), twice the interaction between deleterious alleles
in trans (o,p), twice the additive-by-dominance interactions
(dtgbas Oabp), and by the dominance-by-dominance interaction
(otgp,ap)- In the second case (aaAb or Aabb), it is increased by the in-
teraction between deleterious alleles in trans (a,)) and by the
additive-by-dominance interaction (o q OF ogpp). This yields:

Aap = d’ab(zaab + 2°(a,b + 2005p,0 + 20app + 0(ab,ab)
+(F — ¢ab)(2aab + zaa,b + dgpa + O‘ab.b) + (1 —2F + ¢ab)aab

= (1 + d)ab)aa + 2F°‘a,b + (F + ¢ab)(°‘ab,a + aab.b) + d)abaab,ab-
(B1)

Appendix C: General QLE approximations

The following expressions combine approximations obtained un-
der different regimes (high effective recombination, weak recom-
bination, high selfing, epistasis of order € or ¢ see
Supplementary material). The different associations affecting the

change in frequency of the modifier (Equation (6)) are given by

(with DY, ., given by Equation (10)):
Dmab‘ab ~ Dgnab‘ab + FDmab (C1>
Dmab.a ~ Dma,ab ~ F[(ab + 0‘b,b)Dy(f)nab,ab + Dmab] (Cz)
Dm,ab ~ Dimap = Dinba = FDpap (C?’)
Dmaa = F[ab,ngnab,ab + D] (C4)
Dia = FDya (CS)
1+ 2Frmg) (1 + 2Fr,
Dy = ( m;)( . mb) (1 + 2F745) Tap Do
mal
75rame(Dab - Da,b)pqm - 6rab(:l- - Hm)(Dmab‘m - Dma,mb)]

(C6)

~(1+2F7'ma) [[2F (otq+0ta,0) 9t b +Otap b +’lab,ab]D8mb‘ab+(&b +08ap) Dimav)
Tma(1—F)—(142Frmq)dq

ma

©7)

(Dmabb» Dmb.abs Dmbb, Dmp, and Dy, being given by symmetric
expressions), with:

Tap = Agp + Agp g + Aapp + Olgb,ab + 2F(otg + 0tga) (o + o) (C8>
Ymap = (1 = F)[Fmap + 2(rmaTmp + TmaTab + T'mpTab) + 6maTmbTav] (C9)
—(1 4 2F1ma) (1 + 2Frmp) (1 + 2Frgy ) (8a + 6ty + Glgp)
(1 — F) [&ab — Olg0p + QFGab(O(a + aa,a)(ab + ab.b)}

Dap — Dap ~ G + 5 1 G
ab ~ Dap Tao(1 = F) — (1 + 2Frgp) (3a + Gy + dlap)

PAap

(C10)
F(rma + Tmb = Tab — 2TmaTmb)
1+ F(Tma + Tmb + Tap — 2Tmarmb)

(Dab - Da,b)pqm'
(C11)

Dmab,m - Dma,mb ~

The change in frequency of the modifier is given by Apm =
> uy %vvDmuy where the double sum is over all elements of the
set {,a,b,ab}, and thus decomposes into a term generated by
DO ., o (that becomes predominant under high effective recombi-
nation) and a term generated by Dy, — D, (that becomes pre-
dominant under weak recombination or strong selfing).
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Chapter 2

The evolution of recombination with
variable recombination rate along the

genome

1 Introduction

The question of the evolution of sex and recombination has been an active field of research
in evolutionary biology. In particular, theoretical population genetics has produced a
rich literature proposing a variety of mechanisms that could explain why most eukaryotes
maintain high recombination rates (Otto and Lenormand, 2002; Agrawal, [2006b]). One
of the most general mechanisms proposed to explain the maintenance of recombination
is know as selective interference or the Hill-Robertson effect (Hill and Robertson, 1966;
Felsenstein), 1974; [Barton and Otto), 2005; Keightley and Otto, 2006; [Roze, 2021; |Otto,
2021). Selective interference corresponds to the fact that the joint effects of genetic
drift and selection generate an excess of genetic combinations with a mix of deleterious
and advantageous variants (negative linkage disequilibrium), decreasing the variance in
fitness and thus the efficacy of selection. Recombination is then favored because it

tends to break negative LD, increasing the variance in fitness and thus the efficacy of
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selection. The strength of selection to increase the genetic map length of a chromosome
due to interference among deleterious mutations has been quantified in previous works
(Roze, 2021; Stetsenko and Roze, [2022). While selection for recombination can be strong
when recombination is rare, it decreases rapidly as recombination increases, and typically
becomes quite small when one crossover (CO) per chromosome occurs on average. Given
that the range of the number of COs per chromosome in eukaryotes is typically comprised
between 1 and 3 or 4 (Stapley et al., [2017; Fernandes et al., 2018} [Brazier and Glémin,
2022)), one may thus conclude that the effect of indirect selection on the evolution of
recombination may be negligible. However, the models cited above make a number
of simplifying assumptions: in particular, a uniform distribution of mutations and COs
along chromosomes, and no interference among COs (the number of COs per chromosome
being Poisson distributed). Yet, recombination rates are known to vary along genomes
at multiple scales (Ritz et al., 2017; |Stapley et al., 2017; |Penalba and Wolt, 2020)) and
genome-wide recombination rates are the result of different selective pressures (direct and
indirect) that vary along the genome because of the heterogeneity of different genomic
features (e.g. gene density, methylation patterns, inversions, recombination hotspots).
Furthermore, the number of COs per chromosome is typically not Poisson distributed:
in particular, a minimum of one CO per bivalent occurs in most species, and is thought
to be required to ensure proper chromosomal segregation. However, one could imagine
that a similar mechanical constraint may act on the position of this obligate CO along
the chromosome: for example, a CO in the subtelomeric region may prove optimal for
chromosomal segregation, or alternatively may result from that fact that the pairing of
homologs starts from the telomeres (Haenel et al., 2018; |Brazier and Glémin|, 2022). If the
obligate CO tends to occur in a specific chromosomal region (e.g., near the extremities),
this should increase the strength of indirect selection for extra COs in other chromosomal
regions, due to interference among selected loci in these regions.

Another simplifying assumption made in Roze| (2021) and Stetsenko and Roze| (2022)
is that chromosomal map length is controlled by a single locus (with an infinite number

of possible alleles). However, recent works on the genetic basis of recombination rates
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variation tend to show that recombination is either a polygenic trait (encoded by multiple
loci across the genome) or an oligogenic trait (mainly encoded by a few loci) according
to the species considered (e.g. [Kong et al.2014; |Johnston et al.|2016| but see |Zelkowski
et al.|2019| for a review). Roze| (2021)) showed that considering multiple modifier loci that
collectively affect the map length of the chromosome does not affect the chromosome map
length at equilibrium. However, different results may be obtained in the case of multiple
recombination modifiers, each having a local effect on a given portion of chromosome.
In this chapter, I present preliminary results on the effect of a non-uniform recom-
bination rate along the chromosome and of multiple recombination modifier loci on the
indirect strength of selection for recombination. The simulation results show that more
COs can be maintained in randomly mating populations when the recombination mod-
ifier locus is located away from the obligate CO and when the modifier locus is located
in a gene-dense region. The number of COs also increases with the number of modifier

loci, each having a local effect on a portion of chromosome.

2 Model

The baseline program is written in C4++ and is a modified version of the program
from |Stetsenko and Roze| (2022)) except that either a non-uniform recombination rate or
multiple recombination modifier loci were introduced. The program models a population
of N diploids each carrying a pair of linear chromosomes where deleterious mutations are
introduced uniformly along the chromosome at a rate U per generation per chromosome.
Each mutation affects fitness by a factor 1 — sh in the heterozygous state and 1 — s in the
homozygous state. Mutations at different sites have multiplicative effects (no epistasis).
A direct fitness effect of the chromosome map length R, W, is introduced and set to
W, = exp (—cR), so that ¢ measures a direct fitness cost per CO (reflecting a possible
fertility cost of having too many COs). For each parameter set an evolutionarily stable
map length is computed as the average map length among all individuals after reaching

equilibrium. For further details about the simulation program see Chapter [I, Methods
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Figure 2.1: Probability density function for the position of the obligate CO along the
chromosome, modelled by a beta distribution with variance O’%O = 0.002 and mean puco
taking the following values: 0.1; 0.2; 0.3; 0.4; 0.5; 0.6; 0.7; 0.8; 0.9.

section. The effect of the mating system has started to be explored by running the
simulations under different selfing rates, although only the case of randomly mating

populations is presented here.

2.1 Non-uniform recombination rate

The baseline program was first modified to add an obligate CO per bivalent (so that
chromosomal map length is at least 0.5 Morgan), whose position can be restricted to
a given chromosomal region. In particular, the position of this obligate CO was drawn
from a beta distribution with mean pco and variance 0(230 (Figure . The number of
additional COs is controlled by a single modifier locus (whose position can vary along
the chromosome), with an infinite number of possible alleles coding for different values
of R. Mutations at the modifier locus are introduced at a constant rate. As in [Roze
(2021)) and Stetsenko and Roze| (2022), the number of additional COs is drawn from a

Poisson distribution (with parameter equal to the average of the two modifier alleles),
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and the position of each of these additional COs is drawn from a uniform distribution
along the chromosome. A different version of this program was used to study the effect
of heterogeneity in the distribution of coding sequences along chromosomes: in this
case, deleterious mutations were assumed to occur only within a particular region of the

chromosome.

2.2 Multiple recombination modifier loci with local effects

The baseline program was also modified to consider a number ny.q of recombination
modifier loci evenly spaced along the chromosome. Each modifier is located at the mid-
point of a segment of chromosome (of physical length 1/ny0q times the total length
of the chromosome), and only affects the map length (average number of COs) of this
segment. The total chromosome map length is thus the sum of map lengths encoded
by all modifier loci along the chromosome. Each modifier locus initially codes for a
local map length of Rinit/Nmod Where Riyit (fixed to 1) is the initial map length of the
chromosome, and mutates at a rate 10~4 per generation. As in previous programs (Roze,
2021} |Stetsenko and Roze|, 2022) large effect mutations are introduced with probability
0.05 (see Chapter [1| for further details).

3 Results

3.1 Non-uniform recombination rate

We found — under the parameter values explored — that an evolutionarily stable (ES)
map length Rpg higher than 0.5 can evolve when the the obligate CO is sufficiently
far from the recombination modifier locus (Figure . Indeed, indirect selection for
recombination primarily stems from selective interference between selected loci close to
the recombination modifier locus (Roze, 2021). Forcing the obligate CO to fall close
to the modifier locus drastically decreases selective interference in its vicinity, strongly
reducing indirect selection for extra COs. Because recombination rates stay very low

in other chromosomal regions, deleterious mutations may accumulate in these regions.
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Figure 2.2: Effect of the mean position of the obligate CO puco on the evolutionarily
stable map length Rgg, for different positions of the recombination modifier locus M
(A:0.1; B: 0.3; C: 0.5) and for different values of the deleterious mutation rate U (blue:
U = 0.1, red: U = 0.2). The dashed grey line represents the minimum map length of
0.5 (only the obligate CO), while the coloured dashed line correspond to 0.5 plus the
evolutionarily stable map length obtained when COs are uniformly distributed along the
chromosome and the modifier locus is at the midpoint of the chromosome (obtained from
Roze|[2021; with colors corresponding to the mutation rate). Missing points correspond
to simulations that had to be stopped due to an accumulation of deleterious mutations.
Other parameters are: O‘%O = 0.002; s =0.02; h = 0.2, ¢ = 0.001; N = 20, 000.
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Figure 2.3: Effect of the mean position of the obligate CO uco on the evolutionar-
ily stable map length Rpg, for different regions of the chromosome where deleterious
mutations can occur (red area, A: 0-0.2; B: 0.2-0.4; C: 0.4-0.6). The dashed grey line
represents the minimum map length of 0.5 (only the obligate CO), while the coloured
dashed line correspond to 0.5 plus the evolutionarily stable map length obtained when
COs and deleterious mutations are uniformly distributed along the chromosome, and the
modifier locus is at the midpoint of the chromosome (obtained from [Roze|2021)). Miss-
ing points correspond to simulations that had to be stopped due to an accumulation of
deleterious mutations. Other parameters are: O'%O = 0.002; s = 0.02; h = 0.2, ¢ = 0.001;
N =20,000, U =0.1.
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When the obligate CO falls sufficiently far from the modifier locus its effect on selective
interference in the vicinity of the modifier locus is negligible, and extra COs are selected
for because they decrease selective interference in this region. In this case, the ES
number of extra COs is roughly the same as Rgg in Roze (2021) (no obligate CO, COs
uniformly distributed along the chromosome and modifier locus at the midpoint of the
chromosome) with the same parameter values (blue and red dashed lines in Figure [2.2).

Restricting deleterious mutations to occur on a specific portion of the chromosome
only can indicate the influence of this portion on indirect selection acting on the modifier.
As shown by Figure 2.3A, the population evolves towards a regime where deleterious
mutations accumulate (due to low recombination rates) when the obligate CO is located
between the region where deleterious mutations occur and the modifier locus. This result
stems from the fact that COs occurring between deleterious mutations and the modifier
locus break linkage disequilibrium between selected loci and the recombination modifier
locus, decreasing the effect of indirect selection. Contrary to the case of a uniform
density of mutations along the chromosome (see above; Figure , when the obligate
CO falls sufficiently far from the modifier locus, the ES number of extra COs can be
lower or higher than Rpg in[Roze| (2021)) for the same parameter values (Figure[2.3). The
extra Rgs depends on the relative position of the modifier locus and the mutation dense
region: increasing the density of selected loci near the modifier increases Rpg (Figure
), while Rgg decreases when selected loci are located in a different chromosomal
region (Figure ) This is due to the fact that indirect selection is mostly generated
by selected loci that are located near the modifier locus (so that LD between the modifier

and these loci can be maintained over a larger number of generations).

3.2 Multiple recombination modifier loci

As shown by Figure 2.4A, introducing multiple recombination modifier loci — each con-
trolling the local map length in its vicinity — increases the average chromosome map
length at equilibrium. However, selective interference has little effect on this increase as

increasing the deleterious mutation rate U only slightly shifts the intercept, keeping the
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Figure 2.4: Effect of the number of recombination modifier loci ny,q on the average
chromosome map length at equilibrium Rgg for different deleterious mutation rates U
(A) and different direct fitness costs of COs ¢ (B). The dashed grey line represents the

total map length with 1 obligate CO. Other parameters are: s = 0.05; h = 0.2, ¢ = 0.001;
N = 10,000
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slope of the relationship unchanged. In particular, the increase in map length Rgg with
the number of modifier loci n,.q is seen even in the absence of deleterious mutations
(U = 0). Moreover, the magnitude of this effect mostly depends on the direct fitness
cost per CO ¢, as the slope of the relationship between Rgg and ny,.q decreases when c
increases (Figure [2.4B). This stems from the fact that, as the direct fitness cost of re-
combination ¢ is proportional to the map length R, it is thus shared between all modifier
loci and direct selection against recombination at each modifier locus can become of the
same order of magnitude (or lower) as the effect of drift when the number of modifier
loci is sufficiently large. This increases the variance of local map length due to random
fluctuations of the local R coded by each modifier locus and therefore increases the total
map length of the chromosome as R cannot be negative. Despite the dominant effects of
mutation and drift at each modifier locus, indirect selection still seems to have an effect
as the total map length increases with the deleterious mutation rate U (Figure )
However, more work is needed to assess whether this increase indeed results from indirect
selection, or from the fact that deleterious mutations tend to decrease N, at linked loci
(background selection) and thus amplify the effect of drift. Under the lower value of ¢
explored (¢ = 0.001), 50 modifier loci are sufficient to maintain approximately 1 CO per
meiosis per bivalent and several hundred modifier loci maintain high total map lengths
(=~ 8 COs per meiosis per bivalent for ny,,q = 500; Figure ) However, these results

should depend on the values of the mutation rate per modifier locus and population size.

4 Discussion

Those preliminary results show that assuming a heterogeneous recombination rate and /or
a heterogeneous mutation rate along chromosomes can substantially increase the num-
ber of COs maintained at equilibrium. Those results were found assuming that the
obligate CO is restricted to a given region of the chromosome, while the position of
each supplementary CO is uniformly distributed. This assumption could be relaxed by

letting the position of COs evolve, which could help to better understand the selective
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pressures shaping recombination landscapes that are observed in eukaryotes (Haenel et
al., 2018; Brazier and Glémin, 2022). Indeed, the distribution of COs along the genome
is currently mostly explained by mechanical constraints during meiosis, whereas indi-
rect selection could also play a role in shaping this distribution. In particular, in most
species the presence of a CO tends to reduce the probability that another CO occurs
nearby — a phenomenon known as CO interference. While interference may have evolved
for mechanical reasons (e.g., to reduce the entanglement between homologs), previous
models have shown that indirect selection may also have played a role, as interference
may reduce the frequency of double COs between selected loci, thus increasing the re-
combination rate between those loci (Goldstein et al., [1992; |Otto and Payseur] 2019).
However, these models only assume an interference modifier locus acting on recombina-
tion rates between three selected loci, and similarly as for the evolution of recombination
our model could help to shed light on the evolution of the position of COs at the scale
of a whole chromosome. As indirect selection for recombination mostly stems from the
effect of deleterious mutations located in the vicinity of the recombination modifier loci,
the evolution of the recombination landscape should strongly depend on the relative
positions of modifier loci (affecting the number or position of COs, or interference) and
deleterious mutations.

These results also outline the need for a better empirical understanding of the possi-
ble effects of recombination modifier loci. Indeed, different evolutionary dynamics may
occur depending on whether modifiers tend to have local or global effects on recombi-
nation rates. As shown in [Roze|[2021] assuming multiple modifier locus that collectively
affect the total map length of the chromosome may not change the evolutionary stable
chromosome map length, compared to the case of a single modifier locus. This is due
to the fact that, assuming a uniform distribution of mutations and COs along chromo-
somes, the strength of indirect selection acting on a mutation that affects the total map
length of the chromosome does not depend much on its position along the chromosome.
Different results may be obtained when mutations and COs are not uniformly distributed

along chromosomes, however. Furthermore, Figure 2.4 shows that when recombination
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is controlled by multiple modifier loci with local effects, the number of COs maintained
at equilibrium may evolve mostly by mutation and drift (the strength of selection acting
on each modifier decreasing as the number of modifiers increases), and may thus reach
large values. Those results echo the drift-barrier hypothesis, that had been initially pro-
posed to explain the negative correlation between effective population size and mutation
rate (Sung et al., |2012; [Lynch et al., 2016]). According to this hypothesis, selection may
be inefficient at maintaining traits at their optimal value in species with low effective
population size N,, in particular when traits are coded by many loci with small effects.
When a trait has a lower bound value, a negative correlation between the trait value
and N, is expected (Lynchl 2020). The drift-barrier hypothesis could possibly partly
explain the negative correlation observed between N, and genome map length over a
wide taxonomic scale (Buffalo, [2021), although it could also be caused by lower inter-
ference effects among selected loci at larger N, (and therefore less indirect selection for
recombination; Roze||2021)). However, the fact that many other traits also correlate with
N, (the mutation rate in particular; Sung et al. 2012)) should be taken into account in

such broad scale comparisons.
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genomic data: possible biases and
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In this part, genomic data from different Angiosperm species are used to estimate the
linkage disequilibrium between deleterious mutations, an important component of models
on the evolution of recombination in outcrossing and selfing species. In Chapter [3], the
linkage disequilibrium between deleterious mutations is estimated using genomic data
from a natural population of the outcrossing plant Capsella grandifliora. In Chapter
this analysis is extended to genomic data from two highly selfing plant species, Capsella

orientalis and Arabidopsis thaliana.



Chapter 3

Linkage disequilibrium between
deleterious mutations in outcrossing
species

Attached paper : Stetsenko R., Duan T., Mérot C., Glémin S., Roze D. (2023). Pos-

sible causes of positive linkage disequilibrium between putatively deleterious variants.

Manuscript in preparation.
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1 Introduction

Deleterious mutations may be abundant within natural populations (Lynch et al., [1999;
Charlesworth), 2015)), and are thought to be involved in various evolutionary processes
such as the evolution of aging (Flatt and Partridge, |2018]), mating systems (Lande and
Schemskel 1985} |Charlesworth| 2006]), sex and recombination (Otto and Lenormand,
2002; | Agrawal, 2006a; Ottol 2009). The linkage disequilibrium between deleterious alleles
at different loci (measuring their degree of association within genomes) can play an
important role in several of these processes, the evolution of sex and recombination in
particular (Felsenstein, |1974;|Otto and Lenormand, 2002; Ottol [2021)). Given two alleles
a and b at two polymorphic loci, the linkage disequilibrium (LD) is classically defined
as: Dgp = pap — PaPy, Where pgyp is the frequency of haplotypes ab in the population,
and pg, pp the frequencies of alleles a and b at each locus (Lewontin and Kojimal [1960;
Weir, |1996). D, thus equals zero when allele a is not more (or less) associated with
allele b than expected based on the frequency of allele b in the population, while D
is positive (negative) when the frequency of the ab haplotype is higher (lower) than
expected based on allele frequencies. If a and b are deleterious alleles, selection is more
efficient when LD is positive since the variance in fitness in the population is higher than
when LD is negative. In an infinitely large and panmictic population and in the absence
of epistasis, LD is expected to be null at equilibrium as it is decreased by a factor 1 —rg;
per generation, where 74, is the recombination rate between the two loci (Lewontin and
Kojima, [1960). Epistasis between selected loci generates LD of the same sign as the
sign of epistasis, when measured on a multiplicative scale (Felsenstein, 1965): positive
epistasis means that the deleterious alleles ¢ and b tend to compensate each other when
combined, leading to a higher frequency of the ab haplotype than expected based on
the frequencies of @ and b (D, > 0), while negative epistasis means that the deleterious
effects of a and b tend to reinforce each other when combined, leading to a lower frequency
of the ab haplotype (Dy, < 0). In partially inbred populations, positive LD is expected

even in the absence of epistasis, due to the coexistence within the same population of
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lineages with different levels of inbreeding: relatively more inbred lineages from which

deleterious alleles have been purged more efficiently, and relatively less inbred lineages

that are more loaded with deleterious alleles (Roze and Lenormand, 2005, [Kamran-|

Disfani and Agrawal, [2014} Stetsenko and Roze} 2022). Furthermore, random drift tends

to generate negative LD between deleterious alleles in haploid populations, in the absence

of epistasis (selective interference or the Hill-Robertson effect: Hill and Robertson, 1966;

[Felsenstein| [1974} Ottol, 2021)). The same effect occurs in diploids when deleterious alleles

have additive effects (no dominance); however, dominance introduces additional effects
that generate positive LD when deleterious alleles are sufficiently recessive (h < 0.25,
2021).

The squared linkage disequilibrium Dg? — or the scaled quantity r2 = Dg?/
(PaGaPbqp), where q, = 1—pa, gy = 1—pp — is often measured in genomic studies in order
to assess the range of genetic distances over which genetic associations (regardless of their
sign) are maintained, informative on a broad range of evolutionary processes (e.g., the ef-
fect of recombination, drift, selection, population structure, the mating system; reviewed

by , 2008)). In a panmictic population, the expected squared LD (denoted <Da52>
hereafter) between neutral sites is approximately (10 + p) (pagapoqs) / [(2 + p) (11 + p)]

where p = 4Ngrg, and N, is the effective population size (Ohta and Kimura, |1971;

Hill and Weir, |1988; [McVean| 2002)), which tends to (pagapsqs) /p when p is large. For

example, genetic associations are typically maintained up to approximately 100 kb in

humans (Reich et al.,|2002) and 1 kb in Drosophila melanogaster (MacKay et al. [2012).

Genetic associations may be maintained over longer distances in inbred populations,

such as the highly selfing nematode Caenorhabditis elegans (Cutter] [2006; Wright et al.,

2008)). This is due to the fact that homozygosity caused by inbreeding reduces the effect
of recombination by a factor 1 — F, and reduces effective population size by a factor

1/(1+4 F), where F' is the inbreeding coefficient (Golding and Strobeck, 1980; Nordborg|

land Donnelly, 1997; Nordborg, 2000a)). Selective sweeps can also increase the variance

in LD at linked neutral loci (McVean, [2007]).

More recently, a number of studies have tried to assess the overall sign and magni-
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tude of LD (D,p) between putatively deleterious alleles segregating within populations.
These studies typically contrast different types of mutations: synonymous, missense, and
loss-of-function (LoF) mutations (Sohail et al.l |2017; |Garcia and Lohmueller, 2021; San-
dler et al., 2021; [Ragsdale) 2022; |Stolyarova et al., 2022)). Sohail et al.| (2017)) estimated
the genome-wide LD (corresponding to the sum of LD among all pairs of mutations)
for each class of mutation from the under- or overdispersion of the distribution of the
number of mutations per genome (given that this distribution should be approximately
Poisson in the absence of LD), in Drosophila melanogaster and humans. They found that
genome-wide LD is positive between synonymous (rare) mutations, less positive between
missense mutations and negative between LoF (the more deleterious) mutations, which
they interpreted as a possible effect of negative epistasis between deleterious mutations.
The D. melanogaster dataset was later reanalyzed by |Sandler et al.| (2021)), who also an-
alyzed an additional dataset from a single population of the outcrossing plant Capsella
grandiflora. They found genome-wide positive LD for all classes of (rare) mutations
except LoF mutations in D. melanogaster which displayed negative LD; however, the
latter was found to be non-significant. Additionally, they computed LD for different
classes of distances (in bp) between pairs of loci, showing that at short distances, LD
between LoF mutations is more positive than between synonymous mutations. [Sandler
et al.| (2021) hypothesized that this pattern may be explained by positive intragenic
epistasis, additional LoF mutations having little effect once a gene is already disrupted
by a first LoF mutation. |Garcia and Lohmueller| (2021) found that non-synonymous rare
variants exhibit more negative LD than synonymous rare variants in human populations,
and interpreted this result as the consequence of selective interference (Hill-Robertson
effect) among deleterious alleles. However, the measure of LD used (D', which is scaled
differently by products of allele frequencies for positive and negative LD) makes it diffi-
cult to compare their results with those obtained in previous studies. Ragsdale, (2022)
used genomic data from 15 human populations to measure LD within protein-coding
genes, and found positive LD between derived synonymous and missense mutations, but

slightly negative LD between LoF mutations. LD among missense variants was found to
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be more positive than LD between synonymous variants in the case of variants present
in the same conserved gene domain, while the opposite pattern was observed in the case
of variants that are not present within the same conserved domain (controlling for the
distance in bp among variants). This was interpreted as a possible effect of positive
epistasis (compensatory effects) among missense mutations segregating within the same
domain. Finally, Stolyarova et al. (2022)) found higher positive LD among nonsynony-
mous than among synonymous variants within populations of the hypervariable fungus
Schizophyllum commune, which was again interpreted as evidence for positive epistasis
among segregating deleterious mutations.

Importantly, in many of these studies LD was measured among rare variants, since
deleterious alleles are expected to stay at low frequency within populations. However,
a recent theoretical study by |Good (2022) showed that such a conditioning on allele
frequencies generates a bias towards positive LD, which is stronger in the case of neutral
alleles than in the case of deleterious alleles. Additionally, Sandler et al.| (2021) used a
simulation model to show that past admixture may also generate positive LD among rare
neutral variants, the effect of admixture being much reduced in the case of deleterious
variants. These results may thus explain the positive LD observed among synonymous
variants, and show that observing less positive LD among missense than among synony-
mous rare variants does not necessarily imply the existence of a selective force generating
negative LD among deleterious alleles within populations (Sandler et al. [2021). How-
ever, they do not explain situations in which LD among closely linked missense variants
is more positive than among synonymous variants (Sandler et al., [2021; [Ragsdale, [2022;
Stolyarova et al., |2022)). Another possible source of spurious LD in genomic data anal-
yses may stem from structural variants segregating within populations. In particular, a
recent study by |Jaegle et al. (2023)) showed that polymorphic duplications may be the
source of a high level of pseudo-heterozygosity in the raw data of the 1001 Arabidopsis
Genome Project. While such pseudo-heterozygosity may be relatively easy to detect in
the case of highly selfing species such as A. thaliana, it may be more difficult to detect

in outcrossing species, and may generate false signals of LD among variants present in
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the duplicated sequence (when the duplication is not present in the reference genome).
Because structural variation may be more abundant within populations than previously
realized (e.g. in A. thaliana |Jiao, 2020 but for a review see [Mérot et al.|[2020), it seems
important to take this possibility into account.

In this article, we further explore possible sources of bias towards positive LD in
genomic data. Using an analytical argument and coalescent simulations, we show that
positive LD is expected (on average) among mutations present at similar frequencies
within a population or a sample (not only rare mutations). By re-analyzing the se-
quence data from Capsella grandiflora used by |Sandler et al. (2021)), we show that LD
among derived neutral mutations disappears in the absence of any conditioning on allele
frequency. While positive LD is still observed among putatively deleterious variants, we
show that at least part of this positive LD may be explained by polymorphic structural
variants segregating within the population. We then discuss other possible sources of

positive LD among selected mutations.

2 Methods

2.1 Coalescent simulations

The effect of computing LD and other two-locus moments on subsets of neutral variants
present in a given frequency class in a sample of n sequences was checked using coalescent
simulations. We simulated the ancestral recombination graph (ARG) using Hudson’s
algorithm (Hein et al., 2004}, p. 139-144) with parameters p = 4Nr and § = 4Nu, where
N is population size, r the recombination rate and u the mutation rate (p = 40 and
6 = 100 were used for all results presented here, while sample size was set to n = 180).
Pairs of segregating sites were classified into 100 classes of genetic distance, and the
linkage disequilibrium D,;, among derived alleles (and other two-locus moments) was
averaged over 20 batches of 5,000 coalescent trees (10° trees in total). 95% confidence
intervals of the ratio (Dgp) / (PaqapPpqs) Were obtained using the bootstrap method for

each distance class, by resampling 1000 times over batch averages. In order to assess the
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effect of ancestral state misspecification, we also included a parameter u corresponding

to the probability that a variant is misspecified.

2.2 Population genomic data

We retrieved the whole-genome sequencing data from 182 individuals of the obligate
outcrossing plant Capsella grandiflora from Northern Greece (Josephs et al., [2015) that
was used by [Sandler et al. (2021)). This dataset is suitable for testing predictions on LD
patterns from classical population genetics model as it is composed of a large number of
individuals sampled from a single population with low genetic structure of an obligately
outcrossing species, limiting the effects of population structure and inbreeding. In order
to compare LD patterns between species with different mating systems (next chapter),
we also retrieved whole-genome sequencing data from 33 individuals of the highly selfing
Capsella orientalis from Central Asia, provided by Sylvain Glémin (Agren et al., 2014;
Huang et al.,|2018; Kryvokhyzha et al.,[2019). The list of individuals is available in Table
(C. grandiflora) and Table (C. orientalis). In order to polarize mutations we
used a whole genome assembly of the related Brassicaceae Neslia paniculata (Slotte
et al.| |2013). Raw reads from both species were trimmed using Trimmomatic v0.39
(Bolger et al., 2014) and mapped on a new (not yet published) reference genome of
Capsella rubella, Cr145 (Tianlin Duan, personal communication) using bwa v0.7.17 (Li
and Durbin, [2010). The Cr145 genome has a total length of 158,571,049 bp divided into
129 contigs with an N50 of 17,600,677 bp. The mean coverage per individual was 39.99X
for C. grandifiora and 28.82X for C. orientalis. Duplicate reads where marked using the
MarkDuplicates option of Picard Tools v2.23.5 (broadinstitute.github.io/picard/) and
removed from subsequent analysis. We obtained a VCF file containing 20,745,523 called

sites.

2.3 SNP calling

Single nucleotide polymorphisms (SNPs) were called using GATK and following the

GATK Best Practices (Van der Auwera et al., 2013). However, adjustments were
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made to the filtering criteria in the HaplotyeCaller option based on the distribution
of quality scores with filters set to: MQ<50, SOR>3, QD<2, FS>60, MQRankSum<-5,
ReadPosRankSum< -8, ReadPosRank-Sum>8 (Figure. After site filtration 13,602,125
called sites remained in the VCF file. Then, the VCF file was split between C. grandiflora
and C. orientalis individuals. Data from C. orientalis individuals will be analysed in the
next chapter. In addition, we filtered out sites with extreme mean coverage (>71.65X;
Figure and genotypes with low coverage (<5X). This was done to filter out the
lowest confidence genotypes and regions with a high number of reads due to repetitive
sequences. Monomorphic sites, sites with more than 2 alleles and sites with a high num-
ber of missing data (>50%) were also filtered out to obtain 8,964,707 biallelic SNPs.
Based on a PCA with the filtered independent SNPs (using the function indep-pairwise
of Plink with parameters: window size = 50 kb, step size = 100 variants and 2 threshold
= 0.1; [Purcell et al.|2007), we excluded from LD computation 11 genetically divergent
individuals (Figure . Most of these divergent individuals also present outlier pro-
portions of missing data (Figure . In order to be able polarize alleles based on their
ancestral or derived state, we only kept sites for which information on the sequence of

the outgroup (Neslia paniculata) was available, yielding 6,935,951 biallelic SNPs.

2.4 SIFT annotation

The SIFT4G algorithm (Vaser et all [2016) was used to catogorize mutations based on
their potential fitness effect. This algorithm uses multiple protein alignments across a
database of proteins from a large diversity of taxa. If the site is conserved across the
alignment and the query nucleotide is present in a low number of sequences it is inferred
as deleterious whereas if the site is not conserved across the alignment or the query
nucleotide is present in a higher proportion of sequences it is inferred as neutral. A score
from 0 for the most deleterious variants to 1 for the most neutral variants is attributed
by SIFT to each possible nucleotide at each site. We built a SIFT library for the Cr145
C. rubella reference genome using the UniRef100 protein database (uniprot.org/uniref/).

By default, SIFT4G categorizes variants with a SIFT score < 0.05 as deleterious and
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> (.05 as tolerated. In order to distinguish potentially mildly deleterious mutations from
neutral mutations, we split the latter category into “mildly deleterious mutations” (0.05
< SIFT score < 1) and “neutral mutations” (SIFT score = 1), while mutations with a
SIFT score < 0.05 were categorized as “deleterious”. In order to be able to polarize LD
among sites at which alleles with SIFT score < 1 are segregating based on their inferred
deleterious effect, sites at which more than one allele with SIFT score < 1 are segregating

were not taken into account.

2.5 Detecting potential structural variants

An R script (available at github.com/RomanStet/LD_deleterious_mutations) was used
to detect potential polymorphic duplications, that may generate pseudo-heterozygosity
patterns and give rise to spurious LD. Indeed, if a duplication is present in a subset
of individuals only and absent from the reference genome, reads from the duplicated
sequence will be mapped onto the original sequence, and mutations present in the dupli-
cated sequence will thus give rise to spurious heterozygosity at the corresponding sites in
the original sequence (Jaegle et al., 2023; Figure . Such duplications may thus be
detected from neighboring sites presenting similar patterns of heterozygosity (i.e., the
same individuals are heterozygous). Mutations that are fixed in the duplicated sequence
but absent from the original sequence will thus always appear in the heterozygous state
(Figure case 1), while mutations that are fixed in the original sequence but absent
from the duplicated sequence will appear in the heterozygous state in the same individ-
uals as case 1 mutations, while they will appear in the homozygous state in all other
individuals (Figure case 2). Our R script thus uses data from the VCF file to de-
tect blocks of genome carrying sites that present similar patterns of heterozygosity, and
at which only two genotypes are present in the sample: heterozygous and homozygous
for the ancestral allele (case 1), or heterozygous and homozygous for the the derived
allele (case 2). In order to take into account mutations that may not be fixed within the
duplicated or original sequence (and genotyping errors), two sites falling either into case

1 or case 2 were considered as potentially indicative of a polymorphic duplication when
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they shared at least 70% of their heterozygous individuals. Sites are examined sequen-
tially along the chromosome until no case 1 or case 2 pair of sites sharing a common
pattern of heterozygosity is found over a distance of 2 kb. Among the large number of
genome blocks detected, only a minority may correspond to polymorphic duplications
(in particular, the majority of detected blocks only contain 2 or 3 sites sharing a common
pattern of heterozygosity). Furthermore, our algorithm should detect haplotype blocks
present at low frequency (since these blocks will tend to carry mutations that are mostly
present in the heterozygous state) that do not necessarily correspond to potential dupli-
cations. We thus only retained blocks over which a minimal number of mutations share
a common pattern of heterozygosity, and over which the coverage (over the detected
block) in heterozygous individuals that potentially carry the duplication (scaled by the
mean coverage of the individual) is significantly higher than the scaled coverage in the
other individuals.

Two standard structural variant (SV) detection programs: Smoove and Delly (Rausch
et al., 2012)) were also used to detect potential duplications in the C. grandiflora dataset.
Smoove is based on the LUMPY algorithm (Layer et al. 2014)), and like Delly, it uses
information on paired-ends, split-reads and read-depth to detect SV. We ran both pro-
grams on mapped reads (see section on SNP calling above) of each individual of C.
grandiflora and retained only SV calls labeled as duplication and not tagged as ‘low
quality’ by Delly. We considered that a block detected by the R script was validated by
Smoove or Delly if, in at least half of the heterozygous individuals in the block (poten-
tially carrying the duplication), a duplication inferred by Smoove or Delly overlapped

with the block in those same individuals.

2.6 Computing LD

Since SNP data are unphased, the two double heterozygous genotypes Ab/aB and ab/AB
cannot be distinguished. Therefore, we measured LD between alleles a and b by the
composite LD measure A, which is the sum of the association between a and b on the

same chromosome (D) and the association between a and b on different chromosomes
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(Dg.p) in the notation of Kirkpatrick et al., 2002). This composite LD can be computed

as:

1
Ay = 2fap/ab + faBjab + Favjap + 3 (favbjan + fabjan) — 2Pape, (3.1)

where fx is the frequency of genotype X in the sample, and p,, pp the frequencies
of a and b (e.g., p. 126 in Weir, (1996). An expression for Ay in terms of indicative
variables and allele frequencies using the formalism from Barton and Turelli (1991)) and
Kirkpatrick et al.| (2002) can be found in Appendix In the case of tightly linked loci,
Doy ~ F Dgp, where F' is the inbreeding coefficient (Nordborg), 1997; Roze, 2016), so
that Agp =~ Dgp (1 + F). Therefore, A, should be equal to Dy, under random mating,
and is increased by inbreeding.

When two alleles categorized as neutral by SIF'T were segregating at a given locus,
they were polarized based on derived state based on the sequence of the outgroup Neslia
paniculata (i.e., a, b correspond to the derived alleles). At loci were a deleterious (or
mildly deleterious) allele and a neutral allele are segregating, we checked that polarizing
by SIFT category alone (a, b correspond to the putatively deleterious alleles) or by
a combination of SIFT category and derived state (a, b correspond to the putatively
deleterious and derived alleles) did not affect the results (see Results section): indeed,
most mutations with a SIFT score < 1 are derived. The mean value of A, was computed
for every pair of sites at different physical distances up to 1.5 kb (each distance class
being 25 bp wide), discarding pairs of sites for which the information on genotype was not
available (at both sites) in less than half of the total number of individuals. As for the LD
estimator 0% of|Ohta and Kimura (1969), the average LD for a given distance class (Agp)
was scaled by the average product of allele diversities at both loci (for the same distance
class) (Paqappqp), where (X) denotes the average of quantity X over pairs of sites. 95%
confidence intervals were computed using the bootstrap method, by resampling each set

of pairs of sites 1,000 times.
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3 Results

3.1 Effect of conditioning on frequency on LD between neutral variants: theo-

retical results

Good| (2022) showed that in a finite, panmictic population, the linkage disequilibrium
between rare neutral mutations is positive on average. This result can be extended to the
case of neutral variants segregating at similar frequencies in a population (not only rare
variants). This is a consequence of the variance in LD generated by drift, and may be
understood as follows. Due to drift, the linkage disequilibrium between two alleles a and
b is sometimes positive, sometimes negative. When it is positive, a and b tend to be found
on the same haplotypes (more often than by chance), while when it is negative they tend
to be found on different haplotypes (more often than by chance). In the first situation,
the frequencies of a and b tend to be more similar than in the second: for example in
the extreme case of positive D, where only ab and AB haplotypes are present in the
population, a and b have exactly the same frequency, while in the extreme case of negative
D, where only Ab and aB haplotypes are present, a will be rare if b is frequent (and vice
versa). As a consequence, averaging over the stochastic process, two neutral alleles that
are present at similar frequencies in a population (both rare or both frequent) have more
chances to be in positive than in negative LD, while rare alleles have more chances to
be in negative than in positive LD with frequent alleles. One can note that this effect is
captured by the moment ((1 — 2p,) (1 — 2pp) Dgp) that was computed by Hill and Weir,
(1988]), shown to be generated by the variance in LD <Da62> (equation 1 in Hill and Weir,
1988) and approximately equal to 8 (paqapeqs) / [(2 + p) (11 + p)] at equilibrium (where
p = 4Neryp). Indeed, this moment may be seen as a covariance between the quantities
(1 —2ps) (1 —2pp) and Dgp, and the fact that it is positive indicates that Dy tends to
be positive when either p,, p, < 0.5 or pg, pp > 0.5 (that is, (1 — 2p,) (1 — 2pp) > 0),
while Dy, tends to be negative when either p, < 0.5, pp > 0.5 or p, > 0.5, pp < 0.5 (that
is, (1—2p,) (1 2py) < 0).
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Figure 3.1: Average LD (D,,) between derived neutral mutations in the coalescent
simulations scaled by the average product of genetic diversities (pgap) = (PalaPbas), as
a function of the recombination rate p,p, = 4Nerqp. A: Average of Dy, (scaled by the
average of pgqp, black) and average of D,p/pqap (red) over all segregating sites for each
distance class (no conditioning on frequency). B: Average of D,;, (scaled by the average
of pqap) over all segregating sites (black) or excluding singletons (brown). C and D:
Average of Dy, (scaled by the average of pgq) over pairs of loci at which the derived
allele segregates in a given frequency range. Errors bars correspond to 95% confidence
intervals (see Materials & Methods). Parameters values: § = 4Nou = 100 (mutation
rate); n = 180 (sample size).
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These predictions are confirmed by our coalescent simulation results (with p = 40,
6 = 100 and n = 180). As shown by Figure the average LD among derived alleles is
zero when computed over all pairs of segregating alleles in the sample (no conditioning
on frequency: Figure , black dots), while it is positive when computed over pairs of
loci at which derived alleles are present at similar frequencies (both rare or both frequent,
Figures 7). One can note that the average LD between frequent derived alleles
is higher than between rare derived alleles (compare Figures and [3.1]D). While this
is probably caused by the asymmetry of the site frequency spectrum (derived alleles
stay rare on average), analytical work would be needed in order to better understand
this effect. As can be seen from Figure B.I|B, removing singletons from the analysis
already generates a small bias towards positive LD; although this bias is rather small
when n = 180, it may become more important for smaller sample sizes. Finally, Figure
shows that contrarily to (Dg), the expected value of D,/ (pagappgs) is strongly
positive (when computed over all segregating alleles). By contrast, the expected value
of 7 = Duy/+/PaGaPbqs remains close to zero when computed over all segregating alleles
(but again becomes positive when computed over alleles present at similar frequencies,
see Figure .

As shown by Figure 3.2] introducing a given rate p of misspecification of ances-
tral/derived state does not affect much the previous results, LD staying zero in the
absence of conditioning on allele frequencies, and positive when measured only among
‘derived’ alleles present at similar frequencies. Misspecification decreases LD among
frequent ‘derived’ alleles (Figure [3.2D), since this class now contains LD measures be-
tween rare (and truly) derived alleles. Figure shows that polarizing LD based
on minor allele frequency (MAF) — that is, computing LD among alleles whose fre-
quency is below a given threshold — generates the same bias towards positive val-
ues, which is more important when the threshold frequency is lower. Finally, Fig-
ures — show that while the expected squared LD <Dab2> is well predicted
by (10 + p) (PaqaPss) / [(2 4+ p) (11 + p)] in the absence of any conditioning on allele fre-
quency (Ohta and Kimuray, |1971; Hill and Weir} 1988} [McVean) [2002), it is again affected
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Figure 3.2: Average LD (D,,) between derived neutral mutations in the coalescent
simulations scaled by the average product of genetic diversities (pqap) = (PaQaDbab),
as a function of the recombination rate p,, = 4Nerqy, and for different values of the
rate of misspecification p of the ancestral/derived state of alleles. A: Averages over all
segregating sites for each distance class (no conditioning on frequency); B: only the lowest
frequency class (p < 0.09, green points in Figure ); C: only the middle frequency
class (0.45 < p < 0.55, orange points in Figure [3.1)C and [3.1]D); D: only the highest
frequency class (p > 0.91, red points in Figure ) Parameter values are as in Figure
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Figure 3.3: Average LD (D) between derived neutral mutations in the coalescent
simulations scaled by the average product of genetic diversities (pgap) = (PaGaPbp), aS
a function of the recombination rate pu, = 4Nerep,. LD is polarized based on the minor
allele frequency (MAF) and averaged over pairs of sites with different MAF thresholds.
Parameter values are as in Figure

by such a conditioning, and is reduced when LD is polarized based on minor allele fre-

quencies (Figure [S2.4)).

3.2 No LD between neutral mutations, but positive LD between deleterious

mutations in the C. grandifiora dataset

Alleles at polymorphic loci in the C. grandifiora dataset were categorized as ‘neutral’,

‘mildly deleterious’ or ‘deleterious’ based on their SIFT score (Vaser et al. 2016), as

explained in the Materials and Methods. The site frequency spectra (SFS) of the differ-
ent types of derived mutations (deleterious, mildly deleterious or neutral) reflected their

SIFT score category as deleterious mutations had an SFS shifted towards rarer frequen-

86



3. Results

A 150000 B C
80000 150000

60000
100000

100000

40000

Count
Count
Count

50000

20000
. L__v,,, | , , L__J

0.00 025 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 050 0.75 1.00
Frequency Frequency Frequency

Figure 3.4: Site frequency spectrum for deleterious (A), mildly deleterious (B) and neu-
tral (C) mutations, inferred as derived from the comparison with the outgroup Neslia
paniculata. Sites at which more than one deleterious or mildly deleterious allele segre-
gates are excluded from the analysis.

cies compared to mildly deleterious mutations and furthermore compared to neutral mu-
tations (Figure . Including polymorphic loci at which the ancestral allele (inferred
from the sequence of the outgroup Neslia paniculata) is categorized as deleterious or
mildly deleterious (while the derived allele is categorized as neutral) increased the num-
ber of high-frequency mildly deleterious mutations (Figure . Indeed, a proportion
of high-frequency mildly deleterious mutations are inferred as ancestral, either because
their are actually ancestral to both N. paniculata and C. grandifiora or because they
appeared in the lineage of N. paniculata after its split with the lineage of C. grandifiora.

As explained in the Materials and Methods, LD between pairs of loci was computed
using the composite LD measure Ay, that should be equivalent to Dy, under random
mating. The average LD between derived neutral mutations stays close to zero for all
genetic distances, in agreement with our simulation results (Figure ) By contrast,
the average LD between derived deleterious alleles and between derived mildly deleterious
alleles is positive and increases with the degree of linkage among loci (Figure and
). Using only the SIFT score to polarize LD among deleterious and mildly deleterious
mutations (that is, without taking into account the ancestral/derived state of alleles)
has nearly no effect on the results (Figure . The variance in LD was found to be

lower between deleterious mutations compared to between neutral mutations, at least at
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Figure 3.5: Average composite linkage disequilibrium A, (scaled by the average product
of allele frequencies) between deleterious (A), mildly deleterious (B) and neutral (C)
derived mutations according to physical distance.

very short distances (< 200 kb) whereas mildly deleterious mutations show the highest
variance in LD at short distance (Figure [S2.10). The lowest variance in LD between
deleterious mutations is consistent with predictions from models of purifying selection
in finite populations (e.g., . The highest variance in LD between mildly
deleterious mutations may be due to the fact that these mutations have a wider range
of SIFT scores, some pairs of mutations having a high, positive LD as observed for
deleterious mutations while others have a low LD as observed for neutral mutations.
As shown in , the quantity (ppAgp) should be negative when allele b is
neutral while allele a is deleterious: indeed, when allele b tends to be associated with
the deleterious allele a (that is, when D, > 0), the frequency of b should decrease.
By contrast, (p,Agp) should be zero on average, since being associated with a particular
neutral allele should not affect the frequency of a deleterious allele. Figure shows that
these predictions are confirmed, a negative correlation between the frequency of neutral

alleles and their LD with deleterious alleles being observed at short genetic distances.
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Figure 3.6: Averages of p,Agp (A) and ppAgp (B) (scaled by the average product of allele
frequencies) over all pairs of derived deleterious alleles a and derived neutral alleles b at
a given physical distance.
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3.3 Structural variants may contribute to positive LD between deleterious mu-

tations

Structural variants segregating within populations is a possible cause of positive LD
among mutations. In particular, Jaegle et al.| (2023 showed that polymorphic dupli-
cations present in the sequenced individuals but not in the reference genome tend to
be frequent in the 1001 Arabidopsis Genomes dataset, generating pseudo-heterozygosity
due to the fact that the duplicated sequence is incorrectly mapped onto the original
sequence (see Figure . Mutations present in the duplicated sequence (but not in
the original one) would thus appear to be in positive LD due to this incorrect map-
ping. This effect may be stronger for deleterious than for neutral mutations, because
deleterious mutations are less abundant within genomes, and a significant proportion of
mutations categorized as deleterious may correspond to mutations that are present in
such duplications (while their effect may in fact not be deleterious, since a functional
gene copy is maintained elsewhere in the genome). We developed an R program to iden-
tify potential haplotype blocks that may correspond to such polymorphic duplications
(by detecting shared patterns of heterozygosity among closely linked SNPs, see Materials
and Methods), that we ran on the SNPs called in C. grandiflora individuals. Although
the program identified a large number of haplotype blocks (108,896 in total), the major-
ity of them comprised only 2 or 3 SNPs with similar heterozygosity patterns, and were
present in a few individuals only. These are probably not caused by structural variants:
indeed, the presence of haplotype blocks is expected from the structure of the ancestral
recombination graph (Shipilina et al., 2022]), and haplotype blocks may be present only
in the heterozygous form when they are rare in the population. In the following, we
restrict our analyses to blocks comprising more than 3 SNPs with shared heterozygosity
patterns, and presenting a significantly increased degree of coverage in heterozygous in-
dividuals (as expected when heterozygosity corresponds to pseudo-heterozygosity caused
by mapping errors).

We detected 1,023 blocks in which more than 3 SNPs present similar heterozygos-
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Figure 3.7: A: Proportion of biallelic SNPs annotated by SIFT and having at least one
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ity patterns (Figure . Among those, 727 present a significantly higher degree
of coverage in heterozygous individuals, and were retained for the following analyses.
These blocks are on average 1942 bp long, carry 13.8 SNPs with similar heterozygosity
pattern and 6.2 deleterious SNPs (Figure [S2.14A, [S2.14B, [S2.14C). The distribution of

the frequency of heterozygous individuals in these blocks is skewed towards low values
with 80% of blocks having a frequency of heterozygotes lower than 0.2 (Figure )
Blocks cover 4.2% of all SNPs annotated by SIFT (Figure [3.7]A) and a higher density
of deleterious mutations is found in the genomic regions they cover compared to regions
not covered by blocks, whereas the density in mildly deleterious and neutral mutations
is similar inside and outside blocks or higher outside blocks, respectively (Figure )
To have an idea of the potential effect of structural variants on LD between deleteri-
ous mutations, we compared blocks carrying different numbers of SNPs with deleterious
mutations. We considered four nested categories of blocks: blocks with at least 4 SNPs
with deleterious mutations, blocks with at least 6 SNPs with deleterious mutations and
blocks with at least 12 SNPs with deleterious mutations. Blocks carrying more SNPS
with deleterious mutations are also larger on average (Figure ) Interestingly, blocks
with higher number of SNPs with deleterious mutations tend to be in higher frequency
on average, possibly due to the fact that blocks in higher frequency have had more time
to accumulate deleterious mutations than blocks in lower frequency (Figure [3.8B). This
contradicts the expectation that blocks carrying higher numbers of deleterious mutations
should be counterselected and thus found at lower frequency. When blocks carrying at
least 4, 6 or 12 SNPs with deleterious mutations are excluded from LD computation, the
LD between deleterious mutations decreases, while the LD between mildly deleterious or
neutral mutations is not affected (Figure . The highest effect on LD between dele-
terious mutations is obtained by removing blocks with at least 4 SNPs with deleterious
mutations (since a higher number of deleterious mutations are excluded in this case),
although LD remains positive around 1.5 kb (Figure [3.9).

Our block detection algorithm aiming at detecting potential duplications only uses

information on shared heterozygosity patterns between SNPs and coverage, and our
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Figure 3.10: Proportion of blocks found using our block detection algorithm that were
validated by duplication calls from Delly (A) or Smoove (B). A block is considered
as validated if it overlaps with a called duplication in at least half of the individuals
carrying the block. Each colour represents a cut-off percentage for duplication calls
with the highest quality inferred by Delly or Smoove. This proportion is computed for
different block categories with different numbers of SNPs with deleterious mutations per
block.

detected blocks may thus result from mapping errors instead of structural variants. In
parallel, we thus used standard structural variant (SV) calling programs for short-read

sequencing. We used Smoove (github.com/brentp/smoove) and Delly

(github.com/dellytools/delly; Rausch et al.[2012) that both detect potential duplications

from information on paired-ends, split-reads and read-depth provided in short reads
alignments. After running Smoove and Delly on the aligned short-read sequences of
C. grandiflora individuals (see Methods) we found that, overall, a higher proportion of
blocks with at least 12 SNPs with deleterious mutations were validated by Smoove and
Delly compared to other block categories (Figure . After filtering for duplication
calls with the highest 10% quality, Smoove validated between 23% and 34% and Delly
between 17% and 23% of blocks as duplications.

Overall, our results thus suggest that the positive LD observed between deleterious

mutations may at least partly be explained by duplications present in the sequenced
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individuals and absent from the reference genome.

4 Discussion

Linkage disequilibrium among deleterious mutations plays an important role in theoret-
ical models on the evolution of sex and recombination, and has recently started to be
inferred from genomic data (Sohail et al., 2017; |Garcia and Lohmueller} [2021; Sandler
et al.l 2021} |Stolyarova et al.l 2022). These recent studies typically apply some form of
minor allele frequency filtering (measuring LD among rare variants), and tend to find
positive LD (on average) among neutral mutations, often interpreted as an effect of
demography or admixture. However, |Good| (2022) obtained analytical approximations
showing that positive LD is expected among rare mutations, this effect being stronger
for neutral alleles than for deleterious alleles. Our simulation results confirm and extend
these results, showing that positive LD is expected (on average) among alleles present at
similar frequencies within a population. Interestingly, LD between neutral derived alleles
stays close to zero in the Capsella grandifiora dataset used in this paper, in the absence
of any filtering on frequency. This indicates that the positive LD among synonymous
sites found by [Sandler et al.| (2021) using the same dataset was probably a consequence
of restricting the analysis to low-frequency variants. Our simulations also show that
ancestral/derived state misspecification does not have an effect on LD between muta-
tions as long as all frequencies are considered. This can explain why we still find null
LD between derived neutral alleles despite the fact that a non-negligible part of SNPs
probably have misspecified allelic state, as can be seen by the excess of high frequency
neutral mutations. Therefore, when no frequency filter is applied, neutral mutations
should display similar LD whether alleles are randomly polarized or polarized by an
outgroup sequence.

Our results also show that, contrarily to the case of neutral mutations, LD between
putatively deleterious mutations remains positive even in the absence of any conditioning

on allele frequency. We explored a possible source of such positive LD, corresponding
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to mapping errors yielding pseudo-heterozygosity at SNPs located in a given genomic
region. In particular, pseudo-heterozygosity may be generated by duplicated sequences
present in some individuals, but absent from the reference genome (Jaegle et al.l [2023).
Because the program we used to infer the fitness effect of mutations (SIFT4G) uses
multiple protein alignments, the mutations detected as deleterious are only potentially
deleterious as their fitness effect will depend on the transcription profile of the gene
carrying the mutation. This nuance can become very important when inferred alleles
actually come from duplicated genes after pseudogenisation where pseudo-deleterious
mutations can accumulate. Pseudogenes are common in genomes (up to 20,000 are
estimated in the human genome; Harrison et al.[2002]) and this would explain the relative
high number of deleterious mutations found in the genome of C. grandiflora and their
higher density in blocks of similar heterozygosity pattern. This could thus explain the
positive LD observed among deleterious alleles, if mutations categorized as deleterious
by SIFT accumulate in duplicated regions (and therefore tend to be present in the same
individuals, corresponding to those carrying the same duplication).

Using the combined information of heterozygosity patterns across SNPs and cover-
age, we detected 727 blocks, and between 17% and 34% of those blocks were detected as
duplications by structural variant detection programs that use information from paired-
ends, split-reads and read-depth. However, short-read sequences greatly limit the power
to detect duplications and it is difficult to find many regions for which all types of infor-
mation clearly point to a duplication. The blocks detected by our algorithm could also
correspond to mapping errors, that may not necessarily correspond to duplications (also
it is not fully obvious why the same mapping error would occur in some individuals but
not all). Furthermore, rare haplotype blocks that are only present in the heterozygous
state are expected due to the structure of the ancestral recombination graph (Shipilina
et al. 2022). This should primarily concern small blocks in low frequency, and con-
centrating on larger blocks present at higher frequencies should increase the proportion
of true duplications. Instead of using information on shared heterozygosity pattern be-

tween SNPs, one could use information on Frg combined with the deviation of average
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read-depth at each SNP, proposed by McKinney et al.| (2017). This method (HDplot)
has been applied to three species of salmons and to the American lobster to detect dupli-
cations (McKinney et al., 2017; Dorant et al.,[2020). Although HDplot was used on data
from genotyping-by-sequencing (GBS) that are not mapped to a reference genome, the
signature of pseudo-heterozygosity combined with deviations from average read-depth
should be similar in both types of data. Another possibility would be to perform GWAS
on each block detected as a potential duplication, using heterozygosity as a trait, as was
done by |Jaegle et al. (2023)); this could also yield additional information on the number
and position of the different copies of a duplication in the genome. Without long-read
sequencing data, duplications can only be detected by finding the best trade-off between
sensitivity and specificity of currently available tools. However, long-read sequencing
data are starting to be available (De Coster et al., 2021) which will greatly help detect
duplications and removing them from LD analysis.

We found that the positive LD among deleterious mutations is reduced after remov-
ing genome blocks identified as potential duplications and carrying at least 4 SNPs with
deleterious mutations, indicating that duplications (or, more generally, mapping errors)
may contribute to this positive LD. Therefore, we argue that technical artifacts (whether
they are caused by duplications or not) known to create spurious positive LD should first
be discarded before drawing interpretations based on selective and/or demographic pro-
cesses generating positive LD among deleterious alleles. A way to bypass the issue of
pseudo-heterozygous SNPs would be to measure LD in genomic data obtained from hap-
loid individuals, such as the sequences from haploid embryos from a Zambian population
of Drosophila melanogaster used by [Sohail et al.|[2017] and [Sandler et al.[2021l Another
possibility would be to focus on highly selfing species where heterozygosity is expected
to be very rare, and where all SNPs displaying heterozygosity may be removed without
affecting the overall LD pattern. We take advantage of published data from two highly
selfing species to explore LD between deleterious mutations in the following chapter.

In the absence of a strict criterion to identify mapping errors and other types of

artifacts, it is difficult to assess whether all the positive LD between putative deleterious
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mutations can be explained by such artifacts or not. If this is not the case, the absence
of LD among neutral variants indicates that a form of selective mechanism is likely to
be involved. A first possibility, already considered by other authors (Sohail et al.l 2017;
Sandler et al., 2021; Ragsdalel 2022; |Stolyarova et al., 2022)) is positive epistasis among
deleterious alleles. This may correspond to possible compensatory effects between muta-
tions within the same gene (Davis et al.,[2009), or to the fact that once a gene has become
non-functional due to a first mutation, additional mutations within the same gene be-
come neutral and can accumulate. Some evidence for possible compensatory effects is
given in [Ragsdale| (2022) and |Stolyarova et al. (2022)). In particular, without condi-
tioning on allele frequencies, Ragsdale (2022) found positive LD at very short distances
(<300 bp) inside genes for both missense and synonymous mutations in several human
populations. No difference in LD was observed between synonymous and missense mu-
tations when averaging within genes, but LD was higher between missense mutations
inside conserved gene domains compared to synonymous mutations (while the opposite
pattern was found outside conserved gene domains), which was interpreted as evidence
for positive epistasis among deleterious mutations affecting the same conserved domain.
Furthermore, (Stolyarova et al., 2022) showed that, controlling for the physical distance
in base-pair among mutations, higher positive LD is observed among mutations affect-
ing aminoacids that are physically close to each other in the protein 3D configuration
(than among mutations affecting aminoacids that are farther apart), in two populations
of the fungus Schizophyllum commune. Another possible source of positive LD among
deleterious alleles could be population structure. In particular, different strengths of
selection against deleterious alleles at different locations (which could be due to different
magnitudes of drift or degrees of inbreeding at those different locations) could generate
a higher mutation load in some locations, so that individuals sampled from those loca-
tions would carry a higher number of deleterious alleles (Roze, 2009; [Roze and Otto,
2012). Finally, positive LD is expected (on average) between deleterious mutations in
finite, panmictic populations as long as these mutations are sufficiently recessive, and

Ns > 1 (when N is population size and s the strength of selection against deleterious
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alleles; [Rozel [2021; Ragsdale, [2022). Overall, more work is thus needed to assess the
relative contribution of these different mechanisms and of statistical biases and technical

artifacts on positive LD among deleterious mutations within natural populations.

4.1 Data availability

The scripts used to perform genomic analyses are available on GitHub at:

github.com/RomanStet /LD_deleterious_mutations.
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Chapter 4

Linkage disequilibrium in highly

selfing species

An important part of the data analysis on A. thaliana presented in this chapter was

performed by Lise Porcheron during her M1 internship in the lab.

1 Introduction

We have seen in the previous chapter that linkage disequilibrium (LD) between deleteri-
ous mutations seems positive in an outcrossing population with low population structure
of Capsella grandiflora, even after accounting for the possible effect of structural variants.
However, designing a robust method that would detect 100% of pseudo-heterozygosity
within short-reads data (either due to structural variants or to other causes of mapping
errors) appears difficult. One possible way around this problem is to consider highly
selfing populations. Indeed, heterozygosity is expected to be very low in highly selfing
species (Wright et al., 2008). Nevertheless, an important proportion of SNPs showed high
rates of heterozygosity in the 1001 Genomes project on the highly selfing Arabidopsis
thaliana, which was shown to result from mapping errors, due (at least in part) to poly-
morphic duplications that were absent from the reference genome (Jaegle et al., [2023).

Because the sequenced accessions of A. thaliana were obtained by several generations of
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selfing (from an already inbred ancestor), heterozygosity should be extremely low, and
SNPs showing heterozygosity can thus safely be discarded from the dataset. Similarly,
LD analyses in other highly selfing species can in principle be done by excluding het-
erozygous SNPs. Measuring LD between deleterious mutations has been the subject of

growing interest, but to date has only been performed in outcrossing species (Sohail et
2017 |Garcia and Lohmueller, 2021} [Sandler et al., [2021; Ragsdalel, 2022} [Stolyaroval
2022]).
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Figure 4.1: Expected linkage disequilibrium D, between deleterious mutations at
mutation-selection-drift balance, scaled by the expected product of allele diversities,
as a function of the selfing rate o and for different values of the dominance coefficient h,
recombination rate r,, and population size N. The different parameters are: rg = 0.1
(A, C); rep = 107% (B, D); N = 1,000 (A, B); N = 20,000 (C, D) and s = 0.02 for all
plots. Curves were drawn from Equation and

Yet, selfing in itself is expected to have important qualitative and quantitative ef-
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fects on LD between deleterious mutations. In randomly mating populations and in
the absence of epistasis, LD is only generated by the Hill-Robertson effect (selective
interference among loci), but may be positive or negative according to the dominance
coeflicient of deleterious alleles h: positive when h < 0.25, and negative when h > 0.25
(Roze, 2021). Furthermore, it increases in absolute value as the recombination rate 74
between the two loci decreases, and as the population size N decreases. The fact that
selfing increases homozygosity tends to increase the effective dominance coefficient of
deleterious alleles to h = h (1 — F) + F (where F' = o/ (2 — o) is the inbreeding coeffi-
cient and o the selfing rate), as these alleles appear more often in the homozygous state.
It also decreases the effective recombination rate to 74, = 74 (1 — F'), and the effective
population size to N, = N/ (1 + F) (Nordborg}, 1997; |Glémin and Ronfort, 2013; Roze,
2016). Plugging these effective coefficients into the approximation for the LD among
deleterious alleles derived in |Roze| (2021)) yields:

s2h(1 — 4h)
IN(Fap + 25h)2(Fap + 3sh)

(Dab,uR) ~ (Pqab) » (4.1)

where (Dgp1r) is the average LD between deleterious alleles a and b generated by the
Hill-Robertson effect, and (pq.p) the average of p, (1 — ps)py (1 — pp). Equation
indicates that the LD generated by the Hill-Robertson effect should be negative for all
values of h in highly selfing populations (due to the fact that h approaches 1), and
increases in absolute value due to the decrease in 74, and N.. An additional effect of
partial selfing is that it generates correlations in homozygosity among loci, which can be
measured by the identity disequilibrium G, (Weir and Cockerham, [1973)), representing
a correlation in identity-by-descent across loci. This can be understood by the fact that
different types of lineages coexist within a partially selfing population: more strongly
inbred lineages (in which homozygosity is relatively high at all loci), and less inbred
lineages which are relatively more heterozygous at all loci. This identity disequilibrium
deterministically generates positive LD among deleterious alleles: indeed, deleterious

alleles are more efficiently purged from more highly inbred lineages (and are thus less

103



Chapter 4. Linkage disequilibrium in highly selfing species

frequent at all loci in those lineages), while they are less efficiently purged from less inbred
lineages and are thus more frequent at all loci within those lineages. From [Stetsenko

and Roze (2022), an approximation for this effect is given by:

s2(1—h)?>(1+2F) Gy
Tab + 2sh

<Dab,det> ~ <anb> ) (42)

which is always positive, and maximized for intermediate selfing rates (as the identity
disequilibrium Gy, is maximized for intermediate selfing rates). Note that equation
does not depend on population size, as this effect is deterministic. The overall LD be-
tween deleterious alleles (given by the sum of equations and should thus be
negative at very high selfing rates (as the deterministic effect of G, then vanishes).
However, the deterministic term may dominate even at rather high selfing rates when IV
is sufficiently large (Figure , D), yielding positive LD. The stochastic term Dgp, R
becomes relatively stronger at low population size, and as the recombination rate de-
creases (Figure , B), yielding negative LD as soon as the selfing rate is sufficiently
large.

We took advantage of the large dataset available from the highly selfing model species
Arabidopsis thaliana and focused on the most diverse genetic group located around the
Iberian Peninsula, called the relict group. This relict group is thought to have survived
the last glacial era in a refugium in North Africa (Brennan et al., |2014)) and shows less
evidence of rapid expansion and bottlenecks compared to non-relict populations (The
1001 Genomes Consortium, 2016)) thus decreasing potential demographic effects on LD
patterns. In addition to the very high selfing rate typically estimated in A. thaliana
(around 0.95; e.g. /Abbott and Gomes||1989; [Stengien et al.||2005) sequenced individuals
are the result of several generations of selfing in controlled conditions, ensuring high
homozygosity. We also used the filtered SNPs from 33 Capsella orientalis sequences that
were mapped on a new reference genome of Capsella rubella, and only kept homozygous
SNPs. Although an estimation of the selfing rate of Capsella orientalis is not available,

it is considered high based on the low levels of genetic diversity in this species (e.g.
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Hurka et al.[2012; |Zerdoner Calasan et al. 2021). As in the previous chapter, we used
SIFT annotations in order to infer the fitness effect of mutations, and measured LD
between putatively deleterious and neutral mutations in both species. While the results
show positive LD among deleterious mutations in A. thaliana, LD does not seem to be
significantly different from zero (for all mutation classes) in C. orientalis, except for very
tightly linked deleterious alleles. We then discuss possible mechanisms that can generate

positive LD between deleterious mutations in highly selfing species.

2 Materials & Methods

2.1 Genomic data

We retrieved data from 25 accessions belonging to the “relict” admixture group from the
1001 Genomes database of Arabidopsis thaliana (1001genomes.org; The 1001 Genomes
Consortium| (2016))). This admixture group, whose accessions are located in the Iberian
Peninsula, Morocco, Cape Verde Islands and the Canary Islands (Figure , displays
the highest genetic diversity among all European accessions of A. thaliana [The 1001
Genomes Consortium! (2016). Data were retrieved in the form of filtered SNPs with fully
homozygous genotypes coming from mapping of the short-read sequences against the
TAIR10 reference genome. For Capsella orientalis, we mapped the short-read sequences
from 33 accessions across its geographic range in Central Asia (Figure retrieved
from |Agren et al|[2014: Huang et al.2018; [Kryvokhyzha et al|2019) against a new (and
not yet published) reference genome of Capsella rubella, Cr145 (Tianlin Duan, personal
communication). The variant calling and variant filtration were performed as explained
in Chapter 3] Since SNPs from C. orientalis had a different distribution of mean read
depth per site, we applied a different filter for maximum read depth (>45X; Figure
S3.1). Based on a PCA on the filtered independent SNPs (using the function indep-
pairwise of Plink with parameters: window size = 50 kb, step size = 100 variants and
72 threshold = 0.1; [Purcell et al.?2007), we identified 6 A. thaliana (Figure ) and
8 C. orientalis (Figure , ) diverged individuals that were discarded from LD
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computation. The list of individuals can be found in Table[S3.1] (A. thaliana) and Table
(C. orientalis). This yielded 1,818,928 biallelic SNPs in A. thaliana and 549,719
in C. orientalis. Since the sequences from C. orientalis showed an important fraction of
SNPs with heterozygosity (52%), we filtered out those SNPs to obtain fully homozygous
genomes yielding 285,456 SNPs.

2.2 SIFT annotation

In order to classify mutations by their potential fitness effect we used the SIFT4G al-
gorithm (Vaser et all 2016) which uses multiple protein alignment across a database of
proteins in a large diversity of taxa (See Chapter [3]for details on SIFT4G). We annotated
SNPs from A. thaliana SIFT database of the TAIR10 reference genome whereas for C.
orientalis we generated a SIFT database from the new reference genome of C. rubella
that we used for SNP calling (github.com/pauline-ng/SIFT4G_Create_Genomic_DB).
By default, SIFT classifies variants with a SIFT score < 0.05 as deleterious and > 0.05
as tolerated. In order to contrast between the potentially most deleterious mutations
and potentially neutral mutations while considering mutations with intermediate fitness
effects we stated the following categories: deleterious mutations (SIFT score < 0.05),
mildly deleterious mutations (0.05 < SIFT score < 1) and neutral mutations (SIFT score
=1).

2.3 Computing LD

Since our filtered dataset only comprises homozygous genomes, we could compute a
simple LD estimate D, measuring the association between alleles ¢ and b in the same
individual and given by:

Doy = pab — Palbs (4.3)

where pgp is the frequency of double mutant haplotypes and p,, py the frequencies of
alleles a and b (Weir}, [1996]). To compute LD among neutral alleles, we only considered

sites that were segregating for neutral alleles (SIFT score = 1). In A. thaliana, alleles
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Figure 4.2: Geographic distribution of A. thaliana accessions labeled as the relict group
from [The 1001 Genomes Consortium (2016). Red numbers correspond to genetically
divergent individuals that were removed from LD computation. The correspondence
between the accession number and the original accession ID is available in Table @
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were randomly polarised for neutral LD computation, while in C. orientalis they were
polarized based on their inferred derived state, using the outgroup sequence of Neslia
paniculata (i.e., a and b correspond to derived alleles in equation . To compute
LD between deleterious/mildly deleterious alleles in A. thaliana, we only retained sites
at which a deleterious/mildly deleterious allele is segregating with a neutral allele, and
polarized alleles based on their inferred fitness effect. In C. orientalis the same filtering
on deleterious/mildly deleterious allele was applied but the analysis was restricted to
derived deleterious alleles (i.e., a and b correspond to deleterious and derived alleles
in equation — extending the analysis to include ancestral deleterious alleles is not
expected to change the results (see Chapter 3)). We computed the mean value of D,y for
every pair of sites at different physical distances up to 3 kb (each distance class being
75 bp wide) and discarded pairs of sites for which the information on the genotype was
not available at both sites in less than half of the total number of individuals. As for
the LD estimator 0% of |Ohta and Kimura| (1969), the average LD for a given distance
class (Ayp) was scaled by the average product of allele diversities at both loci (for the
same distance class) (p,qa.ppqp), Wwhere (X) denotes the average of quantity X over pairs
of sites in a given distance class. A 95% confidence interval was computed using the

bootstrap method, by resampling each set of pairs of sites 1,000 times.

3 Results

In A. thaliana the diverged accessions correspond to all accessions outside of the Iberian
Peninsula with two additional accessions inside it (Figure [4.2|and Figure ) and most
of them also have a lower proportion of deleterious mutations compared to the other
accessions (Figure[S3.3A). Unlike in A. thaliana, the diverged accessions of C. orientalis
are spread across the geographic range of the species and are probably accessions whose
sequences poorly mapped on the reference genome of C. rubella, resulting in a high
proportion of missing data after SNP filtering (Figure [S3.2B). This does not seem to

be the case for diverged accessions in A. thaliana as all accessions have comparable
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Figure 4.5: Site frequency spectrum for deleterious (A, D), mildly deleterious (B, E) and
neutral mutations (C, F) in A. thaliana (A, B, C) and C. orientalis (D, E, F) accessions.
Frequencies were computed for fully homozygous biallelic sites for which at least one
neutral mutation segregates. For A.thaliana deleterious and mildly deleterious muta-
tions were polarized based on their SIFT score while neutral mutations were randomly
polarized. For C. orientalis deleterious and mildly deleterious mutations were polarized
by their SIFT score and derived state (based on the outgroup sequence of N. paniculata)
while neutral mutations were polarized based on their derived state.

proportions of missing data (Figure A). The overall higher proportion of deleterious
alleles between C. orientalis compared to A. thaliana (Figure [S3.3) probably reflects

the relatively high levels of purifying selection for a selfing species already found in A.

thaliana (Payne and Alvarez-Poncel [2018).

Site frequency spectra (SFS) for the different types of mutations (deleterious, mildly
deleterious and neutral) reflects their inferred fitness effect as more deleterious muta-
tions display SFS shifted towards lower frequencies (Figure . The SFS of neutral
mutations in A. thaliana is symmetrical because alleles were randomly polarised. The

deficit of mutations with frequencies around 0.5 is due to the removal of SNPs displaying
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heterozygosity, primarily affecting completely heterozygous SNPs (Figure . Using
the information on the outgroup sequence of N. paniculata in addition to the SIFT score
to polarise mutations in C. orientalis reduced the part of high frequency deleterious
and mildly deleterious mutations (Figure [S3.5)). The part of high frequency deleterious
and mildly deleterious mutations is still much higher in C. orientalis compared to A.
thaliana.

We retrieved an average null LD between neutral mutations in both species regardless
of the physical distance separating them (Figure , ); note that this is expected
in the case of A. thaliana, since neutral alleles are polarized randomly. In A. thaliana
we found positive LD between deleterious and mildly deleterious mutations at short
distances, deleterious mutations displaying higher positive LD, which is maintained over
longer distances (Figure , ) In C. orientalis, the results are more noisy due to
the lower number of SNPs, but LD does not seem to be significantly different from zero
for deleterious and mildly deleterious mutations, except for the smallest distance class in
the case of deleterious mutations. Including the diverged accessions of the relict group
of A. thaliana does not have an effect on LD for any type of mutation (Figure .

The average squared LD between the different types of mutations is consistent with
the effect of selection further reducing the variance in LD between more deleterious vari-
ants in both species (Figure . Higher squared LD is maintained between mutations
in C. orientalis compared to mutations in A. thaliana. In particular, squared LD be-
tween neutral mutations reaches a plateau at around 80 kb in A. thaliana (Figure )
while it reaches a plateau at around 200 kb in C. orientalis (Figure [S3.7B).

4 Discussion

Our results show that positive LD is still retrieved between deleterious mutations at
short distances, particularly in relict accessions of A. thaliana. This suggests that an
important part of this positive LD is caused by other factors than pseudo-heterozygosity

generated by polymorphic duplications or other sources of mapping errors, which could
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Figure 4.6: Average linkage disequilibrium D, scaled by the average product of allele di-
versities between deleterious (A, D), mildly deleterious (B, E) and neutral mutations (C,
F), for different classes of physical distance between sites (in base pairs) in A. thaliana
(A, B, C) and C. orientalis (D, E, F). Linkage disequilibrium was computed only between
fully homozygous SNPs. For A. thaliana, deleterious and mildly deleterious mutations
were polarized based on their SIFT score while neutral mutations were randomly polar-
ized. For C. orientalis deleterious and mildly deleterious mutations were polarized based
on their SIFT score and derived state (based on the outgroup sequence of N. paniculata)
while neutral mutations were polarized based on their derived state.
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have a significant impact on LD patterns in outcrossing species (see Chapter [3]). Positive
LD between deleterious mutations could be generated by selection in spatially structured
populations. Indeed, the variance in inbreeding between demes generated by drift causes
deleterious mutations to be more efficiently purged in demes with more inbreeding and
less efficiently purged in demes with less inbreeding creating positive LD when measured
at the scale of the whole population (Roze, 2009). This mechanism is similar to the one
generating positive LD between deleterious mutations in infinitely large populations of
partially selfing individuals (Roze and Rousset| 2005} Stetsenko and Roze, [2022)). Other
factors may generate differences in the efficiency of selection in different spatial locations,
such as differences in demographic regimes. Both effects can be particularly strong in
highly selfing species, known to be often characterised by extinction-recolonisation dy-
namics (e.g. |Guo et al./|2009; [Willi et al.|2018;|Orsucci et al.|[2020). Moreover, individuals
from both species were sampled at large geographical scales, probably covering different
genetically divergent populations and increasing the effect of spatial structure. However,
we found no difference in LD between deleterious mutations when including diverged ac-
cessions of the relict genetic group of A. thaliana (among which accessions from outside
the Iberian Peninsula). This result could be explained by the fact that most of the
genetic structure is found inside the Iberian Peninsula (Brennan et al.|2014; also visible
in our PCA). It could thus be interesting to restrict LD measurements inside genetic
clusters in the Iberian Peninsula, even though finding a sufficient number of deleterious
SNPs among few accessions may be challenging. Sampling and sequencing larger num-
bers of individuals at a small spatial scale (similarly to what was done by |Josephs et al.,
2015/in Capsella grandiflora) could provide a dataset with minimum genetic structure to
remove most of the effect of population structure on LD patterns. However, again, relict
populations are found in a very specific environments (The 1001 Genomes Consortiuml),
2016)), with patchy populations probably displaying very low genetic diversity within a
patch so that the effect of selfing on LD patterns could be difficult to disentangle from
other life-history traits of highly selfing species. The different genetic groups among relict

populations in the Iberian Peninsula could also be caused by introgression from other
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non-relict populations (The 1001 Genomes Consortium)|, 2016 and could cause positive
LD between deleterious mutations as some accessions may carry specific introgressed
combinations (Sandler et al., |2021). As discussed in Chapter |3 positive LD between
deleterious mutations may also be caused by positive epistasis, either due to compen-
satory effects between deleterious mutations, or because strongly deleterious mutations
such as loss-of-function mutations allow subsequent deleterious mutations to accumu-
late within the same gene. Selfing, by decreasing effective recombination is expected to
increase the effect of positive epistasis, allowing beneficial sets of mutations to remain
associated over longer physical distances.

Finally, we found very different patterns of mean squared LD <ng> between the two
species, associations being maintained at much longer distances in C. orientalis (up to
200 kb; Figure ) compared to A. thaliana (up to 80 kb; Figure ) As <D(21b>
is roughly proportional to 1/4N,.7y, the differences in mean squared LD between both
species can be due to a lower genome-wide recombination rate in C. orientalis and/or
lower effective population size. This is in line with the fact that the transition to selfing
in the lineage of C. orientalis is estimated to be very recent (Late Holocene, around 2.1
kya; [Zerdoner Calasan et al.[2021) compared to the lineage of A. thaliana (between 1
Mya and 500 kya with a colonisation of Europe around 80 kya; Durvasula et al. 2017).
Because the transition from outcrossing to selfing by the loss of self-incompatibility is
often associated with a decrease in population size (John R. Pannell, [2015; [Encinas-Viso
et al., 2020), C. orientalis has probably a much lower historical effective population size

than A. thaliana.
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General discussion

The present thesis has presented theoretical approaches exploring the conditions
under which recombination may be favoured (in particular, the effect of arbitrary rates of
selfing, and the effect of genome structure), and genomic approaches estimating linkage
disequilibrium between deleterious mutations, a potentially important component of
indirect selection for recombination. In this last section, I discuss the results from all

chapters to draw general conclusions and perspectives for future works.

Epistasis and the evolution of recombination

As shown by current models, epistasis on fitness is an important component of in-
direct selection for recombination: in randomly mating populations, it generates a de-
terministic force selecting for recombination when it is negative and favours complete
linkage when it is positive (Kondrashov} (1984} |Charlesworth, 1990; Barton, [1995; Otto
and Feldman, [1997)). In partially selfing populations, epistatic interactions involving
dominance (additive-by-dominance and dominance-by-dominance epistasis) become im-
portant, and may generate a short-term benefit for recombination (Roze and Lenormand,
2005). However, in finite populations, the effect of epistasis may be overwhelmed by the
stochastic forces selecting for recombination (even in the absence of epistasis) gener-
ated by selective interference (Otto and Barton, |2001; Keightley and Ottol 2006; |[Roze,
2021). However, our model and most previous multilocus models on the evolution of
recombination assume that epistasis is the same among all pairs of mutations, whereas
empirical results tend to show that epistasis is highly variable (in sign and magnitude)
among pairs of loci, and does not tend to be negative on average (de Visser and Elena,,
2007; Kouyos et al., [2007; Martin et al., |2007)). Otto and Feldman| (1997) have shown
using a 3-locus model that even when epistasis is negative on average, variable epistasis
decreases the parameter space where recombination is favoured in infinite populations.
It is possible that the effect of epistasis on the evolution of recombination (relative to the
effect of selective interference) becomes more important when distributions of epistasis
are considered. Indeed, models assuming fixed epistasis generally consider that epistasis

coefficients are small in absolute value (otherwise, selection against deleterious alleles
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quickly becomes unrealistically strong due to epistatic interactions with all other dele-
terious alleles present in the genome). Introducing distributions of epistasis would allow
at least some combinations of alleles to display strongly positive or negative epistasis,
without affecting the average strength of selection against deleterious alleles. Based on
the results of |(Otto and Feldman! (1997), this variance in epistasis should disfavour re-
combination (at least under random mating), as strong epistasis generates an important
short-term cost of recombination. This is in line with the results of [Vanhoenacker et
al. (2018)), showing that sex is disfavored in finite haploid populations under stabiliz-
ing selection around a phenotypic optimum (stabilizing selection generates a variance
in epistasis, which disfavors recombination). In partially selfing populations, however,
it remains unclear how distributions of the different components of epistasis (additive-
by-additive, additive-by-dominance and dominance-by-dominance) would affect selection
for recombination. It would thus be interesting to quantify the effect of variable epistasis
on the overall strength of selection for recombination in partially selfing populations.
However, it remains difficult to determine what a realistic model of multilocus epis-
tasis should be. Indeed, the distribution of epistasis depends on the particular shape of
the fitness landscape. Empirical works that assessed the shape of fitness landscapes by
measuring the fitness of all possible combinations of a small number of mutations found
that they can be highly rugged, meaning that they are made of several local fitness peaks
and valleys (e.g. |Weinreich et al. 2006} |de Visser et al. [2009; see |de Visser and Krug
2014 for a review). These complex fitness landscapes are characterized by high levels of
sign epistasis, where a mutation can be deleterious or beneficial according to the genetic
background in which it appears, meaning that compensatory mutations are needed to
reach the global fitness peak (Poelwijk et al., 2007)). It appears difficult to obtain gen-
eral analytical expressions for the strength of selection for recombination in such fitness
landscapes. Some simulation works studied the effect of recombination on adaptation
on rugged fitness landscapes, but generally consider a small number of selected sites and
do not include recombination modifier loci (e.g. [de Visser et al.|2009; Moradigaravand

and Engelstiadter| 2012 |Cooper and Kerr 2016|). Considering simpler models that rep-
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resent a single fitness peak, such as the Fisher’s geometric model (FGM; |Fisher|/1930;
Tenaillon 2014) could represent a more promising approach. Indeed, the distribution of
epistatic effects on fitness generated by mutations in a generalized version of FGM has
been shown to match empirical distributions of epistatic effects in Escherichia coli and
the RNA vesicular stomatitis virus (Martin et al., |2007). This type of fitness landscape
involving stabilising selection around a fixed optimum (modelled by a Gaussian or a
quadratic function) typically disfavors recombination once the population is adapted.
(Charlesworth, [1993; Barton, 1995). However, recombination can be favored when the
mean phenotype of the population is displaced from the optimum, either due to a chang-
ing environment or to a mutational bias that tends to displace phenotypes away from
the optimum (Charlesworth, |1993; |Vanhoenacker et al 2018)). Indeed, when the mean
phenotype of the population lags behind the optimum, the negative curvature of the
fitness landscape generates negative epistasis among beneficial and among deleterious
mutations (Martin et al., 2007) and recombination may be favoured as it increases the
efficiency of directional selection.

However, it is not clear how the relative effect of deterministic forces and selective
interference play in generating selection for recombination in this type of model, partic-
ularly in populations adapting to changing environments. It could thus be interesting
to quantify these effects, especially in the case of partially selfing species, in which the
effect of epistasis on selection for recombination may become important (Stetsenko and
Roze, 2022)). Different types of environmental changes and fitness functions could be
considered, which could change the sign of epistasis in haploids (Gros et al., 2009; Blan-
quart et al., 2014)) or the type of epistasis in diploids (€gxa, €axd; €ixa; Abu Awad and
Roze [2020).

Subsequently, this model could be extended to explore the evolution of recombina-
tion in more complex fitness landscapes. Indeed, models studying adaptation in rugged
fitness landscapes found that recombination may either promote or hinder adaptation
depending on recombination rates, the shape of the fitness landscape, population size

or population structure (e.g. |Weinreich and Chao 2005; |[Jain|[2010; |Altland et al. 2011;
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Moradigaravand and Engelstéidter|2012; |Cooper and Kerr|2016). However, these models
are only interested in the time taken by a population to reach a global fitness peak from
a local fitness peak through a fitness valley and do not consider indirect selection at a
recombination modifier locus. It could thus be of interest to quantify the strength of
selection for recombination in these rugged fitness landscapes, under different forms of

genetic architecture.

Genome structure and the evolution of recombination

Results from Chapter and [4] highlight the relevance of accounting for genome
structure when studying the evolution of recombination. First, because introducing
non-uniform recombination or gene density along chromosomes changes the strength of
indirect selection for recombination. Indeed, we saw in Chapter [2| that indirect selection
can maintain a higher number of crossovers (COs) when the position of the obligate
CO is sufficiently far away from the recombination modifier locus and/or when the
recombination modifier locus is located in a gene-dense region. We also saw that a higher
number of COs can be maintained by the effect of drift when recombination is affected
by a large number of modifier loci each having a local effect. Second, because genome
structure can bias empirical measures of LD that can be performed to test predictions
from recombination modifier models. Indeed, we saw in Chapter |3 that duplications
that are not present in the reference genome of Capsella rubella probably contribute to
the positive LD pattern found between deleterious mutations in the Capsella grandiflora
population studied by [Sandler et al.| (2021) and ourselves. A first step before measuring
LD between deleterious mutations would thus be to remove pseudo-heterozygous SNPs
that may cause spurious positive LD between deleterious mutations.

However, pseudo-heterozygous SNPs can be difficult to distinguish from truly het-
erozygous SNPs, and the program we used only allowed us to detect the most likely
pseudo-heterozygous SNPs. A possibility to avoid this problem is to use haploid data. In
Chapter [ we used sequence data from the two highly selfing species Arabidopsis thaliana

and Capsella orientalis where heterozygosity is expected to be very low, and where het-
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erozygous SNPs can be removed without discarding too many true heterozygous SNPs.
Although no clear LD pattern was found between deleterious mutations in C. orientalis,
positive LD was found between deleterious mutations in A. thaliana, similarly to what
we found in C. grandifiora. Positive LD between deleterious mutations in A. thaliana is
thus caused by other factors than pseudo-heterozygosity generated by mapping errors.
In particular, positive LD between selected loci is expected to build up when these loci
display positive epistasis on a multiplicative scale (Felsenstein, 1965). As suggested by
(Ragsdalel, 2022) and (Stolyarova et al.l 2022) this positive epistasis could be caused by
compensatory mutations within the same gene (Davis et al., [2009). As mentioned in
the previous section, compensatory mutations are expected to be pervasive during adap-
tive walks on rugged fitness landscapes (Poelwijk et al., 2007). Positive epistasis may
also result from the accumulation of deleterious mutations in a gene, either following a
loss-of-function mutation or because they appear in a gene that does not impact fitness.
In particular, if deleterious mutations accumulate in a pesudogene, the resulting signal
of positive epistasis is spurious as the mutations that accumulate are effectively neutral
regardless of their combination. Indeed, the fitness effect of mutations was inferred us-
ing SIFT that only uses the homology of protein sequence in many organisms (Vaser et
al., 2016). The number of pseudogenes can be important in genomes (Harrison et al.,
2002; Xiao et al.l |2016) especially in the Brassicaceae that we studied, whose lineage
underwent a recent (less than 20 Mya) whole-genome duplication event (Zhang et al.|
2020), which may contribute to generate a significant amount of positive LD between
pseudo-deleterious mutations. Although pseudogenes are annotated by bioinformatic
programs or based on known pseudogenes from functional studies and removed from
genome annotation, some of them may be undetected as annotation programs are not
one hundred percent accurate (Xiao et all [2016; Cheetham et al., 2020). Positive LD
between deleterious mutations can also be generated by selection in spatially structured
populations, due to differences in the degree of drift or inbreeding (Roze, 2009), or in
the efficacy of selection among demes. It is thus difficult to disentangle the respective

contributions of these potential sources of positive LD between deleterious mutations
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in our dataset. This could nevertheless be achieved by including new data. For exam-
ple, the data from haploid embryos from a Zambian, panmictic population of Drosophila
melanogaster (used by Sohail et al.|2017 and |Sandler et al.[2021)) could be used to remove
possibles effects of spatial structure and pseudo-heterozygosity. The potential effect of
pseudogenes could be removed by focusing only on known functional genes, or by using
available transcriptomic data in A. thaliana (Klepikova et al., 2016)) and D. melanogaster
(Huang et al., [2015) in order to approach the real fitness effect of mutations, although
some pseudogenes may also be transcribed (Xiao et al., [2016; Cheetham et al., 2020]).
Better taking the structure of genomes into account may also help us to better un-
derstand LD patterns between deleterious mutations. Indeed, if the positive LD that
we observe is caused by positive epistasis, it should be dominated by interactions be-
tween mutations within genes and/or protein-coding domains, since we measured LD
over short distances. Protein sequences are typically made up of several functional do-
mains, corresponding to conserved and functionally independent elements (Bagowski et
al., 2010). Using data from several human populations, Ragsdale (2022) found no differ-
ence in LD between synonymous and missense mutations when averaging over all pairs
of mutations within genes. However, he found higher positive LD between missense mu-
tations within the same conserved domain compared to synonymous mutations (while
the opposite pattern was found outside conserved domains), which was interpreted as
evidence for positive epistasis between missence mutations affecting the same domain.
At a larger scale, gene products (RNA or proteins) do not interact randomly and large
gene interaction networks (e.g. in yeast Costanzo et al.|2019) show that genes preferen-
tially interact within clusters (or modules) at different scales because they are involved
in the same metabolic pathway, bioprocess or cellular compartment. Nevertheless, it
remains unclear whether an overall relationship between epistasis and genetic proximity
exists within genomes. Still, cases are known of changes in recombination that may have
occurred in response to specific epistatic interactions. For example, sets of coadapted
alleles can be maintained on the same genetic background by the evolution of recombi-

nation arrest generating supergenes, as recombination is strongly disfavoured between
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them (Thompson and Jiggins, |2014). This recombination suppression can be mediated
by different mechanisms, including structural changes such as chromosomal inversions
(Schwander et al.l 2014). On the contrary, higher recombination rates may be favoured
under forms of selection favouring diversity at the level of a set of genes, such as between
immunity related genes (Choi et al., [2016; Fulton et al., 2016)).

Overall, selection for recombination is thus expected to vary within and between
genes because of the joint effects of genome structure and epistatic interactions. There-
fore, the discrepancy between patterns of LD that should favour recombination according
to modifier models and what is observed in genomic data could be resolved by taking into
account the joint effect of genome structure and epistasis. In particular, an extension of
the present work could consist in unraveling the pattern of positive LD between delete-
rious mutations at different genomic scales (within domains, between domains, within
genes, between genes) as they correspond to different levels of interaction between muta-
tions and are expected to generate different indirect selective pressure for recombination.
In order to make finer predictions on the expected recombination rates at different ge-
nomic scales, models that explicitly account for genome structure and modularity of
epistatic interactions will thus be needed. Additionally, recombination landscapes at
different genomic scales — in particular at the scale of genes — could be used to test those
predictions.

However, as mentioned above, a central element that should not be overlooked when
studying indirect selection for recombination is the genetic architecture of recombination
rate variation. Indeed, as seen in Chapter [2, the number and position of recombination
modifier loci relative to the position of COs they encode and gene-dense regions greatly
affect the overall strength of selection for recombination. Although a growing number of
recombination modifier genes are described, affecting various pathways of CO formation
(e.g. in plants; Wang and Copenhaver|2018)) it is still difficult to have a clear picture of
their relative contribution to recombination rate variation within natural populations.
Therefore, more empirically work is needed in that direction, in order to better under-

stand the sign and magnitude of direct and indirect selective pressures that may act on
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these genes.

Selfing and the evolution of recombination

In Chapter |1}, we found that, under realistic parameter values, indirect selection for
recombination generated by deleterious mutations generally increases as the selfing rate
increases, and then vanishes as the selfing rate approaches 1. This result stems from
the fact that selfing reduces the efficiency of recombination, which increases the strength
of indirect selection for recombination as long as the selfing rate is not too high, but
suppresses indirect selection when the selfing rate approaches 1, since heterozygosity is
so rare that recombination has no effect in this case. This could help to explain two em-
pirical observations: (i) the positive correlation between selfing rates and recombination
rates in closely related species of plants (Roze and Lenormand, 2005} [Ross-Ibarral, 2007;
Nordborg et al., [2005) and (ii) the fact that even highly selfing species retain small rates
of outcrossing (e.g. ~ 5% in A. thaliana Stengien et al. 2005; Bomblies et al.||[2010) so
that they can recombine.

Concerning the first observation, it would be of interest to obtain more detailed re-
sults on recombination rates in species with intermediate selfing rates (in particular,
our results often predict similar recombination rates under outcrossing and moderate
selfing, unless some forms of negative epistasis are present). In the studies compiled
in the metaanalysis of Roze and Lenormand (2005), selfing rate estimates are generally
not available, species being classified into broad classes (e.g., outcrossing, mixed-mating,
predominantly selfing). Moreover, effective selfing rates can be highly variable among
populations within a same species (Whitehead et al.| [2018]) probably due to a mix of ge-
netic, demographic and ecological factors (Goodwillie et al., 2005; |(Cheptou et al., 2008)),
so that it is difficult to define a selfing rate at the scale of the whole species. Moreover,
the relationship between recombination and selfing rate could be updated with new data
from genetic maps in plants, as the correlation has mainly been obtained from cytological
data on the number of chiasmata per bivalent, that are only indirect measures of recom-

bination rates. This correlation seems to be retrieved using genetic map data at the
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scale of Angiosperms, when comparing the whole-genome recombination rate of species
belonging to different selfing categories (Brazier & Glémin, personal communication). It
could be interesting, using this dataset, to investigate whether the correlation between
recombination and selfing is also retrieved at smaller phylogenetic scale (i.e. between
species in a same genus) as it was found with chiasma count data (Roze and Lenormand,
2005).

Concerning the second observation — that even highly selfing species retain small
rates of outcrossing — one can note that in highly selfing species, higher levels of genetic
shuffling could be achieved either by increasing the number of COs during meiosis or
by increasing the outcrossing rate. However, different selective forces act on selfing
rate modifiers (e.g. reproductive assurance, automatic advantage, inbreeding depression,
Lande and Schemske|[1985; Busch and Delph/[2012; Abu Awad and Roze|[2020) and on
recombination rate modifiers, and it would thus be of interest to model the joint evolution
of outcrossing and recombination rates in order to quantify their relative contribution
on the evolution of recombination in highly selfing species.

Although our model draws clear expectations concerning recombination rates in self-
ing populations that seem to match with current data, it is less straightforward to
interpret patterns of LD between deleterious mutations in highly selfing species from
our model. Indeed, under high selfing rates, LD between deleterious mutations may be
negative due to selective interference, or positive due to correlations in homozygosity
caused by partial selfing. Because selective interference increases as effective population
size decreases, it should dominate in relatively small populations and generate negative
LD among deleterious mutations under high selfing, whereas in large populations it may
be positive under high selfing as the deterministic effect of correlations in homozygosity
may dominate. Although no clear LD pattern was found in the highly selfing Capsella
orientalis, we found positive LD between deleterious mutations in A. thaliana. For A.
thaliana, this result could thus be in line with the expectation of LD in large highly
selfing populations in the absence of epistasis whereas for C. orientalis the high level of

noise in the results makes them more difficult to interpret.
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Individuals from the relict group of A. thaliana that we studied are found in patchy
habitats (The 1001 Genomes Consortium) 2016|) and the population is likely highly spa-
tially structured. Yet, spatial structure has opposing effects on LD: it decreases effective
population size thus increasing selective interference (Martin et al.l 2006) generating
negative LD under high selfing, but the variance in inbreeding among demes creates
correlations in homozygosity generating positive LD (Roze, 2009). However, it is un-
clear whether the stochastic effect generating negative LD or the deterministic effect
generating positive LD should dominate in spatially structured populations under high
selfing.

Positive LD between deleterious mutations could also be caused by positive epistasis
as discussed previously. However, with positive epistasis, positive LD between deleterious
mutations is expected to increase roughly proportionally with selfing (Stetsenko and
Roze, 2022)) so that higher positive LD is expected between deleterious mutations under
high selfing compared to under outcrossing. This further complicates the effect of selfing
on LD patterns between deleterious mutations in the presence of epistasis and spatial
structure in selfing species. New models would thus be required to better predict the
sign and magnitude of LD between deleterious mutations due to the interplay between

selfing, population size, spatial structure and epistasis.

Are recombination rates always adaptive?

Throughout this thesis we explored indirect selective forces acting on recombination,
considering that despite potentially important constraints on the number and position
of COs, some room can be left for indirect selection on recombination rates. However,
we have seen in Chapter 2| that when considering a large number of recombination mod-
ifier loci evenly spaced along the genome and having only a local effect on recombination
rates, the total map length of the chromosome is primarily determined by the fitness cost
of COs and the number of recombination modifier loci. Indeed, in this case the direct fit-
ness cost of recombination is shared between all modifier loci and direct selection against

recombination at each modifier locus becomes of the same order of magnitude (or lower)
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as the effect of drift when the number of modifier loci is sufficiently large. Indirect selec-
tion acting on each modifier is also reduced, due to the fact that the modifier only affects
a small proportion of selected loci. The local map length coded by each modifier locus is
thus submitted to random fluctuations, increasing the variance in map length along the
chromosome. This also increases the total map length of the chromosome, as map length
cannot be negative. The effect of drift on the value of polygenic traits (making selection
less efficient at maintaining traits around their optimum value) has been proposed as
the “drift-barrier” hypothesis to explain the negative correlation between effective popu-
lation size and mutation rate observed at a broad phylogenetic scale (Lynch et al., 2016;
Lynch, 2020). Under this hypothesis, the lower mutation rates observed in unicellular
or small eukaryotes compared with large multicellular organisms would be explained by
the lower N, of these larger organisms, decreasing the efficiency of selection on the DNA
repair machinery to maintain replication fidelity (Sung et al., 2012)). A similar negative
correlation between recombination rate and N, has been identified among eukaryotes
(Buffalo, [2021]) and the drift-barrier hypothesis could be an alternative explanation to
the effect of selective interference being stronger in populations with smaller N.. How-
ever, many other traits that correlate with V. (the mutation rate in particular; Sung
et al. 2012) also have to be taken into account in such broad scale correlations. Nev-
ertheless, the drift-barrier hypothesis could also represent an alternative explanation to
the positive correlation between recombination rate and selfing rate in plants (Roze and
Lenormand, 2005)) as N, is decreased by selfing and by the transition from outcrossing
to selfing often associated with demographic bottlenecks (Barrett et al., 2014)). It would
thus be interesting to investigate this alternative mechanism in more detail, by exploring
the effect of selfing on the evolution of recombination when chromosome map length is

controlled by many loci of small effects.

Conclusion

Considering variable epistatic interactions between mutations could impact the con-

ditions under which recombination is favoured under random mating or selfing. However,
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the distribution of epistasis depends on the underlying fitness landscape, and few mod-
els have been interested in the evolution of recombination under those conditions. New
models would thus be needed to explore the relative importance of deterministic and
stochastic forces generating selection for recombination under various fitness landscapes
and environmental changes. A first step would be to consider a simple fitness landscape
with a single fitness peak that could then be extended to rugged fitness landscapes with
multiple peaks.

Genome structure is an important factor that needs to be taken into account in the
evolution of recombination as it can affect the strength of selection for recombination, and
bias the measures of LD from genomic data, generating a discrepancy between patterns of
LD that should favour recombination according to modifier models and what is observed
in genomic data. When measuring LD between deleterious mutations, adopting common
analysis pipelines would help avoid various biases and would make patterns of LD more
comparable across datasets and help to interpret them in terms of selective forces. More
work is also needed in the quantitative genetics of recombination rate variation in a wide
variety of organisms to get a clearer picture of the genetic architecture of recombination
modifiers, and quantify their potential to respond to selection. Models that explicitly
account for genome structure and modularity of epistatic interactions would be needed
in order to make predictions on the expected recombination rates at different genomic
scales.

Indirect selective forces acting on recombination may explain the correlation between
recombination rates and selfing rates in plants, mainly found from chiasma count data.
This correlation could be updated and refined using more recent data on genetic maps
in plants and other organisms. Because changing the level of genetic shuffling in selfing
species could also proceed by the evolution of outcrossing, the joint evolution of selfing
and recombination could be explored to quantify their relative contribution. Moreover,
it is difficult to interpret patterns of LD between deleterious mutations in highly self-
ing species that display spatial structure and epistasis between mutations. Therefore,

modeling the interplay between selfing, population size, spatial structure and epistasis
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in generating LD between deleterious mutations will be needed.

Finally, an alternative explanation for the positive correlation between recombination
rates and selfing rates in plants is the drift-barrier hypothesis, whereby populations with
lower effective sizes could display higher recombination rates when recombination is
encoded my many loci of small effect. Since selfing decreases effective population size,
recombination rates could be higher in selfing species due to this mechanism. It would
thus be interesting to explore the effect of selfing on the evolution of recombination when
chromosome map length is controlled by many loci of small effects, in order to quantify
the relative contribution of drift and indirect selection in generating a correlation between

recombination and selfing.

132



133



Appendix

134



Appendix S1

Supplementary figures from Chapter
1l

135



136
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Figure S1. Same as Figure 1 with e,q = —0.001, and r,,, = re = 0.01 (A),

Tma = Tap = 0.1 (B). Other parameter values are as in Figure 1.
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Figure S2. Same as Figure 4, with R on a log scale.
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Figure S3. A: effect of the selfing rate o on the evolutionarily stable map length
Rpgg for different values of the standard deviation sd of the log-normal distribution of
selection coefficients s of deleterious alleles (in the simulations). B: distribution of s
for sd = 0.5 (solid) and sd = 1 (dashed). The mean selection coefficient s is set at
0.02, and default parameter values are as in Figure 3 with ¢ = 0.001. The analytical

prediction (curve) in A is the same as in Figure 3 for ¢ = 0.001 (fixed s).
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Figure S4. Effect of the selfing rate o on the evolutionarily stable map length Rgg
for different numbers of loci L at which deleterious alleles may occur. In simulations
with finite L, loci are uniformly spaced along the chromosome, each locus mutating
at a rate U/L. Parameter values are as in Figure 3 with ¢ = 0.001. The analytical

prediction (curve) is the same as in Figure 3 for ¢ = 0.001 (infinite number of loci).
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Figure S5. Effect of the selfing rate o on the evolutionarily stable map length Rgg
for s = 0.005 and s = 0.02, and other parameter values as in Figure 4. Solid curves
are the same as in Figure 4C, corresponding to the predictions obtained by solv-
ing Sdirect + Saet + Sur = 0 for R, where sqe; and sygr are obtained by integrating
the expressions for the strength of indirect selection generated by deterministic ef-
fects (for sget) and by the Hill-Robertson effect (for syr) over the genetic map (see
Supplementary Material). Dashed curves correspond to the predictions obtained us-

ing the same method, but replacing syr by the approximation given by equation 22:

sur &~ 1L.80RU?/ [N.R? (1 — F)?].
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Figure S6. Same as Figure 5, the dashed curves showing the predictions obtained for

Rgs when ignoring the term generated by Dgwb’ab in the expression for the deterministic

source of indirect selection acting on the modifier locus. The difference between the
dotted and dashed curves therefore corresponds to the effect of deterministic terms
generated by Dy, while the difference between the dashed and solid curves corresponds

to the effect of deterministic terms generated by D), .-



Figure S7 (next page). Cytological data from different families of angiosperms,
used to generate Figure 1 in Roze & Lenormand (2005). Each point shows the average
chromosomal map length (on y-axes), that is, half the number of chiasmata per biva-
lent (observed during male meioses) in a given species. The different mating system
categories on x-axes correspond to those given in the original articles (see legend of

Figure 1 in Roze & Lenormand 2005 for references).
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Expressing the composite linkage disequilibrium in terms of allele

frequencies and indicative variables

Following the multilocus formalism from Barton and Turelli| (1991) and Kirkpatrick et
al. (2002), the two-locus moments D, and D, can be expressed as :
bab,@ + D@,ab 1

9 | = §E[(Xa,® - pa)(Xb,Qf — ) + (Xg,a - pa)(XQ,b —pp)] (S2.1)

Da,b + Db,a 1

b = f] = iE[(Xa,Q _pa)(XQ,b _pb) + (Xb,Q _pb)(XZ,a _pa)] (82'2)

with ZNDU,V the association among the set of loci U and V, accounting for the origin
of the alleles (maternally or paternally inherited) and E denoting the average over all
individuals in the population. Given that Ay, = Dy, + D, p and after developing and

factoring we obtain:
1
Agp = iE[(Xa,,@ + X@,a - 2pa)(Xb,® + sz;,b - 2pb)], (52-3)

with E denoting the average over all individuals, the indicative variable X, & that equals
1 if allele z is present on the maternally inherited chromosome (and 0 otherwise) and
Xgz,o that equals 1 if allele « is present on the paternally inherited chromosome (and 0
otherwise). The sum X, z+X, & can be equal to 0,1 or 2 if the site is homozygous for
the ancestral allele, heterozygous or homozygous for the derived allele z, respectively.
Equation can also be retrieved from the expression in terms of genotypes (Equation
Weir|[1996)) using the fact that:

Doy = Pab — Paps, (52.4)
Doy = Dab — Palbs (52.5)
1 1 111
pab = 5EXaoXpo + XoaXop] = —(n1 + 52+ 5ng + 5nua), (52.6)
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1 1 1 1 1
Pap = §E[Xa,ZX®,b + Xb,@Xz,a} = ﬁ(nl + 5”2 + 5”3 + §n4b)a (52.7)

with pgp the frequency of ab configurations, p,; the frequency of a,b configurations, n
the total number of genotypes, n; the number of double homozygotes for alleles a and b
(ab/ab), ny the number of homozygotes for allele a and heterozygotes for allele b (aB/ab),
n3 the number of heterozygotes for allele a and homozygotes for allele b (Ab/ab), nsa
the number of double heterozygotes with alleles a and b in coupling (ab/AB) and n4b
the number of double heterozygotes with alleles a and b in repulsion (Ab/aB). Note that

the total number of double heterozygotes is n4 = n4q + Nap-
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Table S2.1: List of accessions of Capsella grandifiora with their ID from |Josephs et al.
(2015)), SRA code, number used in the current paper, number of mapped reads and mean
coverage after mapping and mean coverage of SNPs after filtering. Individuals shaded
in grey correspond to diverged individuals that were removed from LD computing.

D SRA Number Number of Mean covgrage Mean covz.erag.e of SNPs
mapped reads | after mapping (X) after filtering (X)
1000 | SRR2065171 1 67,778,253 39.6265 38.9136
101S | SRR2065172 2 71,652,964 43.9521 38.8951
102K | SRR2065173 3 55,040,504 33.4317 29.9501
103K | SRR2065174 4 71,096,939 43.0686 40.5397
105G | SRR2065175 5 40,515,048 24.4133 23.1359
106A | SRR2065176 6 74,503,090 43.7571 41.785
107B | SRR2065177 7 72,820,349 43.9293 41.7436
SRR2065178
108B SRR2065179 8 67,768,983 39.0761 35.4101
109E | SRR2065180 9 67,546,014 40.9459 37.6479
10M | SRR2065181 10 64,989,506 37.0686 35.6434
110M | SRR2065182 11 52,643,683 30.5764 30.3862
SRR2065183
111C SRR2065184 12 143,035,188 83.04 68.3479
112H | SRR2065185 13 71,583,533 43.2113 40.8899
113A | SRR2065186 14 80,500,398 48.9141 43.5456
115L | SRR2065188 15 57,505,563 34.4798 33.3936
116L | SRR2070888 16 50,457,336 29.4382 29.5714
117R | SRR2065189 17 42,772,970 25.6085 24.8085
118W | SRR2065190 18 74,411,924 44,1095 43.7323
119M | SRR2070889 19 76,444,706 46.4393 41.4909
11G | SRR2065191 20 74,806,894 45.0182 40.4033
120C | SRR2070890 21 56,412,844 33.8994 32.5833
121B | SRR2065192 22 47,003,390 27.9812 6.70313
122 | SRR2070891 23 43,741,144 25.9645 19.5828
123D | SRR2065193 24 67,396,367 40.0744 34.8186
SRR2065194
124y SRR2065195 25 63,814,643 36.8642 37.6905
125X | SRR2065196 26 59,939,496 34.8289 33.5542
126Z | SRR2065197 27 60,874,245 35.3933 35.679
128P | SRR2065198 28 50,330,242 29.8525 28.9122
129Y | SRR2065199 29 59,748,060 35.8645 35.1082
130 | SRR2070892 30 71,681,229 41.7704 40.5615
131X | SRR2065200 31 42,373,447 25.33 22.7073
132L | SRR2065201 32 70,204,351 42.5192 41.3182
133V | SRR2065202 33 82,680,837 47.9079 47.9725
135F | SRR2065203 34 68,212,063 41.3666 39.9496
136R | SRR2065204 35 56,751,296 34.4575 34.9401
137Q | SRR2065205 36 54,998,156 31.8002 29.5052
138Q | SRR2065206 37 58,822,419 35.5121 28.9459
139G | SRR2065207 38 50,305,503 29.3703 29.2626
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Number of

Mean coverage

Mean coverage of SNPs

ID SRA Number . o
mapped reads | after mapping (X) after filtering (X)
13L | SRR2065208 39 66,729,805 40.3389 41.1133
140S | SRR2065209 40 76,818,928 46.5473 47.3456
141P | SRR2065210 41 83,122,625 50.5074 49.5207
142B | SRR2065211 42 59,492,174 36.0179 34.982
143Y | SRR2065212 43 79,023,415 47.3287 43.0101
144Q | SRR2065213 44 59,298,700 34.2662 33.1329
145A | SRR2070893 45 65,754,737 38.299 35.6665
146J | SRR2065214 46 49,366,218 28.6793 25.9689
147Y | SRR2065215 47 69,417,464 42.0787 42.2985
1487 | SRR2065216 48 67,968,689 41.2659 41.5584
149 | SRR2070894 49 73,208,253 42.3707 40.701
14R | SRR2065217 50 63,299,238 36.9454 35.5008
151D | SRR2065218 51 77,462,657 46.6692 47.6571
152P | SRR2065219 52 55,738,604 33.0613 9.32303
153G | SRR2065220 53 42,178,619 25.0774 5.67162
154P [ SRR2065221 54 68,051,515 40.8469 40.9878
155T | SRR2065222 55 22,682,911 13.5619 13.016
156R | SRR2065223 56 80,085,198 47.2397 48.0434
157x | SRR2065224 57 83,113,379 49.9481 52.9682
158J | SRR2065225 58 88,667,257 52.3153 50.3465
15U | SRR2065226 59 65,930,250 40.0612 37.384
160R | SRR2065227 60 53,656,225 31.8291 28.2538
161A | SRR2065228 61 81,200,362 48.6511 46.0047
162R [ SRR2065229 62 76,273,152 45.8311 43.5795
SRR2065230
163J SRR2065231 63 41,555,559 24.857 11.8835
SRR2065232
165I SRR2065233 64 86,240,512 49.9489 25.7551
166 | SRR2070895 65 77,213,914 45.9567 44.6707
167Q | SRR2065234 66 55,064,212 32.8007 32.9024
168 | SRR2070896 67 64,985,455 38.7091 37.5054
SRR2065235
16A SRR2065236 68 128,526,954 75.3131 34.4697
SRR2065237
170V SRR2065238 69 101,435,487 58.9531 28.5943
172 | SRR2070897 70 83,336,374 50.4784 47.1442
SRR2065239
173z SRR2065240 71 130,863,213 76.0802 36.1616
1741 | SRR2065241 72 86,513,634 50.3249 47.6696
SRR2065242
175D SRR2065243 73 107,408,534 64.3758 32.1062
176X | SRR2065244 74 42,929,153 25.6369 21.7436
177K | SRR2065245 75 69,027,380 41.2525 40.3573
178M | SRR2065246 76 92,120,628 55.7699 54.9876
179E | SRR2070898 77 45,270,540 27.4644 25.3947
17Q | SRR2065247 78 79,781,641 47.1432 48.2977

150




Number of

Mean coverage

Mean coverage of SNPs

D SRA Number mapped reads | after mapping (X) after filtering (X)
SRR2070899
180T SRR2070900 79 135,713,967 81.2489 36.0529
181Y | SRR2065248 80 68,588,317 40.8242 39.8429
SRR2065249
182Q SRR2065250 81 65,624,998 37.856 36.7498
183E | SRR2065251 82 45,199,313 26.4439 27.0142
SRR2065252
184M SRR2065253 83 64,417,831 37.2486 36.6804
186W | SRR2065254 84 82,085,974 49.7373 52.0428
187K | SRR2065255 85 57,803,629 34.4179 28.187
189B | SRR2070901 86 60,620,390 35.7028 34.3665
18C | SRR2065256 87 70,251,238 41.5032 40.9202
190U | SRR2065257 88 45,087,744 26.9096 4.76871
192H [ SRR2065258 89 53,042,382 31.2101 30.3332
193N | SRR2065259 90 40,187,845 23.9157 10.3354
195L | SRR2065260 91 38,309,552 22.344 22.5537
196X | SRR2070903 92 45,285,316 26.469 27.0444
197L | SRR2065261 93 83,198,562 47.3261 47.3051
198A | SRR2065262 94 76,537,570 45.1522 44.7034
199 | SRR2070904 95 64,112,895 37.8811 36.712
19y | SRR2065263 96 63,152,265 38.2398 40.4914
SRR2065264
IN SRR2065265 97 123,532,118 72.4085 36.0577
2 SRR2070905 98 79,710,259 46.6854 45.512
200U | SRR2065266 99 69,154,039 40.9279 39.8612
2021 | SRR2065267 100 63,451,416 38.1595 35.4487
203A | SRR2065268 101 46,773,953 28.3813 25.1764
2040 | SRR2065269 102 122,273,541 74.2437 62.6971
207D | SRR2070906| 103 64,959,938 37.8733 36.9108
208 | SRR2070907| 104 70,009,972 41.3305 41.5862
209P | SRR2070908 105 81,473,140 49.291 51.0841
20B | SRR2065270| 106 73,916,835 44.7042 44.918
232 | SRR2065271 107 58,846,003 34.3074 34.7468
24F | SRR2065272 108 70,901,904 42.1701 40.0409
251 | SRR2065273] 109 30,966,308 18.4625 3.72872
26F | SRR2065274 110 81,127,053 49.0621 49.8611
27K | SRR2065275| 111 70,841,232 41.9656 38.0147
28C | SRR2065276| 112 67,652,969 41.0223 38.2379
29A | SRR2065277 113 52,360,150 30.168 31.2883
3 SRR2070909| 114 70,868,057 42.4081 40.2711
30Y | SRR2065278 115 57,257,392 33.935 34.9868
31T | SRR2065279 116 66,956,787 40.5396 39.6854
32 | SRR2070910{ 117 63,974,853 36.8332 36.3046
33E | SRR2065280 118 66,269,515 40.136 39.7893
34D | SRR2065281| 119 65,381,523 38.8589 37.5032
35F | SRR2065282 120 78,697,770 46.7425 43.332
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Number of
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Mean coverage of SNPs

'D SRA Number mapped reads | after mapping (X) after filtering (X)
36H |SRR2065283| 121 63,378,792 38.2639 39.0714
37 SRR2070911 122 51,697,048 29.7453 29.7603
38B | SRR2065284| 123 74,775,822 44.6129 46.4256
39N | SRR2065285 124 43,221,649 24.772 25.1637
41J | SRR2065286 125 73,532,236 43.6266 41.1315
42 | SRR2070912| 126 64,804,156 39.1906 38.811
43F | SRR2065287 127 61,837,342 35.0002 28.9142
44W | SRR2065288| 128 69,967,806 41.3651 23.2308
45 SRR2070913 129 68,586,777 40.6128 37.9552
46 SRR2070914 130 63,373,419 36.4663 35.6593
470x19 | SRR2070915]| 131 73,794,006 43.3242 28.2146
47K | SRR2065289 132 77,879,463 47.0856 45.219
48 SRR2070916 133 61,847,174 35.8292 34.3142
49Z | SRR2065290| 134 68,981,492 41.5254 38.9901
SRR2065291
4S SRR2070017 135 86,021,503 48.9558 43.2052
50S | SRR2065292| 136 53,003,268 31.8066 32.5276
51N | SRR2065293 137 62,167,457 35.9878 35.1954
52A | SRR2065294| 138 69,974,028 41.4568 38.7089
53 SRR2070918 139 58,899,793 34.0147 32.2693
54T | SRR2065295 140 48,983,666 28.1313 29.0827
55Y | SRR2065296 141 74,374,540 42.797 41.1833
58Y [ SRR2065297 142 38,233,744 23.1927 23.8191
59N | SRR2070919| 143 95,923,790 57.7721 50.6596
5S SRR2065298 144 56,562,999 33.1306 31.7725
60T | SRR2070920 145 41,103,610 24.3865 22.4176
61G | SRR2065299| 146 31,608,046 19.5132 7.15663
63D | SRR2065300 147 89,221,512 53.8929 52.5131
SRR2065301
64E SRR2065302 148 114,132,152 68.2621 65.943
65T | SRR2065303 149 27,506,803 15.8318 15.8143
66X | SRR2065304| 150 52,376,358 30.2621 30.2495
67R | SRR2065305 151 37,006,004 23.291 20.1181
SRR2070921
6H SRR2070922 152 109,129,547 61.2037 56.0368
70V | SRR2065306 153 65,599,439 38.091 34.9359
71W | SRR2065307 154 58,970,708 34.4069 34.5394
72G | SRR2065308 155 71,155,909 43.0962 38.483
74M | SRR2065309 156 70,228,412 42.526 38.5986
75H | SRR2065310| 157 56,901,796 34.2997 32.6267
76J | SRR2065311 158 52,906,046 31.3695 32.3992
78M | SRR2065312 159 65,199,534 37.8668 35.1942
79G | SRR2065313 160 72,256,279 41.602 36.2624
SRR2065314
7K SRR2070923 161 61,484,995 34.8942 31.5093
80G | SRR2065315 162 24,004,415 13.576 13.5362
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mapped reads | after mapping (X) after filtering (X)
81J |SRR2065316| 163 42,228,487 24.708 23.1726
82J | SRR2065317| 164 23,140,063 13.1211 12.7753
83Z | SRR2065318| 165 51,511,789 30.558 31.7037
851 | SRR2065319| 166 79,359,602 47.8465 45.5222
86l | SRR2065320| 167 73,299,422 44.4755 44.3322
88 SRR2070924| 168 68,610,724 40.2406 38.111
89L | SRR2065321| 169 79,240,635 48.0663 47.7996
8U | SRR2065322| 170 71,987,770 42,7442 40.3343
90E |SRR2065323| 171 56,934,227 33.6398 33.7031
91C |SRR2065324| 172 58,279,751 34.4491 34.4027
91x35 | SRR2070925| 173 75,035,018 45,1561 46.6624
SRR2065325
92H SRR2065326 174 156,190,901 93.1882 86.4507
93M | SRR2065327| 175 103,788,836 62.2141 64.942
94U | SRR2065328| 176 52,791,072 31.3697 25.3255
950 | SRR2065329| 177 76,074,792 46.1104 43.8904
960 |SRR2065330( 178 70,086,066 42.3797 40.5477
SRR2065331

97C SRR2065332 179 100,347,463 57.7404 54.8625
98S | SRR2065333| 180 55,438,898 32.4998 30.0239
99X | SRR2065334| 181 48,525,235 28.3407 28.1156
9C |SRR2065335| 182 70,004,164 41.2806 39.1199
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Figure S2.1: Average LD (D,;) between derived neutral mutations in the coalescent
simulations scaled by the average square root of the product of genetic diversities
(v/Plab) = (\/PaQaPbb), as a function of the recombination rate pq, = 4Nerqp. A: Average
of Dy (scaled by the average of |/pgqp, black) and average of r = Dqy,//Pqay, (red) over
all segregating sites for each distance class (no conditioning on frequency). B: Average
of Dgp (scaled by the average of \/pgap) over all segregating sites (black) or excluding
singletons (brown). C and D: Average of Dy, (scaled by the average of |/pqqp) over pairs
of loci at which the derived allele segregates in a given frequency range. Errors bars
correspond to 95% confidence intervals (see Materials & Methods). Parameters values:
6 = 4N,u = 100 (mutation rate); n = 180 (sample size).
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Figure S2.2: Squared LD (D,;?) between derived neutral mutations in the coalescent
simulations scaled by the average product of genetic diversities (pgap) = (PadaPbas), as
a function of the recombination rate py, = 4Nerqy. A: Average of Dg,? (scaled by the
average of pqqp, black) and average of D% /pgas (red) over all segregating sites for each
distance class (no conditioning on frequency). B: Average of D2 (scaled by the average
of pgap) over all segregating sites (black) or excluding singletons (brown). C: Average of
Dgy? (scaled by the average of pqyy) over pairs of loci at which the derived allele segregates
in a given frequency range. The green solid curves correspond to the analytical prediction
(10 4 pap) / [(2 + pap) (11 4 pgp)] from Ohta and Kimura, (1969) when averaging over all

segregating sites. Parameters values are as in Figure
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Figure S2.3: Squared LD (D,?) between derived neutral mutations in the coalescent
simulations scaled by the average product of genetic diversities (pqup) = (PagaPb@p),
as a function of the recombination rate p,, = 4Ncrq, and for different values of the
rate of misspecification p of the ancestral/derived state of alleles. A: Averages over all
segregating sites for each distance class (no conditioning on frequency); B: only the lowest
frequency class (p < 0.09, green points in Figure ); C: only the middle frequency
class (0.45 < p < 0.55, orange points in Figure ); D: only the highest frequency
class (p > 0.91, red points in Figure ) Parameter values are as in Figure
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Figure S2.4: Squared LD (D,;?) between derived neutral mutations in the coalescent
simulations scaled by the average product of genetic diversities (pgup) = (PadaPbqs), as
a function of the recombination rate pqp, = 4Nerqp. LD is polarized based on the minor
allele frequency (MAF) and averaged over pairs of sites with different MAF thresholds.
Parameter values are as in Figure
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Figure S2.5: Distribution of variant scores and filtration criteria applied (vertical bars)
on all SNPs (pooled between C. grandiflora and C. orientalis). QD: ; DP: Approximate
read depth; FS: Phred-scaled p-value using Fisher’s exact test to detect strand bias; MQ:
RMS Mapping Quality; MQRankSum: Z-score From Wilcoxon rank sum test of Alt vs.
Ref read mapping qualities; SOR: Symmetric Odds Ratio of 2x2 contingency table to
detect strand bias; ReadPosRankSum: Z-score from Wilcoxon rank sum test of Alt vs.

Ref read position bias.
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Figure S2.6: Distribution of mean depth per site and filtration criteria applied (vertical

bars) on SNPs in C. grandifiora.
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Figure S2.7: The two first components of the PCA on filtered SNPs of C. grandifiora.
Red individuals in plot A where removed to draw plot B. All red individuals correspond
to diverged individuals that were excluded from LD computing. PCA was performed
using Plink (Purcell et al.,|2007) on independent SNPs extracted with the function indep-
pairwise (window size = 50 kb, step size = 100 variants and 72 threshold = 0.1).
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Figure S2.8: Proportion of sites with missing data in SNPs of C. grandifliora individ-
uals. The correspondence between individuals’ numbers and accession IDs is shown in
Table Each point represents the proportion computed in each chromosome of each
individual. Red points correspond to diverged individuals that were excluded from LD
computing.
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Figure S2.9: Site frequency spectrum for deleterious (A) and mildly deleterious (B)
mutations. Colour: derived mutations only (the derived state being assessed from the

outgroup sequence of Neslia paniculata); Grey: all deleterious and mildly deleterious
mutations (including the ancestral ones).
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Figure S2.10: Average squared composite linkage disequilibrium Aib scaled by the prod-

uct of allele frequencies between deleterious (red), mildly deleterious (yellow) and neutral
(blue) derived mutations according to physical distance.
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Figure S2.11: Average composite linkage disequilibrium A, scaled by the product of
allele frequencies between deleterious (A) or mildly deleterious (B) mutations according
to physical distance. Colour: derived deleterious or mildly deleterious mutations only
(the derived state being assessed from the outgroup sequence of Neslia paniculata); Grey:
all deleterious and mildly deleterious mutations (including the ancestral ones).

162



Case 1

Sequenced individual

Case 2

Sequenced individual

I 1 J— | DI J—
I 1 I | JE—( I
1 | I N I
| NN . 1 | I
Reference genome Reference genome
N —— N
I I
. I . I
Mapping Mapping —
1 | I

Sequenced individual Sequenced individual

|
|

I . I .
I I
Reference genome Reference genome
B N
1 | I
I I

Mapping Mapping
Figure S2.12: Cartoon illustrating the different genotypes found when mapping short
reads from individuals carrying or not a duplication which is absent from the reference
genome. To simplify the cartoon individuals are assumed to have homozygous genomes.
In Case 1 a mutation is fixed in the duplicated region so that all individuals carrying
the duplication appear as heterozygotes after mapping against the reference genome
while individuals not carrying it appear as homozygous for the ancestral allele. In Case
2 a mutation (not present in the reference genome) is fixed in the original sequence
but not the duplicated one, so that all individuals carrying the duplication appear as
heterozygotes after mapping against the reference genome while individuals not carrying
it appear as homozygous for the derived allele.
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Figure S2.13: Density of blocks corresponding to potential duplications along the genome
of C. granfilora (having at least 4 SNPs with deleterious mutations). Each vertical bar
represents a SNP and its height represents the number of potential duplications it is
included in. Note that a single SNPs can be covered by multiple potential duplications,
resulting in high block density.
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of SNPs with deleterious mutations within each block. D. Frequency spectrum of het-
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Appendix S3

Supplementary figures and tables
from Chapter

167



168



Accession ID Name Number
6911 Cvi-0 1
7063 Can-0 2
9533 IP-Cem-0 3
9542 IP-Fun-0 4
9543 IP-Gra-0 5
9545 IP-Her-12 6
9549 IP-Hum-2 7
9550 IP-Iso-4 8
9554 IP-Lso-0 9
9555 IP-Mar-1 10
9574 IP-Rel-0 11
9583 IP-Sne-0 12
9598 IP-Vim-0 13
9600 IP-Vis-0 14
9606 Aitba-1 15
9832 IP-Cat-0 16
9837 IP-Con-0 17
9869 IP-Moj-0 18
9871 IP-Nac-0 19
9879 IP-Per-0 20
9887 IP-Pun-0 21
9905 IP-Ven-0 22
9939 ICE49 / Aitba-2 23
9944 Don-0 24
9947 Ped-0 25

Table S3.1: List of accessions of Arabidopsis thaliana labeled as the relict group from
The 1001 Genomes Consortium| (2016), with their accession ID, name and number used
in Chapter [4] Individuals shaded in grey correspond to diverged individuals that were
removed from LD computing.
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D SRA Number Number of Mean covgrage Mean covt-arag‘e of SNPs
mapped reads | after mapping (X) after filtering (X)
1719 3 SRR1481617 1 18,390,276 10.0504 10.5592
1719 4 SRR1463025 2 10,574,486 5.6878 7.29812
1979 1 SRR1481500 3 16,451,497 8.8313 11.9095
1979 7 SRR1481499 4 16,292,923 9.0842 4.98391
1981 10 SRR1481618 5 23,333,861 12.6034 16.3639
1981 6 SRR1481625 6 24,627,554 13.3924 16.7625
1985 1 SRR1481626 7 21,260,934 11.473 15.7376
2008 01 01 SRR1481629 8 22,627,341 12.6554 16.0419
2008 07_01 SRR1481628 9 9,791,295 5.1226 6.99365
2008 09 01 SRR1481627 10 15,410,061 8.3294 10.8275
DKCo 10 1982-9 | ERR636107 11 69,957,846 42.5355 9.08669
DKCo_11_1983-6 | ERR636108 12 63,711,372 38.7837 47.311
DKCo_12 1984-2 | ERR636110 13 71,126,519 43.0077 15.1021
DKCo 13 1985-11| ERR636111 14 71,799,581 43.5577 9.11579
DKCo 15 2006-01| ERR636112 15 73,143,441 44.9179 25.0498
DKCo_16 _2007-03| ERR636113 16 76,777,610 46.7776 20.7011
DKCo_17 2008-01| ERR636114 17 63,513,398 38.6969 20.4628
DKCo 1 1718-9 | ERR636109 18 100,897,399 61.7442 18.0909
DKCo 2 1719-1 | ERR636115 19 74,897,711 45.6209 55.1665
DKCo_3 1938-1 1| ERR636116 20 51,805,191 31.5836 15.657
DKCo_4 1939-1 6| ERR636117 21 71,592,836 43.5215 7.73078
DKCo 5 1940-1 1| ERR636118 22 46,732,385 28.6681 15.1894
DKCo_6 1978-6 | ERR636119 23 96,368,387 58.7564 11.3313
DKCo 7 1979-02 | ERR636120 24 43,256,771 26.343 8.86712
DKCo_8 1980-1 | ERR636121 25 108,769,864 66.3334 23.6724
DKCo_9 1981-3 | ERR636122 26 61,626,530 37.484 7.37

FY1 SRR6179226 27 30,623,464 18.3567 10.7762
GUB-RUS5 SRR8904471 28 32,968,763 28.7624 12.0383
PAR-RUS SRR8904459 29 28,937,787 25.2723 8.24175
QH-CHIN4 SRR8904460 30 27,794,870 24.3675 6.91872
QH1 SRR6179228 31 30,817,318 18.4771 5.54056
QH2 SRR6179227 32 27,299,914 16.3607 17.4272
URAL-RUS4 SRR8904461 33 27,249,148 23.8115 29.4385

Table $3.2: List of Capsella orientalis individuals with their ID from Agren et al. (2014);
Huang et al. (2018); Kryvokhyzha et al.|(2019), SRA code, number used in Chapter
number of mapped reads, mean coverage after mapping and mean coverage of SNPs
after filtering. Individuals shaded in grey correspond to diverged individuals that were
excluded from LD computing.
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Figure S3.1: Distribution of mean depth per site and filtration criterion applied (vertical

bar) on SNPs from C. orientalis individuals.
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Figure S3.2: Proportion of sites with missing data in SNPs from A. thaliana (A) and
C. orientalis (B) individuals. The correspondence between individuals’ numbers and
accession IDs is shown in Table[S3.1]and Table[S3.2] Each point represents the proportion
computed for each chromosome of each individual. Red points correspond to diverged
individuals that were excluded from LD computing.
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Figure S3.3: Proportion of deleterious alleles in A. thaliana (A) and C. orientalis (B) in-
dividuals. The correspondence between individuals’ numbers and accession IDs is shown
in Table [S3.3] and Table [S3:2] The proportion was computed by dividing the number of
alleles classified as deleterious by the total number of alleles for each chromosome of each
individual. In C. orientalis the proportion was computed after removing SNPs with het-
erozygosity and keeping only common sites with N. paniculata. Red points correspond
to diverged individuals that were excluded from LD computing.
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Figure S3.4: Site frequency spectrum for deleterious (A), mildly deleterious (B) and
neutral mutations (C) in C. orientalis individuals before filtering out SNPs with het-
erozygosity. Frequencies were computed for all biallelic sites for which at least one neutral
mutation segregates. Deleterious and mildly deleterious mutations were polarised using
their SIFT score and derived state (using the outgroup sequence of Neslia paniculata)
while neutral mutations were polarised using their derived state.
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Figure S3.5: Site frequency spectrum for deleterious (A) and mildly deleterious (B)
mutations in C. orientalis individuals. Frequencies were computed for all biallelic sites
for which at least one neutral mutation segregates. Mutations were either polarised using
their SIFT score and derived state (colour) or using their SIF'T score only (grey).
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Figure S3.6: Average squared linkage disequilibrium ng scaled by the average product
of allele diversities between deleterious (A, D), mildly deleterious (B, E) and neutral mu-
tations (C, F), for different classes of physical distance between sites (in base pairs), in
A.thaliana (A, B, C) and C. orientalis (D, E, F). Linkage disequilibrium was computed
only between fully homozygous SNPs. For A.thaliana deleterious and mildly deleteri-
ous mutations were polarised based on their SIFT score while neutral mutations were
randomly polarised. For C. orientalis deleterious and mildly deleterious mutations were
polarised using their SIFT score and derived state (using the outgroup sequence of Neslia
paniculata) while neutral mutations were polarised using their derived state.
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Abstract: The evolution of recombination in self-fertilising species: theoretical approach and genomic study of
linkage disequilibrium between deleterious mutations in several Angiosperm species

Genetic recombination is a building block of the sexual cycle of eukaryotes, and is often considered as one of the
main benefits of sexual reproduction. It is the consequence of crossovers occurring during meiosis, enabling the
formation of recombinant gametes. However, the number and position of these crossovers along the genome varies
greatly between species, as well as between individuals within the same species. Despite the fact that mechanical
constraints related to the segregation of chromosomes during meiosis can impose a minimum and maximum number
of crossovers, several empirical results show that recombination rates can evolve rapidly. Interestingly, higher
recombination rates are often observed in self-fertilising hermaphroditic species compared with outcrossing species,
suggesting that recombination is more strongly favoured in selfing species. The first part of the thesis involved
developing theoretical models to better understand the effect of selfing on the evolution of recombination. A first
model considered the evolution of a 'modifier’ gene affecting the average number of crossovers per chromosome, in
the presence of deleterious mutations occurring along the chromosomes. Analytical approximations and simulation
results show that, under realistic parameter values, selection for recombination is generally stronger in selfing
species; moreover, this selection is mainly due to the negative linkage disequilibrium between deleterious mutations
generated by the Hill-Robertson effect (a stochastic effect related to finite population size). A second simulation
model explored more realistic scenarios concerning the genetic architecture of recombination rate variation, as well
as the distribution of crossovers along the chromosomes. The results show, in particular, that higher recombination
rates can be maintained when this distribution is not uniform, or when the effect of recombination modifiers is
restricted to a portion of the chromosome. The second part of the thesis focused on an empirical estimation of
the linkage disequilibrium between deleterious mutations (an important component of selection for recombination),
using genomic data from natural populations of the outcrossing plant Capsella grandifiora, as well as the highly
selfing plants Arabidopsis thaliana and Capsella orientalis. This study highlights several methodological biases that
can generate positive linkage disequilibrium between deleterious mutations. The first source of bias arises when the
analysis is restricted to low-frequency mutations. Indeed, mutations with similar frequencies tend to be in positive
linkage disequilibrium. A second source of bias may be generated by the presence of duplications present in the
polymorphic state in the sample and absent from the reference genome. The positive linkage disequilibrium between
deleterious mutations observed in previous studies (in particular in C. grandiflora) is probably largely due to these
biases. In the selfing species A. thaliana (in which duplications present in the polymorphic state are easier to detect)
we nevertheless observed positive linkage disequilibrium between deleterious mutations, which may be caused by
epistatic effects or by the strong spatial structure observed in this species. Finally, the implications of these various
theoretical and empirical results are discussed, in order to identifying prospects for future works.



Résumé : L’évolution de la recombinaison chez les espéces autogames : approche théorique et étude génomique
du déséquilibre de liaison entre mutations déléteres chez plusieurs espéces d’Angiospermes.

La recombinaison génétique est un élément constitutif du cycle sexué des Eucaryotes, et est souvent considérée
comme 'un des principaux avantages de la reproduction sexuée. Elle est la conséquence de crossing-over se pro-
duisant pendant la méiose, permettant la formation de gametes recombinants. Or, le nombre et la position de ces
crossing-over le long du génome est tres variable entre especes, ainsi qu’entre individus au sein d’une méme espéce.
Malgré le fait que des contraintes mécaniques liées a la ségrégation des chromosomes pendant la méiose peuvent
imposer un nombre minimal et maximal de crossing-over, plusieurs résultats empiriques montrent que les taux de
recombinaison peuvent évoluer rapidement. De facon intéressante, on observe souvent des taux de recombinaison
plus élevés chez les especes hermaphrodites autogames par rapport aux especes allogames, suggérant que la recom-
binaison est plus fortement favorisée chez les autogames. Une premiere partie de la these a consisté a développer des
modeles théoriques permettant de mieux comprendre cet effet de 'autofécondation sur I’évolution de la recombinai-
son. Un premier modele a considéré I’évolution d’un gene "modificateur” affectant le nombre moyen de crossing-over
par chromosome, en présence de mutations déléteres se produisant le long des chromosomes. Les approximations
analytiques ainsi que les résultats de simulation montrent que, sous des valeurs de parameétres réalistes, la sélection
pour la recombinaison est généralement plus forte chez les especes autogames ; par ailleurs, cette sélection est
principalement due au déséquilibre de liaison négatif entre mutations déléteres généré par Ueffet Hill-Robertson (un
effet stochastique lié & la taille finie des populations). Un deuxiéme modele de simulation a exploré des scénarios
plus réalistes concernant I’architecture génétique de la variation des taux de recombinaison, ainsi que la distribution
des crossing-over le long des chromosomes. Les résultats montrent notamment que des taux de recombinaison plus
élevés peuvent étre maintenus lorsque cette distribution n’est pas uniforme, ou lorsque l'effet des modificateurs de
recombinaison est restreint a une portion de chromosome. La deuxieéme partie de la these a porté sur une estimation
empirique du déséquilibre de liaison entre mutations déléteres (une composante importante de la sélection pour la
recombinaison), en utilisant des données génomiques issues de populations naturelles de la plante allogame Capsella
grandifiora, ainsi que des plantes fortement autogames Arabidopsis thaliana et Capsella orientalis. Cette étude
met en avant plusieurs biais méthodologiques pouvant générer du déséquilibre de liaison positif entre mutations
déléteres. Une premiere source de biais se produit lorsque I’analyse est restreinte aux mutations présentes en faible
fréquence. En effet, des mutations en fréquences similaires ont tendance a étre en déséquilibre de liaison positif.
Une deuxieme source de biais peut étre générée par la présence de duplications présentes a ’état polymorphe dans
I’échantillon, et absentes du génome de référence. Ainsi, le déséquilibre de liaison positif entre mutations déléteres
observé lors de précédents travaux (notamment chez C. grandiflora) résulte probablement en grande partie de ces
biais. Chez 'especes autogame A. thaliana (chez qui les duplications présentes & I’état polymorphe sont plus faciles
a détecter) on observe néanmoins du déséquilibre de liaison positif entre mutations déléteres, pouvant étre causé par
des effets épistatiques ou par la forte structure spatiale observée chez cette espece. Les implications de ces différents
résultats théoriques et empiriques sont enfin discutées afin d’en dégager des perspectives pour des travaux futurs.
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