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Abstract9

Sex and recombination generate genetic variation and facilitate adaptation by10

reducing selective interference, but they can also disrupt genotype combinations11

maintained by selection. We here synthesize recent experimental evolution studies12

on the adaptive consequences of sex and recombination in constant environments,13

emphasizing insights gained from population genomic data. We discuss evidence14

showing how meiotic segregation (sex) and crossovers (recombination) disrupt15

negative disequilibrium between alleles within and between loci and enhance16

selection efficacy. While sexual reproduction can facilitate adaptation when com-17

pared to asexual reproduction, the benefits of higher and variable rates of sex18

and recombination under facultative sexual reproduction or facultative outcross-19

ing are less clear, especially when overdominance and epistatic interactions cause20

segregation and recombination loads. We further discuss the challenges of measur-21

ing interference between selected alleles, particularly under polygenic adaptation22

and segregation of multiple modifiers of recombination, and propose directions for23

future research. Our discussion underscores the nuanced role of sex and recom-24

bination in adaptation, shaped by a balance between increased genetic variation25

and the disruption of co-adapted genotype combinations.26
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Introduction29

Sexual reproduction in eukaryotes has long been recognized for its role in generat-30

ing genetic variation, fueling adaptation by mixing and shuffling different genotypes31

despite its many potential physiological and ecological costs [1, 2]. In prokaryotes32

and viruses, genetic mixing and shuffling also occur, and may be of adaptive signifi-33

cance, though the underlying replication processes are not necessarily associated with34

reproduction [3–5]. With sexual reproduction, genetic variation is generated during35

”sex” through the meiotic segregation of homologous chromosomes as well as through36

”recombination” and the meiotic crossover between non-sister chromatids (and gene37

conversion between sister chromatids, which we will ignore) [6]. The capacity to drive38

adaptation may well explain the prevalence of sexual reproduction in eukaryotes but39

it has been difficult to demonstrate because the realized or effective rates of sex and40

recombination depend on population-specific factors such as propensity for sexual41

reproduction [7], the presence of meiotic drive elements in the genome [8], the dis-42

tribution of structural variants and crossover modifiers along chromosomes [9, 10],43

patterns of population subdivision and migration between habitats [11, 12], or the44

mode of reproduction (self-fertilization or outcrossing) and the degree of inbreeding45

among relatives [7, 13].46

Understanding the evolution of recombination has been the primary focus in efforts47

to explain the widespread occurrence of sexual reproduction [14, 15]. Much of the rea-48

soning emphasizes the ability of recombination to alleviate selective interference by49

breaking up associations between deleterious and beneficial alleles at different loci,50

known as negative linkage disequilibrium (LD) [14, 16–19]. The disruption of negative51

LD increases the variance in fitness within a population, thereby enhancing the effec-52

tiveness of natural selection and phenotypic responses [20, 21]. Sex through segregation53

is also important in determining adaptation, as it can increase the fitness variance54

and selection efficacy by breaking within-locus negative associations in heterozygotes55

[22–24].56

In explaining the evolution of sex and recombination, comparisons are often made57

between sexually and asexually reproducing populations, which are perhaps only rele-58

vant for the emergence of sex and recombination when adaptation occurs from a limited59

supply of new mutations, or to answer the question of whether sexual populations are60

able to resist the invasion of asexual mutants [4, 5]. These comparative arguments61

imply the existence of group selection between sexual and asexual lineages, which does62

not hold when individuals with variable sex and recombination rates must compete63

and mate with each other [2]. In fact, genetic modifiers increasing sex or recombination64

rates might facilitate adaptation in the long-term because of an increase in fitness vari-65

ance while not always being favored by individual selection on the short-term because,66

for instance, of disruption of co-adapted genotype combinations [21, 24–27].67

Evolution experiments have been a favorite approach to test for the adaptive sig-68

nificance of sex and recombination [15, 28–30]. Our goal here is to highlight a few69

evolution experiments from the past decades, particularly those that have placed pop-70

ulation genomic observations at the center of the debate (see also [31–33]). Time-series71

analysis of population genomic diversity is now possible, and several experiments have72

attempted to measure the genetic basis of adaptation under different degrees of sex73
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and recombination. Further, observations from natural populations indicate that the74

recombination rate genomic ”landscape” is highly heterogeneous and heritable due to75

individual differences in the distribution of crossover position and number along the76

chromosomes [12, 34, 35], posing the problem of which evolutionary forces explain77

this recombination landscape heterogeneity and heritability. We focus on evolution78

experiments conducted in constant environments, though the evolution of sex and79

recombination in fluctuating environments is a significant topic in its own right [36–41].80

We briefly review the main theoretical predictions for the evolution of sex and recom-81

bination and then discuss four related questions: Does sexual reproduction facilitate82

adaptation when compared to asexual reproduction? How does adaptation depend on83

the realized frequency or effectiveness of sex and recombination? Can selection explain84

the evolution of sex and recombination? What is the evidence for selective interference?85

Theoretical background86

Sex and recombination alter genotype frequencies when there is a departure from87

Hardy-Weinberg equilibrium within loci and gametic linkage equilibrium between loci88

[20, 21, 42]. Such disequilibrium are expected to be common in finite populations,89

as new mutations arise in complete linkage with the genetic background in which90

they occur [16, 17], and in a heterozygous state if the individual is diploid [22].91

disequilibrium can also occur due to selection favoring or purging specific allelic combi-92

nations, or because finite populations can not contain all possible allelic combinations93

at many loci [14, 19, 21, 23]. Complicating factors such as population subdivision,94

inbreeding or self-fertilization can generate an excess of homozygosity by bringing95

together related genotypes increasing effective segregation but decreasing effective96

recombination [13, 43].97

Selection can lead to within and between loci disequilibrium, particularly when98

the fitness effects of alleles are not independent, that is, when there is dominance and99

epistasis for fitness [20, 21, 42]. With negative epistasis, as when deleterious alleles100

at different loci act synergistically and beneficial alleles act antagonistically, selection101

leads to negative linkage disequilibrium and an excess of genotypes containing deleteri-102

ous and beneficial alleles. By breaking negative linkage disequilibrium, recombination103

increases the frequency of genotypes with multiple deleterious alleles and of genotypes104

with multiple beneficial alleles, thereby increasing the genetic variance in fitness and105

the efficiency of selection [20, 21]. Breaking linkage disequilibrium generated by epis-106

tasis can however also reduce offspring fitness [27], due to the production of genotypes107

with multiple deleterious alleles, and a balance between short-term and long-term108

effects of epistasis will dictate the evolution of recombination [27]. Similarly, when109

beneficial alleles are (partially) dominant, or deleterious alleles (partially) recessive,110

sex through segregation will increase fitness variance by producing more homozygotes.111

This, however, will come at the expense of a fitness loss in offspring heterozygotes as112

they are fitter than the average of their homozygous parents [42].113

Negative disequilibrium can also arise from the interaction of genetic drift and114

selection, a phenomenon known as the Hill-Robertson effect [19, 44, 45], and which115

occurs independently of dominance or epistasis for fitness. In any finite population,116

stochastic fluctuations in genotype frequencies generate both positive and negative117
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disequilibrium. However, selection eliminates positive disequilibrium as the most118

advantageous genotypes, which combine beneficial alleles, sweep to fixation, while the119

worst genotypes, combining deleterious alleles, are purged from the population. Neg-120

ative disequilibrium will thus persist for longer due to selective interference between121

beneficial alleles located in different genotypes and increased sex and recombination122

rates can then be favored as they reduce this interference and allow beneficial alleles123

to spread more effectively [19, 44, 45]. Similarly, in asexual populations, clones car-124

rying different beneficial mutations interfere with each other, constraining adaptation125

[16, 17], and further, the population as a whole may face Muller’s ratchet as clones with126

less deleterious alleles cannot be recreated without genetic mixing and shuffling [18].127

Analogous mechanisms within locus generate an excess of heterozygotes in finite asex-128

ual populations are also expected and when selection purges homozygous deleterious129

genotypes [22, 23].130

Sexual reproduction facilitates adaptation131

Most experimental evolution studies on the adaptive significance of sex and recombi-132

nation have compared sexual with asexual populations, and almost exclusively using133

microorganisms such as the budding yeast (Saccharomyces cerevisiae) and the green134

alga Chlamydomonas reinhardtii (see Table 1 for a list of key experiments that are135

here discussed). A few studies accounted for the possibility that the environmental136

manipulation necessary to induce sexual reproduction in these organisms (usually137

starvation or density), rather than sex and recombination themselves, might have138

influenced adaptive outcomes. This was done by ensuring that the asexual population139

could undergo the same environmental manipulation without triggering sexual repro-140

duction by maintaining a single mating type [46], or through genetic engineering of141

meiosis [47, 48].142

Sexual reproduction typically increases fitness variation and accelerates adaptation143

to new environments when compared to asexual reproduction. The advantage over144

asexual reproduction is particularly evident in harsh, novel environments, and less145

pronounced in benign conditions to which populations were presumably already well-146

adapted. For instance, in benign environments, one study found greater adaptation147

in sexual than asexual populations [49], another observed no effect [48], and a third148

reported a loss of fitness due to sexual reproduction [50]. These mixed results can149

be attributed to weaker selection in benign or domesticated environments, or the150

segregation of predominantly deleterious alleles once adaptation has been achieved,151

which might have led to a smaller benefit of sex and recombination [51]. However,152

the two explanations are not mutually exclusive, as shown in a yeast study where an153

increase in mutation rates reduces adaptation in asexual populations under stressful154

conditions but not in more permissive environments [48].155

In many studies, experimental populations were maintained as haploids, with156

diploidy only occurring transiently during a few sexual cycles [46, 52–55]. In these157

scenarios, the adaptive significance of sexual reproduction can be attributed to the158

effects of recombination, as the effects of sex and segregation in the maintenance of159

heterozygosity can be neglected because selection of diploids is minimal. Sexual repro-160

duction has also been observed to facilitate adaptation in diploid yeast populations,161
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but in these cases the effects of sex and recombination are challenging to disentangle.162

Segregation is expected to confer an advantage to sexuals over asexuals by reducing163

deleterious load [56] or generating homozygotes for beneficial alleles, while asexual164

populations will be hindered by maintaining heterozygosity [22]. One study in yeast165

populations showed less adaptation in sexual populations compared to asexual pop-166

ulations under diploidy than haploidy [55]. Comparing ploidy treatments is however167

complicated by typical higher mean fitness and lower fitness variance in diploids,168

regardless of sex and recombination, presumably due to the masking of recessive dele-169

terious alleles. The reduced advantage of sexual reproduction in diploids over haploids170

can also be explained by overdominant alleles providing a heterozygote advantage in171

asexual populations [26]. Indeed, such overdominant alleles are known to segregate in172

some yeast experimental populations [57].173

Worth mentioning in the context of evolution of asexual reproduction and hori-174

zontal gene transfer, experiments with the RNA bacteriophage Φ6 allowing multiple175

virions to infect the same cell [58, 59], or with Escherichia coli allowing for F-plasmid176

conjugation between cells [60], have shown that adaptation is facilitated when com-177

pared to treatments where there was no opportunity for genetic mixing and shuffling178

between virions or cells. Interestingly, a particular beneficial mutation, monitored over179

time, was found to spread significantly faster within conjugating E. coli populations180

compared to non-conjugating populations [60], a result consistent with important181

clonal selective interference and impaired adaptation under asexuality cf. [32, 33].182

More comprehensive results were found with population genomics data from bud-183

ding yeast experiments with asexual populations [54, 61]. In them, adaptation typically184

involves the spread of single clones, each carrying one or a few beneficial alleles along185

with other neutral or even deleterious ones. In contrast, sexual populations display186

more independent allele frequency changes across the genome, suggesting that selec-187

tive interference is alleviated and that selection can act independently across different188

loci [54]. As expected, deleterious mutations often hitchhike with beneficial ones in189

asexual populations, impairing adaptation, while recombination in sexual popula-190

tions facilitates adaptation by separating beneficial alleles from deleterious hitchhikers.191

Intriguingly, one yeast evolution experiment with sexual populations found that selec-192

tion consistently occurred at fewer than ten loci across replicates [62], raising questions193

about how sexual reproduction and variable sex and recombination rates determine194

the polygenicity of adaptation [63], a topic that we will return to in the next section.195

The benefits of sex and recombination should increase when many selected alleles196

interfere with each other [64, 65]. Consistent with this idea, conjugating E. coli and sex-197

ual yeast experimental populations mentioned above show stronger adaptive responses198

in higher mutation treatments compared to their asexual counterparts [48, 60, 66].199

Moreover, small-size bottlenecks reducing overall genetic diversity reduce the benefit200

of sexual reproduction over asexual reproduction in the green alga C. reinhardtii [52].201

Bottlenecks can, however, also increase selective interference [29, 44, 45, 67, 68], as sup-202

ported by increased benefits of genetic mixing and shuffling in the RNA bacteriophage203

Φ6 [59].204
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High and variable sex and recombination rates not always205

facilitate adaptation206

The experimental studies outlined so far provide crucial insights into the prevalence207

of sexual reproduction over asexual reproduction. However, their relevance to an208

understanding of how different rates of sex and recombination influence adaptation209

is limited. Rates of sex and recombination are generally low in microbial experimen-210

tal evolution. For example, budding yeast populations typically undergo one round of211

sexual reproduction every 25 to 120 generations, with six crossovers per chromosome212

per round being expected [75], yielding much less than one crossover per chromosome213

per generation on average. Clearly, many other eukaryotes have higher and more vari-214

able rates of sex and recombination and so the question becomes how this variation is215

maintained.216

It is often suggested that ”a little sex goes a long way” cf. [76]. This is usually217

meant as a ”little segregation and recombination is sufficient for adaptation” because218

even rare segregation or recombination events can generate new genotype combina-219

tions that will be efficiently selected [22, 77]. In addition, several models have suggested220

that selective interference is stronger, and the long-term advantage of sex and recom-221

bination in enhancing selection efficacy greater, when fitness is highly polygenic and222

many selected alleles are tightly linked [64, 65]. Therefore, high rates of recombina-223

tion may only enhance adaptation from standing genetic variation and many loci are224

under selection [78, 79].225

Adaptation from standing genetic variation is usually studied by crossing different226

wild isolates or lab inbred lines to create genetically diverse ”multiparental” popu-227

lations [46, 53, 55]. In yeast populations derived from two parental isolates, sexual228

reproduction enhances adaptation compared to asexual reproduction, but the level of229

adaptation is similar whether sexual cycles occur every 40 or 120 generations [55]. In230

C. reinhardtii, populations derived from 16 parental isolates, but not those derived231

from two parental isolates, frequent rounds of (environmentally-induced) obligate sex-232

ual reproduction delay extinction in a gradually deteriorating environment compared233

to facultative sexual reproduction [46]. In another experiment with C. reinhardtii,234

populations derived from 12 to 15 isolates and evolved for more than 150 generations235

showed that increasing the number of sexual cycles from one to two improved adapta-236

tion, but further increasing to three cycles had no additional benefit [53]. Thus, neither237

higher levels of standing genetic variation always lead to more extensive adaptation238

nor more frequent sexual reproduction always facilitate adaptation.239

The question of whether natural populations harbor enough selected alleles to240

generate the selective interference necessary to explain obligate sexual reproduction241

or high recombination rates remains unresolved [14]. The number of independently242

selected alleles likely depends on the population’s history, including factors like popu-243

lation size and ancestral effective rates of sex and recombination, which differ widely244

among organisms [80]. As a result, the choice of the organism can influence experi-245

mental outcomes, with microorganisms that seldom undergo sex and recombination in246

nature perhaps not being the best models. Additionally, the methods used to establish247

experimental populations affect observed adaptive responses. Populations derived from248

crosses between a few distant isolates can generate standing genetic variation but if249
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these isolates vary in their initial adaptation to the experimental environment, positive250

linkage disequilibrium and genotype-by-environment interactions may significantly251

bias and limit further adaptation [43]. This issue can be alleviated by maintaining252

multiparental populations in domestication environments for many generations to dis-253

rupt linkage disequilibrium before starting the experiment (if domestication is not of254

interest in itself) [81, 82].255

The lack of clear evidence for enhanced adaptation under frequent sexual reproduc-256

tion may result from an unknown balance between the benefits of increased selection257

efficiency in the long-term and the fitness costs of segregation or recombination in off-258

spring generations. Populations with standing genetic variation are particularly prone259

to these recombination loads due to the disruption of beneficial epistatic genotype260

combinations [83, 84], or to segregation loads due to disrupting of beneficial pseudo-261

or true-overdominant alleles [26, 85–88], favored by prior selection. Several experi-262

ments support this idea. For example, recombinant lines of Drosophila spp. derived263

from wild populations exhibit reduced fitness compared to lines with male derived264

chromosomes (as males are achiasmatic) or recombination-suppressing chromosomal265

inversions [89, 90]. Recombination loads may also explain the observations of fitness266

loss following a round of sexual reproduction in haploid populations of C. reinhardtii267

with standing genetic variation from wild progenitors [50, 53, 69]. In another exam-268

ple, we have recently shown that in the nematode Caenorhabditis elegans, a modifier269

of crossover position increasing recombination rates in chromosomal centers, presum-270

ably containing linked epistatic loci [88, 91, 92], reduce the fitness of a domesticated271

multiparental population [63]. Reduced fitness is also observed in sexually produced272

offspring compared to asexually produced offspring in field-derived populations of the273

monogonont rotifer Brachionus calyciflorus [73, 93]. In this later case, however, and274

because of diploidy, the reduced fitness may be attributed to either a recombina-275

tion load or to a segregation load. Segregation and recombination loads can cause276

an immediate fitness drop, which may be offset by enhanced selection efficacy over277

time [53, 69, 90], but they can also hinder long-term adaptation by preventing bene-278

ficial epistatic combinations or overdominant alleles from contributing to adaptation.279

The conclusion seems to be that there is a limit beyond which additional sex and280

recombination becomes disadvantageous [26, 84, 94].281

Facultative sex and outcrossing are under selection282

Experimental studies showing a benefit to sexual reproduction offer valuable insights283

into the prevalence of sexual reproduction over phylogenetic time or when sexual pop-284

ulations face competition from invading asexual mutants. However, their relevance in285

the evolution of varying rates of facultative sexual reproduction within a population286

is limited as increased rates of sexual reproduction can be selected against despite287

facilitating adaptation [23, 42]. Furthermore, one complicating issue in some evolution288

experiments is that sexual reproduction itself may evolve because of selection on phe-289

notypes that accompany sexual reproduction and which are not related with sex and290

recombination during meiosis. Examples are provided by facultatively sexual organ-291

isms showing phenotypic differences between sexual and asexual individuals, such as292
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the production of eggs with variable resistance to stress, females or males, or individ-293

uals with different ploidy levels. In monogonont rotifers, for instance, diploid females294

produce haploid male offspring during sexual reproduction [73, 95]. Moreover, changes295

in rates of sexual reproduction often result from plastic responses to stress or environ-296

mental cues rather than the evolution of sexual reproduction per se [7, 95, 96]. The297

plasticity to engage in sexual reproduction can also evolve. In C. reinhardtii popula-298

tions, for instance, increased propensity for spontaneous sexual reproduction evolve299

when individuals produced through sexual reproduction are selected when there is300

only a single mating type in the population [97].301

In a comprehensive study with the rotifer B. calyciflorus, an increase in female sex-302

ual reproduction was observed during adaptation. This increase was linked to a rise in303

fitness variance and a decline in the average fitness of sexually produced offspring com-304

pared to asexually produced offspring [73]. Because B. calyciflorus females are diploid,305

changes in the offspring fitness distributions align well with the disruption of negative306

linkage disequilibrium under negative epistasis [27], or with the production of homozy-307

gous individuals and the exposure of deleterious recessive alleles to selection [23, 24].308

The evolution towards higher levels of sexual reproduction was nonetheless moder-309

ate and temporary. Once adaptation occurred, a reversal was seen, with evolution to310

lower levels. This shift may be explained because the benefits of sexual reproduction311

are low in already-adapted populations or because of a transgenerational effect on the312

propensity for sexual reproduction. In a sister species, transgenerational effects have313

been shown to reduce the propensity for sexual reproduction in lineages undergoing314

more sexual cycles [95].315

Experimental evidence for the evolution of phenotypes associated with sex-316

ual reproduction is also illustrated with experiments in Caenorhabditis elegans, a317

species that undergoes obligate sexual reproduction but facultative outcrossing. In318

this nematode, hermaphrodites can either self-fertilize or outcross by mating with319

males. Self-fertilization increases homozygosity, and as a consequence reduces effective320

recombination rates, potentially exposing deleterious recessives to selection but also321

increasing the fitness variance due to overdominant loci [86, 88, 98]. In experiments322

with partially self-fertilizing populations, outcrossing rates temporarily increase fol-323

lowing exposure to a mutagen [74, 99, 100]. However, this increase remains modest324

even under environmental conditions where (genetically-engineered) obligately out-325

crossing populations exhibit higher fitness than partially outcrossing populations [74].326

This underscores that, as beneficial genotypes produced by outcrossing are unlikely327

to remain associated with outcrossing individuals for long, and the evolution of out-328

crossing may be limited despite its potential long-term benefits in maintaining genetic329

variation. The evolution of outcrossing in these experiments should be driven by a330

short-term fitness advantage provided by the masking of recessive deleterious alleles331

in heterozygotes.332

The evolution of predominant but partial outcrossing has also been observed in333

multiparental C. elegans populations with standing genetic variation that ancestrally334

relied on self-fertilization [88, 101]. In these studies, the evolution of outcrossing rates335

is attributed to the evolution of enhanced male performance [101]. However, it is336
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because of self-fertilization that an excess of heterozygosity across the genome is main-337

tained. In partial outcrossing populations, selection purges deleterious recessive alleles,338

as more homozygotes are produced because of self-fertilization, in turn allowing for339

the expression and the maintenance of overdominant loci, or associative overdomi-340

nance between linked deleterious recessives, as heterozygotes are produced because of341

outcrossing [87, 88].342

Selection for recombination can be independent of polygenic343

adaptation344

Early experimental studies addressing the evolution of recombination measured the345

selective response on traits in Drosophila melanogaster lines with or without chro-346

mosomal inversions suppressing recombination across varying portions of autosomes347

(reviewed in [28, 30]). These studies showed that recombination increases the effi-348

cacy of selection by expanding the fitness variance of the population. However, to be349

favored because of facilitating adaptation through increased fitness variance, a genetic350

modifier of recombination, such as a modifier of crossover position or number, has351

to be indirectly selected alongside the genotype combinations it creates. A recombi-352

nation modifier is under indirect selection when it enhances the efficacy of selection353

within its local genomic neighborhood, allowing it to hitchhike with proximate geno-354

types but not with more distant genotypes [67, 102]. This is illustrated in Figure 1,355

where simulations of the distance between a modifier of crossover position and the356

many loci being selected will determine the strength of indirect selection on the mod-357

ifier itself (Figure 1A,C,D). The sign of indirect selection will obviously depend on358

weather the modifier is located in a genomic interval where it increases or decreases359

recombination rates among selected loci (Figure 1B,C,E). In these illustrative simula-360

tions, and regardless of its genomic position, the recombinogenic effects of the modifier361

of crossover position on selected alleles remains constant as there is no impact the362

extent of adaptation. Indirect selection of a recombination modifier, driven by its local363

effects on nearby loci, and polygenic adaptation, driven by the efficacy of selection at a364

genome-wide level, are therefore independent whenever recombination rate landscapes365

are heterogeneous.366

The evolution of recombination rates in response to strong artificial directional367

selection on other traits has been quantified in many different species (reviewed in368

[29, 103]; see also [71, 72]), including domesticated species [104, 105]. These studies369

generally reveal the evolution of increased recombination rates at particular genomic370

regions. Increased recombination rates also tend to evolve when the same trait is371

selected in different directions [70–72], indicating that pleiotropy (where an allele372

affects both the selected trait and recombination rates), or spurious initial associations373

between the modifier and selected loci, are not significant. Rather, these experiments374

suggest that modifiers increasing recombination rates are indirectly selected because375

they allow for more efficient selection on the genetic variation underlying the targeted376

trait. Other supporting evidence for indirect selection on recombination modifiers377

comes from D. melanogaster experiments where artificial stabilizing selection caused378

the evolution of reduced recombination rates [72]. Under stabilizing selection, reduced379

recombination rates are favored by indirect selection because recombination among380
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Fig. 1 Indirect selection on a recombination modifier is driven by its local genomic
effects. We performed simulations of indirect selection on a modifier of crossover position and number
along a chromosome. The ancestral population of 103 diploid individuals was generated with burn-in
of 103 generations with one selected mutation (s = e0.005) introduced per generation per 104 loci
genome. After burn-in, a neutral recombination modifier was introduced in 500 randomly sampled
genomes. Other protocol details can be found in the simulation methods section. We modeled the
recombination effect of the modifier under four different scenarios. A. In scenarios a and b, individuals
homozygous for the modifier allele (M) have a chromosomal map length (RM ) increased by 3-fold
compared to the ancestral map length (Rm; we assume the modifier allele is co-dominant). Scenario
a and b only differ by the position of the modifier relative to the selected alleles. We only represent
one homologous chromosome. Red and green circles illustrate deleterious or beneficial alleles. B In
scenarios c and d, the co-dominant modifier allele increases the map length in a first interval, i, and
reduces it in an adjacent interval, j, by a factor 3. The modifier is located in interval i in scenario c
and interval j in scenario d. C. The modifier frequency is tracked for 500 generations. Thin lines show
the trajectories for 40 simulation runs per scenario, thick lines show the average of 500 simulations
runs. D. Indirect selection coefficient (binomial generalized liner model: modifier.freq ∼ generation)
as a function of the distance between the modifier and the selected loci, for scenarios a,b, and in
two additional intermediate scenarios (dots = mean; error-bars = 95% CI). The indirect selection
coefficient of the modifier decreases linearly, on a log scale, as the function of its genetic distance
from the selected loci. E. Indirect selection coefficient for scenario c,d is positive when the modifier
is located in interval i, where it increases recombination, and negative when it located in interval j,
where it decreases recombination. Overall, the indirect selection strength and sign on recombination
modifiers depend their genomic proximity to selected loci.

the best genotypes at optimal trait values necessarily generates lesser fit genotypes381

[106, 107]. A population under stabilizing selection suffers from a recombination load382

because of epistasis among selected loci.383

For indirect selection to result in the evolution of recombination, selected loci384

need to be in close genomic proximity to recombination modifiers (Figure 1). This385

is not unlike in many artificial selection experiments because recombination rates386

typically increase across large portions of the genome, and selected traits, such as387

stress resistance, are known to be highly polygenic [108]. The segregation of multiple388

segregating recombination modifiers, as commonly observed in natural populations389

[35], will further increase the likelihood that at least one modifier is found near selected390

alleles. Moreover, at the extreme selection pressures applied in these experiments (e.g.,391
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only 30 individuals out of 300 contributing to the next generation in [70]) could allow392

a modifier to be indirectly selection with more distant selected loci [67].393

Another experimental approach to study indirect selection and the evolution of394

recombination is to track the evolution of a known modifier modifier of crossovers. This395

what we did with the multiparental poopulation of C. elegans mentioned in the previ-396

ous section [63]. We genetically engineered the recombination landscape of C. elegans,397

which typically show large central chromosomal regions with much lower recombina-398

tion rates relative to flanking regions, to homogenize recombination rates along the399

chromosomes [109]. Specifically, rec-1 loss-of-function mutants generally redistribute400

crossover positions to central chromosomal regions, without directly affecting fitness401

[63, 109]. Because most genetic diversity is located in intervals where the rec-1 mutant402

allele reduces recombination rates, it diminishes the genome-wide efficacy of selec-403

tion and impairs adaptation to a new environment. Nonetheless, the rec-1 mutant is404

favored because it increases recombination rates in its genomic neighborhood, thereby405

enhancing the local efficacy of selection [63]. Consistent with the Hill-Robertson effect,406

stronger indirect selection on the recombination modifier rec-1 is observed at smaller407

population sizes, supporting the idea that indirect selection on recombination modi-408

fiers depends on selected loci in their genomic proximity, while being independent of409

genome-wide polygenic adaptation.410

Detecting selective interference under variable recombination411

rates412

Detecting selective interference from population genomic data that is now typically413

collected from evolution experiments is a considerable challenge. One needs to identify414

selected loci, and estimate whether there is negative linkage disequilibrium between415

them, which is not trivial if not impossible when adaptation is polygenic and there is416

an astronomical number of genotype combinations to test, each with relatively small417

effects [81, 110, 111]. Most studies use markers, such as single-nucleotide variants,418

that themselves must be in linkage with selected alleles to be informative. Only a few419

rare studies have provided examples of disruption of negative linkage disequilibrium420

between a small number of selected alleles e.g. [54]. Instead, averaged genome-wide421

estimates have been used to detect a recombination signal on marker allele frequency422

dynamics.423

One way to estimate linkage between selected loci is by measuring the correlation424

between marker allele frequency dynamics [54, 63]. For instance, in the C. elegans425

experiments with the rec-1 recombination landscapes mentioned before, adaptation426

was associated with higher correlations of allele frequency change in genomic regions427

with reduced recombination [63]. However, this measure does not indicate the sign428

of linkage disequilibrium and whether selected alleles are linked with other selected429

alleles, or neutral ones. The temporal covariance of allele frequency change is another430

metric that can be used to detect selective interference [112]. In this case, it is assumed431

that (mostly neutral) marker allele frequency changes result from the genetic back-432

ground in which the selected alleles are found. Using time series data is a given marker433

allele frequency change within a period is less correlated with a frequency change at434

later periods when the marker is swapped between different genetic backgrounds by435
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recombination [112]. While this method has faced some criticism [113], experimen-436

tal D. melanogaster populations show the expected reduction in temporal covariance437

between more distant time intervals [114]. Similar observations were reported in evolu-438

tion experiments with the marine copepod Acartia tonsa [115]. In the D. melanogaster439

studies, there was a slight excess of negative temporal covariance, showing that marker440

alleles reverse their trajectories, which could be due to breaking negative linkage441

disequilibrium or epistasis.442

Selective interference can also be measured as parallel genomic diversity responses443

among replicate populations evolving from shared standing genetic variation [55]. The444

intuition here is that recombination increases parallelism by enhancing selection effi-445

cacy, and thus, the same selected alleles will be found across replicates. For instance,446

[55] calculated the standard deviation of allele frequency between replicate experimen-447

tal populations across generations as a measure of parallelism, having found that it448

is higher in sexually reproducing yeast populations than in asexual populations. Yet,449

recombination can also reduce parallelism when calculated as the correlation of allele450

frequency change between replicate populations [114]. In this case, parallelism is high451

in the first few generations of the experiments but quickly decays as ancestral haplo-452

types recombine and the fitness of particular genetic backgrounds determine marker453

frequency trajectories.454

We illustrate with simulations this dual effect of recombination on parallelism455

of genomic responses among replicate population undergoing similar experimental456

evolution. We simulated adaptation from standing genetic variation under different457

recombination rate treatments and varying proportions of selected alleles (Figure 2).458

Results show that the relationship between recombination and parallelism among repli-459

cate simulations is not monotonic. Only under conditions of low recombination rates460

and a high proportion of selected alleles does parallelism increase with recombina-461

tion. Conversely, increased recombination may decrease parallelism, despite facilitating462

adaptation, when selective interference is weaker. Thus, while high parallelism with463

recombination can be a sign of (strong) selective interference, low parallelism does not464

necessarily indicate its absence. Overall, new metrics are needed to better quantify465

the impact of variable recombination rates on the populations genomics of polygenic466

adaptation and interference between selected loci.467

Future directions468

The problems of the evolution of sex and recombination and their adaptive significance469

can be subdivided into a set of questions addressing different aspects of genetic mixing470

and shuffling between genotypes. It is now experimentally well established that sex-471

ual reproduction can facilitate adaptation by breaking disequilibrium between selected472

alleles. These observations generally provide an explanation for the prevalence of sex-473

ual reproduction over asexual reproduction in eukaryotes. However, evidence for the474

adaptive significance of high and variable sex and recombination rates is much weaker.475

While fitness is generally highly polygenic, it is still unclear whether there is a suffi-476

cient number of interfering alleles that segregate in natural populations to confer an477

advantage to high rates of sex and recombination. This uncertainty is compounded478
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Fig. 2 Recombination can enhance or diminish replicate parallelism. The standing genetic
variation of the ancestral population was generated as in Figure 1 (R=50 cM, 105 loci, average of one
mutation per genome per generation). Both neutral alleles (s = 0) and selected alleles (s = e0.005)
were simulated with varying proportions indicated above the panels (pneutr and psel, respectively).
The higher the proportion of selected alleles, the higher the expected number of them segregating
and interfering with each other. Adaptation from the standing genetic variation was simulated during
500 generations with varying map lengths (R; in cM). A. Adaptation is faster and more extensive
for larger values of R and less interfering alleles. B. Parallelism among replicate simulations was
calculated as the Pearson correlation (r) of the observed selection coefficient among ten runs from the
same ancestral population. Increasing the R increases this correlation only when it is small and/or
the number of interfering mutations is high.

by the fact that sex and recombination can oppose selection in maintaining beneficial479

genetic combinations, as there is evidence that co-adapted genotype combinations,480

due to epistasis or overdominance, are common [12, 57, 116, 117]. Variable recombina-481

tion rates along the genome (heterogeneous recombination landscapes) might mitigate482

this issue by preserving beneficial genotype combinations in low-recombining genomic483

regions as when populations adapt to local environmental conditions [12, 118, 119].484

It is unclear, however, how recombination will evolve when modifiers of dispersal or485

modifiers the genetic architecture of selected loci also segregate in the population cf.486

[120]. Furthermore, the presence of co-adapted genotype combinations should itself487

depend on ancestral rates of sex and recombination [58, 84, 121, 122].488

While the long-term adaptive consequence of high rates of sex and recombina-489

tion may be tied to polygenicity [64, 65], theoretical studies suggest that modifiers490

of sexual reproduction may be more likely to evolve due to their short-term fitness491

effects via segregation, rather than by enhancing long-term adaptation [23, 24, 42].492
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Under random mating, however, short-term effects generally only favor modifiers of493

sex when deleterious alleles are dominant [123], whereas recessive deleterious muta-494

tions, which appear to be more prevalent, tend to cause a segregation load and disfavor495

higher rates of facultative sexual reproduction. Higher rates of sexual reproduction496

are favored under conditions of excess homozygosity, where it can produce beneficial497

heterozygotes by masking deleterious recessive alleles or exposing overdominant alleles498

[42, 124]. Therefore, population structure because of inbreeding between relative and499

self-fertilization, which generate excess homozygosity, may be important in explaining500

the evolution of obligate sexual reproduction. Focusing on levels of heterozygosity and501

the potential for heterozygote advantage would be particularly helpful when studying502

the evolution of sexual reproduction in experimental systems.503

The direct fitness effects of recombination, through its molecular consequences of504

crossover during in meiosis (increasing for example the extent of chromosome misseg-505

regration and aneuploidies), have been suggested as key drivers in the evolution of506

recombination, such as during adaptation to different temperatures [125]. Neverthe-507

less, there is strong experimental evidence supporting a role forindirect selection in the508

evolution of recombination [63, 71]. One of the main conclusions from the experiments509

on the evolution of sexual reproduction, and particularly the evolution of recombi-510

nation, is that modifiers recombination are favored when they generates beneficial511

genotype combinations within their local genomic neighborhood, rather than through512

a genome-wide increase in the efficacy of selection and more extensive adaptation513

[63, 67, 102].514

Polygenic adaptation and the evolution of recombination may often be poorly cor-515

related when selection and recombination rates are heterogeneous across the genome516

[63]. Several factors should influence the strength of indirect selection on recombina-517

tion modifiers and its alignment with polygenic adaptation, including breeding mode,518

the polygenicity of recombination itself, and whether modifiers act globally (trans) or519

locally (cis) when interacting with genomic features, such as chromatin accessibility520

or transposon content [34, 126, 127]. Breeding mode is important because any factor521

that increases linkage disequilibrium increases the duration that a modifier remains522

associated with the genotypes it produces, thereby changing the strength of indirect523

selection, and possibly the direction of selection, by extending the size of the local524

genomic region that drives indirect selection [128]. When recombination itself is poly-525

genic due to the segregation of multiple crossover modifiers [35], conflicts may arise526

between them with opposite effects. Local indirect and independent selection on multi-527

ple modifiers across the genome might also average out and align or not with the effects528

of the modifier on genome-wide recombination rates and thus on polygenic adapta-529

tion. It is uncertain whether indirect selection would be significant if each modifier’s530

effect on recombination is small or highly localized. If the evolution of recombination531

is primarily driven by modifiers of local recombination rates, rather than the genome-532

wide modifiers, indirect selection should correlate with the maintenance co-adapted533

genotype combinations.534

Gaining deeper insights about the evolution of sex and recombination in eukaryotes,535

along with their adaptive significance, will require mapping and identifying the genetic536
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modifiers of sex and recombination. This will enable the development of new exper-537

imental models allowing for the manipulation of modifier associations with selected538

alleles in more relevant genomic, demographic and ecological scenarios for natural539

populations than studied so far.540

Simulation methods. Individual-based simulations of diploid populations were541

implemented using SLiM 4.0.1 [129], using the default Wright-Fisher models for muta-542

tion, selection, and reproduction. Ancestral populations with standing genetic diversity543

were obtained through 1000 generations of reproduction with recombination (map544

length values specified in the legend of the figures) with an average of one mutation545

per genome (i.e., mutation rate u = 1/ L, where L is the number of loci). Unless other-546

wise indicated in the figure legend, all mutations have a selection coefficient sampled547

from an exponential distribution with an expected mean of 0.005. Simulations start548

from an ancestral population and differ in their map length or the presence and posi-549

tion of an explicit genetic modifier of recombination. For each ancestral population550

generated, 10 simulations per parameter set were performed for 500 generations. The551

mutation rate during these 500 generations was set to 0. The simulation scripts, results552

and modeling details are available in our GitHub repository.553
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[109] Parée, T., Noble, L., Ferreira Gonçalves, J., Teotónio, H.: rec-1 loss of function828

increases recombination in the central gene clusters at the expense of autosomal829

pairing centers. Genetics 226(3), 205 (2024)830

[110] Long, A., Liti, G., Luptak, A., Tenaillon, O.: Elucidating the molecular archi-831

tecture of adaptation via evolve and resequence experiments. Nat Rev Genet832

16(10), 567–82 (2015)833

[111] Schlötterer, C., Kofler, R., Versace, E., Tobler, R., Franssen, S.U.: Combin-834

ing experimental evolution with next-generation sequencing: a powerful tool835

to study adaptation from standing genetic variation. Heredity (Edinb) 114,836

431–440 (2015)837

[112] Buffalo, V., Coop, G.: The linked selection signature of rapid adaptation in838

temporal genomic data. Genetics 213(3), 1007–1045 (2019)839

[113] Lynch, M., Ho, W.-C.: The limits to estimating population-genetic parameters840

with temporal data. Genome biology and evolution 12(4), 443–455 (2020)841

[114] Buffalo, V., Coop, G.: Estimating the genome-wide contribution of selection842

to temporal allele frequency change. Proceedings of the National Academy of843

Sciences 117(34), 20672–20680 (2020)844

[115] Brennan, R.S., deMayo, J.A., Dam, H.G., Finiguerra, M., Baumann, H., Buffalo,845

24



V., Pespeni, M.H.: Experimental evolution reveals the synergistic genomic mech-846

anisms of adaptation to ocean warming and acidification in a marine copepod.847

Proc Natl Acad Sci U S A 119(38), 2201521119 (2022)848

[116] Peters, A., Halligan, D., Whitlock, M., Keightley, P.: Dominance and overdomi-849

nance of mildly deleterious induced mutations for fitness traits in caenorhabditis850

elegans. Genetics 165(2), 589–599 (2003)851

[117] Johnson, M.S., Reddy, G., Desai, M.M.: Epistasis and evolution: recent advances852

and an outlook for prediction. BMC biology 21(1), 120 (2023)853

[118] Altenberg, L., Liberman, U., Feldman, M.W.: Unified reduction principle for the854

evolution of mutation, migration, and recombination. Proc Natl Acad Sci U S855

A 114(12), 2392–2400 (2017)856
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