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Genetic load may increase or decrease with selfing depending upon the recombination 1 

environment 2 

 3 

Running title: Effect of selfing rate on genetic load 4 

 5 

ABSTRACT 6 

 7 

The ability of natural selection to remove deleterious mutations from a population is a function 8 

of the effective population size. Increases in selfing rate, and concomitant increases in 9 

population-level homozygosity, can increase or decrease the efficacy of selection, depending on 10 

the dominance and selection coefficients of the deleterious mutations. Most theory has focused 11 

on how (partial) selfing affects the efficacy of selection for mutations of a given dominance and 12 

fitness effect in isolation. It remains unclear how selfing affects the purging of deleterious 13 

mutations in a genome-wide context where mutations with different selection and dominance 14 

coefficients co-segregate. Here, we use computer simulations to investigate how mutation, 15 

selection and recombination interact with selfing rate to shape genome-wide patterns of genetic 16 

load. We recover various mechanisms previously described for how (partial) selfing affects the 17 

efficacy of selection against mutations of a given dominance class. However, we find that the 18 

interaction of purifying selection against mutations of different dominance classes changes with 19 

selfing rate. In particular, as outcrossing populations transition from purifying selection to 20 

pseudo-overdominance they experience a dramatic increase in the genetic load caused by 21 

additive, mildly deleterious mutations. We describe the threshold selfing rate that prevents 22 

pseudo-overdominance and decreases genetic load. 23 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2021. ; https://doi.org/10.1101/2021.05.20.445016doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.20.445016
http://creativecommons.org/licenses/by-nd/4.0/


 

 2

 24 

KEYWORDS 25 

 26 

Efficacy of selection, Genetic load, Mating systems, Pseudo-overdominance, Selective 27 

interference, Selfing 28 

 29 

INTRODUCTION 30 

 31 

Populations experience an influx of deleterious mutations. How effectively natural selection 32 

removes deleterious mutations from a population depends on how clearly a mutation’s statistical 33 

effect on fitness can be seen over the genetic backgrounds in which it resides. Selection most 34 

effectively removes deleterious mutations from a large sample of independent genetic 35 

backgrounds (i.e. a large effective population size, Ne). Deleterious mutations that are not 36 

removed make up the genetic load (i.e. a decrease in average population fitness), which can 37 

affect population viability (Lynch et al. 1995), patterns of introgression (Sankararaman et al. 38 

2014; Kim et al. 2018), and further reduce selection's efficacy in regions of low recombination 39 

(Charlesworth et al. 1993a; Charlesworth 1994).  40 

 41 

Variation in the mating system, ranging quantitatively from complete outcrossing to complete 42 

self-fertilization – serves as model to better understand what modulates the efficacy of selection. 43 

Despite decades of theoretical investigation into how a population's selfing rate affects 44 

population fitness and inbreeding depression (e.g., Charlesworth 1992; Glémin 2007), the effects 45 

of mating system on the efficacy of selection are not fully resolved in theory or empirically. We 46 
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simulate whole genomes experiencing deleterious mutations with differing dominance 47 

coefficients to uncover how properties of mutations (their dominance and selection coefficients) 48 

and the genomic environment (recombination and mutation rates) interact with the mating 49 

system to affect the efficacy of selection.  50 

 51 

The increase in individual homozygosity upon selfing modulates how mating system affects the 52 

efficacy of selection. This elevated homozygosity can decrease the efficacy of selection by 53 

decreasing the effective number of chromosomes (Pollak 1987), or increase the efficacy of 54 

selection by increasing the variance in fitness (Uyenoyama and Waller 1991). For additive 55 

mutations (h = 0.5), these effects cancel; the probability of fixation of such alleles is unaffected 56 

by the selfing rate (Caballero and Hill 1992; e.g., Charlesworth 1992; Glémin 2007). However, 57 

when mutation effects are less than additive effects (h < 0.5), the elevated homozygosity of 58 

selfers allows them to more efficiently fix advantageous (e.g., Abu Awad and Roze 2018), and 59 

remove deleterious (Charlesworth 1992) mutations. As such, partially selfing populations can 60 

more effectively “purge” recessive mutations (which are more likely to be highly deleterious 61 

than additive mutations (Crow 1993; Agrawal and Whitlock 2011; Huber et al. 2018) than can 62 

highly outcrossing populations (Lande and Schemske 1985). So, all else equal, the selfing rate 63 

does not change the fixation probability of a mutation with an additive effect on fitness, but the 64 

elevated homozygosity associated with selfing facilitates the purging of (partially) recessive 65 

mutations.  66 

 67 

However, all else is not equal. Ecological, demographic, and genomic features of selfing species 68 

modulate Ne, and thus, the efficacy of selection. On the whole, these factors tend to make 69 
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selection, and particularly selection on alleles with nearly additive effects on fitness, less 70 

effective as the selfing rate (Glémin 2007; Wright et al. 2008; Glémin and Galtier 2012). 71 

Importantly, because recombination between homozygous sites does not generate new 72 

haplotypes, selfing decreases the effective recombination rate (Nordborg 2000). This decrease 73 

can induce Hill-Robertson interference between beneficial mutations (McVean and Charlesworth 74 

2000) and increases the reach of classic background selection (Roze 2016). By reducing Ne 75 

(Charlesworth et al. 1993a), background selection both decreases diversity at linked neutral sites 76 

and limits selection’s ability to affect linked mutations (Charlesworth and Wright 2001). 77 

Moreover, near obligately selfing populations steadily increase their deleterious mutations by 78 

continual loss of the least loaded mutational class (a.k.a Muller’s ratchet, Charlesworth et al. 79 

1993b). Thus, by increasing homozygosity, selfing allows for effective selection on (partially) 80 

recessive mutations, but by reducing the effective recombination rate selfing extends the effects 81 

of linked selection on additive mutations, decreasing the efficacy of selection. 82 

 83 

Most theoretical studies of how mating system and linked selection interact to determine the 84 

efficacy of selection consider mutations with a single dominance level which is quite far from 85 

full recessivity (but see Arunkumar et al. (2015) for multiple mutation types with partially 86 

recessive to partially dominant mutations and Kim et al. (2018) for a dominance coefficients that 87 

continuously vary with selection coefficients). As such, our understanding of this topic is shaped 88 

by the impact of selection against rare mutations in the heterozygous state, and not dynamics that 89 

largely play out in only the homozygous state. However, purifying selection occurs in real 90 

genomes with mutations spanning a range of dominance and selection coefficients. Therefore, 91 

the impact of purging recessive mutations in highly selfing populations could mediate the 92 
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consequences of the mating system on selection on linked deleterious mutations. By exposing 93 

rare deleterious recessive alleles, (partial) selfing will increase the equilibrium frequency of 94 

“unloaded” haplotypes with no such mutations (f0, Charlesworth et al. 1993) decreasing Ne and 95 

the strength of linked selection induced by recessive mutations. Thus compared to outcrossing, 96 

selfing could either reduce the impact of selective interference by effectively purging rare 97 

recessive mutations or amplify the impact of selective interference on additive mutations by 98 

decreasing the effective recombination rate. How these features interact in genomes experiencing 99 

mutations with variable selection and dominance coefficients has not been explored. 100 

 101 

When recessive mutations arise faster than selection and recombination can remove them, 102 

obligately outcrossing populations will not be able to sustain a haplotype free of deleterious 103 

recessive mutations and will transition to a state known as pseudo-overdominance (Ohta and 104 

Kimura 1970; Gilbert et al. 2020). With pseudo-overdominance partially recessive deleterious 105 

alleles at different loci are maintained on complimentary haplotypes maintained by balancing 106 

selection (Charlesworth and Charlesworth 1997; Pálsson and Pamilo 1999; Charlesworth and 107 

Willis 2009). Homozygotes for any such haplotype will expose its recessive mutations, which 108 

are hidden in heterozygotes. By purging rare recessive mutations, partially selfing populations 109 

may prevent pseudo-overdominance. It also seems plausible that pseudo-overdominance could 110 

affect how effectively selection removes linked deleterious mutations. Therefore, by purging 111 

partially recessive mutations and suppressing the emergence of pseudo-overdominance, a 112 

partially selfing population may accumulate fewer linked mildly deleterious additive mutations 113 

than a highly selfing populations.  114 

 115 
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We developed a series of individual-based forward simulations to explore how selfing affects the 116 

efficacy of selection in populations experiencing both recessive and additive mutations across a 117 

wide range of parameter space. We examined how the selfing rate interacts with the action of 118 

linked selection and purging to shape the architecture of genetic load. To study how the 119 

transition from purifying selection to pseudo-overdominance interacts with the selfing rate to 120 

shape the linked load, we extend analytical models from Gilbert et al. (2020) to formally derive 121 

when background selection transitions to pseudo-overdominance as a function of the mutation, 122 

recombination and selfing rates. Our simulations recover the known effects of partial selfing on 123 

the efficacy of direct and linked selection including evidence of Mueller’s ratchet with obligate 124 

selfing (Charlesworth et al. 1993b) and a critical purging threshold attributable to genome-wide 125 

correlations in homozygosity under partial selfing (Lande et al. 1994). 126 

 127 

We find that partial selfing can increase or decrease the efficacy of selection on linked additive 128 

mutations. When recombination rates are not very low and there is a modest input of recessive 129 

mutations selection against additive deleterious mutations is more effective in less effective in 130 

selfers than in outcrossers. On the other hand, when recombination rates are very low and 131 

recessive mutations arise frequently, selection against additive deleterious mutations is more 132 

effective in (partial) selfers than in outcrossers. Finally, we find that pseudo-overdominance 133 

further decreases the efficacy of selection and that by exposing rare recessive mutations, partial 134 

selfing prevents the transition to pseudo-overdominance.  135 

 136 

METHODS 137 

 138 
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We developed simulations in SLiM v3.3.2 (Haller and Messer 2019), and analytical theory to 139 

evaluate how linked selection, purging and inbreeding interact to affect the efficacy of purifying 140 

selection.  141 

 142 

Simulations in SLiM 143 

 144 

Fixed parameters:  145 

Demography: All simulations consisted of 10,000 diploids over a span of 6N non-overlapping 146 

generations. Fitness at each locus is 1, 1 – hs, and 1 – s for genotypes homozygous for the wild-147 

type allele, heterozygous for a deleterious mutation and homozygous for a deleterious mutation, 148 

respectively. Fitness was multiplicative across loci (i.e. the fitness of the ith individual, wi = ∏wij 149 

= ∏(1 – hij sij), where j indexes the locus).  150 

 151 

Genome size and structure: Genomes consisted of six 7.5Mb chromosomes, as in Gilbert et al. 152 

(2020), with uniforn recombination rates across each chromosome, and free recombination 153 

among chromosomes. We modeled a uniform genome structure, in which mutation each 154 

mutation type (see below) was independent of genomic position.  155 

  156 

Mutational effects: SLiM simulates genomes composed of specific “mutation types,” each 157 

characterized by a fixed dominance coefficient, h, and a (distribution of) selection coefficient(s), 158 

s. All simulations included four deleterious mutation types – one fully to partially recessive 159 

mutation (0 ≤ h < 0.5) type, three additive mutation (h = 0.5) types, and no neutral or beneficial 160 

mutation types. As such the genome-wide mutation rate, U, represented the deleterious genome-161 
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wide mutation rate, Udel. Each of the four mutation types contributed equally to Udel such that the 162 

total additive deleterious mutation rate was three times that of the recessive deleterious mutation 163 

rate. 164 

 165 

Selection coefficients for mildly deleterious, additive mutations: We chose selection coefficients 166 

of the three additive mutation types to slightly exceed the nearly neutral boundary (4Nes > 1), 167 

which differentiates where natural selection can and cannot effectively remove deleterious 168 

mutations (Kondrashov 1995) because this should expose differences in the efficacy of selection 169 

against additive load in selfers and outcrossers. The selection coefficients for these three 170 

mutation types were s = 0.0005 (4Ns = 20), s = 0.00025 (4Ns=10) to s = 0.00005 (4Ns=2). Given 171 

that Ne is likely less than the census population size (N) in all multilocus simulations, we assume 172 

the 4Nes values will be less than the 4Ns values listed above. We chose these fixed selection 173 

coefficients, rather than the more biologically realistic distribution of fitness effects, because 174 

they provide theoretical insight into when and how selection becomes less effective. 175 

  176 

Variable model parameters: 177 

We investigated all factorial combinations of five variables: (1) selfing rate, (2) deleterious 178 

mutation rate, (3) recombination rate, (4) fitness cost of strongly deleterious recessive mutations 179 

(srecessive) and (5) recessivity of strongly deleterious mutations (hrecessive), with ten replicates for 180 

each parameter combination. 181 

 182 

Selfing rate: Selfing rates ranged from obligate outcrossing (α = 0) to near obligate selfing (α = 183 

0.99) and values between (α = 0.05, 0.1, 0.25, 0.5, 0.75, or 0.9), allowing us to evaluate both 184 
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mixed maters as well as predominant selfers or outcrossers. Because we do not model an 185 

evolutionary transition between selfing rates, we do not consider the initial purging, or lack 186 

thereof, of the load required for the transition to selfing (see Wang et al. 1999; Bataillon and 187 

Kirkpatrick 2000; Waller 2021). 188 

 189 

Deleterious mutation rate: We varied the genome-wide deleterious mutation rate (Udel = μdel x 190 

genome size), as Udel modulates background selection (Charlesworth et al. 1993a; Kamran-191 

Disfani and Agrawal 2014). We chose Udel values of 0.04, 0.16, and 0.48 to span a range of Udel  192 

values estimated from multicellular eukaryotes (Schultz et al. 1999; Willis 1999; Cutter and 193 

Payseur 2003; Haag-Liautard et al. 2007; Lynch 2010; Slotte 2014). 194 

 195 

Recombination rate: To probe how linked selection interacts with the selfing rate to modulate the 196 

efficacy of selection, we varied the recombination rate. We report this as the Relative 197 

Recombination Rate (RRR) – the per-base-pair recombination rate divided by the per-base-pair 198 

mutation rate. We examined RRR values of 0.01, 0.1, 1 and 10, corresponding to per-base-pair 199 

recombination rates ranging from 8.89 x 10-12 to 1.07 x 10-7 across all mutation rates (see Table 200 

S1 for per-base pair mutation and recombination rates for each parameter combination).  201 

 202 

Selection and recessivity of (partially) recessive deleterious mutations: We varied the intensity 203 

of selection against strongly deleterious (partially) recessive mutations from srecessive = 0.015, 204 

srecessive = 0.3, and srecessive = 0.9. These values all prevent the chance fixation of such mutations, 205 

but the greater the selection coefficient the more rapidly a mutation is removed. These mutations 206 
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could be nearly additive (hrecessive=0.25), partially recessive (hrecessive = 0.1), or fully recessive 207 

(hrecessive = 0). 208 

  209 

Quantifying the consequences of selection: 210 

Quantifying the efficacy of selection: We initially examined the load of recessive and additive 211 

mutations separately. We assessed the efficacy of selection both in terms of prevalence (the 212 

average number of mutations per individual) and the overall fitness consequences for each of the 213 

four mutation types. Throughout our results, all discussions of dominance and/or additively refer 214 

to the mode of gene action (a parameter we specify in our model), not the components of genetic 215 

variance. 216 

 217 

Prevalence is meant to capture common genomic summaries of the number of derived 218 

deleterious mutations, while the genetic load is meant to quantify the fitness consequences of 219 

these mutations (Lohmueller 2014; Do et al. 2015). Because the degree of homozygosity 220 

increases as a function of selfing rate, we expected that the translation of prevalence to fitness of 221 

recessive mutations would vary across selfing rates. By contrast, additive mutations are 222 

expressed to some extent across all populations and thus patterns of prevalence across selfing 223 

rates should translate more directly to patterns of overall fitness. We also report the mean 224 

population fitness, including both additive and recessive mutations.  225 

 226 

For computational efficiency, SLiM only tracks segregating mutations; consequently, population 227 

fitness outputted by SLiM excludes the effects of fixed mutations. We therefore developed 228 
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custom R scripts to calculate both mutation prevalence and population mean fitness from both 229 

segregating and fixed mutations in all simulations.   230 

 231 

Summarizing neutral genetic variation: Pseudo-overdominance can leave a genomic signature of 232 

elevated diversity at linked neutral sites (Gilbert et al. 2020). This signature arises when 233 

heterozygotes at neutral sites appear to have higher fitness than homozygotes – a phenomenon 234 

known as associative overdominance (Frydenberg 1963). We quantified two genomic signatures 235 

of associative overdominance as a proxy for whether pseudo-overdominance occurred, namely 236 

increased neutral diversity (π) and an intermediate-frequency-skewed unfolded allele frequency 237 

spectrum (AFS), in eight replicate runs per simulation. Because explicitly modeling neutral 238 

mutations is computationally burdensome, we used the tree sequence recording function within 239 

SLiM (Haller et al. 2019). We subsequently overlaid neutral mutations on each tree sequence at 240 

a mutation rate of μ = 1e-7 in msprime (Kelleher et al. 2016), sampled one genome from 200 241 

individuals, and calculated π and the AFS with the 200 samples using tskit 242 

(https://tskit.dev/tskit/docs/stable/). 243 

 244 

Numerous processes – including true overdominance (Ohta and Kimura 1971), selection against 245 

recurrent recessive mutations (Zhao and Charlesworth 2016; Becher et al. 2020), genome-wide 246 

selection against homozygosity when genotypes are correlated at unlinked loci (a.k.a. identity 247 

disequilibrium, Charlesworth 1991), and pseudo-overdominance (Gilbert et al. 2020) can 248 

generate a pattern of associative overdominance. However, because our simulations did not 249 

allow for recurrent mutation nor classical overdominance, and because our selection coefficients 250 

can lead to pseudo-overdominance but not to associative overdominance (i.e., when Ns > 1, 251 
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Becher et al. (2020)), these explanations are not relevant for this study. Rather only pseudo-252 

overdominance and genome-wide selection against homozygosity could potentially explain 253 

signatures of associative overdominance in our simulations.  254 

 255 

Analytical Model for the transition to pseudo-overdominance 256 

 257 

To analytically derive how partial selfing prevents the transition from background selection to 258 

pseudo-overdominance, we extended the multi-locus model of Gilbert et al. (2020) to include 259 

selfing (Appendix). We considered � biallelic loci and denoted wild-type and derived alleles at 260 

locus � by �� and �� , respectively. Derived alleles were deleterious and fully recessive with 261 

fitness 1 � � when homozygous and 1 otherwise, with multiplicative fitness effects across loci. 262 

We derived the frequency of the zero-mutation haplotype at mutation-selection balance. When 263 

this frequency approaches zero, we expect a transition from background selection to pseudo-264 

overdominance. We assumed that haplotypes with more than one deleterious mutation are 265 

vanishingly rare at equilibrium and hence ignored them, meaning that any genotype can be 266 

polymorphic at most at two deleterious loci. This assumption is quite different than what we find 267 

in our SLiMulations, but provides a reasonable guide to our major qualitative results.  268 

 269 

We used 	� , � 
  1, . . . , �, to denote the frequency of the haplotype carrying a derived deleterious 270 

allele at locus �, and 	�  the frequency of the haplotype without any deleterious mutations. Loci 271 

were equidistantly distributed over a region of length  cM, such that the recombination rate 272 

between adjacent loci is /�� � 1�. We followed the frequencies of four genotypic classes: 273 

genotypes without any deleterious mutations (	���, genotypes heterozygous at exactly one locus 274 
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(	��

���
�, genotypes heterozygous at exactly two loci �	��

���
� and genotypes homozygous for the 275 

derived allele at exactly one locus (	��). Fitnesses of these genotype-classes are ��� 
  ���

���

276 

���

���

 1 and ��� 
 1 � �, so mean fitness is 1 � 	�� � . In the Appendix we derived equations 277 

for how the frequencies of these genotypic classes change over time. We then derived the exact 278 

equilibrium frequency of the zero-mutation haplotype could be readily determined in the absence 279 

of recombination and approximated it for weak recombination and selfing rates in eqs. (1) and 280 

(2) in the Appendix. 281 

 282 

RESULTS 283 

 284 

Selfing rate can increase or decrease the genetic load in multilocus simulations 285 

An increase in the selfing rate either slightly or severely reduces the frequency of recessive 286 

deleterious mutations, and can increase, decrease, or not change the burden of mildly deleterious 287 

additive mutations. We explore these alternative outcomes, and what modulates them, below: 288 

first for recessive strongly deleterious (Ns > 150) recessive mutations, then additive mildly 289 

deleterious (Ns < 5) mutations, and finally for overall population fitness.  290 

 291 

Selfing prevents the accumulation of recessive mutations and impedes the transition to 292 

pseudo-overdominance 293 

Complete recessivity and relatively high recombination rates: Highly selfing populations 294 

maintain a lower prevalence and frequency of recessive mutations than do outcrossing 295 

populations (Figure 1). With high recombination rates (RRR ≥ 1), the number of recessive 296 

deleterious mutations per individual generally declined with the selfing rate. This decay is rapid 297 
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and steep when mutations are strongly deleterious. That is, populations with mixed mating 298 

systems effectively purge extremely deleterious mutations (srecessive= 0.3 or srecessive= 0.9) but 299 

maintain a larger number of less deleterious mutations (srecessive = 0.015, Figure 1A). These 300 

results are consistent with both our analytical derivations and those by Roze and Rousset (2004) 301 

for the frequency of a recessive deleterious mutation at a single locus as a function of selfing rate 302 

(see equation A1 and compare Figures 1B and Figure A1 in the Appendix), which is expected as 303 

loci should be more or less independent at high relative recombination rates.  304 

 305 

The frequency of recessive mutations drops dramatically between selfing rates of 0.25 and 0.5 306 

when the mutation rate is high and mutations are quite severe (Urecessive = 0.12, srecessive = 0.9 or 307 

srecessive = 0.3), and shows a similarly dreastic shift as the selfing rate increases from 0.05 and 308 

0.10 for the most damaging mutations at intermediate mutation rates (Urecessive = 0.04 srecessive = 309 

0.9, Figure 1B). We interpret these shifts as a “purging threshold” which differentiates selfing 310 

rates that can and cannot effectively purge their recessive load (Lande et al. 1994). Given the 311 

high recombination rate in these simulations (this effect is strongest with an RRR of 10), we 312 

attribute this purging threshold – which exceeds single locus expectations – to the near-lethal 313 

inbreeding depression that occurs when selfed individuals in partially selfing populations expose 314 

numerous unlinked recessive mutations. This correlation in individual homozygosity across 315 

unlinked loci is a form of identity disequilibrium (Weir and Cockerham 1973), is greatest in 316 

partially selfing populations, and can hinder the purging of the recessive load because selfing 317 

events do not generate living offspring (Lande et al. 1994; Kelly 2007). The fit between multi-318 

locus simulation results and analytical single locus derivations is qualitatively tighter with 319 

weaker selection, lower mutation rates and lower selfing rates, likely because multilocus 320 
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interactions due to linked selection in predominant selfers are greater with stronger selection 321 

(Charlesworth et al. 1993a) and because analytical derivations assume weak selection and low 322 

mutation (i.e., u << s << 1).  323 

 324 

The other deviation between single locus theory and multilocus simulation is the increased 325 

prevalence and frequency of recessive mutations with more modest effects on fitness at very high 326 

selfing rates when mutation is high (Figure 1). Given the very low effective recombination rate 327 

in highly selfing populations, this spike presumably reflects the action of Mueller’s ratchet 328 

(Charlesworth et al. 1993b).  329 

 330 

 331 
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 332 

Figure 1: Purging dynamics of recessive mutations when per base-pair recombination rates are 333 

equal to (relative recombination rate, RRR, = 1) or greater than (RRR >1) per base-pair 334 

deleterious mutation rates. (A) Prevalence (i.e. the mean number of mutations per diploid 335 

genome) of recessive mutations. The tick marks on the y-axis highlight the log10 scale. (B) 336 

Results from multilocus simulations tend to fit analytical expectations derived from single locus 337 

models better with weaker selection coefficients and lower mutation rates than with large 338 

selection coefficients and higher mutation rates. This likely reflects cases in which identity 339 

disequilibria generated by partial selfing hinders the purging process (at Urecessive = 0.12 and 340 

srecessive = 0.3 and 0.9), and follows from the assumption made in our analytical derivation that 341 

mutation rates are much smaller than selection coefficients. 342 
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 343 

Complete recessivity and relatively low recombination rates: We also observe a drastic drop in 344 

the frequency of recessive mutations at a critical selfing rate, which we again call a purging 345 

threshold, when mutation rates exceed recombination rates (RRR < 1, Figure 2A). This purging 346 

threshold has a much greater magnitude than that seen at high relative recombination (see right 347 

panel in Figure S1A at srecessive = 0.3 and 0.9). Additionally, this dramatic shift is observed across 348 

a broader range of absolute mutation rates, and with much weaker selection coefficients than we 349 

observed with relatively high recombination rates (Figure S1A). 350 

 351 

We attribute this drastic difference in the recessive load in populations above and below the 352 

purging threshold in low RRR simulations to a transition from classic purifying selection to 353 

pseudo-overdominance in primarily outcrossing populations. The structuring of pseudo-354 

overdominant haplotypes by complementary sets of deleterious recessive mutations in repulsion 355 

is clearly visible in samples of genomes from populations below this purging threshold and is not 356 

observed in populations which can more effectively purge (Figure S2). Consistent with this 357 

explanation, simulation runs that appear to display a shift to pseudo-overdominance are also 358 

associated with elevated genetic diversity (π) at linked neutral sites (Figure 2B, Figure S3A) and 359 

a shift towards more high-frequency alleles (Figure 2C, Figure S4), two consequences of pseudo-360 

overdominance (Gilbert et al. 2020). This increased neutral diversity is in contrast with classic 361 

background selection, which reduces linked neutral diversity. We see the signature of 362 

background selection by the reduction in π with a reduction in the relative recombination rate 363 

(Figure S3).  364 

 365 
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Partial selfing can prevent the shift to pseudo-overdominance by exposing the deleterious effects 366 

of rare recessive mutations. The amount of selfing required to prevent the emergence of pseudo-367 

overdominance depends on how rapidly deleterious recessive mutations can be removed by 368 

selection before mutation-free haplotypes are eliminated. As such, less selfing is required to 369 

prevent the emergence of pseudo-overdominance when mutations have more severe fitness 370 

consequences, while more selfing is required to prevent the emergence of pseudo-overdominance 371 

when the mutation rate is high (Figure 2D). As expected, pseudo-overdominance evolves more 372 

readily as the recombination rate decreases (compare RRR of 0.01 to RRR of 0.10 in Figure 2D). 373 

Overall, we observe signatures of pseudo-overdominance when selfing is rare, recombination is 374 

infrequent, and Udel/s > 0.5. 375 

 376 

Once pseudo-overdominant haplotypes form, homozygote fitness plummets. With partial selfing 377 

(or more recombination) fitness due to recessive mutations drops further, as recombination 378 

creates more non-complementary haplotypes (the recombination load) and/or as selfing exposes 379 

more haplotypes in the homozygous state (the segregation load, Figure S5).  380 
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 381 

Figure 2: Pseudo-overdominance (POD) occurs in low recombination environments (relative 382 

recombination rate, RRR, < 1). (A) POD leads to a spike in the prevalence of recessive mutations 383 

in predominantly outcrossing populations. Points are simulation replicates and lines connect 384 

mean values. Genome-wide deleterious mutation rate Udel = 0.04, srecessive= 0.015, and hrecessive = 385 

0. (B) POD also leads to a spike in neutral diversity, driven by heterozygosity at linked neutral 386 

sites. Udel = 0.04, srecessive= 0.015, and hrecessive = 0. Expected neutral diversity (4Nμ) is shown by 387 

the black horizontal line. (C) Allele frequency spectra (AFS) at a subset of selfing rates (different 388 

facets) for Udel = 0.04, srecessive= 0.015, and hrecessive = 0. POD shifts the AFS to more intermediate 389 

frequency alleles. Mean AFS are in bold lines, and individual simulation replicates are in faint 390 
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lines. Black lines correspond to the neutral AFS. (D) Outcome plot of POD occurrence when 391 

hrecessive = 0. Green blocks indicate POD occurs at only the lowest relative recombination rate 392 

(RRR; RRR = 0.01); yellow blocks indicate POD occurs at the two lowest RRR (0.01, 0.1). Data 393 

in panels A-C correspond to the bottom row of the Udel = 0.04 outcome plot. 394 

 395 

Partial recessivity across recombination rates: Because partial recessivity increases the capacity 396 

for selection to remove partially recessive mutations in predominantly outcrossing populations, 397 

we tested the possibility that intermediate dominance coefficients (hrecessive= 0.1 and hrecessive= 398 

0.25) could prevent the emergence of pseudo-overdominance. Like Gilbert et al. (2020), we find 399 

that, although partial recessivity substantially decreases the parameter space under which 400 

pseudo-overdominance occurs, it does not prevent it altogether (Figure S6-S9). When hrecessive= 401 

0.1, pseudo-overdominance occurs when srecessive is relatively modest (srecessive= 0.015; Nhs = 15) 402 

and mutation rates are high (Udel=0.48) at selfing rates of 0, 0.05, 0.1 and 0.25. By contrast when 403 

deleterious mutations are more damaging, partial recessivity more effectively prevents the 404 

emergence of pseudo-overdominance because these mutations are effectively removed when 405 

heterozygous. When hrecessive = 0.25, partially recessive mutations accumulate in predominantly 406 

outcrossing populations at the highest mutation rate and lowest selection coefficient (srecessive= 407 

0.015; Nhs = 37.5; Figure S1-C), but the accumulation does not cause the switch to pseudo-408 

overdominance, i.e., there is no increase in diversity (Figure S3-C) nor a shift in the allele 409 

frequency spectrum (Figure S9). Thus, while partial recessivity limits the extent of pseudo-410 

overdominance, it does not eliminate it. 411 

 412 
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In the remainder of the considered parameter space (i.e. lower mutation rates, higher relative 413 

recombination rates, and/or more damaging mutations), increasing the dominance coefficient of 414 

recessive mutations decreases prevalence (number of mutations per individual) in the primarily 415 

outcrossing populations, as expected. Prevalence still decreases with selfing rate, but the absolute 416 

difference in prevalence between outcrossers and selfers diminishes (Figure S7).  417 

 418 

An analytical model for the transition to pseudo-overdominance with partial selfing 419 

Our SLiMulations revealed that (partial) selfing can prevent the emergence of pseudo-420 

overdominance. However, without a computationally intense search of parameters space, it does 421 

not allow us to quantitatively characterize this threshold. To do so, we present results of our 422 

analytical model which approximates the frequency of the unloaded haplotype (i.e. the haplotype 423 

with no derived deleterious mutations) under the assumption of weak selfing and weak 424 

recombination (equation (2) in the Appendix). Roughly speaking, this assumes that �, , � �425 

 1/� �  �, but the exact conditions for when our approximation will become unreliable are 426 

difficult to derive (see Appendix for more details). Reassuringly, when reduced to a single locus, 427 

our model recovers the results of Roze and Rousset (2004). Because comparable two-locus 428 

results have not been derived previously, we check our approximation against results obtained by 429 

numerical iteration of the difference equation (see Appendix Figure A1 and A2). Importantly, the 430 

critical selfing rate for loss of the zero-mutation haplotype in two-locus simulations is accurately 431 

predicted by our model (see Appendix Figure A2).  432 

We find that the frequency of the unloaded haplotype approaches zero (i.e. when we expect 433 

pseudo-overdominance) when selection coefficients are small, selfing is rare, and recombination 434 

rates are low (Figure 3). When recombination is much rarer than mutations to recessive 435 
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mutations (RRR = 0.01, Figure 3A), frequent selfing is required to prevent the transition to 436 

pseudo-overdominance when selection coefficients are small. By contrast, lower selfing rates can 437 

prevent the transition to pseudo-overdominance as the relative recombination rate increases 438 

(RRR = 0.1, Figure 3B). This synergistic effect of recombination and selfing on the efficacy of 439 

purging the recessive load and preventing pseudo-overdominance is mostly observed for small 440 

selection coefficients, simply because pseudo-overdominance is unlikely if selection is strong 441 

and hence there is no opportunity for recombination to prevent it. The synergistic effect of 442 

recombination and selfing is quite general in our model (Appendix Figure A3) and is consistent 443 

with results from our whole genome SLiMulations (Figures 2D and 3).  444 

 445 

Our analytical predictions are qualitatively consistent with the SLiMulation results (Figure 3). 446 

However, because our approximation is not tailored to direct comparison with genome-wide 447 

simulations of thousands of loci in regions of low recombination, the parameters used for the 448 

comparison between simulations and the analytical model in Figure 3 are not directly 449 

comparable (specifically, we assumed a much smaller number of loci and larger per locus 450 

mutation rate in the analytical model as compared to the simulations).  451 

 452 
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 453 

Figure 3: Qualitative comparison between analytical predictions and simulation results. Shaded 454 

areas indicate the analytical predictions for pseudo-overdominance (POD), specifically the 455 

frequency of the zero-mutation haplotype (P0), based on equation (2; see Appendix) for various 456 

recombination rates. For the analytical model, we assumed a total of  loci equidistantly 457 

spaced on a chromosome with a total mutation rate of Udel = 0.005 and relative recombination 458 

rate RRR = 0.01 (A) and 0.1 (B). Circles show results from simulations when Udel = 0.16: filled 459 

circles indicate simulations where we observed POD and white circles indicate no POD.  460 

 461 

The additive load does not necessarily increase with selfing 462 

When modelling both additive and recessive deleterious mutations, an increase in the selfing rate 463 

can have no effect, increase, or decrease the genetic load (Figure 4). These different outcomes 464 

are determined by (1) the strength of selective interference induced by (partially) recessive 465 

mutations, and (2) whether predominantly outcrossing populations experience pseudo-466 

overdominance.  467 

23
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 468 

To demonstrate the effects of selection on partially versus completely recessive mutations on 469 

selection against additive mutations, we contrast simulations with fully recessive mutations 470 

(hrecessive= 0) to simulations with partially recessive mutations (hrecessive= 0.25). Throughout, we 471 

present the prevalence of the most deleterious additive mutation type (sadditive = 0.0005, Ns = 5), 472 

as results are qualitatively similar across the three mutation additive mutation types (Figures 473 

S10-12).  474 

 475 

Selfers evolve a larger additive load than outcrossers when recombination rates are high:  476 

Predominant selfers accumulate a higher prevalence of additive mutations in high recombination 477 

environments than do predominant outcrossers (recombination rate is greater than (red) or equal 478 

to (yellow) the mutation rate, Figures 4, S10-12). At the highest relative recombination rates 479 

(RRR = 10), near obligate selfing (selfing rates greater than 0.95) is required for an increase in 480 

the prevalence of additive mutations, as the local effective recombination rate is sufficiently 481 

large to allow most mutations to escape selective interference otherwise. At the highest 482 

recombination rate, the additive load subtly decreased with the selfing rate until the selfing rate 483 

became high enough to experience selective interference (~ 0.75-0.9). We revisit this result, 484 

which was also observed in Roze (2015), in our low recombination rate results below.  We find a 485 

similar pattern when the recombination rate equals the mutation rate, however, in this case, the 486 

additive load begins to increase at a lower selfing rate. At both of these recombination rates, the 487 

prevalence of additive mutations is very similar for cases in which strongly deleterious mutations 488 

are fully or partially recessive. With high recombination rates, the recessive load is low and 489 
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pseudo-overdominance never occurs (compare orange and red lines in Figure 4A i.e. h = 0.00 to 490 

those in Fig 4B i.e. h = 0.25). 491 

 492 

When recessive mutations have modest effects on fitness (srecessive = 0.015) and the absolute 493 

mutation rate is large, there is a greater uptick of the prevalence of additive mutations in 494 

primarily selfing populations, regardless of recombination rate (Fig S10 A-C, top row). This 495 

pattern corresponds to the increase in the prevalence of recessive mutations at the same 496 

parameter values (e.g. right panel of Figure 1A), which we attribute to Mueller’s ratchet 497 

(Charlesworth et al. 1993b).   498 

 499 

With low recombination, the additive load in selfers is equal to or smaller than that of 500 

outcrossers: 501 

When recombination is rarer than mutation, purging of recessive mutations under partial selfing 502 

can increase the efficacy of selection against linked mildly deleterious additive mutations. With a 503 

relative recombination rate of 0.1 (light blue in Figure 4A), the prevalence of additive mutations 504 

decreases as populations transition from obligate outcrossing to predominant selfing, and the 505 

pattern becomes more dramatic as the relative recombination rate decreases further (RRR = 0.01, 506 

dark blue). As outcrossing populations transition from purifying selection to pseudo-507 

overdominance (diamonds in Figure 4), they accumulate many more deleterious additive 508 

mutations than (partially) selfing populations. 509 

 510 

Figures 4A vs B contrasts the same set of parameter conditions (Udel = 0.04 and srecessive= 0.015) 511 

between simulations with fully recessive (h = 0.00, Figure 4A) and intermediate recessive (h = 512 
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0.25, Figure 4B) mutations. Strongly recessive mutations (but not mutations with intermediate 513 

dominance coefficients) generate a dramatic uptick in the prevalence of mildly deleterious 514 

additive mutations at very high outcrossing rates and very low recombination rates. This 515 

dramatic result does not require complete recessivity – simulations with h = 0.1 can also generate 516 

a similarly dramatic spike at high outcrossing rates (Figure S10). However, this uptick is not 517 

observed at comparable simulations for higher levels of dominance (h = 0.25, Figures 4, S10).  518 

 519 

Pseudo-overdominance decreases the efficacy of selection on linked mutations with additive 520 

effects:  521 

We propose that pseudo-overdominance limits the efficacy of selection by effectively 522 

subdividing the population into haplotypic classes of complementary recessive mutations. We 523 

show that when an additive deleterious (or beneficial) mutation falls on a haplotype maintained 524 

at equilibrium by pseudo-overdominance, selection against (or for) the new mutation will be 525 

limited by the recessive load at linked sites. Specifically, the Appendix shows that in a two-locus 526 

model for pseudo-overdominance the efficacy of selection is reduced by a factor of 1-s/2 for 527 

outcrossing populations, where s is the fitness effect of recessive mutations. Intuitively speaking, 528 

in our two-locus model a new additive mutation will have a 50% chance to be in a beneficial 529 

heterozygous genotype where the recessive load is masked, effectively reducing the strength of 530 

selection against (or for) the additive mutation by (1-s) in half of the genotypes. These results 531 

resemble Assaf et al.’s (2015) “staggered sweep” model, in which the spread of adaptive 532 

mutations is slowed by the exposure of linked recessive mutations that occurs when they become 533 

common. 534 

 535 
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 536 

Figure 4: The accumulation of additive mutations as a function of selfing rate is heavily 537 

influenced by the relative recombination rate (RRR) and whether pseudo-overdominance (POD) 538 

occurs. (A) and (B) contrast simulations where the recessive load is fully recessive (A) and 539 

partially recessive (B). Udel = 0.04 and srecessive= 0.015. 540 

 541 

The effect of mating system on mean population fitness  542 

 543 

When recombination rates are high relative to mutation rates, mean population fitness is 544 

generally greatest in outcrossers and lowest in selfers (Figure 5, Figure S13), reflecting the 545 

elevated additive load accumulated by selfers (Figure 4A). Exceptions are at the highest 546 

recombination rates, when fitness is maximized in high partial selfers. By contrast when 547 

recombination rates are lower than mutation rates, mean population fitness either does not vary 548 

with selfing rate (in the absence of pseudo-overdominance), or increases with selfing rate (in the 549 

presence of pseudo-overdominance). The effect of pseudo-overdominance on overall fitness is 550 

primarily due to its effect on the prevalence of additive mutations.  551 
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 552 

 553 

Figure 5: The relationship between mean population fitness and the selfing rate varies as a 554 

function of the recombination rate and the presence of pseudo-overdominance (POD). Udel = 555 

0.04, hrecessive= 0. The three facets represent different fitness effects of the recessive mutations. At 556 

this Udel, POD only occurs when the recessive mutations are relatively mild (srecessive= 0.015). 557 

 558 
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 559 

DISCUSSION 560 

  561 

The evolution of self-fertilization is common, occurring in many animals, fungi, plants, protozoa, 562 

and algae (Jarne and Auld 2006; Hanschen et al. 2018). This transition provides the opportunity 563 

to test if/how numerous genomic features associated with the transition to selfing affect the 564 

efficacy of selection against deleterious mutations. The lack of consistent empirical evidence for 565 

reduced efficacy of selection in selfers (Haudry et al. 2008; Escobar et al. 2010; Slotte et al. 566 

2010, 2013; Qiu et al. 2011; Hazzouri et al. 2012; Ness et al. 2012; Gioti et al. 2013; Brandvain 567 

et al. 2014) is often attributed to factors not directly related to mating system and/or the recency 568 

of most selfing lineages (Haudry et al. 2008; Glémin and Galtier 2012). These explanations may 569 

be true. However, our results highlight a limitation of narrowly focusing on one hypothesized 570 

consequence of selfing, as self-fertilization has numerous genomic consequences with different 571 

predicted effects for the efficacy of selection. Specifically, we discover that selection is more 572 

effective in outcrossing than selfing populations when recombination rates are not too low and 573 

recessive deleterious mutations are rare, but when recombination rates are low and highly 574 

recessive deleterious mutations are common, selection is more effective in (partial) selfers than 575 

outcrossers.  576 

 577 

Effects of selfing rate on the efficacy of selection against deleterious mutations 578 

By jointly simulating deleterious recessive and additive mutations across a broad slice of 579 

parameter space, we found that increases in selfing rate can have positive, neutral or negative 580 

effects on the accumulation of genetic load (see Figures 5, S13).  581 
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 582 

The unlinked recessive load in partially selfing populations 583 

When recombination rates are exceptionally high, the fate of mutations in nearly all populations 584 

(except for near obligate selfers which experience Mueller’s ratchet) is independent of any linked 585 

deleterious mutations because recombination rapidly dissociates an allele from its background. 586 

With these high recombination rates, some threshold selfing rate is required to purge the genetic 587 

load when mutation rates are high and mutations are severe (as in Lande et al. 1994; Kelly 588 

2007). The prevalence of recessive mutations at selfing rates below this threshold value exceeds 589 

predictions from single locus theory; partial selfing generates correlations in homozygosity at 590 

unlinked loci which interferes with the purging process when multi-locus inbreeding depression 591 

is nearly lethal (i.e. the load cannot be purged when all selfed offspring die).  592 

 593 

We find that the efficacy of selection decreases as populations approach the critical selfing rate 594 

required to purge the load. That is, when recombination rates are high and highly deleterious 595 

recessive mutations are common the additive load increases with the selfing rate until 596 

populations can purge their load. Once the selfing rate exceeds this purging threshold the 597 

additive load begins decreasing with the selfing rate (red and orange lines in the two lower left 598 

panels of Figures S11C and S12C). This finding is consistent with Sachdeva (2019), which finds 599 

a greater increase in the additive load in partially selfing populations in the presence of highly 600 

damaging recessive mutations than in cases without these recessive mutations.  601 

 602 

A little outcrossing goes a long way when recombination is common:   603 
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At intermediate recombination rates, mildly deleterious mutations accumulate in predominant 604 

selfers but are removed by selection in outcrossers and mixed maters. The low effective 605 

recombination rate in predominant selfers causes selection against additive mutations at one site 606 

to limit the efficacy of selection against other additive mutations at linked sites. By contrast 607 

mutations in mixed mating and outcrossing populations rapidly recombine away from linked 608 

deleterious mutations and selection at one site does not impact the efficacy of selection at linked 609 

sites (as seen in Charlesworth et al. 1993a; Glémin 2007; Glémin and Ronfort 2013; Kamran-610 

Disfani and Agrawal 2014). Therefore, the weak empirical evidence for a decrease in the 611 

efficacy of selection in partially selfing populations may be partially attributable to the paucity of 612 

near obligate selfing in nature (Goodwillie et al. 2005; Moeller et al. 2017).  613 

 614 

As the recombination rate becomes more similar to the mutation rate, the efficacy of selection 615 

starts to decrease more continuously with the selfing rate. This is because, at these lower 616 

recombination rates, mixed maters, but not outcrossers, begin to experience increased selective 617 

interference and background selection (Glémin 2007; Glémin and Ronfort 2013; Kamran-Disfani 618 

and Agrawal 2014). Consistent with our results and others, Laenen et al. (2018) found elevated 619 

load in only highly selfing (~0.9 selfing rate) populations of Arabis alpina; with no increase in 620 

the load in mixed-mating (~0.8 selfing rate) as compared to outcrossing populations. 621 

 622 

Selection against alleles linked to deleterious recessive mutations is more effective is partially 623 

selfing populations 624 

The equilibrium frequency of haplotypes without a deleterious mutation, f0, determines the 625 

strength of background selection and selective interference among linked deleterious mutations 626 
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(Charlesworth et al. 1993a). By removing recessive mutations when rare, partial selfing 627 

increases f0 and decreases the extent of background selection and selective interference. In 628 

contrast, the accumulation of many, rare segregating recessive mutations in outcrossers decreases 629 

f0, decreasing Ne and lowering the efficacy of selection against linked deleterious mutations. 630 

Thus, with low relative recombination, selection against additive, mildly deleterious mutations 631 

becomes more effective as the selfing rate increases.  632 

 633 

The shift from purifying selection to pseudo-overdominance weakens the efficacy of selection: 634 

When deleterious recessive mutations arise more quickly than selection and recombination can 635 

maintain any “unloaded haplotypes”, pseudo-overdominant haplotypes arise. In contrast to 636 

standard background selection driven by purifying selection, pseudo-overdominance increases 637 

diversity at linked neutral sites (Gilbert et al. 2020). The frequency of pseudo-overdominance in 638 

nature is unknown; however, a recent genome scan (Becher et al. 2020) identified numerous 639 

genomic regions displaying signatures of associative overdominance (which can be caused by 640 

pseudo-overdominance) in flies and humans, and a recent review (Waller 2021) compiled 641 

numerous lines of evidence suggesting that pseudo-overdominance is common in plants.  642 

 643 

Although pseudo-overdominance increases diversity at linked neutral sites (Ohta and Kimura 644 

1970; Gilbert et al. 2020), we find that it substantially increases the burden of deleterious 645 

mutations (see Figures 4 and 5). We propose that by sub-structuring a population into 646 

complementary haplotypes in repulsion, pseudo-overdominance effectively decreases the Ne that 647 

affects the efficacy of selection, as is generally predicted in subdivided populations (Whitlock 648 

2003). Because the pseudo-overdominant haplotypes form in low recombination regions, there is 649 
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effectively no ‘migration’ of alleles between haplotypes (Charlesworth et al. 2003; Charlesworth 650 

2006). The consequence is that the Ne that determines the efficacy of selection against mildly 651 

deleterious additive mutations is thus a function of the number of genomes within a haplotype 652 

class.  653 

 654 

Once pseudo-overdominant haplotypes emerge, additional recessive mutations are sheltered from 655 

selection and continue to accumulate, as is known for other cases of heterozygote advantage 656 

(Mather and de Winton 1941; Glémin et al. 2001; van Oosterhout 2009; Jay et al. 2021). This 657 

sheltered load can reinforce pseudo-overdominance, because genomic regions which are rarely 658 

homozygous are free to accumulate additional recessive variants (Llaurens et al. 2017), which 659 

further increases the strength of selection against individuals homozygous in these regions. Such 660 

a pattern has been shown for certain types of polymorphic inversions (Berdan et al. 2021).  661 

 662 

Selfing prevents the shift from background selection to pseudo-overdominance:   663 

The analytical theory derived here qualitatively matches results from our individual-based 664 

simulations and shows that (1) by purging the recessive load, partial selfing prevents a shift from 665 

purifying selection to pseudo-overdominance, and (2) that recombination amplifies the effects of 666 

partial selfing on preventing the transition to pseudo-overdominance. Overall, we find a sharp 667 

decrease in the parameters allowing for pseudo-overdominance in partially selfing populations 668 

(Figure 2E). At a given partial selfing rate (i.e., selfing rate < 0.5), pseudo-overdominance 669 

becomes more likely when Udel is high and srecessive is low, as these are parameter combinations 670 

where it is harder to purge the recessive load (Wang et al. 1999). As populations experience a 671 

greater influx of deleterious recessive mutations, a higher selfing rate is needed to purge the 672 
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recessive load before it becomes structured into complementary, pseudo-overdominant 673 

haplotypes.   674 

  675 

Caveats and future directions 676 

The joint distribution of dominance and fitness effects: 677 

We simulated populations with four equally probable mutations – three types of mildly 678 

deleterious additive mutation types, and one strongly deleterious (partially) recessive mutation 679 

type. This mutational model is obviously wrong. In reality mutations take selective and 680 

dominance coefficients from a two-dimensional density function. The best methods to infer the 681 

distribution of fitness effects from polymorphism data (Keightley and Eyre-Walker 2007) 682 

provide only crude estimates of this distribution. However, two of the best studies on the topic 683 

show that more recessive mutations are more deleterious (Agrawal and Whitlock 2011; Huber et 684 

al. 2018).  685 

 686 

Our chosen parameters, consisting of recessive mutations with selection coefficients much larger 687 

than 4Ns, and additive mutations with selection coefficients closer to 4Ns, capture the spirit of 688 

this result. Still, because highly damaging mutations are unlikely to be fully recessive (Crow 689 

1993), it is worth noting that most qualitative results found with complete recessivity are also 690 

found when h = 0.1. In fact, pseudo-overdominance can emerge when h = 0.1 (Figures S2B and 691 

S6A).  692 

 693 

Demographic history: 694 
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Factors affecting the efficacy of selection other than the automatic genomic consequences 695 

investigated here often change with the mating system. For example, selfing is often associated 696 

with colonization of and rapid expansion in islands, disturbed, or other marginal habitats (Baker 697 

1955), further decreasing the efficacy of selection in selfers. Therefore, selfers may suffer a more 698 

severe expansion load (Peischl et al. 2013, 2015) than outcrossers. However, demographic 699 

changes such as population expansion and contraction have more influence on recessive than 700 

additive mutations, making their effects on (partially) selfing populations likely limited 701 

(Kirkpatrick and Jarne 2000; Balick et al. 2015; Peischl et al. 2015). Nonetheless, an integration 702 

of both the genetic and demographic consequences of the mating system would better predict 703 

differences in the genetic load associated with the mating system.  704 

 705 

Realistic genomic architecture: 706 

We assumed that recombination and mutation rates did not vary across the genome. In reality, 707 

however, recombination and deleterious mutation rates vary across the genome (Gaut et al. 2007; 708 

McVicker et al. 2009; Slotte 2014) and can positively (e.g., Mimulus guttatus (Aeschbacher et 709 

al. 2017), maize (Anderson et al. 2006), rice (International Rice Genome Sequencing Project, 710 

Takuji Sasaki 2005), wheat (Dvorak et al. 2004), A. thaliana (Wright et al. 2003; Giraut et al. 711 

2011), and Populus species (Wang et al. 2016; Apuli et al. 2020) or negatively (e.g., 712 

Caenorhabditis (Barnes et al. 1995), and Mimulus aurantiacus (Stankowski et al. 2019)) covary. 713 

Future work could address how the results described here translate into differences in the load 714 

across genomes as a function of the association between gene density and recombination rates. 715 

 716 

Conclusions 717 
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We highlight the multifaceted pathways in which (partial) selfing affects the efficacy of selection 718 

against deleterious mutations. The effect of mating system on the efficacy of selection is 719 

primarily driven by interactions between dominance coefficients and the rates of selfing, 720 

recombination and mutation. We find that the joint consideration of mutations with either 721 

recessive or additive effects on fitness importantly changes the relationship between genetic load 722 

and selfing rate, as the strength of linked selection driven by mutations of either dominance class 723 

varies with selfing rate. In particular, we find that a shift from classic purigying selection to 724 

pseudo-overdominance in primarily outcrossing populations drastically reduces the efficacy of 725 

selection against mildly deleterious additive mutations and that partial selfing prevents a shift to 726 

pseudo-overdominance, resulting in another way by which genetic load decreases with selfing 727 

rate.  728 
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LITERATURE CITED 730 

 731 

Abu Awad, D., and D. Roze. 2018. Effects of partial selfing on the equilibrium genetic variance, 732 

mutation load, and inbreeding depression under stabilizing selection. Evolution 72:751–733 

769. 734 

Aeschbacher, S., J. P. Selby, J. H. Willis, and G. Coop. 2017. Population-genomic inference of 735 

the strength and timing of selection against gene flow. Proc. Natl. Acad. Sci. U. S. A. 736 

114:7061–7066. 737 

Agrawal, A. F., and M. C. Whitlock. 2011. Inferences about the distribution of dominance drawn 738 

from yeast gene knockout data. Genetics 187:553–566. 739 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2021. ; https://doi.org/10.1101/2021.05.20.445016doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.20.445016
http://creativecommons.org/licenses/by-nd/4.0/


 

 37

Anderson, L. K., A. Lai, S. M. Stack, C. Rizzon, and B. S. Gaut. 2006. Uneven distribution of 740 

expressed sequence tag loci on maize pachytene chromosomes. Gen. Res. 16:115–122. 741 

Apuli, R.-P., C. Bernhardsson, B. Schiffthaler, K. M. Robinson, S. Jansson, N. R. Street, and P. 742 

K. Ingvarsson. 2020. Inferring the genomic landscape of recombination rate variation in 743 

European Aspen (Populus tremula). G3: Genes Genom Genet 10:299–309. 744 

Arunkumar, R., R. W. Ness, S. I. Wright, and S. C. H. Barrett. 2015. The evolution of selfing is 745 

accompanied by reduced efficacy of selection and purging of deleterious mutations. 746 

Genetics 199:817–829. 747 

Assaf, Z. J., D. A. Petrov, and J. R. Blundell. 2015. Obstruction of adaptation in diploids by 748 

recessive, strongly deleterious alleles. Proc. Natl. Acad. Sci. U. S. A. 112:E2658-66. 749 

Baker, H. G. 1955. Self-compatibility and establishment after “long-distance” dispersal. 750 

Evolution 9:347. 751 

Balick, D. J., R. Do, C. A. Cassa, D. Reich, and S. R. Sunyaev. 2015. Dominance of deleterious 752 

alleles controls the response to a population bottleneck. PLoS Genet. 11:e1005436. 753 

Barnes, T. M., Y. Kohara, A. Coulson, and S. Hekimi. 1995. Meiotic recombination, noncoding 754 

DNA and genomic organization in Caenorhabditis elegans. Genetics 141:159–179. 755 

Bataillon, T., and M. Kirkpatrick. 2000. Inbreeding depression due to mildly deleterious 756 

mutations in finite populations: size does matter. Genet. Res. 75:75–81. 757 

Becher, H., B. C. Jackson, and B. Charlesworth. 2020. Patterns of Genetic Variability in 758 

Genomic Regions with Low Rates of Recombination. Curr. Biol. 30:94-100.e3.  759 

Berdan, E. L., A. Blanckaert, R. K. Butlin, and C. Bank. 2021. Deleterious mutation 760 

accumulation and the long-term fate of chromosomal inversions. PLoS Genet. 761 

17:e1009411.  762 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2021. ; https://doi.org/10.1101/2021.05.20.445016doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.20.445016
http://creativecommons.org/licenses/by-nd/4.0/


 

 38

Brandvain, Y., A. M. Kenney, L. Flagel, G. Coop, and A. L. Sweigart. 2014. Speciation and 763 

introgression between Mimulus nasutus and Mimulus guttatus. PLoS Genet. 764 

10:e1004410. 765 

Caballero, A., and W. G. Hill. 1992. Effects of partial inbreeding on fixation rates and variation 766 

of mutant genes. Genetics 131:493–507. 767 

Charlesworth, B. 1992. Evolutionary rates in partially self-fertilizing species. Am. Nat. 140:126–768 

148. 769 

Charlesworth, B. 1994. The effect of background selection against deleterious mutations on 770 

weakly selected, linked variants. Genet. Res. 63:213–227. 771 

Charlesworth, B., and D. Charlesworth. 1997. Rapid fixation of deleterious alleles can be caused 772 

by Muller’s ratchet. Genet. Res. 70:63–73. 773 

Charlesworth, B., D. Charlesworth, and N. H. Barton. 2003. The effects of genetic and 774 

geographic structure on neutral variation. Annu. Rev. Ecol. Evol. Syst. 34:99–125.  775 

Charlesworth, B., M. T. Morgan, and D. Charlesworth. 1993a. The effect of deleterious 776 

mutations on neutral molecular variation. Genetics 134:1289–1303. 777 

Charlesworth, D. 2006. Balancing selection and its effects on sequences in nearby genome 778 

regions. PLoS Genet. 2:e64. 779 

Charlesworth, D. 1991. The apparent selection on neutral marker loci in partially inbreeding 780 

populations. Genet. Res. 57:159–175.  781 

Charlesworth, D., M. T. Morgan, and B. Charlesworth. 1993b. Mutation accumulation in finite 782 

populations. J. Hered. 84:321–325.  783 

Charlesworth, D., and J. H. Willis. 2009. The genetics of inbreeding depression. Nat. Rev. 784 

Genet. 10:783–796. 785 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2021. ; https://doi.org/10.1101/2021.05.20.445016doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.20.445016
http://creativecommons.org/licenses/by-nd/4.0/


 

 39

Charlesworth, D., and S. I. Wright. 2001. Breeding systems and genome evolution. Curr. Opin. 786 

Genet. Dev. 11:685–690. 787 

Crow, J. F. 1993. Mutation, mean fitness, and genetic load. Oxford Surv. Evol. Biol 9:3–42. 788 

Cutter, A. D., and B. A. Payseur. 2003. Rates of deleterious mutation and the evolution of sex in 789 

Caenorhabditis. J. Evol. Biol. 16:812–822. 790 

Do, R., D. Balick, H. Li, I. Adzhubei, S. Sunyaev, and D. Reich. 2015. No evidence that 791 

selection has been less effective at removing deleterious mutations in Europeans than in 792 

Africans. Nat. Genet. 47:126–131. 793 

Dvorak, J., Z.-L. Yang, F. M. You, and M.-C. Luo. 2004. Deletion polymorphism in wheat 794 

chromosome regions with contrasting recombination rates. Genetics 168:1665–1675. 795 

Escobar, J. S., A. Cenci, J. Bolognini, A. Haudry, S. Laurent, J. David, and S. Glémin. 2010. An 796 

integrative test of the dead-end hypothesis of selfing evolution in Triticeae (Poaceae). 797 

Evolution 64:2855–2872.  798 

Frydenberg, O. V. E. 1963. Population studies of a lethal mutant in Drosophila melanogaster: I. 799 

Behaviour in populations with discrete generations. Hereditas 50:89–116.  800 

Gaut, B. S., S. I. Wright, C. Rizzon, J. Dvorak, and L. K. Anderson. 2007. Recombination: an 801 

underappreciated factor in the evolution of plant genomes. Nat. Rev. Genet. 8:77–84. 802 

Gilbert, K. J., F. Pouyet, L. Excoffier, and S. Peischl. 2020. Transition from background 803 

selection to associative overdominance promotes diversity in regions of low 804 

recombination. Curr. Biol. 30:101-107.e3. 805 

Gioti, A., J. E. Stajich, and H. Johannesson. 2013. Neurospora and the dead-end hypothesis: 806 

genomic consequences of selfing in the model genus. Evolution 67:3600–3616. 807 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2021. ; https://doi.org/10.1101/2021.05.20.445016doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.20.445016
http://creativecommons.org/licenses/by-nd/4.0/


 

 40

Giraut, L., M. Falque, J. Drouaud, L. Pereira, O. C. Martin, and C. Mézard. 2011. Genome-wide 808 

crossover distribution in Arabidopsis thaliana meiosis reveals sex-specific patterns along 809 

chromosomes. PLoS Genet. 7:e1002354. 810 

Glémin, S. 2007. Mating systems and the efficacy of selection at the molecular level. Genetics 811 

177:905–916. 812 

Glémin, S., T. Bataillon, J. Ronfort, A. Mignot, and I. Olivieri. 2001. Inbreeding depression in 813 

small populations of self-incompatible plants. Genetics 159:1217–1229. 814 

Glémin, S., and N. Galtier. 2012. Genome evolution in outcrossing versus selfing versus asexual 815 

species. Pp. 311–335 in M. Anisimova, ed. Evolutionary Genomics: Methods in 816 

Molecular biology (Methods and Protocols), vol 855. Humana Press, Totowa, NJ. 817 

Glémin, S., and J. Ronfort. 2013. Adaptation and maladaptation in selfing and outcrossing 818 

species: new mutations versus standing variation. Evolution 67:225–240. 819 

Goodwillie, C., S. Kalisz, and C. G. Eckert. 2005. The evolutionary enigma of mixed mating 820 

systems in plants: Occurrence, theoretical explanations, and empirical evidence. Annu. 821 

Rev. Ecol. Evol. Syst. 36:47–79. 822 

Haag-Liautard, C., M. Dorris, X. Maside, S. Macaskill, D. L. Halligan, D. Houle, B. 823 

Charlesworth, and P. D. Keightley. 2007. Direct estimation of per nucleotide and 824 

genomic deleterious mutation rates in Drosophila. Nature 445:82–85. 825 

Haller, B. C., J. Galloway, and J. Kelleher. 2019. Tree�sequence recording in SLiM opens new 826 

horizons for forward�time simulation of whole genomes. Mol. Ecol. 19:552–566.  827 

Haller, B. C., and P. W. Messer. 2019. SLiM 3: Forward genetic simulations beyond the Wright-828 

Fisher model. Mol. Biol. Evol. 36:632–637. 829 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2021. ; https://doi.org/10.1101/2021.05.20.445016doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.20.445016
http://creativecommons.org/licenses/by-nd/4.0/


 

 41

Hanschen, E. R., M. D. Herron, J. J. Wiens, H. Nozaki, and R. E. Michod. 2018. Repeated 830 

evolution and reversibility of self-fertilization in the volvocine green algae. Evolution 831 

72:386–398. 832 

Haudry, A., A. Cenci, C. Guilhaumon, E. Paux, S. Poirier, S. Santoni, J. David, and S. Glémin. 833 

2008. Mating system and recombination affect molecular evolution in four Triticeae 834 

species. Genet. Res. 90:97–109. 835 

Hazzouri, K. M., J. S. Escobar, R. W. Ness, L. Killian Newman, A. M. Randle, S. Kalisz, and S. 836 

I. Wright. 2012. Comparative population genomics in Collinsia sister species reveals 837 

evidence for reduced effective population size, relaxed selection, and evolution of biased 838 

gene conversion with an ongoing mating system shift. Evolution 65-5:1263-1278. 839 

Huber, C. D., A. Durvasula, A. M. Hancock, and K. E. Lohmueller. 2018. Gene expression 840 

drives the evolution of dominance. Nat. Commun. 9:2750. 841 

International Rice Genome Sequencing Project, Takuji Sasaki. 2005. The map-based sequence of 842 

the rice genome. Nature 436:793–800. 843 

Jarne, P., and J. R. Auld. 2006. Animals mix it up too: The distribution of self-fertilization 844 

among hermaphroditic animals. Evolution 60:1816–1824.  845 

Jay, P., M. Chouteau, A. Whibley, H. Bastide, H. Parrinello, V. Llaurens, and M. Joron. 2021. 846 

Mutation load at a mimicry supergene sheds new light on the evolution of inversion 847 

polymorphisms. Nat. Genet. 53:288–293. 848 

Kamran-Disfani, A., and A. F. Agrawal. 2014. Selfing, adaptation and background selection in 849 

finite populations. J. Evol. Biol. 27:1360–1371.  850 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2021. ; https://doi.org/10.1101/2021.05.20.445016doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.20.445016
http://creativecommons.org/licenses/by-nd/4.0/


 

 42

Keightley, P. D., and A. Eyre-Walker. 2007. Joint inference of the distribution of fitness effects 851 

of deleterious mutations and population demography based on nucleotide polymorphism 852 

frequencies. Genetics 177:2251–2261. 853 

Kelleher, J., A. M. Etheridge, and G. McVean. 2016. Efficient coalescent simulation and 854 

genealogical analysis for large sample sizes. PLoS Comput. Biol. 12:e1004842. 855 

Kelly, J. K. 2007. Mutation–selection balance in mixed mating populations. J. Theor. Biol. 856 

246:355–365. 857 

Kim, B. Y., C. D. Huber, and K. E. Lohmueller. 2018. Deleterious variation shapes the genomic 858 

landscape of introgression. PLoS Genet. 14:e1007741. 859 

Kirkpatrick, M., and P. Jarne. 2000. The effects of a bottleneck on inbreeding depression and the 860 

genetic load. Am. Nat. 155:154–167. 861 

Kondrashov, A. S. 1995. Contamination of the genome by very slightly deleterious mutations: 862 

why have we not died 100 times over? J. Theor. Biol. 175:583–594. 863 

Laenen, B., A. Tedder, M. D. Nowak, P. Toräng, J. Wunder, S. Wötzel, K. A. Steige, Y. 864 

Kourmpetis, T. Odong, A. D. Drouzas, M. C. A. M. Bink, J. Ågren, G. Coupland, and T. 865 

Slotte. 2018. Demography and mating system shape the genome-wide impact of 866 

purifying selection in Arabis alpina. Proc. Natl. Acad. Sci. U. S. A. 115:816–821. 867 

Lande, R., and D. W. Schemske. 1985. The evolution of self-fertilization and inbreeding 868 

depression in plants. I. Genetic models. Evolution 39:24. 869 

Lande, R., D. W. Schemske, and S. T. Schultz. 1994. High inbreeding depression, selective 870 

interference among loci, and the threshold selfing rate for purging recessive lethal 871 

mutations. Evolution 48:965–978. 872 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2021. ; https://doi.org/10.1101/2021.05.20.445016doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.20.445016
http://creativecommons.org/licenses/by-nd/4.0/


 

 43

Llaurens, V., A. Whibley, and M. Joron. 2017. Genetic architecture and balancing selection: the 873 

life and death of differentiated variants. Mol. Ecol. 26:2430–2448. 874 

Lohmueller, K. E. 2014. The distribution of deleterious genetic variation in human populations. 875 

Curr. Opin. Genet. Dev. 29:139–146. 876 

Lynch, M. 2010. Evolution of the mutation rate. Trends Genet. 26:345–352. 877 

Lynch, M., J. Conery, and R. Burger. 1995. Mutation accumulation and the extinction of small 878 

populations. Am. Nat. 146:489–518.  879 

Mather, K., and D. de Winton. 1941. Adaptation and counter-adaptation of the breeding system 880 

in Primula. Ann. Bot. 5:297–311.  881 

McVean, G. A., and B. Charlesworth. 2000. The effects of Hill-Robertson interference between 882 

weakly selected mutations on patterns of molecular evolution and variation. Genetics 883 

155:929–944. 884 

McVicker, G., D. Gordon, C. Davis, and P. Green. 2009. Widespread genomic signatures of 885 

natural selection in hominid evolution. PLoS Genet. 5:e1000471. 886 

Moeller, D. A., R. D. Briscoe Runquist, A. M. Moe, M. A. Geber, C. Goodwillie, P.-O. Cheptou, 887 

C. G. Eckert, E. Elle, M. O. Johnston, S. Kalisz, R. H. Ree, R. D. Sargent, M. Vallejo-888 

Marin, and A. A. Winn. 2017. Global biogeography of mating system variation in seed 889 

plants. Ecol. Lett. 20:375–384. 890 

Ness, R. W., M. Siol, and S. C. H. Barrett. 2012. Genomic consequences of transitions from 891 

cross- to self-fertilization on the efficacy of selection in three independently derived 892 

selfing plants. BMC Genomics 13:611. 893 

Nordborg, M. 2000. Linkage disequilibrium, gene trees and selfing: an ancestral recombination 894 

graph with partial self-fertilization. Genetics 154:923–929. 895 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2021. ; https://doi.org/10.1101/2021.05.20.445016doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.20.445016
http://creativecommons.org/licenses/by-nd/4.0/


 

 44

Ohta, T., and M. Kimura. 1971. Behavior of neutral mutants influenced by asociated 896 

overdominant loci in finite populations. Genetics 69:247–260. 897 

Ohta, T., and M. Kimura. 1970. Development of associative overdominance through linkage 898 

disequilibrium in finite populations. Genet. Res. 16:165–177. 899 

Pálsson, S., and P. Pamilo. 1999. The effects of deleterious mutations on linked, neutral variation 900 

in small populations. Genetics 153:475–483. 901 

Peischl, S., I. Dupanloup, M. Kirkpatrick, and L. Excoffier. 2013. On the accumulation of 902 

deleterious mutations during range expansions. Mol. Ecol. 22:5972–5982. 903 

Peischl, S., M. Kirkpatrick, and L. Excoffier. 2015. Expansion load and the evolutionary 904 

dynamics of a species range. Am. Nat. 185:E81-93. 905 

Pollak, E. 1987. On the theory of partially inbreeding finite populations. I. Partial selfing. 906 

Genetics 117:353–360. 907 

Qiu, S., K. Zeng, T. Slotte, S. Wright, and D. Charlesworth. 2011. Reduced efficacy of natural 908 

selection on codon usage bias in selfing Arabidopsis and Capsella species. Genome Biol. 909 

Evol. 3:868–880. 910 

Roze, D. 2016. Background selection in partially selfing populations. Genetics 203:937–957. 911 

Roze, D. 2015. Effects of Interference Between Selected Loci on the Mutation Load, Inbreeding 912 

Depression, and Heterosis. Genetics 201:745–757. 913 

Roze, D., and F. Rousset. 2004. Joint effects of self-fertilization and population structure on 914 

mutation load, inbreeding depression and heterosis. Genetics 167:1001–1015. 915 

Sachdeva, H. 2019. Effect of partial selfing and polygenic selection on establishment in a new 916 

habitat. Evolution 73:1729–1745.  917 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2021. ; https://doi.org/10.1101/2021.05.20.445016doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.20.445016
http://creativecommons.org/licenses/by-nd/4.0/


 

 45

Sankararaman, S., S. Mallick, M. Dannemann, K. Prüfer, J. Kelso, S. Pääbo, N. Patterson, and D. 918 

Reich. 2014. The genomic landscape of Neanderthal ancestry in present-day humans. 919 

Nature 507:354–357. 920 

Schultz, S. T., M. Lynch, and J. H. Willis. 1999. Spontaneous deleterious mutation in 921 

Arabidopsis thaliana. Proc. Natl. Acad. Sci. U. S. A. 96:11393–11398. 922 

Slotte, T. 2014. The impact of linked selection on plant genomic variation. Brief. Funct. 923 

Genomics 13:268–275. 924 

Slotte, T., J. P. Foxe, K. M. Hazzouri, and S. I. Wright. 2010. Genome-wide evidence for 925 

efficient positive and purifying selection in Capsella grandiflora, a plant species with a 926 

large effective population size. Mol. Biol. Evol. 27:1813–1821. 927 

Slotte, T., K. M. Hazzouri, J. A. Ågren, D. Koenig, F. Maumus, Y.-L. Guo, K. Steige, A. E. 928 

Platts, J. S. Escobar, L. K. Newman, W. Wang, T. Mandáková, E. Vello, L. M. Smith, S. 929 

R. Henz, J. Steffen, S. Takuno, Y. Brandvain, G. Coop, P. Andolfatto, T. T. Hu, M. 930 

Blanchette, R. M. Clark, H. Quesneville, M. Nordborg, B. S. Gaut, M. A. Lysak, J. 931 

Jenkins, J. Grimwood, J. Chapman, S. Prochnik, S. Shu, D. Rokhsar, J. Schmutz, D. 932 

Weigel, and S. I. Wright. 2013. The Capsella rubella genome and the genomic 933 

consequences of rapid mating system evolution. Nat. Genet. 45:831–835. 934 

Stankowski, S., M. A. Chase, A. M. Fuiten, M. F. Rodrigues, P. L. Ralph, and M. A. Streisfeld. 935 

2019. Widespread selection and gene flow shape the genomic landscape during a 936 

radiation of monkeyflowers. PLoS Biol. 17:e3000391. 937 

Uyenoyama, M. K., and D. M. Waller. 1991. Coevolution of self-fertilization and inbreeding 938 

depression. I. Mutation-selection balance at one and two loci. Theor. Popul. Biol. 40:14–939 

46. 940 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2021. ; https://doi.org/10.1101/2021.05.20.445016doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.20.445016
http://creativecommons.org/licenses/by-nd/4.0/


 

 46

van Oosterhout, C. 2009. A new theory of MHC evolution: beyond selection on the immune 941 

genes. Proc. Biol. Sci. 276:657–665. 942 

Waller, D. M. 2021. Addressing Darwin’s dilemma: Can pseudo�overdominance explain 943 

persistent inbreeding depression and load? Evolution 75:779–793. 944 

Wang, J., W. G. Hill, D. Charlesworth, and B. Charlesworth. 1999. Dynamics of inbreeding 945 

depression due to deleterious mutations in small populations: mutation parameters and 946 

inbreeding rate. Genet. Res. 74:165–178. 947 

Wang, J., N. R. Street, D. G. Scofield, and P. K. Ingvarsson. 2016. Natural selection and 948 

recombination rate variation shape nucleotide polymorphism across the genomes of three 949 

related Populus species. Genetics 202:1185–1200. 950 

Weir, B. S., and C. C. Cockerham. 1973. Mixed self and random mating at two loci. Genet. Res. 951 

21:247–262. 952 

Whitlock, M. C. 2003. Fixation probability and time in subdivided populations. Genetics 953 

164:767–779.  954 

Willis, J. H. 1999. Inbreeding load, average dominance and the mutation rate for mildly 955 

deleterious alleles in Mimulus guttatus. Genetics 153:1885–1898. 956 

Wright, S. I., N. Agrawal, and T. E. Bureau. 2003. Effects of recombination rate and gene 957 

density on transposable element distributions in Arabidopsis thaliana. Genome Res. 958 

13:1897–1903. 959 

Wright, S. I., R. W. Ness, J. P. Foxe, and S. C. H. Barrett. 2008. Genomic consequences of 960 

outcrossing and selfing in plants. Int. J. Plant Sci. 169:105–118.  961 

Zhao, L., and B. Charlesworth. 2016. Resolving the Conflict Between Associative 962 

Overdominance and Background Selection. Genetics 203:1315–1334. 963 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 18, 2021. ; https://doi.org/10.1101/2021.05.20.445016doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.20.445016
http://creativecommons.org/licenses/by-nd/4.0/

