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ABSTRACT: 15 

 16 

Theory predicts that the ability for natural selection to remove deleterious mutations from a population, 17 

and prevent the accumulation of genetic load, is a function of the effective population size (Ne). Shifts 18 

from random mating to self-fertilization (“selfing”) are predicted to decrease Ne through a variety of 19 

genomic changes - including a reduction in effective recombination and an increase in homozygosity. 20 

While a long history of theory suggests that the efficacy of selection, particularly against non-recessive 21 

mutations, should decrease with selfing rate, comparisons of genomic-based estimates of the efficacy of 22 

selection between related outcrosser-selfer pairs have revealed conflicting results. We address this 23 

paradox by simulating the evolution of strongly deleterious recessive and weakly deleterious additive 24 

mutations across a range of recombination, mutation and selective parameter combinations. We find that 25 

the genetic load of a population can either increase, decrease, or not vary with selfing rate. Genetic load is 26 

higher in selfers only when recombination rates are greater than mutation rates. When recombination rates 27 

are lower than mutation rates, an accumulation of recessive mutations leads to pseudo-overdominance, a 28 

type of balancing selection, in outcrossing populations. Using both simulations and analytical theory, we 29 

show that pseudo-overdominance has strong negative effects on the efficacy of selection against linked 30 

additive mutations and that a threshold level of selfing prevents pseudo-overdominance. Our results show 31 

that selection can be more or less effective in selfers as compared to outcrossers depending on the 32 

relationship between the deleterious mutation rate and gene density, and therefore different genomic 33 

regions in different taxa could show differing results.  34 

 35 

INTRODUCTION:  36 

 37 

Populations are constantly battling an influx of deleterious mutations. The ability of natural selection to 38 

remove deleterious mutations from a population is a function of how well it can distinguish the fitness 39 

effect of a mutation among the genetic backgrounds that mutation resides in. Large sample sizes of 40 
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independent genetic backgrounds (i.e. a large effective population size, Ne) allow natural selection to be 41 

more effective. The inability of natural selection to remove deleterious mutations results in genetic load, 42 

or a decrease in average population fitness, and this load can consequently affect population viability in 43 

small populations (Lynch et al. 1995), patterns of introgression (Sankararaman et al. 2014; Kim et al. 44 

2018), and can further reduce selection efficacy (Charlesworth et al. 1993a; Charlesworth 1994).  45 

 46 

Variation in the mating system – from random mating (“outcrossing”) to full self-fertilization (“selfing”) 47 

– is a model for the study of the efficacy of selection . It is currently understood that selfing has two 48 

differing effects on the removal of deleterious mutations. First, by exposing rare mutations as 49 

homozygotes, an increase in selfing increases the rate at which deleterious recessive mutations are 50 

“purged” from a population. Second, the consensus in the theoretical literature is that by decreasing the 51 

effective population size and lowering effective rates of recombination, selfing decreases the efficacy of 52 

selection against mildly deleterious additive mutations (Charlesworth and Wright 2001; Wright et al. 53 

2008).  54 

 55 

Despite the theoretical consensus, empirical evidence supporting the hypothesis that selfers carry an 56 

elevated additive genetic load is quite mixed (Haudry et al. 2008; Escobar et al. 2010; Slotte et al. 2010, 57 

2013; Qiu et al. 2011; Ness et al. 2012; Hazzouri et al. 2013; Gioti et al. 2013; Brandvain et al. 2014). 58 

The ambivalent association between mating system and deleterious mutations, has been attributed to the 59 

recency of selfing lineages and/or to differences between focal taxa unrelated to selfing per se (Haudry et 60 

al. 2008; Glémin and Galtier 2012). Here we propose a novel situation -- that, depending on the 61 

relationship between recombination and mutation rates in the genome, selfing populations can actually be 62 

more effective at removing additive mutations, and have less genetic load, than outcrossing populations.  63 

 64 

It is widely understood that the effective population size, Ne, determines the efficacy of selection.  65 

However, the existence of several concepts of Ne in population genetics, each associated with the 66 
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population genetic question at hand (Kimura 1983), can generate some confusion. For example, the fusion 67 

of gametes from the same individual inherently reduces the number of independent genetic backgrounds 68 

in a population. This is known as the two-fold effect, because coalescent derivations of neutral diversity 69 

showed that Ne = N/(1+F), where F is the inbreeding coefficient (Nordborg and Donnelly 1997). Full 70 

selfing (F=1) halves Ne relative to N. It is therefore commonly assumed that the strength of selection on a 71 

given additive mutation (Ne*s) will be halved in a selfing compared to outcrossing population given that 72 

they have equal census sizes (N). However, at a single locus, selfing does not affect the efficacy of 73 

selection in removing a deleterious mutation with an additive effect on fitness, and has nearly no effect on 74 

the removal of recessive or dominant mutations  (Charlesworth 1992). This is because the measure of Ne 75 

that decreases with selfing determines the coalescent rate, not the efficacy of selection.  76 

 77 

By contrast, the decrease in the effective recombination rate associated with selfing can decrease the 78 

efficacy of selection (Kamran-Disfani and Agrawal 2014). That is, the increase in homozygosity with 79 

selfing results in lower effective recombination rates because crossover events between two homozygous 80 

chromosomes result in parental-like, rather than recombinant, chromosomes (Glémin and Galtier 2012). 81 

The reduction in the effective recombination rate is simply the actual recombination rate times one minus 82 

the selfing rate; thus, there is eventually no effective recombination with full selfing (Nordborg 2000). 83 

Consequently, forms of linked selection, particularly background selection, are stronger in selfers, 84 

reducing neutral diversity and the efficacy of selection (Charlesworth et al. 1993a; b; Kamran-Disfani and 85 

Agrawal 2014; Slotte 2014). 86 

 87 

As such, slightly deleterious mutations that are selected against in outcrossing populations are more likely 88 

to drift to fixation in selfing populations. These slightly deleterious mutations are often additive (Agrawal 89 

and Whitlock 2011; Huber et al. 2018), and thus are expressed in both outcrossing and selfing 90 

populations, contributing directly to genetic load. It is currently believed that, among the genomic 91 

consequences of selfing, this increase in the reach of background selection plays a dominant role in 92 
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decreasing the efficacy of selection in selfers relative to outcrossers (Glémin 2007; Wright et al. 2008; 93 

Kamran-Disfani and Agrawal 2014; Arunkumar et al. 2015). 94 

  95 

On the other hand, the purging of recessive mutations is associated with a greater efficacy of selection in 96 

selfers than outcrossers (Glémin 2007). Strongly deleterious mutations are often recessive (Agrawal and 97 

Whitlock 2011; Huber et al. 2018), and thus are masked in the heterozygous state in outcrossing 98 

populations. Selfing populations are able to remove recessive deleterious alleles from the population 99 

through exposure in the homozygous state, a.k.a “purging” (Crnokrak and Barrett 2002) or the 100 

“segregation effect” (Uyenoyama and Waller 1991). Thus, while selfing populations are predicted to 101 

accumulate more additive, slightly deleterious mutations, outcrossing populations should accumulate 102 

more recessive, strongly deleterious mutations.  103 

 104 

These consequences of selfing on the efficacy of selection against additive versus recessive mutations 105 

have been studied in isolation. It is therefore unclear if and/or how mutations with different dominance 106 

coefficients interact with one another and the mating system to affect total genetic load. However, it 107 

seems likely that different architectures of genetic load in selfers and outcrossers can result in different 108 

types of linked selection predominating in parts of the genome with low recombination. The additive load  109 

accumulates in selfing populations because their low effective recombination rate increases background 110 

selection, preventing the precise selection against mildly deleterious mutations  (Charlesworth et al. 111 

1993a). Conversely, in outcrossing populations, deleterious recessive mutations can be induce either 112 

background selection, when selection can maintain haplotypes with no recessive deleterious mutations, or 113 

a balancing selection known as pseudo-overdominance, when it cannot (Ohta and Kimura 1970; Gilbert et 114 

al. 2020). With pseudo-overdominance, fit individuals have complementary haplotypes in repulsion -- 115 

that is, heterozygotes with recessive alleles at different loci are most fit. Pseudo-overdominance acts as a 116 

form of balancing selection, increasing variation at linked neutral loci (Gilbert et al. 2020). The effect of 117 

pseudo-overdominance on the efficacy of selection against linked additive mutation is unknown, but any 118 
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such impact will be disproportionately felt in outcrossing populations that do not purge their recessive 119 

load. 120 

 121 

Theoretical expectations for reduced efficacy of selection in selfers have mixed empirical support. There 122 

is strong empirical evidence of reduced neutral diversity (π) in selfing taxa relative to outcrossing taxa, 123 

suggesting that selfers do experience lower Ne than their outcrossing relatives (Glémin et al. 2006; Foxe 124 

et al. 2009; Koelling et al. 2011; Brandvain et al. 2014). However, the evidence for differences in 125 

selection efficacy (primarily molecular differences in πNS/πS and/or differences in premature stop codons) 126 

is equivocal (Haudry et al. 2008; Escobar et al. 2010; Slotte et al. 2010, 2013; Qiu et al. 2011; Ness et al. 127 

2012; Hazzouri et al. 2013; Gioti et al. 2013; Brandvain et al. 2014). The lack of consistent evidence for 128 

reduced efficacy of selection in selfers is often explained by the different histories and population 129 

dynamics of most selfers compared to outcrossers. Notably, selfing lineages are often of recent origin and, 130 

thus, haven’t had enough time to accumulate more deleterious mutations than their outcrossing sister taxa 131 

(Haudry et al. 2008; Glémin and Galtier 2012). In addition, selfing lineages are more prone to recurrent 132 

and/or extreme population bottlenecks, which substantially reduce Ne beyond the expected two-fold 133 

decline caused by inbreeding alone (Ingvarsson 2002; Brandvain et al. 2013, 2014; Barrett et al. 2014; 134 

Pettengill et al. 2016). Non-equilibrial demography, which can affect all populations regardless of mating 135 

system, can have complex effects on selection efficacy and the architecture of genetic load, confounding 136 

inference of selection efficacy from molecular variation (Brandvain and Wright 2016).  137 

  138 

Simulation studies have also found equivocal evidence of reduced selection efficacy in selfers, suggesting 139 

that the genomic consequences of selfing may not consistently affect the efficacy of selection. For 140 

example, Kim et al. (2018) found that increases in the selfing rate led to a greater accumulation of 141 

deleterious mutations, but Arunkumar et al. (2015) only found evidence for small reductions in selection 142 

efficacy against weakly deleterious mutations in selfers under a restricted set of parameter combinations. 143 

These explicit forward-time simulations were often built to model the specific biology of the organism of 144 
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interest and/or explored a limited part of parameter space, and therefore results to date limit our ability to 145 

generalize more broadly.  146 

  147 

This paper aims to solve this paradox of reduced efficacy of selection in selfers – i.e., most theory 148 

suggests that the genomic consequences of selfing should have a negative effect on selection efficacy, 149 

whereas empirical and simulation studies provide equivocal evidence. We used individual-based forward 150 

simulations to explore how selfing affects the efficacy of selection against recessive and additive 151 

deleterious mutations. In particular, we examined how the selfing rate interacts with the action of linked 152 

selection and purging to differentially shape the genetic load of selfers and outcrossers. We performed 153 

these simulations under a range of mutation and recombination environments. Our results indicate that 154 

recombination rate modulates the direction and strength of the relationship between selection efficacy and 155 

selfing rate. These qualitative outcomes are the result of a balance between different forms of linked 156 

selection that predominate in selfing vs outcrossing genomes. Because we find that the transition from 157 

background selection to pseudo-overdominance interacts with the selfing rate to produce unexpected 158 

patterns of genetic load, we extend analytical models from Gilbert et al. (2020) to determine if analytical 159 

theory predicts similar shifts from background selection to pseudo-overdominance as a function of the 160 

selfing rate. 161 

 162 

MATERIALS AND METHODS 163 

 164 

To evaluate how linked selection, purging and inbreeding interact to affect the efficacy of purifying 165 

selection, we used individual-based forward simulations in SLiM v3.3.2 (Haller and Messer 2019), and 166 

developed analytical theory to complement these simulations.  167 

 168 

Individual-based forward simulations in SLiM 169 

 170 
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Fixed model parameters:  171 

Demography: All simulations consisted of a census size of 10,000 diploids with non-overlapping 172 

generations and multiplicative fitness across loci. Fitness at each locus is defined by 1 - hs. All 173 

simulations ran for 6N generations.  174 

 175 

Genome size and structure: Genomes were 45 Mb and split into 6-7.5Mb chromosomes, as in Gilbert et 176 

al. (2020). In each simulation, the recombination rate was constant for each chromosome, with free 177 

recombination between chromosomes. For simplicity we used a uniform genomic architecture, i.e., each 178 

type of mutation (see below) could occur anywhere in the genome with equal probability.  179 

  180 

Mutational effects: In SLiM, specific “mutation types” are simulated in the genome. Each mutation type 181 

is characterized by a fixed dominance coefficient (h) and distribution of selection coefficients (s). All 182 

simulations included four mutation types – one (fully to partially) recessive mutation type and three 183 

additive mutation types. There were no neutral or beneficial mutations in the simulations, such that the 184 

overall genome-wide mutation rate (U) of a simulation represented the deleterious genome-wide mutation 185 

rate (Udel). Each of the four mutation types contributed equally to Udel such that the total additive 186 

deleterious mutation rate was three times that of the recessive deleterious mutation rate. 187 

 188 

The three additive mutation types all had dominance coefficients of 0.5 and each of the additive mutation 189 

types had a different fixed selection coefficient. These three selection coefficients were parameterized to 190 

hover around the nearly neutral boundary (4Nes > 1), which differentiates where natural selection can and 191 

cannot effectively remove deleterious mutations (Kondrashov 1995). The nearly neutral boundary is 192 

where we expect to see a difference in selection efficacy against additive load in selfers and outcrossers. 193 

The selection coefficients ranged from s = 0.0005 (Ns = 5, 4Ns = 20), s = 0.00025 (Ns = 2.5, 4Ns=10) to s 194 

= 0.00005 (Ns = 0.5, 4Ns=2). Given that Ne is likely less than the census population size (N) in all 195 

multilocus simulations, we assume the 4Nes values will be less than the 4Ns values listed above. We 196 
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chose these fixed selection coefficients, rather than the more biologically realistic distribution of fitness 197 

effects, because they provide theoretical insight into when and how selection becomes less effective. 198 

  199 

Variable model parameters: 200 

On top of these fixed parameters, we investigated all factorial combinations of five variables: (1) selfing 201 

rate, (2) deleterious mutation rate, (3) recombination rate, (4) fitness cost of strongly deleterious recessive 202 

mutations (srecessive) and (5) recessivity of strongly deleterious mutations (hrecessive). These factors modulate 203 

the extent of background selection and purging. Across all unique parameter combinations, we ran 10 204 

replicates.  205 

 206 

Selfing rate: We examined populations with selfing rates ranging from obligate outcrossing (α = 0) to 207 

near obligate selfing (α = 0.99) and values between these extremes (α = 0.05, 0.1, 0.25, 0.5, 0.75, or 0.9). 208 

This allowed us to evaluate not only the effects of relatively rare selfing or outcrossing events but also 209 

that of mixed mating systems on selection efficacy. We note that we do not model an evolutionary 210 

transition between selfing rates, and therefore do not consider the initial purging, or lack thereof, of the 211 

load required for the transition to selfing (see Wang et al. 1999; Bataillon and Kirkpatrick 2000; Waller 212 

2021). 213 

 214 

Deleterious mutation rate: We varied the genome-wide deleterious mutation rate (Udel = μdel * genome 215 

size), as Udel changes the expected background in which a new mutation arises, modulating background 216 

selection (Charlesworth et al. 1993a; Kamran-Disfani and Agrawal 2014). Each other the four mutation 217 

types occurred at equal frequency, such that U-per-mutation type was one quarter of Udel and the additive 218 

mutation rate was three times that of the recessive mutation rate. We chose Udel values of 0.04, 0.16, and 219 

0.48 to span a range of empirical estimates of genome-wide deleterious mutation rates estimated in 220 

multicellular eukaryotes (Schultz et al. 1999; Willis 1999; Cutter and Payseur 2003; Haag-Liautard et al. 221 

2007; Lynch 2010; Slotte 2014). 222 
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 223 

Recombination rate: To further probe how background selection interacts with the selfing rate to 224 

modulate the efficacy of selection, we varied the recombination rate as the per-base-pair recombination 225 

rate divided by the per-base-pair mutation rate. We call this the relative recombination rate which took 226 

values of 0.01, 0.1, 1 and 10. Per-base-pair recombination rates ranged from 8.89x10-12 to 1.07x10-7 227 

across all mutation rates (see Table S1 for per-base pair mutation and recombination rates for each 228 

parameter combination).  229 

 230 

Selection against recessive deleterious mutations: We varied the intensity of selection against strongly 231 

deleterious mutations from srecessive = 0.015, srecessive = 0.3, and srecessive = 0.9. All of these values prevent the 232 

chance fixation of such mutations, but they have different effects on the expected rate of removal from 233 

populations and on organismal fitness.   234 

 235 

Recessivity of strongly deleterious mutations: We varied the recessivity of the strongly deleterious 236 

recessive mutation (hrecessive = 0, hrecessive = 0.1 or hrecessive=0.25), as we expect recessivity to affect the 237 

degree to which an increase in selfing rate causes purging of the recessive load. 238 

  239 

Quantifying the efficacy of selection and consequences of linked selection: 240 

We explored how the efficacy of selection changes as a function of selfing rate for every combination of 241 

the genome-wide deleterious mutation rate (Udel), the relative recombination rate, and the selection 242 

(srecessive) and dominance (hrecessive) coefficients of recessive mutations. We focused first on patterns of 243 

selection efficacy against recessive mutations and then against additive mutations. We assessed the 244 

efficacy of selection both in terms of prevalence (the average number of mutations per individual) and 245 

fitness for each of the four mutation types, as well as overall population fitness. Because the degree of 246 

homozygosity increases as a function of selfing rate, we expected that the translation of prevalence to 247 

fitness of recessive mutations would vary across selfing rates. By contrast, additive mutations are 248 
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expressed to some extent across all populations and thus patterns of prevalence across selfing rates should 249 

translate more directly to patterns of overall fitness. Prevalence is meant to capture common genomic 250 

summaries of the number of derived deleterious mutations, while the genetic load is meant to quantify the 251 

fitness consequences of these mutations (Lohmueller 2014; Do et al. 2015). 252 

 253 

We quantified both neutral diversity (π) and the unfolded allele frequency spectrum (AFS) in eight 254 

replicates runs per simulation to assess how selection dynamics and mating system interact to affect 255 

patterns of sequence diversity. Because explicitly modeling neutral mutations in simulations drastically 256 

increases the computational resources needed per run, we used the tree sequence recording function 257 

within SLiM (Haller et al. 2019) to output a tree sequence at the final generation of each simulation. Tree 258 

sequences record genealogies across the genome, and features of a tree sequence (e.g., the number of 259 

unique trees recorded across the genome, tree height, and tree topology) are affected by the selection and 260 

recombination dynamics in the simulation. We subsequently overlaid neutral mutations on each tree 261 

sequence at a mutation rate of μ = 1e-7 in msprime (Kelleher et al. 2016), sampled one genome from 200 262 

individuals, and calculated Tajima’s π and the AFS with the 200 samples using tskit 263 

(https://tskit.dev/tskit/docs/stable/). 264 

 265 

In the main text we only present data for the most deleterious of the three additive deleterious mutation 266 

types (s = 0.0005, Ns = 5). For any given parameter combination, the way that selfing rate affected 267 

selection efficacy was qualitatively similar among the three additive mutation types. With smaller 268 

selection coefficients the effect of selfing was less pronounced, as the deleterious mutations became 269 

effectively “nearly neutral” regardless of selfing rate. We present data for all three additive mutation types 270 

in the supplement. 271 

 272 

Analytical Model for the transition to pseudo-overdominance 273 

 274 
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Our SLiMulation results suggested that the transition from background selection to pseudo-275 

overdominance plays a major role in mediating the effect of mating system on the efficacy of selection  276 

We therefore extended the multi-locus model of this transition from Gilbert et al. (2020) to include 277 

selfing. We considered 𝑛biallelic loci and denoted wild-type and derived alleles alleles at locus 𝑖 by 278 

𝑎𝑖 and 𝐴𝑖, respectively. Derived alleles were assumed deleterious and fully recessive with fitness 1 −279 

𝑠when homozygous and1otherwise, with multiplicative fitness effects across loci. Following the approach 280 

in Gilbert et al. (2020), we derived the frequency of the zero-mutation haplotype at mutation-selection 281 

balance. When this frequency approaches zero, we expect a transition from background selection to 282 

pseudo-overdominance. We assumed that haplotypes with more than one deleterious mutation are 283 

vanishingly rare at equilibrium and hence ignored them. This has the important consequence that any 284 

genotype can be polymorphic at most at two deleterious loci. This assumption is quite different than what 285 

we find in our SLiMulation model, but we show below that it still allows for a reasonable guide to our 286 

major qualitative results.  287 

 288 

We used 𝑝𝑖, 𝑖 =  1, . . . , 𝑛, to denote the frequency of the haplotype carrying a derived deleterious allele at 289 

locus 𝑖, and 𝑝0  the frequency of the haplotype without any deleterious mutations. Loci were equidistantly 290 

distributed over a region of length 𝑟 cM, such that the recombination rate between adjacent loci is 𝑟/(𝑛 −291 

1). This model can be studied by following the frequencies of four different categories: genotypes without 292 

any deleterious mutations (𝑝00), genotypes that are heterozygous at exactly one locus (𝑝01
(1)

), genotypes 293 

that are heterozygous at exactly two loci (𝑝01
(2)

) and genotypes that are derived homozygous at exactly one 294 

locus (𝑝11). Fitness of these genotype-classes were set to 𝑤00 =  𝑤01
(1)

= 𝑤01
(2)

= 1 and 𝑤11 = 1 − 𝑠. Mean 295 

fitness is then simply  1 − 𝑝11 𝑠 . In the Appendix we derived equations for how the frequencies of these 296 

haplotype classes change over time under the joint action of selection, recombination, mutation and 297 

selfing. The frequency of the zero-mutation haplotype could be readily determined in the absence of 298 
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recombination, and was approximated for weak recombination and selfing rates, see eqs. (1) and (2) in the 299 

Appendix. 300 

 301 

Data Availability 302 

 303 

All scripts used to generate SLiM scripts, scripts for analysis and figures, and seeds used to run 304 

simulations will be available at: https://github.com/ssianta/Selfing_Genetic_Load.git. Supplementary 305 

Material and the Appendix (attached at end of pdf) will ultimately be uploaded to figshare. 306 

 307 

RESULTS 308 

 309 

Selfing does not have a consistent effect on the genetic load 310 

 311 

Across parameter space, we found that increases in the selfing rate can have highly variable effects on the 312 

genetic load: it can either slightly or severely reduce the frequency of recessive deleterious mutations, and 313 

it can result in an increase, decrease or no change in the frequency of mildly deleterious additive 314 

mutations. We explore these alternative outcomes, and what modulates them, below.  315 

 316 

Selfing prevents the accumulation of recessive mutations and impedes the transition to pseudo-317 

overdominance 318 

 319 

Selfers largely purge their recessive load, while obligate outcrossers maintain a large number of recessive 320 

mutations. When recombination rate is equal to or greater than the mutation rate, the decay in prevalence 321 

of recessive deleterious mutations with the selfing rate tends to be smooth. The decay in prevalence is 322 

rapid and steep when mutations are strongly deleterious -- populations with mixed mating systems 323 

effectively purge extremely deleterious mutations (srecessive= 0.3 or srecessive= 0.9), but maintain a larger 324 
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number of less deleterious mutations (srecessive = 0.015, Figure 1, Figure S1-A). The purging dynamics in 325 

our multilocus simulations are consistent with our analytical derivation of the frequency of a recessive 326 

deleterious mutation at a single locus as a function of selfing rate and with that derived by Roze and 327 

Rousset (2004) (equation A1 and Figure A1 in the Appendix; Figure S1-B). 328 

 329 

 330 

Figure 1: Purging dynamics across selfing rates are dependent on the fitness effects of recessive mutations 331 

(srecessive). Purging patterns are similar when the recombination rate is equal to or greater than the mutation 332 

rate (relative recombination rate, RRR, >= 1). Points are simulation replicates and lines connect mean 333 

values across simulation replicates. Udel = 0.04. Note log10 scale on y-axis.  334 

 335 

Under some parameters combinations, the number of recessive mutations appears to drastically decrease 336 

as the selfing rate increases from zero, and smoothly decrease at higher selfing rates.  Such drastic shifts 337 

are mediated by the recombination rate relative to the deleterious mutation rate. For example, Figure 2A 338 

shows a dramatic decline in the number of recessive mutations between a selfing rate of 0 and 0.1 when 339 
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recombination is much rarer than mutation (dark blue line), yet a smooth decay when mutation is as equal 340 

to (yellow) or rarer than (red) mutation. These drastic drops in the prevalence of recessive mutations are 341 

more common, and larger in magnitude, with smaller dominance coefficients (Figure S2). 342 

 343 

We attribute the increase in recessive load in primarily outcrossing populations to a shift from 344 

background selection to pseudo-overdominance. Consistent with this explanation, simulations runs where 345 

there is a shift to pseudo-overdominance are associated with elevated genetic diversity (π) at linked 346 

neutral sites (see Gilbert et al. 2020, Figure 2B, Figure S3) and a shift in the allele frequency spectrum to 347 

more high-frequency alleles (Figure 2C, Figure S4). We use these three defining characteristics - an 348 

increase in prevalence of recessive mutations, an increase in π, and a shift in the AFS - to qualitatively 349 

determine whether or not pseudo-overdominance occurs in each simulation.  350 

 351 

The shift to pseudo-overdominance does not occur when selfing leads to purging of the recessive load and 352 

maintains at least one haplotype free of deleterious recessive mutations. The magnitude of selfing at 353 

which populations transition from background selection to pseudo-overdominance is a function of the 354 

fitness effects of recessive mutations and the mutation rate - more selfing is required to purge the 355 

recessive load when mutations are less deleterious and when mutations occur at higher rates (Figure 2D). 356 

Once pseudo-overdominance haplotypes form homozygote fitness plummets; as homozygotes contribute 357 

relatively few offspring to the next generation these haplotypes further accumulate a large number of 358 

deleterious recessive mutations With partial selfing (or more recombination) fitness due to pseudo-359 

overdominance haplotypes drops further, as recombination creates more non-complementary haplotypes 360 

(the recombination load) and/or as selfing exposes more haplotypes in the homozygous state (the 361 

segregation load, Figure S5).  362 

  363 
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 364 

Figure 2: Pseudo-overdominance (POD) occurs in low recombination environments (relative 365 

recombination rate, RRR, < 1). (A) POD leads to a spike in the prevalence of recessive mutations in 366 

predominantly outcrossing populations. Points are simulation replicates and lines connect mean values. 367 

Genome-wide deleterious mutation rate Udel = 0.04, srecessive= 0.015, and hrecessive = 0. (B) POD also leads 368 

to a spike in neutral diversity, driven by heterozygosity at linked neutral sites. Udel = 0.04, srecessive= 0.015, 369 

and hrecessive = 0. Expected neutral diversity (4Nμ) is shown by the black horizontal line. (C) Allele 370 

frequency spectra (AFS) at a subset of selfing rates (different facets) for Udel = 0.04, srecessive= 0.015, and 371 

hrecessive = 0. POD shifts the AFS to more intermediate frequency alleles. Mean AFS are in bold lines, and 372 

individual simulation replicates are in faint lines. Black lines correspond to the neutral AFS. (D) Outcome 373 
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plot of POD occurrence when hrecessive = 0. Green blocks indicate POD occurs at only the lowest relative 374 

recombination rate (RRR; RRR = 0.01); yellow blocks indicate POD occurs at the two lowest RRR (0.01, 375 

0.1). Data in panels A-C correspond to the bottom row of the Udel = 0.04 outcome plot. 376 

 377 

Full recessivity is not required for pseudo-overdominance. Because partial recessivity (hrecessive= 0.1 or 378 

hrecessive= 0.25) increases the ability for selection to remove recessive mutations in predominantly 379 

outcrossing populations, it substantially decreases the parameter space under which pseudo-380 

overdominance occurs (Figure S6-S9). When hrecessive= 0.1, pseudo-overdominance occurs when srecessive is 381 

relatively modest (srecessive= 0.015) and mutation rates are high (Udel=0.16 and Udel=0.48). When hrecessive = 382 

0.25, recessive mutations accumulate in predominantly outcrossing populations at the highest mutation 383 

rate and lowest selection coefficient (Figure S2-C), but the accumulation is not enough to cause the 384 

switch to pseudo-overdominance, i.e., there is no increase in π (Figure S3-C) nor a shift in the AFS 385 

(Figure S9). Under the remainder of parameter space, increasing the dominance coefficient of recessive 386 

mutations decreases prevalence (number of mutations per individual) in the primarily outcrossing 387 

populations, as expected. Prevalence still decreases with selfing rate, but the absolute difference in 388 

prevalence between outcrossers and selfers diminishes (Figure S7). Thus, while partial recessivity limits 389 

the extent of pseudo-overdominance, it does not eliminate it.  390 

 391 

Analytical theory can explain the transition to pseudo-overdominance with selfing 392 

In the Appendix we derived an approximation for the frequency of the unloaded haplotype under the 393 

assumption of weak selfing and weak recombination (equation (2) in the Appendix). Roughly speaking, 394 

our approximation assumes that 𝐹, 𝑟, 𝑢 <  1/𝑁 <  𝑠, but the exact conditions for when our 395 

approximation will become unreliable are difficult to derive (see Appendix for more details). We find that 396 

our approximation is in perfect agreement with previous single-locus theoretical results of Roze and 397 

Rousset (2004) and that the approximation for the unloaded haplotype fits very well with results obtained 398 
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from two-locus simulations (see Appendix Figure A1 and A2). Importantly, the critical selfing rate for 399 

loss of the zero-mutation haplotype in two-locus simulations is accurately predicted by our model (see 400 

Appendix Figure A2).  401 

Figure 3 shows the predicted frequency of the zero-mutation haplotype and illustrates that pseudo-402 

overdominance is most likely for a combination of small selection coefficients and small selfing rates. 403 

The main effect of increasing recombination is that selfing becomes more efficient at preventing pseudo-404 

overdominance, particularly at small selection coefficients (compare Figure 3A with a relative 405 

recombination rate of 0.01 to 3B with a relative recombination rate of 0.1). This can be considered as a 406 

synergistic effect of recombination and selfing on the efficacy of purging the recessive load, and thus 407 

preventing pseudo-overdominance. Recombination generally increases the genetic variation across 408 

individuals by creating novel combinations of haplotypes. At a given partial selfing rate, having higher 409 

recombination increases the variance in fitness exposed at that selfing rate, maximizing the efficacy of 410 

selection. Synergies between recombination and selfing are strongest for small selection coefficients, as 411 

seen by the large proportional decrease in parameter space resulting in pseudo-overdominance at small 412 

selection coefficients in Figure 3A (recombination rate 1/100 of mutation rate) vs 3B (recombination rate 413 

1/10 of mutation rate). This effect is mostly observed for small selection coefficients, simply because 414 

pseudo-overdominance is unlikely if selection is strong and hence there is no opportunity for 415 

recombination to prevent it.. The synergistic effect of recombination and selfing is quite general in our 416 

model (Appendix Figure A3) and also observed in the individual-based simulations (Figures 2D and 3).  417 

 418 

Our analytical model shows that higher mutation rates also increase the parameter range for which we 419 

observe pseudo-overdominance (Appendix Figure A3). Even though our approximation is not tailored to 420 

direct comparison with genome-wide simulations of thousands of loci in regions of low recombination, 421 

we find a tight qualitative fit of the analytical predictions with the simulation results (Figure 3). Note, 422 

however, that the parameters used for the comparison between simulations and the analytical model in 423 
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Figure 3 are not directly comparable as we assumed a much smaller number of loci and larger per locus 424 

mutation rate in the analytical model as compared to the simulations.  425 

 426 

 427 

Figure 3: Qualitative comparison between analytical predictions and simulation results. Shaded 428 

areas indicate the analytical predictions for pseudo-overdominance (POD), specifically the 429 

frequency of the zero-mutation haplotype (P0), based on equation (2; see Appendix) for various 430 

recombination rates. For the analytical model, we assumed a total of 𝑛 =  100 loci equidistantly 431 

spaced on a chromosome with a total mutation rate of Udel = 0.005 and relative recombination 432 

rate RRR = 0.01 (A) and 0.1 (B). Circles show results from simulations when Udel = 0.16: filled 433 

circles indicate simulations where we observed POD and white circles indicate no POD.  434 

 435 

The additive load does not necessarily increase with selfing 436 

 437 
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Previous theory, modelling mildly deleterious additive alleles in isolation, showed that the lower effective 438 

recombination rate in selfers should result in higher accumulation and fixation of additive, weakly 439 

deleterious mutations than in outcrossing populations (Glémin 2007; Wright et al. 2008; Glémin and 440 

Galtier 2012). By simultaneously considering the evolution of both recessive and additive deleterious 441 

variants, we show that this is not always the case. We find that the additive load can increase, decrease, or 442 

remain constant as a function of the selfing rate. These different outcomes are determined by the 443 

recombination environment and whether or not primarily outcrossing populations experience background 444 

selection or pseudo-overdominance, both of which disproportionately affect the efficacy of selection in 445 

primarily outcrossing populations. To demonstrate the effects of pseudo-overdominance on selection 446 

against additive mutations, we contrast simulations with fully recessive mutations (hrecessive= 0; where 447 

pseudo-overdominance occurs) to simulations with partially recessive mutations (hrecessive= 0.25; where 448 

pseudo-overdominance does not occur). Below, we present prevalence results for the most deleterious of 449 

the three additive mutation types that were present in each simulation (sadditive = 0.0005, Ns = 5), as 450 

selection dynamics are qualitatively similar across the three mutation types (Figures S10-12).  451 

 452 

Selfers evolve a larger additive load than outcrossers when recombination rates are high:  453 

 454 

Selfing only results in higher prevalence of additive mutations in high recombination environments 455 

(recombination rate is greater than (red) or equal to (yellow) the mutation rate, Figures 4, S10-12). There 456 

is no difference in additive prevalence or genetic load between simulations with fully or partially 457 

recessive load, as the recessive load is low in both cases with high recombination and pseudo-458 

overdominance never occurs (Figure 4 A vs B for high RRR). At the highest relative recombination rates 459 

(recombination 10x greater than mutation), an increase in the additive load only occurs with exceptionally 460 

large selfing rates; as the local effective recombination rate (and therefore local Ne) is still sufficient to 461 

remove mildly deleterious mutations in mixed mating populations. As the recombination rate gets closer 462 
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to the mutation rate, the prevalence of mildly deleterious additive mutations increases more gradually 463 

with the selfing rate. 464 

 465 

With low recombination, selfers evolve an additive load that is equal to or smaller than that of 466 

outcrossers: 467 

 468 

When recombination is rarer than mutation the prevalence of additive mutations either decreases, does not 469 

change, or subtly increases with the selfing rate. The different outcomes depend on whether there has 470 

been a shift from background selection to pseudo-overdominance in primarily outcrossing populations. 471 

When primarily outcrossing populations experience background selection instead of pseudo-472 

overdominance (e.g., in simulations with hrecessive= 0.25 instead of hrecessive= 0) the additive load is largely 473 

insensitive to, or slightly increases with, the selfing rate (blue lines, Figure 4B, S10-12).  474 

 475 

As linked selection in outcrossing populations transitions from background selection to pseudo-476 

overdominance, outcrossing populations accumulate a larger number of linked additive mutations than 477 

selfing populations. Figures 4A vs B distinguishes the influence of pseudo-overdominance on the additive 478 

load by contrasting the same set of parameter conditions (Udel = 0.04 and srecessive= 0.015) between 479 

simulations with fully recessive (Figure 4A) and partially recessive (Figure 4B) mutations. Under this set 480 

of parameter conditions, pseudo-overdominance and the large increase in the prevalence of additive 481 

mutations only occurs in primarily outcrossing populations when hrecessive= 0 (Figure 4A). When the 482 

recessive mutations are partially recessive (hrecessive= 0.25), pseudo-overdominance does not occur (Figure 483 

S6) and the additive load does not vary with the selfing rate in low recombination simulations (Figure 484 

4B). 485 

 486 

We propose that pseudo-overdominance limits the efficacy of selection through effectively subdividing 487 

the population into haplotypic classes of complementary recessive mutations. When there are only 488 
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recessive mutations driving pseudo-overdominance in a population, an equilibrium frequency is reached 489 

for each pseudo-overdominant haplotype, such that the expressed recessive load is minimized. Additional 490 

selection for or against a linked additive mutation will lead to deviations in the equilibrium haplotype 491 

frequencies and an increase in the expression of the recessive load on more-frequent pseudo-492 

overdominant haplotypes. Thus selection on the recessive load will counteract selection on the additive 493 

mutation. In the Appendix, we show that when an additive deleterious (or beneficial) mutation falls on a 494 

haplotype maintained at equilibrium by pseudo-overdominance, selection against (or for) the new 495 

mutation will be limited by the recessive load at linked sites. Specifically, we show in a two locus model 496 

for pseudo-overdominance that the efficacy of selection is reduced by a factor of 1-s/2 for outcrossing 497 

populations, where s is the fitness effect of recessive mutations. Intuitively speaking, in our two-locus 498 

model a new additive mutation will have a 50% chance to be in a beneficial heterozygous genotype where 499 

the recessive load is masked, effectively reducing the strength of selection against (or for) the additive 500 

mutation by (1-s) in half of the genotypes.  501 

 502 

 503 

Figure 4: The accumulation of additive mutations as a function of selfing rate is heavily influenced by the 504 

relative recombination rate (RRR) and whether or not pseudo-overdominance (POD) occurs. (A) and (B) 505 
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contrast simulations where the recessive load is fully recessive (A) and partially recessive (B). Udel = 0.04 506 

and srecessive= 0.015. 507 

 508 

The effect of mating system on mean population fitness  509 

 510 

When recombination rates are high relative to mutation rates, mean population fitness is generally 511 

greatest in outcrossers and lowest in selfers, reflecting the elevated additive load accumulated by selfers 512 

(Figure 4A, Figure S13).  By contrast when recombination rates are lower than mutation rates, mean 513 

population fitness either does not vary with selfing rate (in the absence of pseudo-overdominance), or 514 

increases with selfing rate (in the presence of pseudo-overdominance). The effect of pseudo-515 

overdominance on overall fitness is primarily due to its effect on the prevalence of additive mutations.  516 

 517 
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 518 

Figure 5: The relationship between mean population fitness and the selfing rate varies as a function of the 519 

recombination rate and the presence of pseudo-overdominance (POD). Udel = 0.04, hrecessive= 0. The three 520 

facets represent different fitness effects of the recessive mutations. At this Udel, POD only occurs when 521 

the recessive mutations are relatively mild (srecessive= 0.015). 522 

 523 

 524 
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DISCUSSION 525 

  526 

The evolution of self-fertilization is remarkably common across the tree of life, including many animals, 527 

fungi, plants, protozoa, and algae (Jarne and Auld 2006; Hanschen et al. 2018). Evolutionary transitions 528 

to selfing also provide an unusual opportunity to examine how genomic factors affect the efficacy of 529 

selection against deleterious mutations. It has long been argued that selfing should decrease the efficacy 530 

of selection. Historically, it was argued that selfing decreases the efficacy of selection by its two-fold 531 

decline in Ne (the two-fold effect). More recently, it has become appreciated that the reduced effective 532 

recombination rate (because recombination between homozygous chromosomes does not generate new 533 

allele combinations) plays a larger role in reducing selection’s efficacy than does the two-fold effect 534 

(Charlesworth 1992; Charlesworth and Wright 2001; Kamran-Disfani and Agrawal 2014). Empirical 535 

evidence for a decrease in selection efficacy with a shift to selfing, however, is equivocal. Here, we 536 

simulated the accumulation of recessive and additive genetic load in populations that vary in selfing rate, 537 

under a wide array of parameter space. We found that increases in selfing rate can have positive, neutral 538 

or negative effects on selection efficacy; the direction and magnitude of the relationship between selfing 539 

rate and selection efficacy is primarily determined by the recombination environment.  540 

  541 

Effects of selfing rate on the efficacy of selection against deleterious mutations 542 

 543 

Selection efficacy against deleterious mutations is primarily a function of the relative recombination rate 544 

(the per-base recombination rate relative to the per-base deleterious mutation rate), which highlights the 545 

importance of linked selection. Because predominantly selfing populations have near-zero effective 546 

recombination rates and always experience background selection (Nordborg 2000), recombination rate 547 

affects patterns of selection efficacy by changing the magnitude of linked selection in outcrossing and 548 

mixed-mating populations. 549 

  550 
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A little outcrossing goes a long way when recombination is frequent:   551 

 552 

When the recombination rate is large relative to the mutation rate, mildly deleterious additive mutations 553 

accumulate at high selfing rates (selfing rates > 0.9 in our simulations). Here, background selection limits 554 

selection’s efficacy in predominant selfers, while mixed mating and outcrossing populations can 555 

recombine away their deleterious load (as seen in Charlesworth et al. 1993a; Glémin 2007; Glémin and 556 

Ronfort 2013; Kamran-Disfani and Agrawal 2014). As the recombination rate becomes more similar to 557 

the mutation rate, we see a more linear decrease in the efficacy of selection with selfing rate, presumably 558 

because the reduced effective recombination rate in mixed mating populations is low enough to increase 559 

background selection and reduce the efficacy of selection (as in Glémin 2007; Glémin and Ronfort 2013; 560 

Kamran-Disfani and Agrawal 2014). 561 

 562 

With high recombination rates, even rare outcrossing events can remove the additive genetic load. With 563 

full selfing, the physical extent of linkage disequilibrium is large (Nordborg 2000), as recombination is 564 

effectively eliminated. Because of the greater extent of linkage disequilibrium, more deleterious 565 

mutations, that would otherwise be effectively unlinked, contribute to background selection (Roze 2016). 566 

While full selfing completely suppresses recombination, a fifty, ninety and ninety-nine percent selfing 567 

rate only decreases the recombination rate by a factor of two, ten, and one-hundred, respectively 568 

(Nordborg 2000). Our results predict that we should see an elevated load only in taxa that are nearly 569 

obligately selfing. Consistent with this prediction, Laenen et al. (2018) found elevated load in only highly 570 

selfing (~0.9 selfing rate) populations of Arabis alpina; with no increase in the load in mixed-mating 571 

(~0.8 selfing rate) as compared to outcrossing populations. Analytical models derived in Glémin (2007) 572 

also demonstrate that, at high recombination rates, a drop in the efficacy of selection is apparent only in 573 

highly selfing populations (selfing rate > 0.9).  574 

 575 

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 22, 2021. ; https://doi.org/10.1101/2021.05.20.445016doi: bioRxiv preprint 

https://paperpile.com/c/8Cbcl7/uWDl+uJ4C+2XHd+05NO/?prefix=,as%20seen%20in,,
https://paperpile.com/c/8Cbcl7/uWDl+uJ4C+2XHd+05NO/?prefix=,as%20seen%20in,,
https://paperpile.com/c/8Cbcl7/uWDl+uJ4C+2XHd+05NO/?prefix=,as%20seen%20in,,
https://paperpile.com/c/8Cbcl7/uWDl+uJ4C+2XHd+05NO/?prefix=,as%20seen%20in,,
https://paperpile.com/c/8Cbcl7/uWDl+05NO+2XHd/?prefix=,,as%20in
https://paperpile.com/c/8Cbcl7/uWDl+05NO+2XHd/?prefix=,,as%20in
https://paperpile.com/c/8Cbcl7/yI2K
https://paperpile.com/c/8Cbcl7/ZeAR
https://paperpile.com/c/8Cbcl7/yI2K
https://paperpile.com/c/8Cbcl7/8xDy/?noauthor=1
https://doi.org/10.1101/2021.05.20.445016
http://creativecommons.org/licenses/by-nd/4.0/


 

 28 

The positive effects of a little outcrossing on the efficacy of selection and the dearth of fully selfing taxa 576 

may explain why empirical studies fail to find a decrease in selection efficacy in some selfing taxa. In 577 

simulations that allow outcrossing rates to evolve, small amounts of outcrossing are selected for in 578 

predominant selfers because they dissipate the extent of linkage disequilibrium created by selfing and 579 

reduce the magnitude of background selection (Kamran-Disfani and Agrawal 2014). This may explain the 580 

paucity of completely selfing taxa (Goodwillie et al. 2005; Moeller et al. 2017). 581 

 582 

The shift from background selection to pseudo-overdominance weakens the efficacy of selection: 583 

 584 

Gilbert et al. (2020) discovered that selection against deleterious recessive variants can lead to an increase 585 

in linked neutral diversity, rather than the decrease expected by background selection, when selection 586 

cannot maintain haplotypes free of a deleterious recessive alleles. In our simulations, this “transition to 587 

pseudo-overdominance”, occurs in genomic regions with low recombination rates, relative to the mutation 588 

rate. We find that the transition from background selection to pseudo-overdominance is accompanied with 589 

a large decrease in the efficacy of selection. Specifically, we find that genomic regions that experience 590 

pseudo-overdominance accumulate a large number of additive, mildly deleterious mutations, resulting in 591 

high genetic load. Although the transition to pseudo-overdominance increases population-genetic-based 592 

estimates of Ne by increasing diversity at linked neutral sites (Ohta and Kimura 1970; Gilbert et al. 2020), 593 

we discover that pseudo-overdominance substantially decreases the Ne that describes selection efficacy.  594 

 595 

Thus, we propose that when there is a shift to pseudo-overdominance, the complementary haplotypes in 596 

repulsion effectively decreases the Ne that affects selection efficacy. Pseudo-overdominance is akin to 597 

negative-frequency dependent balancing selection: as haplotypes rise in frequency, it is more probable 598 

that they are exposed in the homozygous state and selection drives the haplotype’s frequency down. At 599 

equilibrium, all pseudo-overdominant haplotypes in the population should have roughly equal fitness. 600 

Similar to other genetic systems with long-term balancing selection, e.g., the self-incompatibility locus in 601 
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some plants (Vekemans and Slatkin 1994) or the MHC locus in vertebrates (Garrigan and Hedrick 2003), 602 

pseudo-overdominant haplotypes form haplotype classes. Each haplotype class can accumulate its own 603 

neutral and, in our simulations, mildly deleterious additive mutations. Because the pseudo-overdominant 604 

haplotypes form in low recombination regions, there is effectively no ‘migration’ of neutral or mildly 605 

deleterious mutations between allele classes (Charlesworth et al. 2003; Charlesworth 2006). The 606 

consequence is that the fitness effect of an additive, mildly deleterious mutation is only relative to the 607 

fitness of other genomes of the same haplotype class. The Ne that determines selection efficacy is thus a 608 

function of the number of genomes within a haplotype class. Indeed, the population genetics of balancing 609 

selection suggests that the sampling of a neutral allele in two haplotype classes is akin to migration 610 

between two populations, each of size Ne, and that the expected coalescence time for a pair of neutral 611 

alleles sampled from within a haplotype class is the panmictic coalescence time of 2Ne (Charlesworth et 612 

al. 2003).  613 

 614 

Balancing selection in other systems has consequences for genetic load that parallel those driven by 615 

pseudo-overdominance. For example, the “sheltered load” is a well-known phenomenon across classic 616 

cases of balancing selection (Mather and de Winton 1941; Glémin et al. 2001; van Oosterhout 2009; Jay 617 

et al. 2021), and refers to the accumulation of recessive mutations linked to loci under balancing selection 618 

(specifically, loci under heterozygote advantage). Pseudo-overdominance is driven by the accumulation 619 

of recessive mutations in low recombination regions, but once the shift from background selection to 620 

pseudo-overdominance has occurred, more recessive mutations accumulate on the complementary 621 

pseudo-overdominant haplotypes and become “sheltered load”. This sheltered load in pseudo-622 

overdominant haplotypes may reinforce pseudo-overdominance. That is, as a genomic region becomes 623 

less likely to be homozygous in individuals that survive to mating, it is free to acquire additional recessive 624 

variants (Llaurens et al. 2017), which further increases the strength of selection selected against 625 

individuals homozygous in this regions. This reinforcement of pseudo-overdominance, or haplotype 626 

structuring driven by recessive mutations, can also occur in genomic regions with inversions (Berdan et 627 
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al. 2021). Low initial frequency of an inversion and low recombination between heterokaryotypes leads to 628 

the accumulation of mutational load in the inversion, the division of the inversion into haplotypes with 629 

complementary recessive mutations, and the further accumulation of mutational load on those haplotypes.  630 

 631 

We have not found evidence in the literature for high additive, weakly deleterious load in systems 632 

characterized by balancing selection. One example may be the relatively high accumulation of 633 

transposable elements at the MHC locus (van Oosterhout 2009) and in a mimicry supergene (Jay et al. 634 

2021), if we assume that one copy of a transposable element at a given locus has deleterious fitness effect 635 

(Charlesworth and Charlesworth 1983). Nevertheless, our results suggest that additive genetic load linked 636 

to loci under balancing selection may accumulate to appreciable levels. The lack of empirical evidence for 637 

this may be due to the difficulty of detecting additive load in classic inbreeding depression designs. 638 

Alternative methods, such as dN/dS ratios or inference of the DFE, applied across the genome could help 639 

determine whether regions known to experience long term balancing selection have elevated genetic 640 

additive load.  641 

 642 

Selfing prevents the shift from background selection to pseudo-overdominance:   643 

 644 

Our study extends Gilbert et al.’s (2020) study of pseudo-overdominance to partially selfing populations. 645 

Whether or not partially selfing populations experience pseudo-overdominance at a given set of parameter 646 

combinations is a function of whether or not partial selfing purges the recessive load. The analytical 647 

theory derived here qualitatively matches our simulation results of 1) how selfing purges the recessive 648 

load and thus prevents a shift from background selection to pseudo-overdominance, and 2) how 649 

recombination amplifies the effects of partial selfing on preventing the transition to pseudo-650 

overdominance. Overall, we find that as the selfing rate increases, there is a sharp decrease in the 651 

parameter space that leads to pseudo-overdominance (Figure 2E). At a given partial selfing rate (i.e., 652 

selfing rate < 0.5), pseudo-overdominance becomes more likely when Udel is high and srecessive is low, as 653 
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these are parameter combinations where it is harder to purge the recessive load (Wang et al. 1999). As 654 

populations experience a greater influx of deleterious recessive mutations, a higher selfing rate is needed 655 

to purge the recessive load before it accumulates into complementary haplotypes and causes pseudo-656 

overdominance.   657 

  658 

Future directions 659 

 660 

Extensions to realistic genomic architecture: 661 

 662 

For simplicity, we modelled homogeneous recombination and deleterious mutation rate across all 663 

chromosomes in a genome, for each set of parameters, rather than modelling heterogeneity in these 664 

features across the genome. Future studies could explicitly model whole genomes with realistic genomic 665 

structure. Nevertheless, for now we can use our results to make qualitative predictions of how patterns of 666 

selection efficacy may vary both across the genome within individuals and for different species by 667 

assuming that variation across parameter values for a simulation translates into predictions for variability 668 

across the genome. 669 

 670 

Our results show that the recombination rate relative to the deleterious mutation rate is the main factor 671 

determining how genetic load changes with selfing rate. Recombination rates vary dramatically across the 672 

genome, which affects linked selection (Gaut et al. 2007). For example, genomic regions with low 673 

recombination should experience more linked selection and lowered selection efficacy than high 674 

recombination regions (Smukowski and Noor 2011). This prediction assumes that the intensity of 675 

selection is equal across the genome, when in fact, organisms can have either positive or negative 676 

covariances between gene density (a proxy for selection intensity) and recombination rate (Slotte 2014). 677 

Thus, our work reinforces the need to consider the recombination rate relative to the deleterious mutation 678 
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rate (or some proxy for it like gene density, e.g., see McVicker et al. 2009), when considering the effects 679 

of background selection.   680 

 681 

Organisms with a positive covariance between recombination rate and gene density (e.g., Mimulus 682 

guttatus (Aeschbacher et al. 2017), maize (Anderson et al. 2006), rice (International Rice Genome 683 

Sequencing Project, Takuji Sasaki 2005), wheat (Dvorak et al. 2004), A. thaliana (Wright et al. 2003; 684 

Giraut et al. 2011), and Populus species (Wang et al. 2016; Apuli et al. 2020)) should primarily 685 

experience selection in high recombination regions. Our results predict that the genomic factors 686 

associated with shifts to selfing would cause a reduction in selection efficacy in these organisms given a 687 

shift to full selfing. Conversely, organisms with a negative covariance between recombination rate and 688 

gene density (e.g., Caenorhabditis (Barnes et al. 1995), and Mimulus aurantiacus (Stankowski et al. 689 

2019)) should more often experience selection in low recombination environments. In these organisms, 690 

we would predict a shift to selfing to either have no effect on or increase selection efficacy, depending on 691 

the extent to which pseudo-overdominance occurs in the genome. This idea may explain the results of an 692 

experimental evolution on C. elegans where predominant selfers had higher fertility (i.e., lower genetic 693 

load) in addition to lower inbreeding depression, and lower neutral diversity than predominant outcrossers 694 

in an experimental evolution study (Chelo et al. 2019). While theory would predict higher neutral 695 

diversity and a higher recessive deleterious load in the outcrosser than in the selfer, these two lines of 696 

evidence, along with the higher load due to mildly deleterious additive mutations, are consistent with 697 

pseudo-overdominance. 698 

 699 

 700 

The distribution of dominance and fitness effects: 701 

 702 

To understand how linked selection against additive and recessive mutations shape the genetic load, we 703 

focused on mutations with fixed effects and those that span the boundary of near neutrality. By contrast, 704 
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evolution does not pick such parameters - rather mutations take selective and dominance coefficients from 705 

a two-dimensional density function. There are numerous hurdles to estimating this function, especially in 706 

eukaryotes. The best methods to infer the distribution of fitness effects from polymorphism data 707 

(Keightley and Eyre-Walker 2007) provide only crude estimates of the distribution of fitness effects and 708 

cannot tell us about dominance. This joint distribution of dominance and fitness effects is even more 709 

poorly characterized; however, two of the best studies on the topic show that more recessive mutations 710 

are more deleterious (Agrawal and Whitlock 2011; Huber et al. 2018) 711 

 712 

Our simulations capture the spirit of this result -- we modeled recessive mutations with selection 713 

coefficients much larger than 4Ns, and additive mutations with selection coefficients that are closer to this 714 

boundary. However, we did not attempt to model continuous variation in either variable nor covariation 715 

between them. We interpret our result of “no effect” or “some effect” of mating system on the load as a 716 

qualitative summary that answers the question -- does the mating system shift incoming mutations to one 717 

side of the near neutrality boundary or the other? As quantitative variation in the distribution of fitness 718 

effects could cover a greater amount of fitness effect space (depending on dispersion), it could potentially 719 

reveal subtle effects missed by our model. For example, it seems likely that a broad distribution of 720 

selection coefficients would reveal an effect of the selfing rate on the load for some combinations of 721 

mutation and recombination rates which showed no effect in our study. Consider, for example, a case for 722 

which we found no effect of the mating system on the load because both selfers and outcrossers could 723 

effectively remove their additive load. It seems likely that there is some modest selection coefficient here 724 

for which outcrossers could more effectively remove their additive load than could selfers, but that our 725 

parameter choices missed this “Goldilocks” selection coefficient.  726 

 727 

Demographic history: 728 

 729 
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We find that genomic factors associated with selfing, particularly the relative effects of linked selection 730 

across selfing rates, can result in various outcomes for patterns of selection efficacy. As noted above, this 731 

could contribute to the contrasting empirical evidence for how shifts to selfing affect selection efficacy. 732 

However, other factors affecting selection efficacy can be associated with mating system shifts. Perhaps 733 

the most influential of these factors is differences in demography. Indeed, selfing is often associated with 734 

colonization of and rapid expansion in islands, disturbed, or other marginal habitats (Baker 1955), further 735 

decreasing effective population size of and efficacy of selection in selfers. Similarly, as many selfers have 736 

experienced more rapid post-glaciation range expansion than outcrossers (Grossenbacher et al. 2015), 737 

selfers may suffer a more severe expansion load (Peischl et al. 2013, 2015) than outcrossers. Again 738 

however, this expansion load is more influenced by recessive than by additive mutations (Peischl and 739 

Excoffier 2015), and therefore likely has limited application to selfers. Finally, the impact of demographic 740 

changes likely differs in selfers and outcrossers -- population contraction in outcrossers exposes and 741 

purges previously rare recessive deleterious mutations (Kirkpatrick and Jarne 2000; Balick et al. 2015). 742 

Thus, recurrent bottlenecks could facilitate purging of the recessive load in outcrossers, plausibly 743 

preventing the transition to pseudo-overdominance. Conversely, recurrent bottlenecks have little impact 744 

on the additive, mildly deleterious load. 745 

 746 

Finally, it is possible that selfers and outcrossers have different census sizes. In plants, selfing taxa are 747 

commonly associated with marginal and stochastic environments (Baker 1955). This association may be 748 

driven by the stochasticity of pollinator population dynamics in marginal habitats or the temporal 749 

fluctuations in plant census size that cause strong pollen limitation, both of which select for selfing 750 

through reproductive assurance (Kalisz et al. 2004; Moeller and Geber 2005). Similarly because selfers 751 

are freed from “S-Allee Effects” (Wagenius et al. 2007), and because a purged load can help them avoid 752 

the extinction vortex (Gilpin and Soulé 1986), selfers may persist longer at smaller census sizes than 753 

outcrossers. Thus, demographic history may affect the efficacy of selection in selfers versus outcrossers in 754 
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different ways, confounding patterns of the efficacy of selection between sister taxa that vary in mating 755 

system.  756 

 757 

Positive selection: 758 

 759 

We focused on how purifying selection at one site impacts the efficacy of purifying selection at a linked 760 

site. However the effects of positive selection, too, are extended over long genetic distances in selfers, 761 

occasionally covering nearly entire chromosomes (Andersen et al. 2012), and sweeps increase the 762 

probability of fixation of linked deleterious alleles in selfing vs outcrossing populations (Hartfield et al. 763 

2017). Like a range expansion or bottleneck, such sweeps will have a more modest effect on additive than 764 

recessive mutations; however, ongoing recurrent sweeps could prevent the removal of linked deleterious 765 

mutations.   766 

 767 

Moreover, beneficial mutations linked to a recessive deleterious mutation have a lower probability to 768 

sweep through the population as compared to beneficial mutations in regions where recombination rates 769 

are high (Assaf et al. 2015). As positive selection increases the frequency of the haplotype containing the 770 

beneficial and recessive mutation, it also increases the probability that the haplotype is homozygous for 771 

the deleterious allele. The exposed fitness effect of the recessive mutation can slow down or completely 772 

prevent a selective sweep, depending on the net fitness effects of the advantageous and deleterious 773 

mutation, as well as the recombination rate. Fixation of adaptive mutations should thus be particularly 774 

thwarted in regions with pseudo-overdominance, because every new beneficial mutation in such a region 775 

will fall on a haplotype with one or several recessive deleterious mutations that are maintained at 776 

intermediate frequency to minimize mutation load. Any deviation from this equilibrium will lead to an 777 

increase in the expressed recessive load and hence counter both the purging of new deleterious mutations 778 

as well as sweeps of beneficial mutations. Our analytical model confirms this intuition and shows that 779 
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pseudo-overdominance decreases the rate of evolution for any co-dominant mutation, regardless of 780 

whether it is beneficial or deleterious.  781 

 782 

Conclusions 783 

 784 

Our simulation study and analytical models suggest that patterns of the efficacy of selection among 785 

populations that vary in mating system can be confounded by genomic factors; in particular, the 786 

recombination rate relative to the mutation rate determines whether the efficacy of selection decreases, 787 

remains constant, or increases with selfing rate. Outcrossers and populations with mixed mating systems 788 

have more efficacious selection and lower genetic load that predominant selfers in high recombination 789 

environments, highlighting the power of a little amount of outcrossing in preventing genetic load. The 790 

transition from background selection to pseudo-overdominance in low recombination environments 791 

occurs under a broad range of parameter space, particularly when the fitness effects of recessive 792 

mutations are low, and flips the relationship between mating system and the efficacy of selection. We find 793 

that pseudo-overdominance reduces the efficacy of selection against additive mildly deleterious 794 

mutations, and that a threshold level of selfing prevents pseudo-overdominance by purging the recessive 795 

load. Taken together, genomic factors associated with shifts to selfing do not predictably decrease 796 

selection efficacy either, as much classic theory predicts, and thus may also contribute to the ambiguity 797 

we see in empirical data. Future work is needed to investigate the reaches of pseudo-overdominance in 798 

genomes that vary in recombination rates and gene density, in order to better understand the limits to 799 

natural selection in natural populations. 800 
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Appendix 1 

Appendix for “Genetic load may increase or decrease with selfing depending upon the recombination 1 
environment."  2 
 3 
Sianta, S., Peischl, S., Moeller, D., and Y. Brandvain 4 
 5 

A model for mutation load in partially selfing populations 6 

 7 
Genotype Frequencies with Selfing 8 

We extend the multi-locus model from Gilbert et al. (2020) to include selfing. We consider 𝑛 biallelic 9 

loci. We denote wild-type and derived alleles alleles at locus 𝑖 = 1. , . . . , 𝑛 by 𝑎𝑖 and 𝐴𝑖, respectively. 10 

Derived alleles are deleterious and fully recessive with fitness 1 − 𝑠 when homozygous and 1 otherwise. 11 

There is no epistasis and we assume multiplicative effects across loci. 12 

For fully linked loci (that is, there is no recombination) the model is equivalent to a single locus model 13 

with 2𝑛 alleles where each haplotype corresponds to a single allele. As in Gilbert et al. (2020), we want to 14 

derive the frequency of the 0-mutation haplotpye 𝑝0 at mutation selection balance. When this frequency 15 

approaches 0, we expect a transition to pseudo-overdominance (POD). We assume that haplotypes with 16 

more than one deleterious mutations are vanishingly rare at equilibrium. This has the important 17 

consequence that no genotype can be derived homozygous at more than one locus, which simplifies 18 

calcualtions considerably. Let 𝑝𝑖, 𝑖 = 1, . . . , 𝑛 be the frequency of the haplotype carrying a derived allele 19 

at locus 𝑖, and 𝑝0 the frequency of the haplotype without any deleterious mutations.  20 

With these haplotypes, we only need to follow four different multi genotypic categories (Caballero and 21 

Hill 1992):  22 

1. A genotype without any deleterious mutations. This genotype is found at frequency 𝑝00 =23 

𝐹 ∑ 𝑝0
𝑛
𝑖=0 𝑝𝑖 + (1 − 𝐹)𝑝0

2. 24 

2. A genotype heterozygous at one locus. This genotype is found at frequency  𝑝01
(1)

= 2(1 −25 

𝐹) ∑ 𝑝0
𝑛
𝑖=1 𝑝𝑖. 26 

3. A genotype heterozygous at two loci. This genotype is found at frequency 𝑝01
(2)

= (1 −27 

𝐹) ∑ (∑ 2𝑛
𝑗=𝑖+1 𝑝𝑖𝑝𝑗)𝑛

𝑖=1 . And  28 

4. Genotypes that are derived homoyzgous at one locus 𝑝11 = ∑ (𝐹 ∑ 𝑝𝑖
𝑛
𝑗=0 𝑝𝑗 + (1 − 𝐹)𝑝𝑖

2)𝑛
𝑖=1 .  29 
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Appendix 2 

Fitness of these genotype-classes is given by 𝑤00 = 𝑤01
(1)

= 𝑤01
(2)

= 1 and 𝑤11 = 1 − 𝑠. Mean fitness is 30 

given by 𝑤 = 1 − 𝑠𝑝11. Assuming continuous time the change in genotype frequencies after selection are 31 

then given by 𝑑𝑝𝑔/𝑑𝑡 = 𝑝𝑔(𝑤𝑔 − 𝑤), 𝑔 ∈ {00,  01
(1)

,  01
(2)

, 11}. The parameter 𝐹 is equivalent to 𝛼/(2 − 𝛼) 32 

where 𝛼 is the selfing rate (Caballero and Hill, 1992). 33 

 34 

Evolutionary Dynamics of 𝒑𝟎 with recombination 35 

At equilibrium all haplotypes that carry a deleterious allele must have the same frequency, which we 36 

denote as 𝑝1. That is, from now on we simply use 𝑝1 to refer to the frequency of any haplotype carrying 37 

exactly one derived allele. At equilibrium 𝑝1 = (1 − 𝑝0)/𝑛 such that haplotype frequencies sum up to 1. 38 

Since we are only interested in calculating haplotype frequencies at mutation-selection equilibrium we 39 

henceforth assume that 𝑝1 = (1 − 𝑝0)/𝑛. Solving 40 

𝑑𝑝0

𝑑𝑡
= 0 41 

then yields the equilibrium frequency of the zero-mutation haplotype 𝑝̂0. 42 

We next assume that loci are equidistantly distributed over a region of length 𝑟 cM, such that the 43 

recombination rate between adjacent loci is 𝑟/(𝑛 − 1). We assume that recombination is sufficiently rare 44 

such that we can ignore double recombination events. Since we ignore haplotypes with more than one 45 

deleterious allele, the main effect of recombination is to restore haplotypes without any deleterious alleles 46 

from genotypes heterozygous at two loci. Analogous to Gilbert et al. (2020) the equation for the 47 

equilibrium haplotype frequency then becomes: 48 

𝑑𝑝0

𝑑𝑡
= 𝑝00(𝑤00 − 𝑤) − 𝑛𝑢𝑝0 +

1

2
𝑝01(𝑤01 − 𝑤) + ∑ [∑ ((1 − 𝐹)

𝑟(𝑗 − 𝑖)

(𝑛 − 1)
𝑝𝑖𝑝𝑗 + 𝐹

𝑟(𝑗 − 𝑖)

(𝑛 − 1)

𝑝11

𝑛
)

𝑛

𝑗=𝑖

]

𝑛

𝑖=1

= 0. 49 

Here, 𝑢 is the per locus mutation rate and 𝑟(𝑗−𝑖)

(𝑛−1)
 is the recombination rate between loci 𝑖 and 𝑗. 50 

 51 

Special cases 52 

 53 
Single Locus, No Selfing 54 

For a single locus without selfing (𝑛 = 1, 𝐹 = 0) we get 55 
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Appendix 3 

𝑑𝑝0

𝑑𝑡
= 𝑝0((𝑝0 − 1)2𝑠 − 𝑢) 56 

and 𝑝̂ = 1 − √𝑢/𝑠, recovering the well-known result for mutation-selection balance of recessive alleles. 57 

For 𝑛 loci, 𝑝̂ = 1 − 𝑛√𝑢/𝑠, in agreement with previous results (Gilbert et al., 2020). 58 

 59 

No Recombination 60 

For partially or fully selfing organisms without recombination we get 61 

𝑑𝑝0

𝑑𝑡
= −

𝑝0[(𝑝0 − 1)𝑠(𝐹(𝑛 + 𝑝0 − 1) − 𝑝0 + 1) + 𝑛2𝑢]

𝑛
 62 

and 63 

𝑝̂0 = 1 −

𝑛 (
√𝐹2𝑠 − 4𝐹𝑢 + 4𝑢

√𝑠
− 𝐹)

2(1 − 𝐹)
. 64 

For 𝑛 = 1 this gives 65 

1 −

√𝐹2𝑠 − 4𝐹𝑢 + 4𝑢

√𝑠
− 𝐹

2(1 − 𝐹)
, 66 

recovering the results from Roze and Rousset (2004). In particular, the frequency of the deleterious allele 67 

at equilibrium is 68 

𝑝̂1 = (1 − 𝑝̂0) =

√𝐹2𝑠 − 4𝐹𝑢 + 4𝑢

√𝑠
− 𝐹

2(1 − 𝐹)
. 69 

Using the fact that 𝐹 =
𝛼

2−𝛼
 we get 70 

𝑝̂1 =

𝛼√𝑠 + (𝛼 − 2)√
𝛼2𝑠 + 8(𝛼 − 2)(𝛼 − 1)𝑢

(𝛼 − 2)2

4(𝛼 − 1)√𝑠
,        (𝐴1) 71 
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Appendix 4 

which is equivalent to the formula given in Table 1 of Roze and Rousset (2004). Furthermore, the 72 

mutation load is then simply 𝑢 for completely recessive mutations. Figure A1 shows the frequency of the 73 

deleterious allele at mutation selection balance.  74 

 75 

 76 

Figure A1. Frequency of deleterious mutation at mutation selection balance. Parameter values are u = 3.5 * 10-6 and s = 0.015, 0.3, 0.9 (from 77 
top to bottom). 78 

 79 
Multiple Loci, Full Selfing 80 

For fully selfing populations we get: 81 

𝑝̂0 = 1 − 𝑛
𝑢

𝑠
,    (𝐴2) 82 

and hence find that mutation load is independent of recombination. This is sensible as recombination can 83 

only act on heterozygotes, which are absent at equilibrium in fully selfing populations. 84 

 85 

Recombination and selfing 86 

Direct analytical progress seems unfeasible and we hence resort to approximation. We assume that 87 

evolutionary forces are weak, that is 𝑠, 𝑢, and 𝑟 << 1. This also means that 𝑛 cannot be too large because 88 

with weak recombination multi-locus genotypes might experience selection coefficients of up to 𝑛𝑠. 89 
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Appendix 5 

Furthermore, we assume that recombination rate 𝑟 and mutation rate 𝑢 are small relative to the strength of 90 

selection and selfing. Our approximation should be reliable if selection is weak, but larger than 1/𝑁 91 

where 𝑁 is the population size. Furthermore, recombination and per locus mutation rates should be weak 92 

relative to selection. The exact conditions for when our approximation will become unreliable are difficult 93 

to derive however. Roughly speaking 𝑟, 𝑢 < 1/𝑁 << 𝑠 << 1 is assumed throughout this section. Our 94 

approximation may not be useful for predictions on a genomic scale, but can accurately describe the 95 

dynamics of smaller regions of low recombination and should thus be helpful in providing qualitative 96 

explanations. 97 

 98 

Weak recombination and selfing 99 

Using an approach similar to that of Gilbert et al. (2020) we find that 100 

p̂0 = 1 − √𝜇𝑛 +
𝑛

2
(𝐹 + 2√𝜇 − √𝐹2 + 4𝜇) +

1

12
√𝜇(𝑛 + 1)𝑛𝜌,    (𝐴3) 101 

where we use the re-scaled parameters 𝜇 = 𝑚/𝑠, 𝜌 = 𝑟/𝑠. The solution is obtained by using the Ansatz 102 

𝑝̂0 = 1 + 𝐶1√𝜇 + 𝐶2𝜌 + 𝐶3𝜑, where 𝜑 = 𝐹/𝑠. Then we develop 𝑑𝑝0

𝑑𝑡
 in a Taylor Series around 𝜌 = 0 103 

while keeping the ratios 𝜌/√𝜇 and 𝜌/𝜑 constant. Finally, we solve for 𝐶1, 𝐶2 and 𝐶3.  104 

Figure A2 compares the analytic approximation with 2 locus simulations and shows that the 105 

approximation is very accurate in the case without recombination. With increasing recombination or 106 

selfing rates the fit between theory and simulations becomes increasingly worse, but the transition from 107 

the region where we do not expect POD (𝑃0 > 0) to the region where we expect a transition to POD 108 

(𝑃0 = 0) is accurately predicted. 109 
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Appendix 6 

 110 
Figure A2. Frequency of the unloaded haplotype as a function of the selfing rate. Parameter values are n = 2 loci, u/s = 0.3, s = 0.01, N = 5000 111 
diploid individuals and recombination rate r as specified in the legend. Points show the median and error bars the 95 % CI from 50 independent 112 
simulation replicates per parameter combination. Solid lines show the analytical approximation equation (A3) and dashed line the analytical 113 
expression for F = 1, equation (A2). 114 

We can now use this formula to find the region in the parameter space for which we expect POD to occur. 115 

This is when 𝑝̂0 approaches 0. Figure A3 illustrates this region. 116 

We note that it is difficult to directly compare our theoretical results to genome-wide simulations. First, 117 

our approximation will generally not be valid for small selection coefficients and/or large mutation rates 118 

as we have to assume weak evolutionary forces to derive the mutation-selection balance equilibrium. 119 

Second, our model assumes that mutation rates are small relative to selection coefficients at each locus, 120 

which might be violated in low recombination regions that accumulate numerous deleterious mutations 121 

with a large net fitness effect. Third, our model does not distinguish between loss of the zero-mutation 122 

haplotype and an actual transition to POD. While loss of the zero mutation-haplotype is necessary for 123 

POD to occur, it may also be the case that selection is so weak relative to mutation and recombination that 124 

there is subsequent fixation of deleterious mutations (Lynch et al. 1995), which would not be classified as 125 

POD in the simulations. In the main text we nevertheless show a qualitative comparison to individual 126 

based simulations and find that our model can accurately predict the qualitative patterns observed in 127 

genome wide simulations (see Figure 3 in the main text). 128 

Figure A3 explores the parameter combinations for which we expect a transition to POD. We find that 129 

like recombination, selfing can efficiently prevent the occurrence of POD. The reason is that purging of 130 

selfing rate

P
0

0.0 0.2 0.4 0.6 0.8 1.0
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Appendix 7 

recessive mutations is more efficient under partial or full selfing, thus increasing the frequency of the 131 

unloaded haplotype 𝑃0. 132 

 133 
Figure A3. Frequency of the unloaded haplotype as a function of the selfing rate and the selection coefficient. Parameter values are n = 100 loci, 134 
and the relative recombination rate RRR = u/r and total mutation rate Ud = u*n as specified in the figure legend. 135 

 136 

Efficacy of selection with pseudo-overdominance (POD) 137 

We calcualte the effect of POD, that is stabilizing selection that maintains complementary haplotpes, on 138 

the efficacy of selection at linked sites. For this we assume POD occurring in a two-locus system without 139 

recombination. We consider three biallelic loci. For simplicity, we only consider the following three 140 

haplotypes: 𝐴𝑏𝑐, 𝑎𝐵𝑐, 𝑎𝐵𝐶, where capital letters indicate a derived mutation and each position correspond 141 
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Appendix 8 

to a locus. Alleles 𝐴 and 𝐵 a recessive deleterious with selection coefficient 𝑠1 ∈ [−1,0]. The allele 𝐶 has 142 

selection coefficient 𝑠2 > −1 and is co-dominant. 143 

We denote the frequencies of the haplotype 𝐴𝑏𝑐, 𝑎𝐵𝑐 and 𝑎𝐵𝐶 by 𝑝1, 𝑝2 and 𝑝3, respectively. We assume 144 

that the system is at POD equilibrium with 𝑝̂1 = 𝑝̂2 = 1/2 and allele 𝐶 is introduced at low frequency on 145 

the 𝑎𝐵 background. 146 

Genotype frequencies after one generation of selfing are given by 147 

𝑝𝑖𝑖 = (1 − 𝐹)𝑝𝑖 + 𝐹𝑝𝑖 148 

and 149 

𝑝𝑖𝑗 = (1 − 𝐹)2𝑝𝑖𝑝𝑗 150 

for 𝑖 ≠ 𝑗, where 𝑖, 𝑗 = {1,2,3} denote the haplotypes 𝐴𝑏𝑐, 𝑎𝐵𝑐 and 𝑎𝐵𝐶, respectively. The change in 151 

genotype frequencies after selection is then given by 152 

𝑑𝑝𝑖𝑗

𝑑𝑡
= (𝑊𝑖𝑗 − 𝑊)𝑝𝑖𝑗 , 153 

where 𝑊𝑖𝑗 is the fitness of genotype 𝑖𝑗 and 𝑊 is the mean fitness. We can simplify this system of 154 

ordinary differential equations by following the change in allele frequencies instead: 155 

𝑑𝑝𝑖

𝑑𝑡
=

𝑑𝑝𝑖𝑖

𝑑𝑡
+ ∑

1

2

𝑑𝑝𝑖𝑗

𝑑𝑡
𝑗≠𝑖

. 156 

We further reduce the dimension of the system by setting 𝑝1 = 1 − 𝑝2 − 𝑝3. To study the fate of the 157 

mutation 𝐶 linked to the 𝑎𝐵 haplotype we calculate the rate of increase of the 𝑎𝐵𝐶 haplotype introduced 158 

close to the POD equilibrium 𝑝̂1 = 𝑝̂2 = 1/2. We calculate the Jacobian of the system, that is the matrix 159 

with the entries 
𝑑𝑝𝑖𝑗

𝑑𝑡
 at position 𝑖, 𝑗. The eigenvalues of this matrix evaluated at 𝑝1 = 𝑝2 = 1/2 give us the 160 

rate of change of the frequency of haplotype 𝑎𝐵𝐶 when it is introduced at infinitesimal frequency. The 161 

relevant eigenvalue is given by 162 

𝜆(𝑠1, 𝑠2) = −
1

2
𝑠2(𝐹(2(𝑠1 − 1)𝑠2 + 3𝑠1 − 2) + 𝑠1 − 2). 163 

Our goal is to compare the rate of change of the mutation 𝐶 in the case of POD to the case without POD. 164 

We can do this by calculating the ratio 𝑒𝑓𝑓𝑠𝑒𝑙 = 𝜆(𝑠1, 𝑠2)/𝜆(0, 𝑠2). If this number is 1, then the initial rate 165 
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Appendix 9 

of frequency change of the mutation is not affected POD. If it is smaller than 1, the efficacy of selection is 166 

reduced by the presence of POD at linked loci. We find that 167 

𝑒𝑓𝑓𝑠𝑒𝑙 = 1 − 𝑠1[1 −
1 − 𝐹

2(𝐹𝑠2 + 1) + 1)
].    (𝐴5) 168 

For 𝐹 = 0 this is equal to 1 − 𝑠1/2 and for 𝐹 = 1 this is equal to 1 − 𝑠1, thus showing that the presence 169 

of POD reduces the efficacy of selection for linked additive mutations. This effect is amplified by selfing 170 

because the deleterious effects of the recessive mutations linked to the additive mutation become 171 

amplified by selfing. Note however, that this effect is counteracted by the decreases likelihood of 172 

observing POD in selfing populations (see Figure A3). 173 

 174 
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Supplementary Material for “Genetic load may increase or decrease with selfing depending upon the 1 
recombination environment."  2 
 3 
Sianta, S., Peischl, S., Moeller, D., and Y. Brandvain 4 
 5 
 6 
Table S1: Translation of the genome-wide deleterious mutation rate (Udel) and the relative recombination 7 
rate (RRR) parameters to other measures of the mutation rate (per-base pair) and recombination rate (per-8 
base pair, and cM/Mb). 9 
 10 

Udel RRR 
mutation rate  recombination rate 

per-base-pair  per-base-pair cm/Mb 

0.04 0.01 8.89E-10  8.89E-12 0.0089 

0.04 0.1 8.89E-10  8.89E-11 0.0889 

0.04 1 8.89E-10  8.89E-10 0.8889 

0.04 10 8.89E-10  8.89E-09 8.8889 

      

0.16 0.01 3.56E-09  3.56E-11 0.036 

0.16 0.1 3.56E-09  3.56E-10 0.356 

0.16 1 3.56E-09  3.56E-09 3.556 

0.16 10 3.56E-09  3.56E-08 35.556 

      

0.48 0.01 1.07E-08  1.07E-10 0.11 

0.48 0.1 1.07E-08  1.07E-09 1.07 

0.48 1 1.07E-08  1.07E-08 10.67 

0.48 10 1.07E-08  1.07E-07 106.67 

11 

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 22, 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/


Supplementary Material  2 

 12 
Figure S1:  Purging dynamics of fully recessive mutations (hrecessive = 0) as a function of selfing rate, the 13 
fitness effects of recessive mutations (srecessive; line colors), and Udel (facets) at a high relative 14 
recombination rate (RRR; RRR=10). (A) Average prevalence per individual from simulation results. 15 
Points represent simulation replicates and lines connect mean values. (B) A qualitative comparison of our 16 
simulation results with the expected equilibrium frequency of a recessive mutation at a single locus from 17 
Roze and Rousset (2004). We approximate the average frequency of recessive mutations in our 18 
simulation by dividing the average prevalence per individual by a quarter of the genome size, as the 19 
recessive mutation rate is one quarter of the total deleterious mutation rate.  20 
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 21 
Figure S2: Purging dynamics of recessive mutations as a function of selfing rate in simulations with high 22 
(warm colors) vs low (cool colors) relative recombination rates (RRR) highlights the qualitative spike in 23 
recessive load due to pseudo-overdominance. Points indicate the average prevalence of recessive 24 
mutations per individual in a given simulation replicate, and lines connect the mean value among 25 
simulation replicates. A) hrecessive=0, B) hrecessive=0.1, C) hrecessive=0.25. Within each panel, columns indicate 26 
different genome-wide mutation rates (Udel) and rows indicate the deleterious fitness effects of recessive 27 
mutations (srecessive).  28 
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  29 
Figure S3: Neutral diversity (π) spikes in simulations with pseudo-overdominance, and otherwise 30 
decreases with selfing rate and the relative recombination rate (RRR). Black horizontal lines indicate the 31 
neutral expectation of π (= 4Nμ). A) hrecessive=0, B) hrecessive=0.1, C) hrecessive=0.25. Within each panel, 32 
columns indicate different genome-wide mutation rates (Udel) and rows indicate deleterious fitness effects 33 
of recessive mutations (srecessive). 34 
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 35 
 36 
Figure S4: A snapshot of allele frequency spectra (AFS) in simulations with fully recessive (hrecessive=0) 37 
mutations. Within each panel (A-C; varying mutation rates), each graph is the AFS for a given selfing rate 38 
(column) and fitness effect of recessive mutations (srecessive,  row). Black lines indicate expected neutral 39 
AFS. We show the frequency of alleles that occur up to 30 times in a sample of 200 genomes.  40 
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 41 

 42 
 43 
Figure S5: Average population fitness due to recessive mutations across the three genome-wide 44 
deleterious mutation rates (A-C) and the selection coefficient of the recessive mutations (srecessive,  rows). 45 
Drops in fitness in low recombination environments (RRR <1) are due to the presence of pseudo-46 
overdominance.  47 
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 48 

 49 
 50 

Figure S6: Outcome plot indicating when pseudo-overdominance (POD) occurs across parameter space 51 
for partially recessive mutations. (A) Dominance of recessive mutations (hrecessive) = 0.1. (B) Dominance 52 
of recessive mutations (hrecessive) = 0.25.  53 

.CC-BY-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted May 22, 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/


Supplementary Material  8 

 54 

 55 
 56 
Figure S7: Prevalence of recessive mutations (average prevalence per individual) as a function of selfing rate when mutations are partially recessive (hrecessive = 57 
0.1 or hrecessive = 0.25) at the three genome-wide deleterious mutation rates (A-C). Rows within panels show prevalence for different fitness effects of the recessive 58 
mutations (srecessive). 59 
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 60 
 61 
Figure S8: Allele frequency spectra when hrecessive= 0.1 and Udel = 0.48. We show only Udel = 0.48, because at this hrecessive, pseudo-overdominance only occurs at 62 
Udel = 0.48. The shift to pseudo-overdominance is evidenced by the shift to more intermediate allele frequencies at the lowest relative recombination rate (RRR) 63 
when the selfing rate (columns) is less than 0.5 and the fitness effect of recessive mutations (rows) is 0.015. Black lines indicate expected neutral AFS. We show 64 
the frequency of alleles that occur up to 30 times in a sample of 200 genomes. 65 
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 66 
Figure S9: A snapshot of allele frequency spectra (AFS) in simulations with partially recessive (hrecessive= 67 
0.25) mutations. Within each panel (A-C; varying mutation rates), each graph is the AFS for a given 68 
selfing rate (column) and fitness effect of recessive mutations (srecessive,  row). Black lines indicate 69 
expected neutral AFS. We show the frequency of alleles that occur up to 30 times in a sample of 200 70 
genomes. 71 
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 72 

 73 
 74 

Figure S10: Prevalence of additive mutations characterized by s = -0.0005 across the three genome-wide deleterious mutation rates (A-C). Columns within each 75 
panel characterize the dominance of recessive mutations present in the simulation. The presence of pseudo-overdominance affects the accumulation of additive 76 
load, as seen by the differences in prevalence between simulations with fully and partially recessive mutations, particularly in low recombination simulations. 77 
Rows within each panel characterize the fitness effect of recessive mutations.  78 
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 79 
 80 
Figure S11: Prevalence of additive mutations characterized by s = -0.00025 across the three genome-wide deleterious mutation rates (A-C). Columns within each 81 
panel characterize the dominance of recessive mutations present in the simulation. The presence of POD affects the accumulation of additive load, as seen by the 82 
differences in prevalence between simulations with fully and partially recessive mutations, particularly in low recombination simulations. Rows within each panel 83 
characterize the fitness effect of recessive mutations.  84 
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 85 

 86 
 87 
Figure S12: Prevalence of additive mutations characterized by s = 0.00005 across the three genome-wide deleterious mutation rates (A-C). Columns within each 88 
panel characterize the dominance of recessive mutations present in the simulation. The presence of POD affects the accumulation of additive load, as seen by the 89 
differences in prevalence between simulations with fully and partially recessive mutations, particularly in low recombination simulations. Rows within each panel 90 
characterize the fitness effect of recessive mutations.  91 
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 92 

 93 
Figure S13: Mean population fitness across the three genome-wide mutation rates (A-C). Columns within each panel characterize the dominance of recessive 94 
mutations present in the simulation. The presence of POD affects population fitness, as seen by the differences in prevalence between simulations with fully 95 
and partially recessive mutations, particularly in low recombination simulations. Rows within each panel characterize the fitness effect of recessive mutations.  96 

 97 
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