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 2 

Abstract  25 

Upon inbreeding, the architecture of the inbreeding load shifts as selection purges strongly 26 

deleterious recessive mutations and drift fixes many milder ones. Most small inbred populations 27 

show limited genetic variation while crosses between such populations commonly express 28 

pronounced heterosis, confirming fixation. In contrast, purging appears to be limited in that 29 

inbred populations often retain substantial inbreeding depression. In addition we have the enigma 30 

Darwin noted: purely selfing taxa are unknown. Because both purging and fixation reduce 31 

inbreeding depression and load, another mechanism must exist to sustain these. Background 32 

selection and the associations that develop among alleles in small inbred populations will shift 33 

the architecture of the load potentially creating blocks of recessive mutations linked in repulsion. 34 

This would generate pseudo-overdominance that could sustain these “PODs” and inbreeding 35 

load. Recombination and crosses between lineages could erode PODs. Crosses between 36 

populations fixed for different mutations would generate high pseudo-overdominance, enhancing 37 

heterosis and potentially POD formation. New recessive mutations arising within PODs would 38 

reinforce overdominance. PODs should generate clear genetic signatures including genomic 39 

hotspots of heterozygosity and linkage disequilibrium containing alleles at intermediate 40 

frequency generating segregating load. Results from several simulation and empirical studies 41 

match these predictions. Further simulations and comparative genomic analyses are needed to 42 

rigorously test whether PODs exist in sufficient strength and number to generate persistent 43 

inbreeding depression and load in inbred lineages.  44 

 45 

Keywords:  genetic load; purging; drift load; heterozygosity-fitness correlation; genomic 46 

architecture.	  47 
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 3 

 “Nature abhors perpetual self-fertilization”  C. Darwin, 1876 48 

 Charles Darwin investigated the effects of self- and cross-fertilization in 52 taxa of 49 

flowering plants over 10 years. He concluded “It is as unmistakably plain that innumerable 50 

flowers are adapted for cross-fertilisation, as that the teeth and talons of a carnivore are adapted 51 

for catching prey” and that “It is a general law of nature that flowers are adapted to be crossed, at 52 

least occasionally, by pollen from a distinct plant” (p. 3 and 6, Darwin 1876). Although Darwin 53 

usually found substantial inbreeding depression, he also noted occasional exceptions like the 54 

individual he dubbed “Hero” that emerged in the sixth generations of inbreeding in Ipomea 55 

purpurea. This plant had high fitness, a trait it shared with its progeny. We now interpret its high 56 

fitness as the likely result of strong selection eliminating recessive deleterious alleles, reducing 57 

inbreeding depression (Crow 1999; Charlesworth and Charlesworth 1999; Charlesworth & Willis 58 

2009). But if selection can purge inbred lines of their genetic load, the question arises:  why 59 

don’t high fitness “Heroes” emerge regularly? Once they arise, why don’t such individuals 60 

generate purely selfing populations and taxa? Echoing the “Knight-Darwin Law” reflected in the 61 

opening quote, Stebbins (1957, p. 348) noted that "no species of plant . .  studied intensively 62 

throughout its entire range . . has been found to be exclusively self-pollinated." Recent work 63 

confirms that obligate outcrossers enjoy faster rates of diversification than selfing taxa (Goldberg 64 

et al. 2010) and that selfing lineages suffer a long-term disadvantage (Cheptou 2019). 65 

 The twin enigmas of persistent inbreeding depression (ID) in inbred populations and the 66 

lack of fully selfing species motivate this paper. I argue here that the same selective processes 67 

acting to purge and fix deleterious recessive mutations within small or inbreeding populations 68 

also restructure the load creating blocks of mutations maintained by pseudo-overdominance (see 69 

Glossary). I describe these dynamics and illustrate the idea with a numerical example. I then 70 
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make specific predictions about the genomic signatures such pseudo-overdominant blocks (or 71 

“PODs”) should generate, indicating how these ideas might be tested. I conclude by considering 72 

implications of PODs and the extent to which simulation and empirical studies support their 73 

existence. For additional background on inbreeding concepts, see Waller and Keller (2020). 74 

 75 

Why doesn’t inbreeding eliminate inbreeding depression? 76 

 Inbreeding dramatically increases the rate at which deleterious recessive alleles are 77 

expressed in homozygotes. This exposes them to selection, purging at least some of the 78 

inbreeding load. This could potentially allow fitness to recover following population bottlenecks 79 

or episodes of inbreeding. Lande and Schemske’s (1985) theoretical model confirmed how 80 

efficiently selection purges unlinked, fully recessive, lethal mutations within inbred populations, 81 

reducing ID and increasing inbred fitness (Fig. 1). They predicted that this should favor run-82 

away selection for increased self-fertilization, resulting in disruptive selection favoring either 83 

purely outcrossing or purely selfing populations and species (with high and low ID, 84 

respectively). This led them to argue that mixed mating systems exist only as a transient 85 

condition (Schemske and Lande 1985). Hopes that purging could efficiently reduce or eliminate 86 

the load also led some to advocate intentional inbreeding in captive breeding programs to reduce 87 

inbreeding load and boost population viability (Templeton and Reed 1984). 88 

 Contrary to these predictions, empirical studies often find inbred populations retain 89 

substantial inbreeding depression (e.g., Willis 1999; vanOosterhout et al. 2000). Levels of ID are 90 

often unrelated to population size, the amount of inbreeding, or amounts of genetic variability 91 

within populations (e.g. Paland and Schmid 2003; Willi et al. 2013; Toczyldowski and Waller, 92 

submitted). Indeed, both individual studies (e.g., Spigler et al. 2017; Baldwin and Schoen 2019) 93 
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and meta-analyses (Byers and Waller 1999; Winn et al. 2011) find persistent ID in inbred and 94 

mixed-mating populations and taxa. Keller and Waller (2002) concluded that purging usually 95 

fails to substantially reduce inbreeding depression in field populations. Substantial ID in inbred 96 

populations could explain why mixed mating systems persist and appear evolutionarily stable. 97 

 Whether deleterious recessive alleles are purged rapidly as predicted by the Lande-98 

Schemske model hinges critically on assuming that mutations are lethal, fully recessive, and 99 

unlinked. In fact, most deleterious mutations are mild (i.e., s<0.03), expressed partially in 100 

heterozygotes, and often linked to other selected loci, greatly weakening the efficacy of purging 101 

(Charlesworth and Charlesworth 1987; Willis 1999). It is difficult to purge mutations of small 102 

effect from small, inbred populations (Wang 2000). Incompletely recessive mutations are 103 

primarily selected against as heterozygotes in outbred populations, greatly reducing their 104 

frequency even before inbreeding occurs. Linkage interferes with the ability of selection to act 105 

independently across loci by generating associations (the Hill-Robertson effect), augmenting 106 

drift (Charlesworth et al. 1992). Sophisticated models that omit linkage often conclude that 107 

purging is effective (e.g., Lande and Porcher 2015). However, models that include linkage often 108 

generate different conclusions (e.g., Abu Awad and Roze 2018). Identity disequilibrium (the 109 

correlation in homozygosity among loci) increases with inbreeding making individuals either 110 

omozygous or heterozygous at many loci. This promotes the purging of recessive mutations, but 111 

linkage disequilibrium, pseudo-overdominance, and higher-level associations interfere with 112 

purging, modifying selective dynamics in complex ways (Roze 2015).  113 

 Persistent inbreeding depression within inbred populations and evolutionarily stable 114 

mixed mating systems have generated efforts to explain these that invoke various mechanisms 115 

(e.g., Johnston and Schoen 1996; Goodwillie et al. 2005; Charlesworth and Willis 2009). Some 116 
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interpret the lack of purging as evidence that most genetic load reflects mutations of small effect 117 

against which selection is weak (Byers and Waller 1999). Others hypothesize that inbreeding 118 

load persists because mutation rates to partially recessive deleterious alleles are high and 119 

continuously replenish the load (Barrett and Charlesworth 1991). Others invoke complex 120 

fluctuations in population size (demographic disequilbrium – Spigler et al. 2017) or selective 121 

interference among multiple load loci (Winn et al. 2011). We lack a general consensus on how to 122 

explain these enigmas. 123 

 Models for the evolution of sex recognize recombination as a key force, favored because 124 

it reduces linkage disequilibrium among alleles at different loci (Hill and Robertson 1968; 125 

Maynard-Smith 1978). Some recent studies on the effects of inbreeding also include effects of 126 

linkage and interactions among loci. For example, selective sweeps in partially selfing 127 

populations increase fixation rates for deleterious alleles, reducing polymorphism and effects of 128 

recombination (Hartfield and Glémin 2014). Viability loci also develop associations with alleles 129 

that modify selfing rates, substantially altering evolutionary dynamics relative to simple models 130 

that ignore linkage (Uyenoyama et al. 1993). Recombination facilitates selection, as found in 131 

selfing lines of maize where deleterious mutations purge slowly and variation is maintained in 132 

genomic regions of high recombination (McMullen et al. 2009; Roessler et al. 2019).  133 

 Identity disequilibrium (the correlation in homozygosity among loci) arising in inbred 134 

populations could also enhance purging as killing one highly homozygous individual eliminates 135 

several mutations. Linkage and identity disequilibrium among fully recessive mutations could 136 

also reduce purging, however, if selfed progeny simply do not survive (Lande et al. 1994; Bierne 137 

et al. 2000). Glémin (2003) distinguished purging dynamics resulting from inbreeding from those 138 
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caused by drift. He noted that drift only purges highly recessive mutations and that both types of 139 

purging become ineffective once populations drop below some threshold size.  140 

 Even a small amount of outcrossing helps to break up the negative associations that arise 141 

among alleles within selfing populations (Kamran-Disfani and Agrawal 2014). More elaborate 142 

models assuming linkage, moderate interference, and pairwise genic interactions within large 143 

populations show ID to be sustained even under moderately high rates of selfing (Roze 2015). In 144 

Roze’s models, identity disequilibrium reduces ID directly (as noted above) and indirectly (by 145 

decreasing homozygosity at each locus) but also decreases the efficiency with which selection 146 

eliminates mutations, increasing ID. The last effect dominates, so overall inbreeding load 147 

increases. Deviations of simulations from analytical models led him to conclude that “higher-148 

order genetic associations . .  must have important effects.”  149 

 150 

How do we infer purging? 151 

 Confusion remains over how to infer purging. Many interpret declines in inbreeding 152 

depression after inbreeding as evidence of purging. This is incorrect, however, as ID only 153 

measures relative fitness (typically defined as the proportional decline in fitness of inbred 154 

relative to outcrossed progeny: d = 1 – Ws / Wo). Drift and background selection also reduce ID, 155 

not by eliminating deleterious mutations in inbred progeny but by fixing them in outcrossed ones 156 

(Fig. 1). Fixation thus mimics purging as segregating load is fixed (documented in Daphnia by 157 

Lohr and Haag 2015). To demonstrate true declines in the load would require us to show that 158 

absolute inbred fitness improves upon inbreeding (Keller and Waller 2002).  159 

 160 

Drift load and heterosis 161 
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 8 

 Population declines and inbreeding enhance the power of drift even as they expose 162 

deleterious recessive mutations to purging. Drift greatly affects the frequency of mildly 163 

deleterious alleles as selection loses power in small and/or inbred populations. In particular, as 164 

the scaled selection coefficient S = 2Nes (where s is the fitness decrement in mutant 165 

homozygotes and Ne is the genetically effective population size) declines below one, selection 166 

becomes unable to counter drift (Wright 1931; Haldane 1932; Charlesworth 2018). These 167 

mutations then start to fix in proportion to their frequency (Kimura and Crow 1964), creating a 168 

fixed “drift load” (Whitlock et al. 2000) or “finite population load” (Crow and Kimura 1970). As 169 

mutations continue fix and accumulate, small populations may undergo “mutational meltdown” 170 

(Gabriel et al. 1993; Schultz and Lynch 1997).  171 

 Progeny from crosses within highly inbred populations may show little fitness recovery if 172 

individuals fix for the same mutations (as Oakley et al. 2019 found in wild populations of 173 

Arabipsosis thaliana). In contrast, crosses between separately inbred lineages or populations 174 

often result in high fitness. Such heterosis emerges as different deleterious recessive mutations 175 

tend to fix in each population. This allows alleles from each population to “mask” the deleterious 176 

effects of alleles in the other. Not surprisingly, small or selfing populations usually display more 177 

heterosis in crosses than outcrossing populations of the same species (e.g., Oakley and Winn 178 

2012; Oakley et al. 2015). Heterosis generated excitement among plant and animal breeders in 179 

the mid 20th century when it was ascribed to true overdominance. As genetic maps became more 180 

precise, however, most heterotic effects turned out to reflect associative overdominance (Crow 181 

1999; Hedrick 2012).  182 

 Small or inbred populations often express appreciable drift loads as in small populations 183 

of the perennial Hypericum cumulicola (Oakley and Winn 2012) and Gentianella germanica 184 
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(Paland and Schmidt 2003). In both species, small and large populations had similar ID, leading 185 

them to conclude that purging was weaker than drift in these populations. Willi (2013), Willi et 186 

al. (2013), and Oakley et al. (2015) similarly found high drift loads in small or selfing 187 

populations of Arabidopsis lyrata yet also appreciable ID rather than the significant declines in 188 

ID expected under purging. Oakley et al. (2015) found heterosis and ID to be uncorrelated, 189 

leading them to conclude that they have different genetic bases.  190 

 In sum, the appreciable drift load and high heterosis we find in crosses between small or 191 

inbred populations support predictions from classical drift models. In contrast, we fail to find 192 

consistent declines in ID as expected with purging. What could account for this discrepancy? 193 

Charlesworth (2018) extended classic 1-locus load theory to predict levels of fixed drift load and 194 

ID under various assumed parameter values. He compared these theoretical predictions to results 195 

from empirical studies (cited above). He also concluded that the consistent increases in between-196 

population heterosis seen in smaller or more selfing populations agree well with theory. In 197 

contrast, the strong ID in many inbred populations suggested to him that selected loci within 198 

small or inbred populations likely show associations, violating the independence assumed in 199 

classic models. He interpreted recent theory (Kamran-Disfani and Agrawal, 2014, Roze 2015, 200 

and Bersabé et al. 2016) to argue that such associations should be modest, but noted that 201 

heterozygote advantage (balancing selection) emerges regularly in genomic surveys 202 

(Charlesworth 2006; Gao et al. 2015; Hedrick et al. 2016; Siewert and Voight 2017). 203 

 204 

Hypothesis  205 

 If both purging and drift act to erode inbreeding (segregational) load in bottlenecked 206 

and/or inbred populations, why does inbreeding depression persist? Is there a mechanism that 207 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 October 2020                   doi:10.20944/preprints202010.0634.v1

https://doi.org/10.20944/preprints202010.0634.v1


 10 

might limit both purging and fixation of deleterious recessive mutations within inbred 208 

populations? Selection and drift act together in such populations to modify the architecture of the 209 

load – could this sustain inbreeding depression? “Architecture” here refers to the number of 210 

deleterious mutations, their joint distributions of deleterious and dominance effects, and linkage 211 

relations within the genome (cf. Remington and O'Malley 2000; Glémin 2003). Any mechanism 212 

that perpetuates the inbreeding load would help to explain the persistence of mixed mating 213 

systems although other factors also affect selection on the mating system. These include 214 

associations among loci (Uyenoyama et al. 1993), correlations among fitness components 215 

(Johnston et al. 2008), and pollen discounting (Holsinger 1991; Chang and Rausher 1998). 216 

 Recessive deleterious mutations exist as both highly deleterious alleles (lethals and sub-217 

lethals) and mildly deleterious alleles. Even if these arise at similar rates, selection ensures that 218 

mild mutations will be far commoner at equilibrium (Crow and Kimura 1970). This is true in 219 

large outcrossing populations and truer in inbred populations as highly deleterious recessive 220 

mutations are purged. Kimura et al. (1963) first explored how equilibrium frequencies of 221 

mutations of variable effect shift as population sizes shrink. Large populations undergoing 222 

efficient selection eliminate many highly deleterious mutations (which may already be at low 223 

frequency if they are expressed partly within heterozygotes). Their residual load thus consists 224 

mostly of milder and more recessive mutations. Their high number could generate high ID. As 225 

population sizes shrink, mutations of progressively larger effect become invisible to selection 226 

and start to drift and fix (Kimura et al. 1963; Crow and Kimura 1970; Glémin 2003). This 227 

increases the total load as some mutations fix (creating drift load) and others continue to 228 

segregate (generating inbreeding load). 229 
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 As outcrossed populations start to inbreed, the architecture of the load shifts as highly 230 

deleterious recessive alleles are lost to purging and many mild mutations fix. Purging generates 231 

“background selection” and “selective sweeps”, reducing variation at linked loci (Charlesworth 232 

et al. 1993; Barton 1995). Purifying selection also acts to flatten the distribution of heritability 233 

effects across the genome as rarer large-effect variants are quickly selected, leaving commoner 234 

alleles with smaller effects (O’Connor et al. 2019). These processes are especially strong in 235 

species with few chromosomes or short map length (Nordborg et al. 1996). Many mildly 236 

deleterious mutations linked in repulsion to lethals or sub-lethals thus fix and favorable 237 

mutations linked in coupling may be lost. Genomic regions with low recombination increase the 238 

power of this background selection.  239 

 For linked deleterious recessive mutations, two outcomes emerge. Mutations linked in 240 

coupling enhance purging as one selective death eliminates two or more mutations (amplifying 241 

background selection and sweeps). Mutations linked in repulsion, however, interfere with 242 

purging by reducing the fitness of both segregating homozygotes (Fig. 2a). This generates 243 

pseudo-overdominance, favoring the heterozygote via balancing selection (Ohta 1971). This 244 

resembles associative overdominance where observed (presumed neutral) genetic markers appear 245 

to show overdominance because nearby deleterious mutations are linked in repulsion 246 

(Frydenberg 1963). Such sets of mutations showing negative linkage disequilibrium (Hill-247 

Robertson effects) tend to persist and segregate load until recombination occurs to break up dual 248 

(or multiple) heterozygotes. Tight linkage and the extended linkage groups generated by 249 

inbreeding reduce the frequency of such recombination events, extending their persistence.  250 

 Most of the load reflects mild mutations, particularly in inbred populations. Models 251 

accurately predict the evolution of ID (and heterosis in between-population crosses) when 252 
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selection acts independently among loci (Charlesworth 2018). Such models are of less use when 253 

linkage and selective interference affect selective dynamics. As selection loses its efficiency in 254 

small populations, the density of segregating mild mutations will increase, enhancing linkage 255 

effects and selective interference. These linkage effects could accelerate purging via two 256 

mechanisms. Identity disequilibrium (the correlation in homo- or heterozygosity among loci) 257 

increases in inbred populations, allowing one selective death to eliminate multiple mutations (but 258 

see Roze 2015). If mutations are consistently linked in coupling, purging would also be enhanced 259 

(see above and Bersabé et al. 2016). This is inherently unlikely, however, as more mild 260 

mutations are involved. A chromosomal segment with many mutations at random locations is 261 

likely to have a roughly even number of mutations on opposing segments (Fig. 2b). Mutations in 262 

both coupling and repulsion linkage disequilibrium generate pseudo-overdominance (Lynch and 263 

Walsh 1998, p. 288). Many such mutations could combine to yield appreciable fitness effects 264 

and pseudo-overdominance. Heterozygotes would retain high fitness by masking these 265 

deleterious effects within loci. Such pseudo-overdominant blocks (PODs) would act to 266 

perpetuate ID by shielding mutations from purging and slowing fixation.  267 

 268 

Numerical example 269 

 How commonly will pseudo-overdominance arise and persist? Extensive simulations 270 

would allow us to rigorously explore the circumstances favoring the creation and persistence of 271 

PODs. However, a simple example – a roll of the dice for one individual – serves to show how 272 

such effects might arise. I used an Excel spreadsheet (see SI) to generate random map locations 273 

for five major and 200 minor mutations distributed along each of two homolog chromosomes (a 274 

and b) with a map length of 1000. I arbitrarily divided this into ten bins to represent linked sets 275 
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of loci (Table 1) assuming alleles to be fully linked within bins but unlinked among bins. Most 276 

bins show zero or one major mutation, as expected, but bins #1 and #9 gained three and two such 277 

genes. Because these are linked in coupling with no opposing mutations on the opposite 278 

chromosome, they would quickly purge. Bin 4, in contrast, supports two major mutations in 279 

repulsion (Table 1; Fig. 3a), generating strong pseudo-overdominance (“fixed heterozygosity” if 280 

lethal - Roose and Gottlieb 1976). In general, cases of coupling and repulsion should occur in 281 

equal frequencies.  282 

 The far more common mild mutations occur in similar numbers among segments and on 283 

the two homologs (mean=20 here; Table 1; Fig. 3b). The largest asymmetry occurs in bin #3 284 

where 23 mild mutations occur on one segment but only 10 in its homolog. The major mutation 285 

co-occurring among the 23 mild mutations on 1a assures that this segment would be rapidly 286 

purged (fixing the 10 mild mutations in repulsion). In the four segments lacking major mutations, 287 

the largest asymmetry in loads occurred in bin #7 (20 vs. 30 mutations). If we assume 288 

multiplicative fitness interactions among loci, s = 0.02, and h = 0.1, the three genotypes 289 

segregating from self-fertilization would have fitnesses of 0.668, 0.905, and 0.545. This degree 290 

of asymmetery would allow some selection, but would also exhibit overdominance, slowing 291 

purging. The other three segments lacking strong mutations show more balanced selection, 292 

reducing purging.  293 

 294 

Implications  295 

 Although this example includes complete linkage within the bins/blocks, actual PODs 296 

would be vulnerable to recombination. Recombination weakens these PODs by reducing linkage 297 

disequilibrium and increasing potential asymmetry. Mutations (particularly in cis-clumps) 298 
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become more exposed to purging. Others could fix via background selection or drift. This would 299 

reduce the balance of selective forces maintaining PODs and erode their overdominance effects. 300 

As PODs decay, these processes could accelerate, dissolving the POD. Inbreeding would 301 

accentuate selection by increasing segregation, exposing recessive mutations. However, 302 

inbreeding would also reduce recombination and diminish the power of selection, slowing the 303 

decay of PODs. 304 

 Because PODs would vary in their number of mutations and mutational effects, so would 305 

the selective effects of any one POD. Selective effects would accumulate across PODs, however, 306 

increasing their total effect. The identity disequilibrium present in inbred populations would 307 

amplify this effect by increasing the expression of overdominance and ID in multiply 308 

heterozygous individuals. These selective effects might even be strong enough to eliminate 309 

inbred progeny, blocking purging as already noted. Recombination and selection would act to 310 

erode PODs over time, but POD strength could also grow as new recessive mutations arise 311 

within these blocks, boosting overdominance while being shielded from selection.  312 

 Crosses between independently inbred lineages or sub-populations could strongly affect 313 

PODs both by eroding existing PODs and by creating conditions favoring the evolution of new 314 

ones. Recessive mutations unique to either population would be masked as heterozygotes in the 315 

F1, generating high heterosis via pseudo-overdominance. Extant PODs in two populations would 316 

add to the initial high heterosis seen in F1 crosses but would not affect heterosis much if this 317 

mostly reflects mutations independently fixed in the two populations. Existing PODs would, 318 

however, become more exposed to selection as they paired up with new haplotypes that did not 319 

mirror their load. That is, we expect much of the load initially segregating in each source 320 

population to be concentrated within PODs that would usually occur at different locations in the 321 
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two populations (given independent origins). Thus, upon crossing, load-laden POD haplotypes 322 

would become paired with low-load non-POD haplotypes from the other population. The 323 

resulting asymmetry in fitness of segregating homozygotes could quickly purge POD haplotypes. 324 

Again, self-fertilization would promote purging by increasing the frequency of homozygotes and 325 

identity disequilibrium while enhanced linkage and associations among loci would interfere with 326 

selection, making outcomes uncertain. 327 

 In addition to eroding PODs already present in the source populations, between-328 

population crosses could also create new PODs by generating high levels of pseudo-329 

overdominance and linkage disequilibrium (LD) in the F1. Mutations in either population would 330 

initially exist in repulsion to all mutations unique to the other, generating high linkage 331 

disequilibrium (LD). With free recombination (unlinked loci) and random mating, this LD would 332 

decay by one half each generation. However, with many load loci, linkage, small Ne, and the 333 

genic associations present in inbred populations, much LD would persist. This high pseudo-334 

overdominance and LD would create conditions conducive to forming new PODs. These would 335 

be most likely to persist if the segregating load were large enough to select against most 336 

homozygous progeny, limiting purging.  337 

 A third scenario might unfold if a POD contributed by one population overlapped or lay 338 

adjacent to a POD from the other population. This could allow the PODs to fuse and reinforce 339 

each other, ensuring that both would persist. It would thus be interesting to map PODs in 340 

different populations to see whether PODs occur non-randomly, e.g., in mutation hotspots or 341 

recombination cold spots.  342 

 In sum, a history of inbreeding and drift or heterotic crosses between inbred sub-343 

populations could generate PODs and/or increase their selective effects. The existence of 344 
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substantial pseudo-overdominance would substantially alter predictions based on classical 345 

models of purging and drift (Charlesworth 2018), allowing populations to sustain enough ID to 346 

counter selection for selfing. Populations selected to retain some outcrossing would also benefit 347 

from boosts in fitness provided by heterotic crosses to other populations. They would also 348 

benefit from increased recombination allowing selection to counter accumulations of drift load. 349 

Ironically, although selection acts to purge inbreeding load, it may also act to sustain it by 350 

creating regions of persistent pseudo-overdominance. Cycles of inbreeding alternating with 351 

between-lineage crosses and selective purging might also allow the number (or selective effects) 352 

of PODs to cycle. Selection may also favor the early expression of ID to reduce investment in 353 

inviable progeny (Husband and Schemske 1996). This, too, could help perpetuate PODs and ID 354 

by eliminating homozygotes. Over time, selection and fixation should eliminate PODs with 355 

smaller and/or more asymmetric fitness effects. Thus, the remaining inbreeding load should 356 

steadily become more balanced, stable, and recalcitrant to further purging. 357 

 358 

Predictions 359 

 If pseudo-overdominance blocks, or PODs, exist, these should be evident both in the 360 

form of persistent inbreeding depression and heterogeneity in the architecture of load. I make 361 

these predictions to promote tests of the POD hypothesis. POD signatures should resemble those 362 

found for other loci subject to balancing selection like disease resistance genes (e.g., Wang et al. 363 

2019) and self-incompatibility loci. Some studies relevant to these predictions are cited here. A 364 

more extensive discussion of relevant results follows. 365 

1. Genetic variation and inbreeding depression should persist within inbred populations. 366 

Balancing selection acting on linkage blocks could sustain polymorphisms at marker loci 367 
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(as observed by Pamilo and Pálsson 1998). Amounts of variation and ID, however, will 368 

vary depending on the particular demographic and genetic histories experienced by a 369 

population and which mutations fix, purge, or continue segregating. Lines of honeybees 370 

(Apis mellifera capensis) inbred for more than 100 generations in way that should have 371 

reduced heterozygosity by a third each generation retained heterozygosity at 34% of 372 

10,884 loci and in the same genomic regions across all sub-lineages (Smith et al. 2019). 373 

This strongly suggests that PODs exist in this strain and demonstrates how strong 374 

overdominance can sustain variation even in highly inbred lines. 375 

2. Pseudo-overdominance effects. Evidence for overdominance should exist in many inbred 376 

populations mapping to particular restricted genomic regions that may differ among sub-377 

populations. PODs are difficult to distinguish from truly overdominant loci unless very 378 

fine-scale maps are available. Lynch and Walsh (1998, p. 284), drawing on Crow (1958) 379 

and Lewontin (1974), argued that dominance and overdominance can be distinguished as 380 

mechanisms of inbreeding depression using the ratio (A+B)/A where A is the sum of 381 

mortalities in an outcrossing population and B is the additional mortality seen in a fully 382 

inbred population (the intercept and slope of a log fitness vs. F regression – Morton et al. 383 

1956). This ratio greatly exceeds 2 in nine outcrossing vertebrate species, leading them to 384 

conclude that overdominance does not cause ID in these populations. If overdominance 385 

were great enough, selfed progeny would be eliminated, sustaining high B even in inbred 386 

populations. It might thus be interesting to compare (A+B)/A ratios in related outcrossing 387 

and inbred populations.  388 

3. Site frequency spectra. Without PODs, genetic diversity would erode in small inbred 389 

populations leaving few variable loci. Those that did still vary should show a fairly 390 
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continuous range of allele frequencies under drift. In contrast, PODs maintained by 391 

balancing selection should contain alleles with frequencies close to 0.5. Genomic scans 392 

should also reveal heterogeneity or bimodality with high fixation across much of the 393 

genome alternating with local “hot spots” of heterozygosity. Spectra from independently 394 

inbred lineages, however, should show variability at distinct sets of loci.  395 

4. Allele age.  If balancing selection acts to sustain mutations as masked heterozygotes, 396 

these might persist for long enough for gene genealogies to distinguish these from 397 

shorter-lived mutations in other regions (which forms the basis for genomic tests of 398 

balancing selection - Siewert and Voight 2017). Becher et al. (2020) noted that 399 

overdominance increases the lengths of internal branches in coalescent trees. However, 400 

this effect may be too modest to detect in sequence data given that inbred lineages are 401 

often short-lived and that recombination probably limits the longevity of PODs.  402 

5. Inbreeding estimates. Inbreeding is usually estimated from heterozygosity at genetic 403 

marker loci. PODs, however, act to sustain heterozygosity both locally within blocks and 404 

generally in surviving offspring. This could generate estimates of inbreeding below those 405 

calculated from pedigrees. Viewed another way, PODs should retard the degree of 406 

inbreeding attained within inbred pedigrees. PODs could also cause estimates of 407 

inbreeding to vary with marker loci located within PODs showing low values and 408 

markers outside showing higher values.  409 

6. Runs of homozygosity.  Fisher (1965) developed the theory of junctions in the second 410 

edition of his book on inbreeding to predict the length of runs of homozygosity expected 411 

in lineages with various histories of inbreeding. These have been used to infer inbreeding 412 

in human populations (McQuillan et al. 2008). Stable PODs maintained by balancing 413 
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selection could interrupt such runs, however, reducing their upper limit. This should 414 

reduce the frequency of longer run lengths. 415 

7. Linkage disequilibrium.  Balancing selection acting within PODs would generate strongly 416 

positive and negative LD among alleles in or near these blocks. Genomic regions of high 417 

LD, high heterozygosity, and intermediate allele frequencies should all coincide. 418 

Estimates of LD should also differ when calculated from markers in or outside PODs. 419 

Tenaillon et al. (2008) simulated heterozygosity and LD among neutral loci in 420 

populations emerging from a bottleneck. The found discrete hotspots of polymorphism 421 

and high levels of LD across long map distances with strikingly discrete modes. These 422 

high LD values reflected long coalescent times, resembling expectations under balancing 423 

selection. One might extend their model (lacking selection) by simulating PODs with 424 

selection and assess how levels of heterozygosity, LD, and their heterogeneity respond.  425 

8. Dynamics. Crosses between separately inbred populations usually generate high levels of 426 

heterozygosity, LD, and pseudo-overdominance in the F1. Does their decline in 427 

subsequent generations match predictions from classic models?  PODs should slow these 428 

declines. We also expect levels of inbreeding depression to increase following 429 

hybridizations as some of the drift loads fixed within sub-populations converts to become 430 

segregating load. The presence of PODs would slow subsequent purging and fixation 431 

below classic (unlinked) expectations.  432 

9. Dominance vs. additive variance.  Inbreeding substantially alters evolutionary responses 433 

to selection (Kelly & Arathi 2003). Populations starting to inbreed express considerable 434 

quantitative genetic variation resulting from both additive and dominance variance 435 

components, allowing them to respond quickly to selection. As inbreeding proceeds, 436 
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however, purging and fixation deplete additive variance (Clo et al. 2019). Classical 437 

models of purging and fixation suggest that dominance variance (reflected in ID) should 438 

also decline. Overdominance, however, would sustain dominance variance (Lynch and 439 

Walsh 1988, p. 604). Noël et al. (2017) found abrupt reductions in the ability of selfing 440 

lines of Physa snails to respond to selection after only three generations of selfing. This is 441 

striking given that these lines continued to express higher levels of phenotypic variance 442 

than outcrossed lines. PODs might explain this result if the segregating variance PODs 443 

maintain fail to maintain adaptive quantitative genetic variation.  444 

10. Selection for outcrossing. As inbred lineages progressively lose fitness, either by steadily 445 

accumulating more mutations or by generating PODs, selection should favor outcrossing 446 

more as lineages become more inbred. Spigler et al. (2016) indeed found higher ID in 447 

smaller populations of Sabatia. This effect might favor adaptations that would allow 448 

more inbred lineages to outcross more. Evidence for this may exist in two inbred annuals 449 

that self via cleistogamous flowers. Larger individuals outcross more in both species. 450 

Amphicarpaea bracteata first produces a few large seeds via subterranean selfed 451 

cleistogamous flowers before producing aerial cleistogamous and (finally) 452 

chasmogamous (outcrossing) flowers. Only plants growing from large buried (selfed) 453 

seeds ever grow large enough to outcross, ensuring that outcrossed plants only self and 454 

only selfed plants can outcross (Schnee and Waller 1986). More inbred individuals of 455 

Impatiens capensis similarly invest more in outcrossing via chasmogamous structures 456 

(Toczydlowski 2019).  457 

11. Heterozygosity fitness correlations.  Positive correlations between heterozygosity and 458 

fitness occur in partially inbred populations reflecting both identity disequilibrium and 459 
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the fact that heterozygosity inversely measures inbreeding (Pamilo and Pálsson 1998; 460 

Lynch and Walsh 1998, p. 289). As inbreeding proceeds, however, any PODs present 461 

would limit declines in heterozygosity, restricting the range of heterozygosity values 462 

observed and thus heterozygosity-fitness correlations. These relationships might even 463 

reverse to become negative in highly inbred populations if heterozygosity starts to 464 

indicate the presence of PODs and their segregating load. Analyses of molecular genetic 465 

variation and fitness in 12 populations of Impatiens capensis generated exactly these 466 

results (Toczydlowski and Waller, submitted). 467 

 468 

Discussion 469 

 Given that both purging and fixation act to reduce ID, the force maintaining ID under 470 

inbreeding has remained obscure. Classic theory explored how purging reduces the load and how 471 

drift often fixes it but fewer studies have explored the fate of linked, segregating deleterious 472 

mutations in complex genetic association with each other. Likewise, few studies dissect the 473 

molecular bases for quantitative fitness variation. These gaps have left our picture of how 474 

selection, linkage, inbreeding, and drift interact to modify the architecture of the fixed and 475 

segregating load incomplete. Nevertheless, recent studies are starting to fill in these gaps. 476 

 Despite the ability of selection to swiftly purge unlinked, strongly deleterious, recessive 477 

mutations, background selection simultaneously fixes many mild mutations. Declines in 478 

population size and inbreeding also reduce the power of selection causing more mild mutations 479 

to fix via drift.  This likely accounts for the low fitness of many isolated populations and fitness 480 

recovery we see following between-population crosses allowing ‘genetic rescue’ (Richards 2000; 481 

Hedrick and Garcia-Dorado 2016). Among the mutations drifting in small, inbred populations, 482 
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some become linked in repulsion creating pseudo-overdominance. Several such blocks (PODs) 483 

could together generate significant ID. These PODs gain strength by sheltering load and 484 

accumulating additional mutations. Crosses between sub-populations fixed for different 485 

mutations could foster POD creation by converting fixed drift load mutations to arrays of 486 

segregating load loci, many with high LD. PODs decay as recombination dissolves linkage 487 

disequilibrium (LD) exposing more mutations to selection. This may explain why PODs can 488 

arise in ‘cold-spots’ of low recombination (see below). With PODs, ID and load persist not in 489 

spite of selection but because of it.  490 

 The number and effects of PODs hinge on the balance that exists between how quickly 491 

they are created and how long they persist before being disrupted and dissolved. Recombination 492 

will at to erode the genic associations that sustain PODs. Inbreeding reduces effective 493 

recombination while increasing genic associations including identity disequilibrium. The 494 

resulting increase in multiply homozygous individuals should increase the efficacy of purging, 495 

but increases other genic associations that may interfere. Overall, genic associations cause loads 496 

to increase in parallel with levels of neutral genetic variation (e.g., Pálsson and Pamilo 1999; 497 

Uyenoyama et al. 1993; Charlesworth 2012). Alleles at viability and quantitative trait loci can 498 

also interfere with selection, increasing or decreasing the load so as to favor mixed mating 499 

(Lande and Porcher 2017).  500 

 Developing theory to treat the dynamics of selected alleles at multiple loci subject to 501 

linkage and associations within inbred populations is difficult, but ignoring these complications 502 

has misled us. We lack knowledge on key parameters like the number of load loci, their selective 503 

effects, degrees of dominance, and linkage relationships and how the architecture of the load 504 

shifts with inbreeding. Nevertheless, we can explore POD dynamics using simulations to explore 505 
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how and why PODs emerge, how long they persist, and the effects they may exert. We can also 506 

capitalize on genomic data emerging from crops and model organisms like Drosophila, 507 

Arabidopsis, and Mimulus to see which predictions are met.  508 

 509 

Simulation results 510 

 Zhao and Charlesworth (2016) used theory and simulations to explore how the strength 511 

of background selection (acting to deplete neutral variation at linked loci) compares with 512 

selection from pseudo-overdominance (acting to sustain variation). They found that pseudo-513 

overdominance arose in small or inbred populations among weakly selected loci when Nes was 514 

of order one or less (initially at linkage equilibrium in their model). Small population sizes and 515 

weak selection facilitated the emergence of pseudo-overdominance. Inbreeding and population 516 

bottlenecks thus promote the formation of PODs by reducing Ne, as could strong background 517 

selection on alleles at linked loci. Pseudo-overdominance can then dominate background 518 

selection, greatly retarding the loss of genetic variation. Reduced recombination increases these 519 

overdominance effects, potentially causing small inbred populations to “crystalize” into two 520 

complementary haplotypes (e.g., + - + - - + vs. - + - + + -), mimicking a strong overdominant 521 

locus (cf. Charlesworth and Charlesworth 1997; Pálsson and Pamilo 1999). Becher et al. (2020) 522 

extended these results, noting that “LD is the driving force for AOD.” More recessive mutations 523 

and those with more variable effects generated more LD while increasing allelic diversity (p) and 524 

reducing the asymmetry in allele frequencies.  525 

 Striving to understand why hotspots of nucleotide diversity and recombination evolve, 526 

Tenaillon et al. (2008) simulated the effects of population bottlenecks on how polymorphic sites 527 

aggregate and resulting levels of LD. Conspicuous discrete spikes in variation (50x more 528 
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polymorphic sites per kilobase) emerged, resembling mutation hotspots. These occurred at 529 

various locations but always supported alleles at intermediate frequencies. Their highest 530 

aggregation scenario typically generated just two haplotypes, mimicking the ‘crystalized’ 531 

scenario noted above.  532 

 Bersabé et al. (2016) simulated the effects of linkage on purging of the genetic load after 533 

a population bottleneck (from N=1000 to 10 or 50) due to alleles of varying selective effect and 534 

dominance. Linkage increased the segregating load relative to free recombination, slowing 535 

purging. These outcomes reflected the accumulation of mildly deleterious mutations within 536 

blocks, allowing them to be partly sheltered from selection within heterozygotes. This runs 537 

counter to the negative linkage disequilibrium predicted by classical theory (Barton & Otto 538 

2005) but fits with pseudo-overdominance. Balancing selection could also explain their finding 539 

that linkage retarded the loss of neutral genetic diversity. As they only report mean LD levels, we 540 

do not know if these values fell into distinct modes as expected with PODs. 541 

 Harkness et al. (2018) also simulated load dynamics in independently inbred lines 542 

(N=100) to understand how the heterosis resulting from crosses would affect selection for 543 

outcrossing at an unlinked modifier locus. They assumed that purging and fixation were initially 544 

complete within these lines, yielding monomorphic viability loci and thus no inbreeding 545 

depression (or PODs). High heterosis emerged, as expected, in F1 crosses, initially favoring the 546 

outcrossing modifier. These often persisted only through a transient period, however. Only 547 

highly polygenic load or modifiers located on a rare background generated longer-term selection 548 

for outcrossing. The increase in rare outcrossing modifiers may reflect the associations they 549 

gained with multiply heterozygous mutations. This and the fact that only highly polygenic load 550 

favored such modifiers agree with the POD model. A single balanced overdominant locus 551 
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anywhere in the genome can interact with a selfing modifier locus to favor persistently mixed 552 

mating systems (Uyenoyama and Waller 1991). 553 

 554 

Empirical evidence on pseudo-dominance 555 

 If PODs exist, sustaining segregating load (ID), there should be empirical evidence to 556 

support the above Predictions. As already noted, many studies failed to find the systematic 557 

declines in inbreeding depression expected if selection purges load in inbred populations. Carr et 558 

al. (1997), for example, found no association between levels of inbreeding depression and 559 

autogamy among populations of Mimulus guttatus. Carr and Dudash (2003) noted that 560 

“Investigators using molecular markers to study quantitative trait loci (QTL) often find support 561 

for overdominance” and that pseudo-overdominance could account for findings of segregation 562 

distortion among markers and genes with major effect on viability. 563 

 Hedrick et al. (2016) examined patterns of heterozygosity and fitness in 28 selfed 564 

progeny derived from one parent Eucalyptus grandis tree heterozygous at 9590 marker loci. 565 

They found high inbreeding depression on 10 of 11 chromosomes, losses of particular 566 

homozygous segments, and high variance in heterozygosity over chromosomes. In contrast, wild 567 

trees showed low identity disequilibrium and no excess heterozygosity. They concluded that 568 

100+ load loci probably interacted to generate pseudo-overdominance, generating the high 569 

inbreeding depression observed. 570 

 Gilligan et al. (2005) experimented with small populations of Drosophila. They found 571 

that quantitative and molecular genetic variation declined at lower rates than expected, a result 572 

they attributed to overdominance. In seeking to account for slower losses of heterozygosity than 573 

expected over 200-generation bottlenecks in Drosophila populations, Latter (1998) simulated the 574 
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evolution of linked sets of mutations of minor effect (s=1-2%). He found a rapid buildup in 575 

heterozygote advantage (pseudo-overdominance) of 5-10% sufficient to stabilize allele 576 

frequencies in accord with his experimental results. Charlesworth (2015) concluded that although 577 

individual coding mutations are often weakly deleterious, balancing selection generates much of 578 

the fitness variation observed in Drosophila. 579 

 Genomic tools are now being used to measure inbreeding and ID and to pinpoint loci 580 

with large inbreeding effects (Kardos et al. 2016). In 11 maize lines selfed over six generations, 581 

Roessler et al. (2019) found heterozygosity to decline less than expected (35-40% per generation 582 

vs. 50%), a result they attributed to “pervasive associative overdominance.” Brandenburg et al. 583 

(2017) similarly used 22.2M SNPs to analyze variation in 67 maize genomes. They found 6978 584 

segments representing 8.8% of the genome with unexpectedly high rates of heterozygosity. 585 

These contributed to inbreeding depression with deleterious variants occurring more often within 586 

the heterozygous segments than elsewhere in the genome. 587 

 Li et al. (2015) set out to rigorously assess four alternative hypotheses to explain 588 

heterosis for height in sorghum. They used genetic mapping, a genome-wide association study, 589 

and controlled crosses between recombinant inbred lines to identify QTLs for height on 590 

chromosome 7 and 9. They confirmed pseudo-overdominance between two key genes located 29 591 

cM (3 Mb) apart. Lariépe et al. (2012) also used QTL mapping to localize QTLs for heterotic 592 

effects in maize. Tracking heterozygosity, they found most QTLs for grain yield showed 593 

apparent overdominance. These QTLs tended to be located near centromeres where low 594 

recombination would conserve repulsion linkage. 595 

 Seymour et al. (2016) set out specifically to test dominance versus overdominance as the 596 

genetic basis for heterosis in the inbred model plant, Arabidopsis thaliana. This annual 597 
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predominantly self-fertilizes but wild populations maintain a low level of outcrossing (estimated 598 

at 10% by Bomblies 2010). They intercrossed 30 parent plants (spanning much of the genetic 599 

diversity found across this species’ natural range) in a diallel to analyze genome-wide 600 

associations with fitness traits. This assessed dominance and overdominance effects on both trait 601 

means and mid-parent heterosis. Heterosis proved to be more predictable than mean effects. 602 

They found overdominance for all traits and a general lack of positive correlations between non-603 

additive effects and genetic distance (expected under the dominance hypothesis – Charcosset et 604 

al. 1991). The tested SNPs accounted for 35-45% of the total genetic variance of late fitness 605 

traits in the overdominant model with 35 sites individually significant. These mapped to three 606 

specific overdominant genomic regions.  607 

 Brown and Kelly (2020) used genomic tools to uncover remarkably large inbreeding load 608 

in Mimulus guttatus distributed mostly as rare alleles within clusters distributed in clumps across 609 

the genome, matching the POD hypothesis. Gilbert et al. (2020) derived conditions under which 610 

background selection could transition to pseudo-overdominance and used simulations to show 611 

that this could greatly increase diversity in low-recombination regions. They identified 22 low-612 

recombination regions in the human genome consistent with multi-locus overdominance. Further 613 

work should seek to identify just how recombination cold-spots (including inversions) may 614 

generate pseudo-overdominance.   615 

 Chelo et al. (2019) compared load dynamics in more and less inbred lines of 616 

Caenorhabditis elegans using high-quality SNP data. Over 50 generations of selfing, populations 617 

gained the ability to survive under a salt-stress treatment, a result they interpreted as evidence of 618 

purging. They were thus surprised to find that androdieoecious lines sustained most of their 619 

genetic variability despite being inbred to a level of F = 0.77. Both expected heterozygosity and 620 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 October 2020                   doi:10.20944/preprints202010.0634.v1

https://doi.org/10.20944/preprints202010.0634.v1


 28 

the effective numbers of haplotypes far exceeded what was expected under neutral drift or 621 

purging dynamics. These lines also developed high and variable levels of identity disequilibrium 622 

with g2 increasing from 0.07 to 2.5. Even monoecious lines inbred to F = 0.99 retained half their 623 

allele diversity. As only mean levels were reported, it is unclear whether allele frequency spectra 624 

became bimodal in inbred populations as expected if PODs were sheltering load. Chelo et al. 625 

found these results hard to reconcile with current theoretical studies but noted they were 626 

compatible with associative overdominance generated by closely linked deleterious recessive 627 

alleles in linkage disequilibrium. In fact, recessive semi-lethal mutations linked in strong 628 

repulsion occur in wild populations of C. elegans (Seidel et al. 2008). Bernstein et al. (2019) 629 

found similar evidence for large-effect variants linked in repulsion in crossed lines of C. elegans. 630 

 Together, these studies strongly support the existence and strength of pseudo-631 

overdominant effects in many species. Our ability to characterize and map PODs means we 632 

could also compare their number, location, and strength among populations to assess how these 633 

affect levels of ID and selection on mating systems. We could also assess their stability among 634 

diverging lineages.  635 

 636 

Conclusion 637 

 The qualitative model outlined here could help to explain why inbreeding depression and 638 

mixed mating systems persist under inbreeding and why exclusively self-fertilizing taxa are 639 

vanishingly scarce. Despite accumulating evidence and frequent mention of how pseudo-640 

overdominance caused by linked deleterious mutations could be relevant, few have emphasized 641 

how general this phenomenon may be or its broad relevance to mating system evolution. Many 642 

of the explanations proposed to explain why ID and selection for outcrossing persists appear 643 
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rather ad hoc or depend on particular ecological or genetic circumstances. While a rich portfolio 644 

of hypotheses and ideas is always useful, it would be more parsimonious to find a general 645 

mechanism acting regularly under a broad set of circumstances to perpetuate inbreeding 646 

depression and selection for outcrossing. Because they can persist even in highly inbred 647 

populations, PODs could account for these phenomena. Focused simulation and genomic studies 648 

could test these ideas more rigorously. 649 

 These results reviewed above suggest that PODs exist and can be important. If PODs act 650 

to sustain inbreeding depression and outcrossing, they could provide a mechanism to explain 651 

why mixed mating systems persist and why fully self-fertilizing species do not exist. PODs 652 

might thus act as a brake to limit how often inbred lineages lose genetic variability, 653 

compromising their adaptability or risking “mutational meltdown.” Although clade selection 654 

appears to sometimes act against predominantly selfing lineages and taxa (see Introduction), it 655 

may occur less often than it would if PODs did not exist to interrupt the march to increased 656 

selfing. PODs may thus help to explain why at least opportunistic outcrossing predominates in 657 

nature.  658 

 659 
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Table 1.  Simulation results showing the number of major and minor mutations occurring along 1004 

a single pair of chromosomes. Here, map locations from 1-1000 on each of a pair of 1005 

chromosomes were randomly assigned to 5 major and 200 minor mutations subsequently sorted 1006 

into 10 bins. Alleles are assumed to be tightly linked within bins but unlinked among bins. 1007 

Selection would act efficiently against major mutations (s between 0.5 and 1), especially when 1008 

these occur in coupling on the same chromosome (bins 1 and 9). Those linked in repulsion (here, 1009 

in bin 4 where mutations occurred at locations 347 and 369) express pseudo-overdominance, 1010 

sustaining variation by strongly selecting against both homozgotes. Minor mutations (s ~ 0.02), 1011 

being more common, occur in more consistent numbers among bins and between the two 1012 

chromosomes (Fig. 3). This balanced occurrence makes it unlikely that multiple linked mutations 1013 

will only occur on one of a pair of chromosomes, allowing efficient purging, while making it 1014 

more likely that many will be linked in repulsion (generating pseudo-overdominance). 1015 

 1016 

 

Chromosome 1a 

mutations 

Chromosome 1b 

mutations 

Map Bin Major Minor Major Minor 

1 3 20 0 18 

2 0 16 1 20 

3 1 23 0 10 

4 1 20 1 12 

5 0 24 1 21 

6 0 24 0 20 

7 0 20 0 30 
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8 0 16 0 23 

9 0 20 2 20 

10 0 17 0 26 

	  1017 
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Figure 1.  Expected relationship between (log) fitness and an individual’s coefficient of 1018 

inbreeding, F, within a population.  Multiplicative fitness interactions among mutations cause 1019 

linear declines in log fitness with F (Morton et al. 1956).  Selection against deleterious recessive 1020 

alleles purges the genetic load, increasing fitness especially of inbred progeny (blue line hinges 1021 

up). In contrast, fixing deleterious alleles via drift reduces outbred fitness (red line hinges down). 1022 

Because both purging and fixation reduce inbreeding load (the slope -B), reductions in 1023 

inbreeding depression cannot distinguish between these mechanisms.   1024 

 1025 

 1026 

 1027 

 1028 

 1029 

  1030 
 1031 
  1032 
 	  1033 
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Figure 2.  Two pathways to pseudo-overdominance and a recalcitrant load.  a)  If two recessive 1034 

lethal mutations are linked in proximity to each other along the same chromosome but occur in 1035 

repulsion, selection among the self-fertilized progeny generated eliminates any progeny 1036 

homozygous for either allele, maintaining the heterozygote and any closely linked alleles at an 1037 

intermediate frequency.  b)  Selection against strongly deleterious mutations could still leave a 1038 

residue of several mildly deleterious mutations linked in repulsion between chromosomal 1039 

segments. Effects of individual recessive mutations would be masked in the heterozygous parent 1040 

but could express significant combined deleterious effects within selfed progeny as 1041 

homozygotes. The resulting pseudo-overdominance could sustain these mutations at intermediate 1042 

frequency and perpetuate inbreeding load.1043 

  1044 

 	  1045 

a)  2 lethals in repulsion:

Self-fertilization: Pseudo-overdominance

Heterozygote is maintained

b) Mild mutations in repulsion:

Self-fertilization: Pseudo-overdominance

Heterozygote is favored
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Figure 3. The numbers of randomly distributed major (a) and minor (b) mutations found in each 1046 

of 10 bins matching map distance along a pair of chromosomes (simulated data from Table 1). a) 1047 

Note the balanced major mutation load at bin #4 where 2 lethal recessive mutations could be 1048 

indefinitely maintained even under close inbreeding. b) The higher numbers and density of 1049 

mildly deleterious mutations ensure that most chromosomal segments contain balanced sets of 1050 

mildly deleterious mutations. 1051 

 1052 
 a)  Major mutations 1053 

   1054 
 b)  Minor mutations 1055 

   1056 
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