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Abstract 23	
 24	
Supergenes offer some of the most spectacular examples of long-term balancing selection in 25	
nature but their origin and maintenance remain a mystery. A critical aspect of supergenes is 26	
reduced recombination between arrangements. Reduced recombination protects adaptive multi-27	
trait phenotypes, but can also lead to degeneration through mutation accumulation. Mutation 28	
accumulation can stabilize the system through the emergence of associative overdominance 29	
(AOD), destabilize the system, or lead to new evolutionary outcomes. One such outcome is the 30	
formation of balanced lethal systems, a maladaptive system where both supergene arrangements 31	
have accumulated deleterious mutations to the extent that both homozygotes are inviable, 32	
leaving only heterozygotes to reproduce. Here, we perform a simulation study to understand the 33	
conditions under which these different outcomes occur, assuming a scenario of introgression 34	
after allopatric divergence. We found that AOD aids the invasion of a new supergene 35	
arrangement and the establishment of a polymorphism. However, this polymorphism is easily 36	
destabilized by further mutation accumulation. While degradation may strengthen AOD, thereby 37	
stabilizing the supergene polymorphism, it is often asymmetric, which is the key disrupter of the 38	
quasi-equilibrium state of the polymorphism. Furthermore, mechanisms that accelerate 39	
degeneration also tend to amplify asymmetric mutation accumulation between the supergene 40	
arrangements and vice versa. As the evolution of a balanced lethal system requires symmetric 41	
degradation of both arrangements, this leaves highly restricted conditions under which such a 42	
system could evolve. We show that small population size and low dominance coefficients are 43	
critical factors, as these reduce the efficacy of selection. The dichotomy between the persistence 44	
of a polymorphism and degradation of supergene arrangements likely underlies the rarity of 45	
balanced lethal systems in nature. 46	
 47	
 48	
Keywords: associative overdominance, supergene, balancing selection, introgression, inversion, 49	
balanced lethal system  50	
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Background 51	
 52	
Understanding the forces that maintain genetic variation despite the eroding forces of drift, 53	
directional selection, and recombination is one of the central problems of evolutionary biology. 54	
Supergenes, tightly linked sets of loci that underlie distinct complex phenotypes (1, 2), represent 55	
some of the most spectacular examples of long-term balanced polymorphisms in nature. 56	
Although the genetic architecture of supergenes does not always include chromosomal 57	
rearrangements, they are frequently present (3); here, we therefore refer to different variants of 58	
the supergene as arrangements. The reduced recombination between supergene arrangements 59	
allows for unique combinations of alleles to be maintained in linkage disequilibrium, thus 60	
preserving multi-trait phenotypes and allowing for adaptation to complex environments. 61	
However, the origin and maintenance of multiple supergene arrangements and their associated 62	
phenotypes within populations is still poorly understood (3-5). 63	
 64	
Reduced recombination not only allows for multi-locus complexes that define supergenes, but 65	
also puts them at risk for degeneration. This reduction in recombination generates a pseudo-66	
population substructure; effective population size (Ne) for the supergene region is reduced as 67	
compared to the rest of the genome. The local decreases in Ne and in effective recombination 68	
rate between supergene arrangements diminish the efficacy of purifying selection and can lead to 69	
the accumulation of deleterious alleles (3, 6, 7). Indeed, recent theoretical and empirical work has 70	
shown that supergene systems are prone to such mutation accumulation (3, 7-9). This 71	
degeneration can destabilize the system or lead to new evolutionary outcomes. 72	
 73	
The formation of a balanced lethal system (10) has been theorized to be one such outcome (11). 74	
In a balanced lethal system, only adults possessing two distinct arrangements (i.e., 75	
heterokaryotypes) are viable. According to the rules of Mendelian inheritance, 50% of the next 76	
generation will be homozygous for either one or the other arrangement and thus inviable, 77	
meaning that half of the offspring are lost every generation. While it seems counterintuitive that 78	
such a huge genetic load could ever evolve under natural conditions, it has done so repeatedly 79	
across the tree of life, with examples in plants, insects and vertebrates (12-16). However, the 80	
degeneration of supergenes provides a potential path by which a supergene system might evolve 81	
into a balanced lethal system; a mechanism that has received very little theoretical attention (but 82	
see 17, 18). If the fitness of the homozygotes for both supergene arrangements (i.e., 83	
homokaryotypes) reaches zero, then a balanced lethal system has evolved.  84	
 85	
Recently, Berdan and colleagues have shown that evolution of an inversion polymorphism can 86	
lead to the formation of a balanced lethal system (8). Since their focus was on the evolution of 87	
polymorphic inversions, the authors assumed that the inversion itself was inherently 88	
overdominant (sensu stricto), facilitating its invasion. Here, we relax this assumption, allowing only 89	
selection on linked variants. Thus in our model, associative overdominance (AOD), the 90	
heterozygote advantage experienced by a neutral variant (in this case the supergene region itself) 91	
due to selection on sites linked to the neutral locus (19-22), is the only form of balancing 92	
selection. While AOD can be caused by overdominant alleles, it can also be generated by the 93	
masking of deleterious recessive variants in multi-locus heterozygotes. Empirical and theoretical 94	
work suggests that AOD driven by deleterious recessive variants may be a strong and common 95	
force stabilizing supergene systems (6-9, 23, 24). 96	
 97	
Here, we explore the role of AOD in maintaining a supergene polymorphism and ask when it 98	
can pave the way towards a balanced lethal system. Specifically, we examine a case where a 99	
supergene arrangement introgresses from another population. As compared to a single- 100	
population origin, the introgression scenario increases the chance of generating a balanced 101	
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polymorphism, as there will be pre-existing AOD due to private deleterious recessive mutations, 102	
resulting from divergence between populations. Empirical data indicate that introgression might 103	
be a common mechanism through which supergene polymorphisms originate (25, 26). Starting 104	
from introgression of a supergene arrangement we use simulations to understand the range of 105	
conditions under which a supergene can persist and potentially evolve into a balanced lethal 106	
system. 107	
 108	
Model 109	
 110	
We explored how admixture between populations, fixed for alternative arrangements of a 111	
supergene, could generate a supergene polymorphism via AOD. Following admixture, AOD is 112	
generated by the masking of recessive private deleterious mutations within the supergene region. 113	
We hypothesized that the extent of AOD and its evolutionary consequences should be based on 114	
four major factors: 115	
 116	
(1) the local mutational load of the populations, 117	
 118	
(2) the dominance coefficient of the deleterious mutations, 119	
 120	
(3) the rate of gene conversion (GC; the only recombination occurring between supergene 121	
arrangements in our model), and 122	
 123	
(4) the population size.  124	
 125	
We simulated two isolated diploid populations (P1 and P2, N=2,500 individuals per population) 126	
using SLiM v2.6 (27). The genome consisted of 2 chromosomes of 10 Mb (genome length L = 127	
20 Mb). We used parameters based on estimates from Drosophila melanogaster. Mutations occurred 128	
at a rate of µ=4.5 x 10-9 per bp per generation (28). Recombination rate was set to r = 4.80 x 10-8 129	
per base pair per meiosis (29); recombination occurred via a combination of crossing over, at a 130	
rate of ρ = 3.0 x 10−8 per base pair per meiosis (29, 30), and gene conversion at a rate of γ = 1.8 131	
x 10−8 per base pair per meiosis (31) (γ is the rate of initiation of a gene conversion event). Gene 132	
conversion track length was modeled as a Poisson distribution, with the parameter λ set to 500 133	
bp (31). 134	
 135	
To generate differences in mutational load of the populations, we used burn-ins of two different 136	
durations (TBI=200,000 or TBI=500,000 generations). Since the populations were isolated, the 137	
burn-in length corresponds to divergence time. Fitness was multiplicative, and all mutations were 138	
assumed to be deleterious. The magnitude of their fitness effects (|s|) was drawn from a 139	
Gamma (Γ) distribution (α = 0.5, β = 10), with fixed dominance coefficient h. Separate burn-ins 140	
were run for two different dominance coefficients: h=0 and h=0.1. Given that not all simulations 141	
used the same burn-in, stochasticity between burn-ins could affect possible metrics of interest 142	
when comparing across different values of h or burn-in length (see Significant variation with 143	
evolutionary consequences exists between burn-ins below). To take into account this source of variation, 144	
we generated 10 different burn-ins per parameter combination (2 population sizes and 2 145	
dominance coefficients, for a total of 40 burn-ins). 146	
 147	
We modelled the supergene as a chromosomal inversion. The inversion occurred at a fixed 148	
position on chromosome 1 and encompassed 50% of its length (i.e., 25% of the genome). The 149	
inverted arrangement was assumed to be fixed in P2, while the P1 population carried the standard 150	
arrangement. Recombination in the inverted region in the heterokaryotype was restricted to gene 151	
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conversion only. The second chromosome served as a control region since indirect effects of the 152	
inversion could extend beyond the inverted region to the rest of chromosome 1. 153	
 154	
The polymorphic period for each replicate began with the migration of a single randomly chosen 155	
individual from P2 to P1 in generation 1. This migration step established the supergene system, 156	
with the inverted arrangement from P2 and the standard arrangement from P1 forming the two 157	
arrangements of the supergene. After this migration event, we only followed evolution of P1. 158	
Simulations ended when the immigrating inverted arrangement was fixed or lost, or after 200,000 159	
generations if it remained polymorphic. For each of the 10 burn-ins per parameter combination, 160	
we ran 10,000 replicates for a total of 100,000 replicates per parameter set (over 16 parameter 161	
sets in total). 162	
 163	
We examined the emergence of AOD and its evolutionary consequences for the inversion 164	
polymorphism, using a full block design and varying two post-burn-in parameters (GC and 165	
population size) for each of the four combinations of the burn-in parameters (see Table 1). The 166	
absence of GC was modelled as having all recombination events occur as crossing overs, so that 167	
the total rate of recombination, r, remained constant. To explore the effect of a smaller 168	
population size, we assumed that a bottleneck occurred before the migration event, with only 169	
100 individuals among the 2,500 in P1 contributing to generation 1 of the AOD period. The 170	
polymorphic period differed from the burn-in period in that beneficial mutations could also 171	
occur at a 1,000x lower rate than their deleterious counterparts (4.5 x 10-12 per bp per generation). 172	
All beneficial mutations were co-dominant (h=0.5) and their fitness effects (|s|) were drawn 173	
from an exponential distribution with parameter κ = 0.001. 174	
 175	
To further explore the relationship between population size and the emergence of balanced 176	
lethals, we considered two additional population sizes (N=250 and N=500; resulting from a 177	
bottleneck of the N=2,500 population, as described above) and tested these with the two 178	
different burn-in lengths. Both GC and h were kept at 0, as these factors were found to be 179	
critical for the emergence of balanced lethals using our initial parameter combinations (see 180	
Balanced lethals can only evolve in a highly restricted parameter space below). As before, we performed 181	
10,000 replicate runs of each of these parameter sets, for each of the 10 burn-ins, for a total of 182	
100,000 replicates. 183	
 184	
To reduce computational time we did not simulate neutral mutations. We simulated allelic 185	
content only in 200 kb of the 20Mb genome, divided into 5 kb segments, uniformly distributed 186	
along the genome. Recombination can occur anywhere in the genome, but deleterious and 187	
beneficial mutations only occur in regions where we simulated allelic content. Finally, we scaled 188	
our parameters by a factor of 10, keeping Lµ and Lr constant, so that evolution occurred at an 189	
accelerated rate (a common practice; see (32) for an example). 190	
 191	
Since we assumed a constant population size, only relative fitness values were considered. For 192	
the rest of the paper, we refer to fitness relative to the mean fitness of the population. 193	
 194	
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 195	
Table 1 - Parameters for the simulations 196	
 197	
Results and Discussion 198	
 199	
Significant variation with evolutionary consequences exists among burn-ins  200	
 201	
The mutational load of the populations, following the burn-in, is affected by dominance and 202	
burn-in length. As expected, the number of fixed mutations between different populations 203	
increases with burn-in length, but the number of segregating mutations remains stable (figure S1). 204	
Mutations accumulate in a linear fashion, with the 500,000 generations burn-in having ~2.5x 205	
more fixed mutations than the 200,000 generation burn-in. Increasing the dominance coefficient 206	
(h) strongly decreases the number of segregating mutations (figure S1B). Additionally, increasing 207	
the dominance coefficient slightly decreases the average number of fixed mutations, however the 208	
distributions overlap (figure S1A). Thus, by simply picking randomly a single burn in for each 209	
value of h, there is a non-negligible chance that the average trend observed would be reversed, 210	
highlighting the necessity of using multiple burn-ins. These effects are mirrored for mutational 211	
load (figure S2). The mutational load of the supergene region, especially in P1 (the focal 212	
population), is strongly correlated with the strength of AOD at the beginning of the simulation 213	
(figure 1A, figure S3). We calculate AOD following Ohta (19), using s’ = min(s’1,s’2), where: 214	
 215	
s’1 = 1-𝑊AA/𝑊AB 216	
s’2 = 1-𝑊BB/𝑊AB 217	
 218	
Where A is the inverted arrangement (originating in P2) and B is the standard arrangement 219	
(originating in P1). Positive values of s’ indicate that the heterokaryotype is more fit than either 220	
homokaryotype (i.e., the presence of AOD) and negative values indicate the reverse. Variation in 221	
mutational load and in the strength of AOD is found across parameter combinations, as well as 222	
among burn-ins within parameter combinations (figure 1A). 223	
 224	
The strength of AOD at the beginning of the simulation partially explains the probability of 225	
invasion (figure 1B). We consider that the inverted arrangement has successfully invaded if it is 226	
still present in P1 after N generations. As AOD increases, so does the probability of invasion. 227	
This is in line with theoretical predictions that AOD should aid supergene invasion (23). 228	
 229	
 230	
 231	

Parameter Value
Mutation rate (µ) 4.5 x 10-9 per bp per generation 

Genome length (L) 20 Mb
Recombination (r) 4.80 x 10-8 per bp per meiosis

Gene conversion initilization (γ) 0 or 1.8 x 10−8 per base pair per meiosis 
Gene conversion tract length (λ) 500 bp

Burn-in length (TBI) 200,000 or 500,000 generations
Dominance coefficient (h) 0 or 0.1

Population size post-burn-in (N) 100 or 2,500 (250 and 500 for selected 
combinations of  other parameters)
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 232	
Figure 1. Associative overdominance (AOD) generated from mutational load can facilitate invasion of a supergene. 233	

A.) AOD correlates with mutational load. Shown is the average AOD at generation 10, across replicates, 234	
for each burn-in (200k or 500k generations), compared to the mutational load of the P1 population 235	
estimated from the burn-in. Colors indicate the dominance coefficient (0-red, 0.1-blue) and shape indicates 236	
the level of gene conversion (circle - absence, triangle - presence). The data shown is for N=2,500. B.) 237	
Both symmetry and strength of AOD contribute to the probability of invasion. Each tile represents a 238	
specific parameter space (+/-0.005 change in AOD and +/-0.0075 change in absolute (s’1-s’2)). Coloring 239	
represents the probility that a simulation from that parameter space resulted in invasion. The number of 240	
obervations per tile differs, but all are greater than 20. The data shown is for N=100, GC=0, and h=0. 241	

 242	
AOD is evolutionarily unstable because it evolves 243	
 244	
AOD is determined by the mutational loads of the two supergene arrangements. Its strength 245	
therefore varies as the supergene arrangements evolve. Nei et al. found that AOD could aid the 246	
invasion as well as the fixation of a new inversion (33). Yet, in many circumstances such an 247	
advantage conferred by AOD might only be transient as the inversion will accumulate recessive 248	
deleterious mutations over time which might in turn prevent the fixation of the inversion 249	
homokaryotype (34). In our model, where the inversion is introduced by migration, invasion 250	
probability is also dependent on the symmetry of the mutational load of the two supergene 251	
arrangements in addition to the strength of AOD (figure 1B). This is consistent with results from 252	
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single-locus overdominance models which show that higher levels of heterozygosity can be 253	
maintained under symmetrical overdominance, because drift is less likely to cause the loss of a 254	
polymorphism maintained at intermediate frequency (35, 36). A critical difference between AOD 255	
and single-locus overdominance is that AOD can easily evolve (34), while the overdominance 256	
coefficient is generally a fixed property of the mutation.  257	
 258	
AOD is determined by large regions of the genome that are prone to mutation accumulation due 259	
to reduced recombination (8, 9). The rate of mutation accumulation in either of the supergene 260	
arrangements is tied to both effective recombination rate and the relative strengths of drift and 261	
purifying selection (correlated with the number of copies of the arrangement). A large difference 262	
between the fitness of the supergene arrangements implies a large frequency difference between 263	
the major (more frequent) and minor (less frequent) supergene arrangements. This in turn 264	
translates into purifying selection being far less effective in the minor arrangement, which leads 265	
to an increase in mutation accumulation (8). This has two consequences: first the relative fitness 266	
of the major arrangement will increase even more, further increasing its frequency, and therefore 267	
the efficacy of purifying selection, in a feedback loop. Second, if mutations are only partly 268	
recessive, mutation accumulation in the minor type will also decrease the fitness of the 269	
heterokaryotype and thus reduce AOD. These processes drive the frequency of the minor 270	
arrangement down, increasing its chance of being lost by drift. To illustrate this point, consider a 271	
single-locus model with overdominance and assume that one homozygote is inviable (see 272	
Appendix). In order for the frequency of the corresponding allele to remain above 10%, 273	
 274	
9*(𝑊MAJOR-𝑊AB) + 𝑊AB > 0. 275	
 276	
Using our notation, this can be simplified (regardless of dominance) to: 277	
 278	
s’ > 1/9. 279	
 280	
The critical factors for the maintenance of the supergene polymorphism are the fitness 281	
differential between the major arrangement and heterokaryotype and the mean fitness of the 282	
heterokaryotype. An increase in dominance coefficient will reduce both terms; as predicted, we 283	
observe a negative relationship between dominance coefficient and invasion probability (figure 284	
S4). Together, our results point towards the symmetry of the mutational load of the two 285	
supergene arrangements (along with the magnitude of AOD) as being a key factor determining 286	
the fate of the supergene polymorphism. 287	
 288	
AOD readily evolves in our model: it generally decreases in the beginning of the runs and then 289	
increases again over time (figure 2). This remains true even when focusing only on simulations 290	
where the population remains polymorphic to the end. This indicates that this increase is not due 291	
to a sieving effect (i.e., cases with weak AOD are removed at early time points leaving only cases 292	
with strong AOD at later time points). In addition, the initial decrease in AOD occurs even in 293	
the absence of gene conversion and with fully recessive deleterious mutations, excluding the 294	
possibility that the mutational load of the immigrating arrangement decreases via gene flux and 295	
selection. Thus, this initial decrease is likely due to the erosion of linkage disequilibrium between 296	
the supergene arrangement from P2 and the rest of the P2 genome. Initially, the entire 297	
chromosome 1 (50% of the genome) contributes to overdominance, but over time 298	
recombination will reduce this to the supergene alone. Indeed, this drop in AOD corresponds to 299	
a drop in heterokaryotype fitness and a slight increase in the fitness of the inversion 300	
homokaryotype (figure S5). After the initial decrease, AOD increases in all runs that remain 301	
polymorphic over 200,000 generations, due to mutation accumulation. This increase is stronger 302	
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in the absence of GC, with fully recessive deleterious mutations, and in smaller populations 303	
(figure S6). 304	
 305	

        306	
Figure 2. Associative Overdominance (AOD) evolves in a non-monotonous manner over time. Shown are changes 307	

in AOD over time, only for simulations where the polymorphism lasted 200,000 generations (N=2,500, 308	
Burn-in=500k generations). AOD for each generation is calculated as an average per burn-in, per 309	
parameter set. Error bars represent standard error between burn-ins. Colors indicate the dominance 310	
coefficient (0-red, 0.1-blue) and facets indicate the level of gene conversion (GC; presence or absence)). 311	

 312	
Maintenance of supergene polymorphism can be accomplished in three different ways 313	
 314	
To understand the fate of the supergene and its possible long-term maintenance, we focus on 315	
cases where the polymorphism is maintained over the full simulation period (i.e., 200,000 316	
generations). We examine fitness across karyotypes at the final generation, considering 317	
individuals with fitness values < 0.01 to be inviable and individuals with fitness values > 0.01 to 318	
be viable. We identify three qualitatively different outcomes: 319	
 320	
(1) both homokaryotypes remain viable (𝑊BB > 0.01 & 𝑊AA > 0.01), 321	
 322	
(2) one homokaryotype becomes inviable, while the other remains viable (𝑊BB < 0.01 & 𝑊AA > 323	
0.01 or 𝑊AA < 0.01 & 𝑊BB > 0.01), and 324	
 325	
(3) both homokaryotypes become inviable and only heterokarytoypes contribute to subsequent 326	
generations (i.e., a balanced lethal system; 𝑊BB < 0.01 & 𝑊AA < 0.01). 327	
 328	

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

No GC GC

1 2 3 4 5 1 2 3 4 5

0.025

0.050

0.075

0.100

0.125

0.025

0.050

0.075

0.100

Log10(Generation)

AO
D

 m
in

(s
' 1,

s'
2)

Dominance (h) ● ●0 0.1

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

The copyright holder for thisthis version posted November 28, 2021. ; https://doi.org/10.1101/2021.11.27.470204doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.27.470204
http://creativecommons.org/licenses/by-nc/4.0/


10	
	

Outcome 1 only occurs in the large populations (N=2,500) and is negatively correlated with GC 329	
and positively correlated with h and divergence time before introgression (figure S7). Outcome 2 330	
occurs almost exclusively in large populations (N=2,500; 99.99% of cases), without GC (99.92% 331	
of cases), and is negatively correlated with h and positively correlated with divergence time 332	
(figure S8A). Finally, outcome 3 (a balanced lethal system) only occurs in the small populations 333	
(N=100) and is negatively correlated with h and positively correlated with divergence time (figure 334	
S8B). Overall, either partially recessive mutations or GC, or both, reduce the chance of the 335	
supergene remaining polymorphic for up to 200,000 generations (i.e. at least 80 N generations). 336	
 337	
We further explore how fitnesses change over time when the polymorphism persists. When both 338	
homokaryotypes remain viable (outcome 1), there is an initial increase in fitness of all three 339	
karyotypes (figure 3). In our simulations there are three ways for a homokaryotype to increase in 340	
fitness: (i) purging of deleterious mutations via gene flux, (ii) reducing linkage disequilibrium with 341	
the rest of the genome, therefore lessening the mutational load generated by private mutations, 342	
and (iii) accumulation of beneficial mutations. Recombination can occur within arrangements via 343	
crossing over and GC or between arrangements via GC only. The introgressed inverted 344	
arrangement cannot purge its initial mutational load by recombination within arrangements, since 345	
all inverted arrangements share the same load. We observe increases in fitness, both in the 346	
presence and absence of GC. This indicates either accumulation of beneficial mutations or the 347	
lessening of linked mutational load generated by private mutations (figure 3). After the initial 348	
increase, fitness of the homokaryotypes plateaus, before decreasing again. This decrease is due to 349	
the accumulation of deleterious mutations, which do not affect the fitness of the heterokaryotype 350	
when h=0. It is important to remember that we only run our simulations for 200,000 generations. 351	
Given that karyotype fitnesses are still evolving, outcome 1 is likely a transient state, as s’ is quite 352	
small and asymmetric mutation accumulation could result in the loss of the polymorphism. 353	
 354	

 355	
Figure 3. Evolution of fitness when all karyotypes remain viable for different values of h (A. h=0, B. h=0.1). Fitness 356	

of the population, relative fitness of the heterokaryotype, relative fitness of the standard homokaryotype, 357	
and relative fitness of the inversion homokaryotype are shown. Time is always shown on a log scale, actual 358	
time points are: 10, 50, 100, 200, 500, 1000, 5000, 10000, 25000, 50000, 100000, 125000, 150000, and 359	
200000 generations. Only data from N=2,500 runs that lasted 200,000 generations are shown. 360	

 361	
In the half-lethal outcome (outcome 2), one arrangement degrades by mutation accumulation, 362	
while the other does not (figure S9). Initially, fitnesses of all karyotypes increase, due to the 363	
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accumulation of beneficial mutations and the reduction of linkage disequilibrium between the 364	
supergene and the other P2 mutations situated outside of the supergene. After reaching a plateau, 365	
the fitness of one of the homokaryotypes drops steeply to “lethal” (fitness < 0.01), due to the 366	
accumulation of deleterious mutations, while the other remains relatively fit (figure S9). The fitter 367	
arrangement also accumulates mutations over time, but at a much slower rate (figure S9). 368	
Outcome 2 is likely to be less transient than outcome 1 (where both homokaryotypes remain 369	
viable), because there is the possibility for s’ to increase as the fitter homokaryotype slowly 370	
degrades. This indicates that AOD is able to maintain a long-term polymorphism when at least 371	
one of the homokaryotypes is inviable. Indeed, many supergene systems have a single lethal 372	
homokaroytype, including e.g. the ruff (37, 38) and the fire ant (39, 40). We discuss outcome 3 373	
below (see section Balanced lethals can only evolve in a highly restricted parameter space). 374	
 375	
The degradation of supergene arrangements and the maintenance of the polymorphism via AOD are at odds 376	
 377	
The parameter space within which the supergene polymorphism might potentially be maintained 378	
over long time-scales by AOD alone is small. Events occurring with a frequency below 10-4 were 379	
ignored. Outcomes 1 and 2 only occur in 5 and 2 parameter combinations, respectively, out of 380	
16. This suggests, that within our model, AOD alone is only capable of maintaining a long-term 381	
balanced polymorphism in exceptional circumstances. We hypothesize that this is due to the fact 382	
that degeneration of the supergene arrangements, the process that increases AOD, typically also 383	
leads to homokaryotype asymmetry. 384	
 385	
To test this idea, we examine how our four investigated parameters (GC, dominance coefficient, 386	
divergence time, and population size) affect critical properties (Table 2). For a polymorphism to 387	
be maintained, the inverted arrangement must invade, but not fix. This creates a challenge; the 388	
underlying cause of the necessary fitness advantage of the heterokaryotype, should not also 389	
generate a fitness advantage for the inverted homokaryotype. For instance, increased divergence 390	
between populations increases both invasion and fixation probability. Stronger initial AOD 391	
means that the immigrating arrangement quickly spreads in the population, thus spending less 392	
time at low frequency, where mutation accumulation is more likely. Once this happens, and if the 393	
two arrangements are approximately equivalent in load, it is unpredictable which one is fixed or 394	
lost. 395	

 396	
 397	
Table 2. Shown are the relationship between the parameter and process (yellow positive, blue negative, grey no 398	

relationship). Note that dominance coefficient refers to the coefficient for deleterious mutations only. 399	
 400	
If invasion succeeds, the processes that will decide the fate of the polymorphism are the rates of 401	
mutation accumulation in the major and minor arrangements. Only mutation accumulation in 402	
the major arrangement will increase s’ and symmetry. Mutation accumulation in the minor 403	
arrangement will not affect s’ but will decrease symmetry. Due to the feedback loop between the 404	
effective population size of each supergene arrangement and mutation accumulation (discussed 405	
above in AOD is evolutionarily unstable because it evolves), mutation accumulation is (much) faster in 406	
the minor arrangement. The presence of the feedback loop thus makes maintenance of the 407	
polymorphism by AOD alone unlikely. 408	
 409	

Parameter Invasion Fixation
Mutation	

Accumulation	
major

Mutation	
Accumulation	

Minor

Efficacy	of	
purifying	
selection

Homokaryotype	
Symmetry

Magnitude	
of	AOD

Gene	Conversion + = - - + + =
Dominance	coefficient	 - + -/= - + + -
Divergence	Time + + + + - = +
Population	Size - - - - + - -
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Several factors impact mutation accumulation in the major and minor arrangements and the 410	
resulting fate of the polymorphism (figure 4). First, GC, by allowing recombination between the 411	
two arrangements, can reduce asymmetry, promoting the polymorphism. Surprisingly, we do not 412	
find a detectable reduction of the magnitude of AOD associated with GC. This might be due to 413	
the low population-wide GC rate (Nγ) relative to the rate of mutation accumulation. Second, 414	
incompletely recessive deleterious mutations are partially expressed in the heterokaryotype. This 415	
results in lower AOD, making the polymorphism more likely to be lost. However, the partial 416	
expression in the heterokaryotype also allows purifying selection to act on the mutations, 417	
especially those in the minor arrangement. This slows the rate of mutation accumulation and the 418	
build-up of the asymmetry (figure 4). Third, population size has an unexpected role here. Small 419	
populations mean that maintenance of the polymorphism becomes unlikely, as drift becomes 420	
stronger, with the exception of one case: the balanced lethal system, which we discuss below. On 421	
the other hand, larger population size means that selection can act upon smaller fitness 422	
differences. With stronger purifying selection, a tiny initial asymmetry in mutation load can 423	
trigger a ‘snowball effect’, leading to the loss of one of the two arrangements, even if they start 424	
off in perfect symmetry. Finally, the divergence time between the two populations may be the 425	
only factor that helps to maintain the polymorphism following invasion. A stronger initial 426	
mutational load in both arrangements means a stronger initial AOD plus lower asymmetry 427	
between arrangements because of the larger sample of mutations.  428	
 429	

          430	
Figure 4. Mutation accumulation varies across parameter space. Shown is cumulative accumulation of mutations in 431	

(A) small populations (N=100) and (B) large populations (N=2,500) in the major arrangement (green), the 432	
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minor arrangement (blue), and the unlinked collinear region (red). Facets indicate the dominance 433	
coefficient of deleterious mutations. For all data there is no gene conversion and only runs that lasted 434	
200,000 generations are shown. 435	

 436	
Up to this point we have only considered balancing selection caused by AOD driven by 437	
deleterious recessive mutations. However, other forms of balancing selection may help to 438	
stabilize the polymorphism. Negative frequency-dependent, spatially and/or temporally varying 439	
selection are well-known forms of balancing selection that are found in supergene systems (1, 3, 440	
5, 41).  One particular mechanism, disassortative mating, is predicted to evolve in systems with 441	
strong heterozygote advantage (e.g., AOD 42). Indeed, there is evidence of disassortative mating 442	
in many classic supergene systems that also show signs of mutation accumulation (25, 26, 43-45).  443	
 444	
 445	
Balanced lethals can only evolve in a highly restricted parameter space 446	
 447	
The evolution of a supergene system into a balanced lethal system only happens under a 448	
stringent set of conditions. We only observe the evolution of balanced lethals in small 449	
populations. The probability of a balanced lethal outcome decreases with population size and is 450	
not observed for N>=500. (figure 5). This is because the feedback loop between arrangement 451	
frequency and mutation accumulation is disrupted by drift in small populations. Specifically, 452	
purifying selection is going to be less effective in general, and in the major arrangement in 453	
particular. Additionally, arrangement frequencies will fluctuate more between generations due to 454	
drift. Together, these hamper the snowballing of an initial asymmetry by selection, occasionally 455	
allowing for both supergene arrangements to degrade simultaneously (figure 5). However, in a 456	
small population, loss of the polymorphism is the most common outcome, meaning that 457	
balanced lethal systems remain rare.  458	
 459	

       460	
Figure 5. Balanced lethals evolve under restricted conditions. Probability of balanced lethals given invasion is shown 461	

as a function of the population size in the absence of gene conversion and for fully recessive mutations 462	
(h=0). Facets indicate burn-in length (200k or 500k generations). Each point is a burn-in. 463	

 464	
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Another crucial factor is the dominance coefficient of the deleterious mutations. While we 465	
observe the evolution of balanced lethals when mutations are not fully recessive, the likelihood 466	
of observing this outcome is reduced. This is because partially recessive mutations are expressed 467	
in the heterokaryotype, reducing AOD and destabilizing the polymorphism. In contrast, the 468	
presence of GC does not seem to affect the outcome in line with the fact that it has little impact 469	
on AOD overall. 470	
 471	
Conclusions 472	
 473	
While AOD can lead to the establishment of a supergene system, it is unlikely to maintain 474	
polymorphism over long time periods when acting alone. Supergenes degenerate over time as the 475	
decrease in effective population size and recombination rate leads to mutation accumulation. 476	
Initial asymmetries often mean that one of the two supergene arrangements degenerates more 477	
rapidly, which makes polymorphism sensitive to loss through drift. 478	
 479	
We observe only two potentially persistent polymorphic states in our model, a half-lethal system 480	
and a fully balanced lethal system, both of which occur only in small parts of parameter space. 481	
Importantly, both states are found in natural supergene systems (3, 11). As AOD alone is 482	
unlikely to maintain the supergene over long time scales, other forms of balancing selection, or 483	
disassortative mating, might be key to maintaining supergene polymorphisms. This matches 484	
empirical evidence from multiple supergene systems, where complex multi-dimensional selection 485	
is involved in the maintenance of polymorphism (3, 4, 43, 46, 47). 486	
 487	
In our simulations, balanced lethals only occur in small populations under restrictive conditions. 488	
This finding is in good qualitative agreement with the fact that, despite a broad representation 489	
across the tree of life, balanced lethal systems appear to be quite rare (10). We anticipate that 490	
advances in genomics will provide insights into the frequency with which supergenes degrade 491	
and evolve into balanced lethal systems. 492	
 493	
 494	
Methods 495	
The simulation code and analysis code is available at	gitlab.com/slottelab/BL_sims  496	
 497	
Acknowledgements 498	
We thank Inês Fragata and Brian Charlesworth for helpful discussions.  499	
 500	
Funding 501	
This project has received funding from the European Research Council (ERC) under the 502	
European Union's Horizon 2020 research and innovation programme (grant agreements no. 503	
[802759], [693030] and [757451]), a Swiss National Science Foundation (SNSF) grant (31003A-504	
182262), and a Swedish Research Council project grant (2019-04452). Simulations were enabled 505	
by resources provided by the Swedish National Infrastructure for Computing (SNIC) at 506	
UPPMAX, partially funded by the Swedish Research Council through grant agreement no. 2018-507	
05973. 508	
 509	
References 510	
1. Thompson MJ, Jiggins CD. Supergenes and their role in evolution. Heredity. 511	
2014;113(1):1-8. 512	
2. Darlington CD, Mather K. The elements of genetics. The elements of genetics. 1949. 513	
3. Gutiérrez-Valencia J, Hughes W, Berdan EL, Slotte T. The genomic architecture and 514	
evolutionary fates of supergenes. Genome Biol Evol. 2021:evab057. 515	

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

The copyright holder for thisthis version posted November 28, 2021. ; https://doi.org/10.1101/2021.11.27.470204doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.27.470204
http://creativecommons.org/licenses/by-nc/4.0/


15	
	

4. Jamie GA, Meier JI. The persistence of polymorphisms across species radiations. Trends 516	
Ecol Evol. 2020;35(9):795-808. 517	
5. Schwander T, Libbrecht R, Keller L. Supergenes and complex phenotypes. Curr Biol. 518	
2014;24(7):R288-R94. 519	
6. Butlin RK, Day TH. Genic and karyotypic selection on an inversion polymorphism in 520	
the seaweed fly, Coelopa frigida. Heredity. 1985;54:267-74. 521	
7. Jay P, Chouteau M, Whibley A, Bastide H, Parrinello H, Llaurens V, et al. Mutation load 522	
at a mimicry supergene sheds new light on the evolution of inversion polymorphisms. Nature 523	
genetics. 2021:1-6. 524	
8. Berdan EL, Blanckaert A, Butlin RK, Bank C. Deleterious mutation accumulation and 525	
the long-term fate of chromosomal inversions. Plos Genet. 2021;17(3):e1009411. 526	
9. Faria R, Johannesson K, Butlin RK, Westram AM. Evolving Inversions. Trends Ecol 527	
Evol. 2019;34(3):239-48. 528	
10. Grossen C, Neuenschwander S, Perrin N. The balanced lethal system of crested newts: a 529	
ghost of sex chromosomes past? The American Naturalist. 2012;180(6):E174-E83. 530	
11. Wielstra B. Balanced lethal systems. Curr Biol. 2020;30(13):R742-R3. 531	
12. Macgregor HC, Horner H. Heteromorphism for chromosome 1, a requirement for 532	
normal development in crested newts. Chromosoma. 1980;76(2):111-22. 533	
13. Dobzhansky T, Pavlovsky O. An extreme case of heterosis in a Central American 534	
population of Drosophila tropicalis. Proceedings of the National Academy of Sciences of the 535	
United States of America. 1955;41(5):289-95. 536	
14. Dawson PS. A balanced lethal system in the flour beetle, Tribolium castaneum. Heredity. 537	
1967;22(3):435-8. 538	
15. James SH. Complex hybridity in Isotoma petraea. I. The occurrence of interchange 539	
heterozygosity, autogamy and a balanced lethal system. Heredity. 1965;20(3):341-53. 540	
16. Cleland RE. Oenothera: cytogenetics and evolution. London: Academic Press; 1972. 1-7 p. 541	
17. de Waal Malefijt M, Charlesworth B. A model for the evolution of translocation 542	
heterozygosity. Heredity. 1979;43(3):315-31. 543	
18. Charlesworth B. Selection for gamete lethals and S-alleles in complex heterozygotes. 544	
Heredity. 1979;43(2):159-64. 545	
19. Ohta T. Associative overdominance caused by linked detrimental mutations. Genet Res. 546	
1971;18(3):277-86. 547	
20. Jones DF. Dominance of linked factors as a means of accounting for heterosis. Genetics. 548	
1917;2(5):466. 549	
21. Ohta T, Kimura M. Development of associative overdominance through linkage 550	
disequilibrium in finite populations. Genet Res. 1970;16(2):165-77. 551	
22. Sved J. The stability of linked systems of loci with a small population size. Genetics. 552	
1968;59(4):543. 553	
23. Jay P, Aubier TG, Joron M. Admixture can readily lead to the formation of supergenes. 554	
bioRxiv. 2020:2020.11.19.389577. 555	
24. Zhao L, Charlesworth B. Resolving the conflict between associative overdominance and 556	
background selection. Genetics. 2016;203(3):1315-34. 557	
25. Jay P, Whibley A, Frézal L, de Cara MÁR, Nowell RW, Mallet J, et al. Supergene 558	
evolution triggered by the introgression of a chromosomal inversion. Curr Biol. 559	
2018;28(11):1839-45. 560	
26. Tuttle EM, Bergland AO, Korody ML, Brewer MS, Newhouse DJ, Minx P, et al. 561	
Divergence and functional degradation of a sex chromosome-like supergene. Curr Biol. 562	
2016;26(3):344-50. 563	
27. Haller BC, Messer PW. SLiM 2: Flexible, interactive forward genetic simulations. 564	
Molecular biology and evolution. 2016;34(1):230-40. 565	

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

The copyright holder for thisthis version posted November 28, 2021. ; https://doi.org/10.1101/2021.11.27.470204doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.27.470204
http://creativecommons.org/licenses/by-nc/4.0/


16	
	

28. Haag-Liautard C, Dorris M, Maside X, Macaskill S, Halligan DL, Charlesworth B, et al. 566	
Direct estimation of per nucleotide and genomic deleterious mutation rates in Drosophila. Nature. 567	
2007;445(7123):82. 568	
29. Betancourt AJ, Presgraves DC. Linkage limits the power of natural selection in Drosophila. 569	
Proceedings of the National Academy of Sciences. 2002;99(21):13616-20. 570	
30. Marais G. Biased gene conversion: Implications for genome and sex evolution. Trends in 571	
Genetics. 2003;19(6):330-8. 572	
31. Miller DE, Takeo S, Nandanan K, Paulson A, Gogol MM, Noll AC, et al. A whole-573	
chromosome analysis of meiotic recombination in Drosophila melanogaster. G3. 2012;2(2):249-60. 574	
32. Campos JL, Charlesworth B. The effects on neutral variability of recurrent selective 575	
sweeps and background selection. Genetics. 2019;212(1):287-303. 576	
33. Nei M, Kojima KI, Schaffer HE. Frequency changes of new inversions in populations 577	
under mutation-selection equilibria. Genetics. 1967;57(4):741-50. 578	
34. Kirkpatrick M, Barton N. Chromosome inversions, local adaptation and speciation. 579	
Genetics. 2006;173(1):419-34. 580	
35. Takahata N, Nei M. Allelic genealogy under overdominant and frequency-dependent 581	
selection and polymorphism of major histocompatibility complex loci. Genetics. 582	
1990;124(4):967-78. 583	
36. Maruyama T, Nei M. Genetic variability maintained by mutation and overdominant 584	
selection in finite populations. Genetics. 1981;98(2):441-59. 585	
37. Küpper C, Stocks M, Risse JE, Dos Remedios N, Farrell LL, McRae SB, et al. A 586	
supergene determines highly divergent male reproductive morphs in the ruff. Nature genetics. 587	
2016;48(1):79-83. 588	
38. Lamichhaney S, Fan G, Widemo F, Gunnarsson U, Thalmann DS, Hoeppner MP, et al. 589	
Structural genomic changes underlie alternative reproductive strategies in the ruff (Philomachus 590	
pugnax). Nature genetics. 2016;48(1):84-8. 591	
39. DeHeer CJ, Goodisman MA, Ross KG. Queen dispersal strategies in the multiple-queen 592	
form of the fire ant Solenopsis invicta. The American Naturalist. 1999;153(6):660-75. 593	
40. Hallar BL, Krieger MJ, Ross KG. Potential cause of lethality of an allele implicated in 594	
social evolution in fire ants. Genetica. 2007;131(1):69-79. 595	
41. Llaurens V, Whibley A, Joron M. Genetic architecture and balancing selection: the life 596	
and death of differentiated variants. Molecular ecology. 2017;26(9):2430-48. 597	
42. Maisonneuve L, Chouteau M, Joron M, Llaurens V. Evolution and genetic architecture 598	
of disassortative mating at a locus under heterozygote advantage. Evolution. 2021;75(1):149-65. 599	
43. Chouteau M, Llaurens V, Piron-Prunier F, Joron M. Polymorphism at a mimicry 600	
supergene maintained by opposing frequency-dependent selection pressures. Proceedings of the 601	
National Academy of Sciences. 2017;114(31):8325-9. 602	
44. Huynh LY, Maney DL, Thomas JW. Chromosome-wide linkage disequilibrium caused by 603	
an inversion polymorphism in the white-throated sparrow (Zonotrichia albicollis). Heredity. 604	
2011;106(4):537-46. 605	
45. Horton BM, Hudson WH, Ortlund EA, Shirk S, Thomas JW, Young ER, et al. Estrogen 606	
receptor α polymorphism in a species with alternative behavioral phenotypes. Proceedings of the 607	
National Academy of Sciences. 2014;111(4):1443-8. 608	
46. Purcell J, Lagunas‐Robles G, Rabeling C, Borowiec ML, Brelsford A. The maintenance 609	
of polymorphism in an ancient social supergene. Molecular Ecology. 2021. 610	
47. Kapun M, Flatt T. The adaptive significance of chromosomal inversion polymorphisms 611	
in Drosophila melanogaster. Molecular ecology. 2019;28(6):1263-82. 612	

 613	

 614	

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

The copyright holder for thisthis version posted November 28, 2021. ; https://doi.org/10.1101/2021.11.27.470204doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.27.470204
http://creativecommons.org/licenses/by-nc/4.0/


17	
	

 615	

Supplemental Figure Legends 616	

 617	

Figure S1. Differences in fixed and segregating mutations between burn-ins. A.) Number of 618	
fixed mutations between P1 and P2, B.) Number of segregating mutations in P2. Colors 619	
indicate the dominance coefficient (0-red, 0.1-blue). 620	

 621	

Figure S2. Differences in mutational load between burn-ins. A.) Mutational load of P1 B.) 622	
Mutational load of P2. Colors indicate the dominance coefficient (0-red, 0.1-blue). 623	

 624	

Figure S3. Mutational load of P2 correlates with associative overdominance (AOD). Facets 625	
indicate burn-in length, shape indicates rate of gene conversion (absent or present) and 626	
color indicates the dominance coefficient (0-red, 0.1-blue). The data shown is for 627	
N=2,500. 628	

 629	

Figure S4. Dominance decreases invasion probability. Probability of invasion is shown for all 630	
parameter sets. Facets indicate N (100 or 2,500), and gene conversion (GC; absent or 631	
present). Colors indicate the dominance coefficient (0-red, 0.1-blue). Each point is a 632	
different burn-in. 633	

 634	

Figure S5. Changes in fitness within the first 1,000 generations after invasion. Shown are 635	
normalized fitnesses for A.) the inversion homokaryotype, B.) the standard 636	
homokaryotype, C.) the heterokaryotyope, and D.) the mean fitness of the entire 637	
population. Normalized fitness for each generation is calculated as an average per burn-638	
in per parameter set. Error bars represent standard error between burn-ins. Facets 639	
indicate gene conversion (GC; absent or present) and colors indicate the dominance 640	
coefficient (0-red, 0.1-blue). N=2,500 and burn-in length = 500,000 for all graphs. 641	

 642	

Figure S6. The evolution of associative overdominance (AOD) under different parameters. 643	
Shown is the evolution of AOD over time for simulations where the polymorphism 644	
lasted 200,000 generations A.) N=100, and B.) N=2,500. AOD for each generation was 645	
calculated as an average per burn-in per parameter set. Error bars represent standard 646	
error between burn-ins. Colors indicate the dominance coefficient (0-red, 0.1-blue) and 647	
facets indicate the level of gene conversion (absent or present). Burn-in length=500,000 648	
for all graphs. Note the change in y-axis scale. 649	

 650	

Figure S7. Polymorphism of the inversion with fit homokaryotypes given invasion. Probability 651	
that the supergene is polymorphic at the end of the simulation and both homokarotypes 652	
are fit is shown for all parameter sets. acets indicate N (100 or 2,500), and gene 653	
conversion (GC; absent or present). Colors indicate the dominance coefficient (h; 0-red, 654	
0.1-blue). Each point represents a different burn-in.  655	

 656	
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Figure S8. A. Probability of a half lethal system given invasion. Probability that the supergene is 657	
polymorphic at the end of the simulation and one homokarotypes is lethal is shown for 658	
all parameter sets. B. Balanced lethal outcome given invasion. Probability that the 659	
supergene has eveoved into a balanced lethal system after invasion. For both plots facets 660	
indicate N (100 or 2,500), and gene conversion (GC; absent or present). Colors indicate 661	
the dominance coefficient (h; 0-red, 0.1-blue). Each point represents a different burn-in. 662	

 663	

Figure S9. Evolution of karyotype fitnesses in a half lethal system. Fitness of the population, 664	
relative fitness of the heterokaryotype, relative fitness of the inversion homokaryotype, 665	
and relative fitness of the standard homokaryotype are shown for cases where (A) The 666	
inversion homokaryotype becomes lethal, (B) The standard homokarotype becomes 667	
lethal. Time is always shown on a log scale, actual time points are: 10, 50, 100, 200, 500, 668	
1000, 5000, 10000, 25000, 50000, 100000, 125000, 150000, and 200000 generations. For 669	
all data shown N=2,500, gene conversion is absent and all mutations are fully recessive 670	
(h=0). 671	
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