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1 Abstract

2 Classical models igrering-that ignore linkage predict that deleterious recessive mu-
3 tations should purge or fix within inbred populations, yet these-inbred populations of-
4 ten retain moderate to high segregating load. True overdominance generates-balaneing

s—could generate balancing selection strong enough to sustain in-

6 breeding depression even i stwithin inbred
7 populations, but this is considered rare. However, arrays of mildly-deleterious recessives
8 linked in repulsion may-ocenr-ecommonly-enough-to-generate-could generate appreciable
0 pseudo-overdominance and-that would also sustain segregating load. We used sim-
10 ulations to explore how long pseudo-overdominant

1 their—ereation—via—(POD) zones persist once created (e.g., by hybridization between
12 populations fixed for alternative mutations-attinked-loei—Balaneing-mildly deleterious
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mutations). Balanced haplotype loads, tight linkage, and moderate to strong cumulative
selective effects all serve to maintain POD “szones. Tight linkage is key, suggesting that

POD s-may-mest-often—such regions are most likely to arise and persist in low recombi-

nation regions (e-g=like inversions). Selection and drift unbalance the load, eventually
eliminating POD “szones, but this process is very—slow—when—quite slow under stron
pseudo-overdominanceis—streng—. Background selection aeress—the—senome—accelerates

the loss of weak POD ’s—zones but reinforces strong POB’s-ones in inbred populations

by disfavoring homozygotes. Further-meodehngand-Models and empirical studies of POD

dynamics within populations eetld-help us understand how POD ‘s-affeet—persistenee

of-theload-and-how-inbred-mating systems—evelve:zones may allow the load to persist,

reatly affecting load dynamics and mating systems evolution.

Keywords: Inbreeding; purging; fixation; drift load; pseudo-overdominance; associative

overdominance; POD; linkage; recombination.
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1 Introduction

aetion-of-Inbreeding depression (§) is defined as the lower fitness of inbred compared to
outbred individuals (Darwin, 1876). It is now generally accepted that ¢ is mainly due

to the expression of segregating deleterious recessive mutations aeting-seross-anytoet

As direct selection, background selection, genetic drift and inbreeding all act to reduce
to explain (Byers and Waller, 1999; Winn et al, 2011). Examples include inbred lines of
Zea mays Kardos et al (2014); Lariepe et al (2012), Arabidopsis (Seymour et al, 2016),
Such observations led many to conclude that overdominant selection, i.e. a higher fitness
of heterozygotes compared to either homozygote, was operating (Kimura and Ohta, 1971; Charlesworth and Charle:

But truly overdominant loci are rare, and most effects previously attributed to overdominance

such as heterosis and hybrid vigor) can be explained by simple dominance interactions

Crow, 1999b). Curiously, analyses of inbreeding depression often detect evidence of
overdominance (see for example Baldwin and Schoen 2019). These apparent overdominant

effects, however, probably reflect the effects of many deleterious recessive mutations

linked in repulsion, a phenomenon termed pseudo-overdominance (hereafter POD, introduced

by Ohta and Kimura 1969; reviewed by Waller 2021). We have known for half a centur
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that a single strong overdominant locus can generate enough selection against homozygotes

to persist even under complete self-fertilization (Kimura and Ohta, 1971). Could such

strong effects also arise and persist via pseudo-overdominance?

Fhis-generates-an-appreciablefixed-Pseudo-overdominant selection will only emerge in
genomic regions where many deleterious alleles are clustered together and often linked
in repulsion, generating complementary haplotypes that express similar inbreeding loads
as_homozygotes. Genomic regions with reduced recombination, such as _centromeric
regions and chromosomal inversions, often maintain higher than expected heterozygosity.
Centromeric regions in Zea mays, for example, maintain heterozygosity even after repeated
generations of inbreeding (McMullen et al, 2009). This has also been found in 22 centromeric
regions in the human genome (Gilbert et al, 2020). Kremling et al (2018) confirmed
that many rare variants in maize express deleterious effects confirming that “driftloadeven

intensive artificial selection is insufficient to purge genetic load.” in-meany-smal-populations

Brandenburg et al (2017) identified 6,978 genomic segments (=~ 9% of the genome) with
unexpectedly high heterozygosity in land races of maize. These heterozygous segments
contained more deleterious mutations than other parts of the genome, with several

deeply conserved across multiple land races. Inversions, which halt recombination, also

appear to accumulate lasting loads of deleterious mutationsat—semeloei-also—tends—+to




lausible.

. Jay et al (2021) found that ancient inversions contribute greatly to heterosis in Heliconius

butterflies. Kirkpatrick (2010) concluded that although the genetic basis for inversion

overdominance has not yet been clearly determined, POD is
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dynamies-Pseudo-overdominance (POD) at many loci of small effect should mimic overdominant

selection at a single locus, favouring heterozygosity for load within particular genomic re-

balaneingseleetion—  This_could sustain_inbreeding depression even in_the face of
purifying selection and drift. For POD to influence species evolution, it must exist for
long enough and generate enough overdominant selection to leave a signature. Recombination,
however, acts to break up such regions by unbalancing haplotype loads, allowing selection
and drift to purge or fix their mutations. It is thus remarkable that polymorphic
inversions expressing balancing selection to date back to ancient hybridization events in
Heliconius butterflies (Jay et al. 2021). Similarly. five ancient polymorphic zones predate
the divergence of Arabidopsis from Capsella (Wu et al, 2017). These observations suggest

eriods of time. Could this selection derive from POD?

regions—to-fix—Wetherefore-simulate-Several mechanisms might generate enough initial

overdominance to create a POD zone including crosses between independently inbred

lineages or sub-populations (generating high heterosis in the F'1), a truly overdominant
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locus, or chromosomal inversions where recombination is strongl

suppressed, allowing mutations to accumlate. Here, we use simulations to study the

evolutionary dynamics of POD zones generated initially by admixture between two pop-

ulations —each-fixed for different sets of deleterious mutationswithin—a-speeific-genomie

. In this scenario, high fitness emerges in the F1 where mutations fixed within each

opulation are ‘masked’ as heterozygotes in hybrid offspring (Kim et al, 2018). We

extend existing theory regarding the stable polymorphism that can exist at a single
bi-allelic overdominant locus to examine the conditions necessary for POD to maintain
two haplotypes containing many linked recessive deleterious mutations as heterozygotes.
Because pseudo-overdominance depends on tight linkage among these loci, we expect

that over time such zones will be vulnerable to being broken up by recombination.

We therefore also explore how varying levels of linkage, dominance, selection —and

and selfing rates affect POD zone stability and decay. Finally, we test how selection
elsewhere in the genome affects the ability of POD zones to persist and the reciprocal

effects of POD zones on load dynamics elsewhere in the genome.

2 Approaches

2.1 Load needed to generate a POD

Kimura and Ohta (1971) demonstrated that when the selective effects generating true
overdominance are strong enough, a stable equilibrium can exist that perpetuates the

two overdominant alleles indefinitely even within a fully self-fertilizing population. Con-
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Figure 1: Genetic structure of the POD region (delimited by the dashed box). Deleterious
mutations (represented by crosses) linked in cis occur at a distance 2¢ ¢cM from each other
along the same chromosome, alternating (at a distance ¢ ¢M) with trans mutations on
the opposite chromosome. Close, regular, and alternating spacing of recessive deleterious

mutations along both haplotypes ensure linkage and pseudo-overdominance.

sider a scenario in which two haplotypes, noted H1 and H2, occur within a diploid
population self-fertilizing at rate o. Each homozygote suffers a fitness reduction (s;
or s3) compared to the heterozygote fitness. In the case of true overdominance, they

Kimura and Ohta (1971) showed that a stable polymorphism will persist at an ever-dominant

-overdominant locus when:

2s9(1 — s9) 28,(1 — sz)
s1F 8y = 2518y 8 F 83— 28182

Thisequilibrivm-always-existsswhen-where s, = minsi, so < 0.5. When both segregating

homozygotes reduce fitness by at least half (s1, s2 > 0.5)—Beyond-this—peint, selection

(1)

acts to maintain overdominance even as the selfing rate approaches one, as selection re-

moves homozygotes faster than they are e

enerated (Rocheleau and Lessard, 2000). For
situations with stable polymorphism, setting s1 = s2 execeptin-ecompletelyselinepopulations:

3
A2)—results in both alleles being maintained at a frequency of 0.5.
We use this threshold under true overdominance to estimate the number of fuly

linked-load loci within a—bleek-ef-pseudo-overdominant elleles-(POD) zone required to
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generate the necessary level of overdominance needed to maintain a stable equilibrium

(see Eq. 1).

the-models—equivalent-—we-We_assume complete linkage among matched sets of mildly

deleterious mutations, all with the same coefficient of selection s=-6-01-and-plausible

-5 and dominance h. For the sake of simplicit

we assume that each haplotype carries the same number #-n;_of deleterious mutations
and that mutations within the POD zone are evenly spaced, occurring at intervals of
¢ ¢cM between alternating trans-mutations on opposing haplotypes (Fig. 1). As fitness

effects are considered multiplicative across loci, an individual’s fitness is:

W = (1 — hs)"e(1 — s) (2)

where he and ho are the number of heterozygous and homozygous mutations, respec-

tively, carried by the individual.

hemezyeosity—In the case of complete linkage homozygosity at these loci only occurs

in individuals theat—earry—carrying two copies of the same haplotype (genotype HqH;
or HyHj). Inthis—easeAs both haplotypes carry the same number of mutations, the
coefficient of selection acting against either homozygote (sg = s1, $2), relative to the

fitness of the heterozygote HiHo (Waa/Waa) is:

(1—s)"
=1- . 3
o (1— hs)2n 3)
This expression allows us to determine the number of deleterious alleles per haplotype

necessary to sustain enough overdominance to preserve both haplotypes via stable bal-

iedSupp. File 1):

ancing selection (see

_ log(1 —sm)
nL= log(l —s) — 210;[(1 — hs) (4)

Given—the-As expected, the number of loci required to obtain a strength of selection
against homozygotes sy decreases for higher values of s and hvalies-assumed-above-and

theneed-. For s = 0.01 and h = 0.2, ny, = 115 for sy to be at least 0.5, H5-or-moreload
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which should sustain POD selection

indefinitely (Supp. File 1, Fig. S1).

2.2 Inbreeding depression

Inbreeding depression ¢ is a local variable, reflecting the number of heterozygotes main-
tained in a population. The general equation used to estimate inbreeding depression

is:
W,
w,

§=1— (5)

where Wy is the fitness of selfed offspring and W, that of outcrossed offspring (Charlesworth
and Charlesworth, 1987). When mutations are deleterious, and accounting for drift,
this variable depends on the haploid mutation rate U, the coefficient of selection s
and the dominance of mutations h (see equation 3 from Bataillen—andIGrkpatrick

2000Bataillon and Kirkpatrick 2000):

B (1—20)(1+F) (1—2h)(1+F)(1— 2hs)
%_1_WPPU(2M+F—hF)_ 8(h+ F — hF)2sN )}’

(6)
where F' = 0/(2 — o) is the equilibrium inbreeding coefficient (expected deviation from
Hardy-Weinberg equilibrium of genotype frequencies). Though this expression for F' re-
mains true for weak overdominance (Glémin, 2021), when there is strong overdominance,
the inbreeding coefficient depends on the coefficients of selection and allelic frequencies

(Appendix A4 from Kimura and Ohta, 1971). In our case with symmetrical selection

against homozygotes, this term is given as:

2—sy—o0+spo—/(2—sy)2—202—sy —s4)o+ (1 —sp)2o?

2SH

F:

(7)

F will tend to zero with increasing sy (see Fig. Al in Supp. File 1)—eventually

they—are—generated. Selfing populations subject to strong overdominant selection thus
tend to behave like outcrossing ones as low fitness homozygotes are eliminated. At
equilibrium, this inbreeding load d,4 for symmetrical overdominance can be written as:

bt = N )

10



230

231

232

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

256

where, when s1 = s9 = sy, i = 235%1 - see Eq. A2from Supp. File 1 and Kimura and
Ohta (1971). We provide the general expressions for F and 6,4 in Supp. File 1 (see Eq.
A3).

If we assume that selection against deleterious mutations elsewhere in the genome and

overdominant selection do not interfere with one another (\ZAQ 1o associative overdominance

or effects of background selection) and fitness effects remain multiplicative (see for ex-

ample Kirkpatriek-andJarne-—2000)Kirkpatrick and Jarne 2000, the upper limit of the

expected level of inbreeding depression will be:
6=1-(1=doa)(1—ds), (9)

setting F in Eq. 6 to F'.

1=}

1As previously shown, doq ea
inerease-increases with the selfing rate o {Charlesworth-and-Charlesworth,19871990)-
The-opposite-tendeneyis-observedfor-for strong overdominant selection and §, —which

decreases with o as-purging-beeomes-mere-effieient(Charlesworth and Charlesworth, 1987, 1990).

It is therefore possible to have similar § maintained-at-similardevels-in outcrossers and
selfers, depending on the rates of background mutation U and the strength of the RPOD

POD selection.

2.3 Recombination and POD'’s

Thus far, we have assumed complete linkage in order to apply one-locus overdominance
theory to infer the strength of selection against homozygotes necessary to sustain a

stable equilibrium. However, some recombination will occur, allowing the strong linkage

disequilibrium among loci within a POD to erode over time. H-—reeombination—within
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aeles—Ysine-In order to examine the effect of recombination on the stability of POD, we

propose a system of Ordinary Differential Equations +-(ODEs) representing the change
in frequencies P—Po—andP—of-the-threerespeetive-haplotypesH—HoandH—eanbe
expressedof the two initial haplotypes (Ap, and Ap,) and that of a newly introduced

recombinant haplotype (Ap.):

Pi((1=F)(1=se)Pe+ (1=s5)(1=F)Pi+ F)+ (1= F)P,) - AW

Ap, = -
W
Ap — Py(1 = F)Y(1 = 502)Pe+ (1 —sg)(1 = F)Py+ F) + (1 — F)P,) — P,W
o W
Ap — Po((1 = F)(1 = s8c1)Pi 4+ (1 —s)(1 = F)Pe 4+ F) + (1 — F)(1 — 8.2)Py) — P.W
. W '

(10)
The mean fitness of the population W is the sum of the expected genotypic frequencies

after selection (see SupplementaryMateriadSupp. File 2, Eq. (A4)), and s, sc,1 and s 2

are the coefficients of selection associated respectively with haplotypes H.H., H.H; and

or-maintainine—only—two-of them—Henece—a—+are-We resolve this system of equations to

determine the conditions necessary for a recombinant haplotype H. shotdd-eitherbelost;

(4-e-onlynchanges), butalso fors, handnchosen foraconstantsy (Eq. 3 and see Fig.

B2 in Supp File 2). Ap_ > 0).

12



3 Simulations

We-use-an-S0 as to confirm expectations from the analytical model given above and explore

the dynamics of POD selection, we develop an individual-based simwlation—program—in

Gsimulation program in C+

ist—, uploaded to Zenodo.org (Abu Awad and Waller, 2022).

We consider a scenario where POD selection arises after an admixture event between two

initially isolated populations fixed for different mutations within the same genomic region

a "proto-POD” zone). Each population is made up of N sexual diploid individuals, self-

fertilizing at a fixed rate, 0. Each individual is represented by two vectors, each carrying the
positions (between 0 and 1) of deleterious mutations along a single chromosome with map
length R Morgans. Recombination occurs uniformly threugh-throughout the genome. Mu-
tations in-and-eutsidethe POD-within and outside of the POD zone have a fixed effect, with
respective coefficients of selection, s and s4, and dominances, h and hg. Individual fitness

is calculated as shown in Eq. 2.

new-mutations-New mutations are sampled from a Poisson distribution with parameter U,

the haploid mutation rate -

13



they-ean-beintroduced-anywherein-and their positions are uniformly distributed along the

genome (infinite-alleles-infinite-locus model). Generations are discrete (no overlap) and con-
sist of three phases: i) introducing new mutations, i) selection, and 4ii) recombination and

gamete production.

3.1 Intreducing-pseudo-overdominaneePOD zone architecture and initiation

Two types of simulation are

un, one with an arbitrary ideal haplotype structure expected to favour POD persistence -

run, one withl

This-consists-of-two-and one with a more realistic distribution of mutations within the POD

zone. The former consists of constructing two perfectly complementary haplotypes, H; and

Hy—each—earrying-n—mutations—As-before—eis-mutations—, Cis-mutations occur at regular

intervals (every 2¢ eMM) along each haplotype and mutations are staggered, spreading the
load evenly through the POD and ensuring pseudo-overdominance (Fig. 1). The probability

that a recombination event occurs between two trans-mutations is then ¢. The totaldength

between—them;—or2-4-n—-eM—second type of POD zone architecture is one with randoml

placed mutations in a predefined genomic region, their positions sampled from a uniform
distribution, while ensuring that a locus with the same position is not sampled for both
haplotypes. In both cases the center of the POD zone is kept constant for both haplotypes
and _the size of the POD zone is 2(n; M, with n;, potentially different for each haplotype.
The POD zone is arbitrarily positioned around the center of the genome, its exact center at

osition 0.5 along the chromosome.

Hror-Ho—After a burn-in period of 4 000 generations, a-allowing the two source populations

14



each fixed for a given haplotype in the proto-POD zone) to reach mutation-selection-drift
equilibrium, a new population of size N is created by randomly sampling individuals from the
consider that each source population contributes 50% of individuals to the new population.
Stmlations-thenrun-for-another The new population is then allowed to evolve for a further
4000 generations. Samples of 100 individuals are taken every 10 generations to estimate
inbreeding depression, which we compare to the theoretical expectations presented above
(Egs. 6, 8 and 9). We also use these samples to estimate heterozygosity within and outside

the POD zone (POD H, and genome H., respectively) as:

1

o

0
he;
He: Tj
J

where he; is the number of heterozygous mutations carried by individual j (out of a sample

(11)

Il
i

of 100) and L is the total number of segregating sites in the genomic region of interest. At

higher mutation rates, singletons will be frequent. This will reduce H, by inflating L. We

“Simulations are run
for population size N = 100,1000 and 5000 }-with—re—background-seleetion{F—=0)—and
three—fixed-selingrates—e="0,—and for selfing rates ¢ between 0 and 0.95. The haploid

background mutation U is set to 0,0.1 and 0.5, with new mutations outside the POD zone

having a fixed coeflicient of selection (s; = 0.01) and dominance (hy; = 0.2 or 0.5). The

eneral map length R = 1 and 0-:95—In+thesesimulations—wefix-thenumber-of-mutations

to-be-n=25—b7and100—correspondingtorelative-10 Morgans and we examine different

15



strengths of linkage between loci in the POD zone, with £ = 10"% 10~° and 10°%. We

consider both weak and strong selection against homozygotes, setting sy to sy = 0.14,

0:29-0.26 and 0.45. These result—in—overdominant—seleetion—sufficient—to—ensure—stability
correspond to stable (polymorphic) overdominant selection when o = 0, 0.5 or even (with
a narrow range of stability) 0.95 (Fig. A2, dotted lines). We—also—eompare—threelevels

for-AN-—=1000To determine the effects of POD selection on heterozyeosity elsewhere in the

o o —4 . .
genome, O-<-6<0:95;n=25-and100-and£=510—"-eMInthese simulations;—weset-the

refleetsseleetionratherthan-drift;--we also ran-eentrelrun simulations where all alleles within

the initial POD zone are neutral for all parameter sets mentioned above (achieved by settin

s and h = 0 within the POD). We ran—run 100 repetitions for each parameter set.

4 Results

4.1 POD dynamiespersistence and degradation

use-heterozygosity-examine how recombination, the strength of selection against linked load

loci, and their arrangement within the POD zone, influence POD persistence.

4.1.1 Recombination and POD degradation

Under the assumption that recombination within the POD as-a—measure-of POD-stability;




pseudeo-overdominanece—{reflectingthe-eoefficient-block is rare (reflecting tight linkage), an
new haplotype H,. will be generated by a single recombination event. This is reflected

in the ODEs introduced in Eq. (10) which compute changes in frequency of the two initial

haplotypes (H; and Hs) and a recombinant (H_). For simplicity, we initially assume an ideal

case where mutations are arranged alternately within the POD zone (see Fig 1). Positions of
deleterious alleles in Hy H, heterozygotes alternate in trans relative to flanking mutations on
the same chromosome (Fig. 1). Each haplotype carries ny, deleterious mutations. Consider
two cases: 1) the recombinant haplotype H. (and its complement) each carry ny, deleterious
mutations; 2) H carries ny, — 1 mutations because recombination has cleaved one from one

end of the POD zone.

Given arbitrary values of s., sc.1 and s, o (the coeflicients of selection against hemezygeotes

inFigs—22a-and-br—As-expeetedfrom—the-H H) and H.Hy genotypes, respectively), the

only possible equilibria involve fixing one of the three haplotypes or maintaining only two of

them. Hence any rare haplotype, H.. should either be lost, go to fixation, or replace one of

the initial haplotypes (co-existing with the other). For H, to increase in frequency, Ap. (Eq.

(10)) must be positive when it enters the population (or it would be eliminated). Assumin

17



the frequency of a recombinant P. is of order € (e being very small), the expression for A
for the leading order of P, (noted Ap ) can be derived. In a population at equilibrium with

~ 201+ F)sg — Seq — Se2 — F(25. — sc1 — 5¢2))
2 — SH — FSH ‘

(12)

The denominator of this expression is always greater than 0 for sy < 1. To understand
the hehavior of Ay (Eq. 12} increased selfing tends to favor recombinants whether or not
self-fertilisation or very strong overdominant selection with sp ~ 1, see Supp Fig. Al). In

. If no mutations have been cleaved

off by recombination (i.e H. carries n mutations), the numerator 2(sg — S.1 — S < 0 (see

Eq. B1 in Supp. File 2 for expressions of s.1 and s making Ap negative (Fig. B2 in

Supp. File 2). Hence H,. haplotypes will be selected against. If instead H. carries n — 1

mutations, the resulting coefficients of selection (Eq. B2 , Supp. File 2) lead to a positive
Ap, (the numerator in this case can be positive). The larger F' (or the selfing rate o) the
more positive the resulting Ap,. B2-

This result leads us to predict that if a POD is initially stable, its eventual loss will
usually occur gradually as recombination events near the distal ends of the POD cleave off
mutations creating haplotypes with improved relative fitness. The reduced zones of stable
equilibria for s. = sy in selfing populations (Fig. A2, in Sapp—Supp. File 2);-destabilising
easily act to destabilise the POD_zone by eroding mutations. This should fix one of the

original haplotypes or a recombinant with the strength of selection affecting the rate at




Declinesin—H—mainlyrefleetfixationat-thedoad-Using simulations, we confirm results

from single locus_overdominance that_stronger selection is more likely to result in stable
polymorphism even for high selfing rates (Supp. Fig. S2). Drift and selection can both act
to erode POD (shown by the rate of decrease of heterozygosity in Supp. Fig. S2). Stron
drift renders selection neutral when Nesy << 1, accelerating the loss of supposedly stable
POD selection (N = 100 in Supp Fig. S2). Increasing the efficacy of selection will also favour
the loss of POD selection, but unlike for strong drift, this is due to a more efficient purging

and higher effective recombination rate) of loci contributing to POD selection

N = 5000 in Supp Fig. S2). As the differences between population sizes are quantitative

and sy is a good predictor of mid/long-term stability of POD zones, in the following, we

examine simulations only for N = 1000, for which both drift and selection act on POD

stability, and sy = 0.45, for which overdominant selection is stable for all self-fertilisation

rates simulated.

4.1.2 Effect of the strength of selection against individual loci

As mutations are progressively lost from POD zones, recombinants can go to fixation. This
will eventually destabilize the POD zone. We next assess how varying the coefficients of

selection s and dominance h against individual loci affects POD persistence. For a fixed

19



value of selection against homozygotes, sy, varying s, h and nj, (obtained using Eq. (4)),

we calculate the expected increase in frequency a recombinant haplotype Ap, using Eq. (12).
If no mutation is lost (H also carries ng mutations), Ap, remains negative except under
high rates of self-fertilisation when they can be positive (though close to 0). However, a
mutation lost through recombination generates a positive Ap, that increases with increasing
strengths of selection and dominance of the mutations for all rates of self-fertilisation (Figs.
2aandb for sy = 0.45). We confirm this prediction via simulations. These show that most
losses of diversity (fixation or loss of mutations) occur at the ends of the POD zone (Figs.2c
and d for selfing rate g = 0.95). Losses of diversity within the POD zone intensify as s and
h increase.

Stronger selection against individual mutations sustains heterozygosity more effectivel

as fewer mutations suffice to generate the same amount of balancing selection. However

the loss of a stronger mutation as a result of recombination will more likely unbalance

and destabilise the POD zone. This accelerates the fixation or loss of mutations (Fig.?Za

being-fixedthough-the pattern-of fixationat-the-endsismaintained{SuppFie—??Increasing
the dominance of load loci has similar effects as increasing s but requires more mutations
to reach the same sy (i.e. nz =60 and 150 for h = 0 and 0.3 respectively, Fig. 2f). This
refleets-the greater predieted-stability of PODss because increased dominance increases the

relative fitness of both the fitter homozygote (i.e. the haplotype with one less mutation due
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to recombination) and the heterozyeote, increasing the overall fitness advantage of losin

a_mutation. The same patterns are observed in outcrossing populations despite—weaker

seleetion{smallernSupp—File1to a lesser extent (Supp. Fig. A4). Increased linkage within
the POD zone reduces the rate at which these higher fitness recombinants occur, slowin
this process (dashed lines, Figs. 2e and f; see Supp. Fig. S4 for patterns of mutation loss

4.1.3 POD region architecture

So far, we have considered only an ideal genetic architecture that favours maintaining POD,
namely homozygotes of both haplotypes having identical fitness disadvantages relative to
the heterozygote and equally spaced cis and trans mutations within the POD zone. We
now relax these assumptions by considering initial haplotypes carrying different numbers
of mutations, ny,, within the POD region (while maintaining equal spacing) and then b

placing randomly spaced mutations within the POD zone.

To unbalance the segregating homozygotes, consider alternative POD zone haplotypes
with ny = 80,100, 01120 mutations paired with a haplotype Hy with 7y = 100 mutations
(denoted by relative lengths of 0.8 1 and 1.2 respectively in Figs. 3a and c). These generate
substantial fitness differentials with relative selection coefficients against homozygotes 51 = 0.47
= 0.43 and 5000)—While POD’s
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= 0.53 (green lines). In outcrossing populations, selection trims down longer

more loaded haplotypes as recombination makes variants available. This shrinks more

loaded haplotypes to sizes close to the smaller haplotype (Fig. 2Z—a-b}—At+N=1060;

solid lines). Overdominant selection, however, sustains the core POD region’s heterozygosit

under asymmetric selection despite the fact that populations with balanced loads showed

only slicht observed losses or fixations of mutations (dashed black lines in Figs. 3a and

c). When the alternative haplotype has less load (a relative size of 0.8), it quickly goes to

fixation (dashed blue lines in Figs. 22-27-and-22—Although-meanH—with- PODseleetion

and-that-duetoseleetionagainst-the PODP-3a and ¢). This result matches the theoretical

expectation that no overdominant polymorphism can be maintained with these coeflicients

of selection against homozygotes when the selfing rate is 0.95 (see Fig.A2 in the Supp. File

1).

23



the total load of the second haplotype increases to a relative size of 1.2, the POD zone is

more commounly sustained as mutations are trimmed off the ends of the POD zone (Fig.

After—that—however—mutations—fix-or-purge—euiekly—in—-3a, ¢). This difference in behavior

reflects the need for segregating load to exceed a threshold to sustain a POD zone. As for

outcrossing, most mutations of the larger haplotype will be trimmed off the edges, but there

is some fixation and/or loss of mutations along the whole POD region (dashed green line

in Fig. 3a). lowering the mean observed H,. (dashed green line in Fig. 3c¢). This is most

robably due to a larger range of recombinants having a higher selective advantage, provided

that they trim the larger haplotype and thus help destabilize POD selection.

When the mutations are not in an ideal configuration, but randomly positioned throughout

the designated POD zone, stability of the absenee-ofstrongbalancineseleetion;resultingina

isstrong{n—==1001POD zone is barely affected in outcrossing populations (solid lines in Figs.
3b and d), even when the haplotypes are initially uneven. Selfing populations, however, the

mere—potent—thanpurifying seleetion—partienlarlyin—selfing-pepulatiens—require stronger
linkage to retain the POD zone (compare dashed lines in Fig. 3 for £ = 10~% M to Fig.
S5 for ¢ = 10~°). Despite more frequent fixations/losses of mutations, some heterozygosit

nonetheless persists for approximately 1000 generations even with lower linkage (Supp. Fig.

S9)..
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4.2 Background mutations

Mutations introduced elsewhere in the genome influence POD selection dynamics and persistence
and vice versa as POD’s affect purifying selection across the genome. In general, when a
POD zone is stable, background mutations will not destabilise it. Background selection
does, however, affect heterozygosity within and outside the POD zone. Let us compare
heterozygosity within the POD zone in simulations with background mutations to simulations

lacking it (i.e. U >0 vs. U

and-mutation—rates-are-high-(within the POD zone rises when background selection occurs
elsewhere in the genome. These effects increase when mutation rates rise (green vs. blue
lines, U = 0.5 7 POD heterozygosityaetually—inereases{Fig—22)—This—effeet—is—more

respectively) and linkage increases (full vs. dashed lines reflecting map lengths of R = 1 and
10 Morgans respectively).
Similarly, the presence of a stable POD zone affects the heterozygosity of deleterious

mutations observed elsewhere in the genomef{see-Supp—Fig—?2)suggesting-these-two-forms
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Figure 3: Effects of relaxing the assumptions of symmetric overdominance and evenly spaced
mutations. Upper panels show locations within the POD zone where load mutations are most
likely to be lost (a. b) and how this depends on whether mutations are evenly spaced (a)
or randomly distributed (b). Results are shown for both symmetric (black) and asymmetric

reen and blue) loads. Outcomes under both outcrossing and high selfing (solid vs. dotted

lines) are shown. Note erosion of mutations via recombination and selection at both ends of

the POD zone. Lower panels show overall stability of the POD zone (shown as heterozygosit

He) over time. As in the upper panels, graphs show results for both symmetric (black) and

asymmetric (green and blue) loads and for evenly and randomly placed mutations (panel ¢

vs. d). The coefficients of selection and dominance are s = 0.01 and h = 0.2 respectivel

linkage within the POD zone is £ = 10~% and population size N = 1000.
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Baekground-seleetion—aeting—at—otherdoei-. When mutation rates are low (U = 0.1

POD selection slightly decreases the mutational heterozygosity elsewhere in the genome

~—(blue lines Fig. 4b). Conversel

a higher genomic mutation rate (U = 0.5, green lines) results in increased heterozygosit
especially in highly selfing populations with small genomes (implying tight linkage - solid

reen line in Fig. 4b). Effects of POD selection on effective population size are complex

but in most cases, POD selection tends to decrease N, (Supp. Fig. Z22y—This—+ressembles

To confirm that these effects derive from overdominance rather than some other effect

of background selectionon newtral variation (Fig- 27a) In contrast, stronger. more stable

aftertheadmixture-event{see-, we simulated effects of co-dominant background mutations
(ha =0.5). Because such mutations are expressed in heterozygotes and thus easily removed
by _selection, they generate few associations with other loci. Co-dominant background
mutations have little effect on within-POD zone heterozygosity in contrast to simulations

with more recessive mutations (hg = 0.2). This is true even within selfing populations (Supp.

27



&  400] R

—

-= 10

w
=}
=}

m— 0.1

Relative He
(POD zone)
5

m— 0.5

1.004 -

0.00 0.25 0.50 0.75 0.95

2.004

1.501 J

....................
Lol - rwww—————wTTETTIECcooocooITIITIIITT L

Relative He
(excluding POD zone)

0.501

0.00 0.25 0.50 0.75 0.95
Selfing rate o

Figure 4: Background mutations affect POD selection and vice versa. Graph (a) shows

heterozygosity, H., within the POD zone with background mutations relative to H, in the

absence of background mutations and graph (b) H. elsewhere in the genome with a POD

zone relative to without, both as a function of the selfing rate. Populations are subject to
different backeground mutation rates (U) and shorter and longer map lengths (R in Morgans).
These simulations use 100 POD load loci (nz, = 100) and a map length of £ = 105 Morgans.

Mutations within the POD zone are randomly placed. Selection coeflicients in- and outside

the POD zone (s and sy respectively) are 0.01 with dominances h and hy = 0.2.
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it_is associative overdominance between the POD zone and other load loci that increases

heterozygosity (Supp. Fig. S7b). Varying rates of background mutation and POD zone
length also have complex effects on effective population size V. (Supp. Fig. 2?S7c).

4.3 Inbreeding depression

As expected, the overdominance generated by—aPOD-inereases—the—amount-of-in a POD
zone increases the inbreeding depression, §, expressed-in—a-population{ecomparelowertines

opulations express (Supp. Fig.

depression—even—at—hichselfing—rates{right-side; Fie—2?and-in_outcrossing populations

can_be predicted using Eq. (9), which accounts for overdominant selection and unlinked
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deleterious mutations. In selfing populations variable erosion of the POD zone and POD

selection dynamics generate bimodal distributions of 0 (see Supp. Fig. 22— The-marked

clearer representations). Some simulations generate values of § close to those predicted b

Eq. (9) (dashed lines in Fig. 5) while others generate values predicted when selection acts

only against the unlinked recessive deleterious mutations (Eqg. (6), dotted lines in Fig. 5).

This «

bimodal-distributions-ef-may reflect loss of the POD zone. Smaller genomes (e.g., R =1
Morgans) generally increase the observed d{Fie—22d, especially in selfing populations (see

Supp. Figs. S8 and A4).

5 Discussion

W : L whetherbloel ‘ . L .

Given that purging, drift, and background selection all reduce segregating variation
and thus inbreeding depression, we face the question of what force perpetuates these even
within small and inbred populations. Waller (2021) emphasized this enigma and reviewed

mechanisms that might account for it. Selective interference among loci might act to slow or

block purging (Lande and Schemske, 1985a; Winn et al, 2011). Recurrent mutations might

also replenish the load fast enough to regenerate § (Fisher, 1930; Charlesworth, 2018). A
third possibility is that clusters of recessive mutations linked in repulsion emerge, creatin

enough balancing selection via pseudo-overdominance {POD’s}—ean—persisttons—enough
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Figure 5: Inbreeding depression {6 }-as a function of the selfing rate {¢-}-4666-generationsafter

admixture-for si

d-fer-different baekeround-values of the haploid mutation ratesrate, U. Fop-panels:—o-asa

Solid
lines show mean—observed-d—and-means of the dashed-simulations run. Dotted lines show
theoretical-expeetationsfor-the inbreeding depression ealeulatedusingequation9—Bettom
panels:—Vielinplots-of-expected in the distributions-absence of §for-different-overdominance
(Eg. _(6)) while dashed lines show increases in delta expected with overdominant selection
over all selfing rates of-¢(Eq. (9)). Other parameter values are as—n; = 100, £ =105

Morgans and randomly placed mutations in Figthe POD zone. ?Z?Selection coefficients in-

and outside the POD zone, s and sy are set to 0.01 with dominances h and hy = 0.2. The

total map length (setting the recombination rate) is B = 10 Morgans.
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PODssubjeet—to-(POD) to counter purging and drift, sustaining selection for outcrossing
or mixed mating systems (Waller, 2021). Our goals here were to explore the dynamic
stability of POD_zones (initially ignoring how_ they arise) using both classical one-locus
overdominant theory (Kimura and Ohta, 1971) and simulations. We found that strong and
balanced seleetien-POD zones can persist for lengperieds—given-tightJinkage—This-makes

and-inbreedine-depression-via-pureing-andfixation—hundreds to many thousands of generations.

5.1 Assumptions-and-structure-of-the-model
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midly—deletertous—mutationsas—seleetive—effeets—of-order1tWhether POD zones are fragile

or robust depends critically on several genetic parameters. These include the number and

2Ne-ordess-are-effeetivelynentral

severity of deleterious mutations, their proximity and cis-
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St0-trans- positions, and St—s—Fig—72?their levels of dominance/recessivity (Figs. 2
and A4). Strong and balanced selection plus tight linkage allow POD zones to persist as
these conditions enhance the associations (linkage disequilibria) that generate POD effects.

Recombination dissolves these associations, allowing purifying selection and drift to disrupt
POD zones, purging and fixing mutations. Mutations erode from either end of the POD zone
or the load becomes unbalanced enough to fix one haplotype. The importance of linkage
and small mutational effects are evident in the radically enhanced purging seen in models
that ignore linkage and assume major mutational effects (Lande and Schemske. 1985b).
We also_found that new recessive mutations that occur elsewhere in the genome generate
associations with load alleles within POD zones that enhance POD zone heterozygosity and
persistence (Fig. 4). Such mutations add to the segregating load, increasing heterozygote
advantage. Because levels of heterozygosity are correlated across the genome in partially
inbred populations (identity disequilibrium), the background selection generated by mutations
outside the POD_zone tend to reinforce the balancing selection favoring heterozygotes in
the POD zone. POD_ zones also exert reciprocal effects, enhancing the heterozygosity of

mutations occurring elsewhere in the genome when mutation rates are moderate (U=0.5, Fig.
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simulations—assumed—alternatinetoadJocieffect was amplified within selfing populations

resumably reflecting how selection against POD zone homozygotes favors heterozygosit

across the genome when more identity disequilibrium occurs. These effects would be further

enhanced if mutations were to have varying dominance effects, a scenario which we did not

strong—balaneing seleetionneededto-stabilize the POD-recent work has shown that POD
selection can be generated in a single population by the clustering of mutations in repulsion,
even without _heterogenous recombination rates along the chromosome (Sianta et al, 2021).
These results coupled with ours lead us to hypothesize that any genomic region displaying

reduced recombination could provide a haven for POD zones to emerge and persist.

5.1 How do POD zones originate?

Many empirical observations could be explained by the existence of POD zones (see Introduction
and Waller 2021). Whether POD zones that are conserved across populations exist in

sufficient number and strength to affect evolutionary dynamics hinges on the relative rates

at which they are created and destroyed. We focused on POD zone erosion and loss, but
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how—often POP s-evolve—Notablynot how they arise. As our results show, a requirement

for POD stability is strong linkage within a given genomic region in which mutations can
accumulate through the actions of selection and genetic drift. Inversions and centromeric

regions with restricted recombination provide preconditions favoring POD zone emergence,

as do genomic regions neighbouring loci currently or previously under overdominant selection,

where recombination is suppressed. Examples where this has been observed include self-incompatibility.
loci (Takebayashi, 2003; Igic et al, 2008; Mable, 2008), MHC loci (Garrigan and Hedrick, 2003; Gemmell and §
and loci with balanced polymorphisms generated by ecological selection (van Qosterhout et al, 2000; Jay et al. 2
In such regions, mutations of small effect become effectively neutral when the product of the

effective population size and the selection coefficient No.s << 1 (Crow and Kimura, 1970; Hedrick et al, 2016)).

These will drift in frequency and often fix increasing the “drift load” to the presenee-oftrue

may compromise population viability (Whitlock et al, 2000; Charlesworth, 2018). Selection
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against strongly deleterious mutations will accentuate fixation of milder mutations linked in
repulsion via “background selection” (Charlesworth et al, 1997; Zhao and Charlesworth, 2016).

abevemicht-also-faver POD-formation—even among alleles at unlinked loci limiting selection
Hill and Robertson, 1966; Sved, 1971; Ohta and Cockerham, 1974; Lewontin, 1974).
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low-recombinationregions—within-The scenario we suggested that might create POD zones

involved drift fixing alternative sets of recessive deleterious mutations among isolated populations.
When such populations hybridize. their F1 progeny experience high heterosis reflecting the
cumulative effects of POD across the whole genome (Crow, 1999a). Under free recombination,

this heterosis is expected to erode by 50% in the human-genome near-eentromeres{Gilbert-et-al-2020)-

Brandenburg-et-al-{2017)-identified6F2 and each subsequent generation as recombination

dissipates the associations generating the POD (Harkness et al, 2019) (ignoring the presense

of epistatic Dobzhansky-Muller incompatibilities -(Ehiobu et al, 1989). However, where
clumps of mutations occur within short genomic regions (or in low recombination zones), 978

wneven—distribution—-ofdoaddoeiin-POD zones may be spawned. Inter-population crosses

often reveal high heterosis (Willi et al, 2013; Spigler et al, 2017) as do crosses between low-fitness
inbred lines in plant and animal breeding programs. Theory suggests that any incipient
POD zone generating heterozygous progeny at least twice as fit as homozygous progeny will
allow_that POD _zone to persist even in highly selfing populations. Dramatic examples of

“hybrid vigor” in F'1 crosses include cases where progeny have up to 35 times the fitness of
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parental lineages (Tallmon et al, 2004; Hedrick and Garcia-Dorado, 2016) easily satisfying
this condition.

Proto-POD _zones may be fragile. Our models show that recombination and selection
eliminate proto-POD_zones with weak, unbalanced, or loosely linked loads. However, in
some regions, cumulative selective effects from localized mutations may be large and balanced

enough to allow a persistent POD zone to emerge. Such zones eliminate many homozygous

rogeny, reducing effective rates of inbreeding (F. Eq. 7). This, in turn, reduces rates

at _which_deleterious recessive mutations are lost both within POD_zones and elsewhere

in the genome (Fig. 4). Selection against low-fitness recombinants might even favor the

evolution of reduced rates of recombination within POD zones providing another mechanism

to stabilize POD zones (c¢f. Olito et al 2022). We ignore the potential of POD zones

to gain strength over time by accumulating additional internal mutations sheltered from

selection as heterozygotes, which would augment the overdominance as observed at the

S-locus in Mimedus—guttatusArabidopsis halleri — with-deleterious-alleles-oftentocalized—to

maladaptive-in-tnereasingexpression-of-Evolutionary consequences of POD selection

POD zones could affect the architecture and the dynamics of the genetic load in various

ways. Most conspicuously, our simulations of background selection show how POD zones
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could increase the segregational load and-redueingseleetion-against-newly-arising-deleterious

to-elsewhere in the genome and vice versa. Such effects imply that mutations both within
and outside the POD zone could reinforce the selection maintaining POD zones sustaining
more variability and segregating loads than otherwise expected. Such loads could favor
self-incompatibility mechanisms for their ability to produce fewer low-fitness homozygous
genotypes.  Our scenario_where population hybridization spawns POD zones suggests a
mechanism_whereby fixed drift loads might regularly be converted into segregating loads
which then persist in regions expressing strong overdominance.

Although we expect positive heterozygosity-fitness correlations within partially inbred
opulations (given that heterozygosity inversely measures inbreeding), heterozygosity and
variation within POD_zones reflects the opposite: non-adaptive variation emerging from
sustained mutational and segregational genetic loads. This may help to explain why heterozygosity-fitness
correlations can be weak and inconsistent (David, 1998). POD zones might increase loads
within populations by creating safe havens within which new deleterious mutations could

accumulate while increasing the load of mutations segregating elsewhere in the genome.

Small, inbred populations might also become vulnerable to “mutational meltdown” medels

threatening population viability(Gabriel et al, ]
Conversely, POD zones may provide individual or population advantages by sustainin

inbreeding depression and favoring outcrossing in ways that better sustain adaptive genetic
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variability.

PO] )75‘ WOl d alse aﬁeet

5.3 POD effects on mating system evolution

The presence of POD conspicuously affects the evolution of plant and animal mating sys-

tems by sustaining seg

generatemore segregational load and higher inbreeding depression than expected especiall

in small, inbred populations. Early models of mating system evolution sought to explain

variable levels of self-fertilization as the-euteome-ofseleetion—-acting-on—progenyexpressine

higher—orJdowerdevels—of-equilibria reflecting how selection acted on progeny with more or

less inbreeding depression. These—predieted—that—inereasedrates—ofselfingshould-expese

—As—mutationswere—purged; Hb—would—deelineJeading—te—In these simple static models,
inbreeding depression less than 0.5 would result in exclusive selfing while higher levels
would favor exclusive outcrossing. More dynamic simple models that allow selection make
mixed mating systems even more improbable by allowing inbreeding to purge deleterious
mutations, generating ”run-awayseleetion—foreomplete” selection for ever-increasing levels
of selfing (Lande and Schemske, 1985b). Sueh—models;—however,—neglected—to—aeceount
for-If drift instead fixes many segregating mutations, similar effects emerge as_this. too,
causes inbreeding depression to decline. The ability of many small, inbred populations to
nevertheless retain genetic variation and inbreeding depression plus the absence of purely
inbreeding taxa thus pose a paradox (Byers and Waller, 1999; Winn et al, 2011). More
complex and realistic models that_incorporate effects of linkage, driftdynamies, and the

associations among loci that arise in smalland-inbred-populations—all-of-which-considerably

7 inbred

opulations show far more complex dynamics and-outeomes—ineluding—thepersistence—of
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(Charlesworth and Charlesworth, 1987; Uyenoyama et
One relevant_model showed that a single unlinked overdominant viability locus anywhere
in_the genome generates positive associations with modifier alleles enhancing outcrossing
(Uyenoyama and Waller, 1991). Such associations favor a persistently mixed mating system.
Because POD also favors heterozygotes, we expect POD zones to exert similar effects. The

resence of POD zones might thus help to account for these-paradeoxes—

in—speeies—with—the paradoxes of persistent segregating loads and populations and species

that maintain mixed mating systems. If, instead, POD zones regularly arise and then
deteriorate, selection could alternately favor selfing and outcrossing. This might provide an

entirely different mechanism favoring mixed mating systems.

How G&Eﬂ POD 75‘

5.4 Conclusions
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Understanding the mechanisms that create and sustain POD zones cast light on how commonl

POD zones may arise and persist ;how—eommonlty—theyocenr—withinnatural populations;

tight-on—all-these—questionsand the genetic and demographic_circumstances that _enhance
their_longevity. Comparative genomic data will be particularly useful for searching for
POD zones and analyzing their structure and history. Our models demonstrate how several
genetic, demographic, and mating system parameters may affect load dynamics within and
beyond POD zones. Any POD zones that persist are likely to strongly affect mating system
evolution by reducing both purifying selection and drift, sapping the power these forces
would otherwise have to reduce inbreeding depression. Qur models demonstrate that POD
zones can persist given the right conditions. We encourage further research to extend and

refine our understanding of this phenomenon.
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