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Species pairs often become genetically incompatible during divergence, which is an important source of reproductive isolation.

An idealized picture is often painted where incompatibility alleles accumulate and fix between diverging species. However, re-

cent studies have shown both that incompatibilities can collapse with ongoing hybridization, and that incompatibility loci can

be polymorphic within species. This paper suggests some general rules for the behavior of incompatibilities under hybridization.

In particular, we argue that redundancy of genetic pathways can strongly affect the dynamics of intrinsic incompatibilities. Since

fitness in genetically redundant systems is unaffected by introducing a few foreign alleles, higher redundancy decreases the sta-

bility of incompatibilities during hybridization, but also increases tolerance of incompatibility polymorphism within species. We

use simulations and theories to show that this principle leads to two types of collapse: in redundant systems, exemplified by clas-

sical Dobzhansky-Muller incompatibilities, collapse is continuous and approaches a quasi-neutral polymorphism between broadly

sympatric species, often as a result of isolation-by-distance. In nonredundant systems, exemplified by co-evolution among genetic

elements, incompatibilities are often stable, but can collapse abruptly with spatial traveling waves. As both types are common,

the proposed principle may be useful in understanding the abundance of genetic incompatibilities in natural populations.

KEY WORDS: Genetic redundancy, hybridization, incompatibility, purging of incompatibilities, reproductive isolation.

Speciation, the branching process whereby lineages split and
persist through time, is often accompanied by the evolution of
incompatibilities, or “intrinsic postzygotic isolation” (Coughlan
& Matute, 2020; Coyne & Orr, 2004; Dagilis et al., 2019; Orr
& Turelli, 2001). Hybrid incompatibility may not be the direct
cause of initial divergence, but its presence is considered im-
portant for maintaining species integrity when different lineages
meet and exchange genes (Coughlan & Matute, 2020). It has
been argued that “unlike ... pre-mating isolation and extrinsic
postzygotic isolation, intrinsic postzygotic isolation is likely to
be permanent” (Coyne & Orr, 2004; Muller, 1942). The concep-
tual picture of genetic incompatibilities has mostly been explored
using the classical two-locus incompatibility model (Bateson,
1909; Dobzhansky, 1937; Muller, 1942; Orr & Turelli, 2001),
where derived alleles arise on different loci in each species, and
these alleles interact negatively to produce hybrids with lower

fitness. We here use the term “classical Dobzhansky—Muller
systems” as a synonym for this two-locus model, although it
has sometimes been used more generally as a synonym of more
complex epistatic incompatibilities.

Recent empirical work on genetic incompatibilities has re-
vealed rather more complex genetic architectures. Incompatibil-
ities in hybrids are generally epistatic, and multiple interacting
loci suggest a complex basis of hybrid dysfunction (Courret et al.,
2019; Meiklejohn et al., 2018; Rosser et al., 2021). Incompat-
ibilities can also be present as polymorphisms within species
(Atlan et al., 2003; Cutter, 2012; Corbett-Detig et al., 2013; Lar-
son et al., 2018; Zuellig & Sweigart, 2018b). In some cases, bal-
ancing selection has been invoked to explain widespread incom-
patibility polymorphisms (Seidel et al., 2008), but in most cases,
it is unclear whether incompatibility variation has reached equi-
librium in space and time. Incompatibility genes might also flow
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ON THE IMPERMANENCE OF SPECIES
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Figure 1. Synopsis of the duality between genetic redundancy and the stability of incompatibilities to hybridization. A “module” refers

to a set of factors in a genetic/biochemical network (Schlosser & Wagner, 2004), often associated with an input-output relationship

(e.g., a regulatory pathway of downstream genes).

between young species, as has been confirmed or suspected in a
number of hybridizing systems (Larson et al., 2018; Presgraves
& Meiklejohn, 2021; Rosser et al., 2019). Since hybridization
is a frequent phenomenon among recently diverged and incipient
species (Mallet, 2005), understanding incompatibilities subject to
gene flow is crucial for elucidating how incompatibility evolves
in nature.

Over the past few decades, new theories have been pro-
posed for the accumulation of incompatibility alleles between a
pair of isolated, panmictic populations (Dagilis et al., 2019; Orr
& Turelli, 2001; Schiffman & Ralph, 2022). Mostly, polymor-
phism is viewed as a transient phenomenon of little importance
that occurs in isolated populations. In these “accumulation” the-
ories, hybridization resembles that seen in laboratory crosses, but
is assumed to have little impact on parental species. Theoretical
analysis of incompatibility dynamics under gene flow has hith-
erto been limited to a single population receiving migrants from
a large, static species, often ignoring stochasticity (Bank et al.,
2012; Blanckaert & Hermisson, 2018; Blanckaert et al., 2020).
The complexity of incompatibility systems in natural populations
is likely much higher, especially if nonequilibrium patterns of hy-
bridization and population structures are considered. Of particu-
lar interest are patterns generated by intrinsic incompatibilities
(i.e., without ecological, or extrinsic selection), because intrinsic
properties are likely to be shared among different taxa having a
similar genetic basis of incompatibility. Ecological selection is
likely important, but can be added as an extra layer when neces-
sary. If such intrinsic patterns evolve relatively rapidly, they will
account for a nontrivial component of observed incompatibilities
in nature, as empirical evidence tends to show (Coyne & Orr,
2004; Coughlan & Matute, 2020).

Many incompatibilities are polygenic and epistatic, which
obstructs the formulation of simple, robust principles that apply
independently of model details. Therefore, we first present our
intuition behind general models underlying a theoretical analy-

sis: that patterns of incompatibilities under hybridization can be
broadly classified by the level of genetic redundancy (Fig. 1).
Then we demonstrate qualitative differences of incompatibility
collapse by analyzing and simulating each class of incompatibil-
ity systems under increasingly complex population structures.

Theory

INTUITION: THE DUALITY BETWEEN GENETIC
REDUNDANCY AND THE STABILITY OF
INCOMPATIBILITIES TO HYBRIDIZATION

Genetically redundant incompatibilities

Redundant components such as duplicated genes or pathways
greatly facilitate the evolution of genetic incompatibilities, as
they produce extra degrees of freedom even for species un-
der stabilizing selection (Haag, 2007; Lynch & Force, 2000).
Classical Dobzhansky—Muller incompatibilities represent the
simplest form of redundant system, because substituting a sin-
gle derived allele into the ancestral background has no fitness
cost: the fitness of the ancestral genotype is robust to small-
scale disruptions (Fig. 1, bottom). However, this redundancy
also de-stabilizes incompatibilities in the face of gene flow, first
shown for classical Dobzhansky—Muller systems, where contin-
uing hybridization can lead to their total collapse (Barton &
Bengtsson, 1986). Empirical examples of redundant incompati-
bilities are not rare. In Mimulus, duplicated genes with reciprocal
pseudogenization in each species create pseudogene—pseudogene
incompatibilities (Zuellig & Sweigart, 2018a), a special case of
the Dobzhansky—Muller model that will typically be unstable
to hybridization (Bank et al., 2012). In Arabidopsis thaliana,
the existence of additional gene copies as rescuers of a known
pseudogene—pseudogene incompatibility further increases redun-
dancy and two pseudogenes can co-exist at arbitrary frequencies
within a population (Jiao et al., 2021). In other populations of
A. thaliana, first-generation hybrid necrosis was mapped to a
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large array of dominantly interacting immune-response genes,
which arise via multiple cycles of gene duplication and gene
loss (Chae et al., 2014). In shrews, lineages of Sorex araneus
with different Robertsonian chromosome fusions, a karyotypic
example of Dobzhansky—Muller incompatibility, collapse into
fully acrocentric, globally compatible chromosomes within the
hybrid zone (Hatfield et al., 1992). Genetic redundancy also
frequently appears in both trans- and cis-regulation that may
be important for the development of incompatibilities (True &
Haag, 2001). For instance, distinct transcription factors could re-
spond to similar signals, and control a similar set of target genes
(AkhavanAghdam et al., 2016; Hu et al., 2007), and some en-
hancers are also functionally redundant (Barolo, 2012; True &
Haag, 2001). In principle, if a biological function is redundantly
controlled by several independent genetic modules, it may be ro-
bust to disruptions of a subset of them (Fig. 1, bottom). Gene
flow can thus occur in at least a subset of modules, which de-
stabilizes incompatibilities.

Genetically nonredundant incompatibilities

Conversely, incompatibilities lacking genetic redundancy are typ-
ically more resistant to hybridization (Fig. 1, top), and are
bistable. A classic example is the co-evolution between cis-
and trans- acting regulatory elements, where any recombined
genotype suffers from mis-regulation (Barriere et al., 2012;
Mack & Nachman, 2017; Prager & Wilson, 1975; Porter &
Johnson, 2002). Since intermediate genotypes are suppressed, in-
compatibilities are stable in the presence of gene flow (Bazykin,
1973; Barton, 1979; Lindtke & Buerkle, 2015). This argu-
ment could be extended to other examples, such as gene-
dosage imbalance (Josefsson et al., 2006), cyto-nuclear interac-
tions (Chou & Leu, 2010), selfish genetic elements with their
suppressors (Case et al.,, 2016; Phadnis & Orr, 2009), or re-
ciprocal sign epistasis (Bazykin, 1973; Poelwijk et al., 2011).
Interestingly, some incompatibilities might be partially redun-
dant. For instance, polygenic threshold incompatibilities are fre-
quently observed in Drosophila (Liénard et al., 2016; Moran &
Fontdevila, 2014), where strong hybrid dysfunction occurs only
when the amount of introgressed DNA exceeds a certain fraction.
These systems might tolerate a moderate level of segregation in-
volving incompatibility alleles (Morimoto et al., 2020).

We emphasize that duplicated components in genomes may
vary over time (Cotton & Page, 2005; Moore & Purugganan,
2005), as does genetic redundancy. Thus, incompatibility fac-
tors evolved by redundant processes might lack redundancy in
some hybrid populations. Consequently, the proposed concep-
tual duality should be between the “current” level of genetic
redundancy and the stability of genetic incompatibilities to hy-
bridization. This duality forms the basis of our models below.
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Table 1. Glossary of major symbols.

Symbol Meaning

G The state space of genotype distributions

g A particular genotype distribution (an element in G)

n Mortality rates of all genotypes

s The increase in mortality rate due to
incompatibilities

o Mating rate

m The probability of hybridization between sympatric

species (assumed to be small)

m The probability of nearest-neighbor migration in
discrete populations
Q The stoichiometric matrix mapping the distribution
of matings to offspring genotypes
r Recombination probability in the two-locus model

calele  The count of a particular allele in a diploid genotype
(ca, cp, etc. Takes value in {0, 1, 2})

p The frequency of a particular allele

Ds The probability that a random sample never hit
regions of sympatry throughout its genealogy

o? The variance of a one-dimensional dispersal kernel

(0 = m’ in discrete populations)

L The size of a linear habitat

X, t Coordinates in space and time

N Diploid population size

A TOPOLOGICAL DEFINITION OF REDUNDANCY

We start by considering two genetically incompatible species, 1
and 2. Let Q2 be the space of all possible genotypes that can be
created by recombination and union of all haplotypes that pre-
exist in either species 1 or species 2. The set of all probability
distributions on 2 is denoted by G, which corresponds to the
general state space of genotype distributions. Elements in G are
denoted by g. We use g; and g, as the genotype distributions
in the two species, respectively. We assume that generations are
overlapping, and microscopic changes are governed by an
individual-based birth-death process (see Supporting Informa-
tion). A glossary of symbols and variables can be found in Ta-
ble 1). If genetic drift is neglected, evolution in a single randomly
mating population is driven by viability selection and reproduc-
tion. Its dynamics in the genotypic space G can be written con-
cisely as:

0g = [y I —diag(p)] g +a2 Q (g®g), (1)

Reproduction

Selection by incompatibility

where a is the rate of mating, Q is the stoichiometric matrix re-
lating the distribution of offspring genotypes to the distribution
of matings (given by the tensor product g ® g), I is the identity
matrix, vector p contains the mortality rates of all genotypes, and
its average value over a genotype distribution g is denoted as fL.
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ON THE IMPERMANENCE OF SPECIES

As a first approximation, we assume a “holey landscape” fitness
model (Gavrilets, 1997). Ecological selection is not considered as
we are here primarily interested in intrinsic properties of incom-
patibilities. Under the holey landscape model, mortality rates of
genotypes are either normal or very high. To model the influ-
ence of hybridization from species 2 on species 1, split the re-
production term to include a small probability m of interspecific
hybridization, and we have the following equation governing the
genotype distribution g;:

[, I—diag(w)] g + ol —m)Q (g ®gr1)

Within-species reproduction: f,,(g;)

08 =

Selection by incompatibility: f,(g;)

+ am Q (g ®g1) 2
—_—_————

Hybridization: f,(g,2>)

Note that the probability of interspecific gene flow under this for-
mulation is m/2, because each first-generation hybrid only has
half of its DNA inherited from its foreign parent. Consider the
following set of fixed points:

G = {gl,g = £.(g) + £.(2)) 3)

Since multiple genotypes are equally fit under the holey land-
scape model, this set might become degenerate (i.e., not
composed entirely of isolated points). If parental genotype dis-
tributions g, and g, are path-connected in G, then it is possible
to perturb g; along such paths to g, without leaving the equi-
librium, assuming weak hybridization. The existence of a path-
connected G is not always guaranteed, but its presence is what
we mean by redundant incompatibilities. There are good reasons
for such definition: Genetic redundancy implies that maintenance
of high fitness does not require all components of the system to
work (Nowak et al., 1997). This adds some free dimensions to
the dynamics that are unconstrained by fitness. The existence of
a path-connected G is the consequence of such free dimensions.
An extreme version of redundancy is neutral evolution, which ex-
ists if the entire state space becomes G.In contrast, when G con-
sists only of isolated points, the evolutionary dynamics switches
to jumps similar to the shifting-balance process (Wright, 1932).
Thus, there are two different regimes of dynamics depending on
whether genetic redundancy exists (Figure 2a):

Dynamics of nonredundant incompatibilities

If G is not path-connected, under the holey landscape model, we
can asymptotically eliminate only the time-scale of selection by
incompatibility. Such systems are governed by:

381 ~Tgrpooe”‘““”[fw(gl)+fh(g|,gz)] = foon (81, 22), (4

where J stands for the Jacobian matrix at equilibrium points of
the dynamical forces specified by its subscript (see Supporting
Information). Such incompatibilities are resolved by an abrupt

jump (i.e., a genetic peak-shift. A two-locus example is given in
Figure 2b).

Dynamics of redundant incompatibilities

If G is path-connected, under suitable conditions we can asymp-
totically eliminate time-scales of selection and of within-species
reproduction, and the system evolves under the time-scale of hy-
bridization:

dhgr ~ lim eJnennen|[fy(g), )] = fea(gi, 82) (5)
T—>+00

Such incompatibilities will collapse by incremental perturbations
due to hybridization (see Figure 2b for a two-locus example).

Stochasticity

In finite populations, Equations (4) and (5) are also affected by
genetic drift in the birth-death process. The influence of stochas-
ticity is essential to understanding many aspects of collapse dy-
namics, and will be treated analytically in two locus incompat-
ibility models presented below. For more complicated systems,
we show simulated results.

SPECIFIC MODELS

Inspired by realistic molecular mechanisms, we here define four
specific incompatibility models with different levels of redun-
dancy (Table 2), on which we base subsequent results. Simpler
models (I and II) are mainly used for the analytical treatment
of collapse dynamics, which have already been studied some-
what (Lindtke & Buerkle, 2015). More complex models (III and
IV) conceived for highly redundant incompatibilities are stud-
ied here using simulations in SLiM-3.6 (Haller & Messer, 2019)
to demonstrate the robustness of certain quasi-neutral behaviors
in spatially extended populations. At most four bi-allelic loci in
diploid species will be considered, and we track alleles that are
represented by capitalized letters (A, B, C, D). Under the birth-
death formulation, these models have the following form of mor-
tality rates:

i = o + sl(Incompatibility condition), (6)

where [ is the indicator function, s is the increase in mortality
rates by incompatibility. Further, let c,jele be the count of the des-
ignated allele in a diploid genotype.

Model I: Two-locus bistable systems (non-redundant)

Bistable systems with two loci could represent co-evolution be-
tween regulatory elements in a pathway under stabilizing selec-
tion. In the model, we assume fitness reduction is due to additive
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(a) Fitness Landscape

Schematic model

Gene flow
—

Species 1

Species 2

Non-redundant
G is isolated;
Multiple peaks in fitness landscape;
Abrupt dynamics (“jumps”).

Redundant
Z; is path-connected;
A plateau in fitness landscape;
Quasi-neutral dynamics.

G: space of genotype distributions

(b) Two-locus example

Fitness

BB Bb bb 81

Paths of genotype frequencies

Peak shift path g9

aa
Aa
AA

Non-redundant

bb Bb BB 5!

Quasi-neutral path

aa 4 + +

~

Redundant

Figure 2. Schematic differences between the collapse dynamics of redundant and non-redundant incompatibilities. For simplicity, species
1 is subject to unidirectional gene flow from species 2. (A) Representation of dynamics in the general model. Red lines depict the trajec-
tories of genotype distributions in species 1 subject to unidirectional gene flow from species 2. Contours depict the fitness landscape in

the genotype distribution space G. For redundant incompatibilities, collapse trajectories form a quasi-neutral path on the fitness plateau.

For nonredundant incompatibilities, collapse requires a stochastic jump. (B) Explicit examples of dynamics in two-locus models (see Sec-

tion “Specific models”. Nonredundant: Model I; Redundant: Model II).

dosage-imbalance between two loci, which leads to the incom-
patibility criterion:

CA ;ﬁ CB (7)

This bistable system broadly represents behaviors of nonredun-
dant incompatibilities that are intrinsically symmetric, because
mortality rates are invariant when exchanging labels “A” and
“gr.

Model Il: Two-locus unistable Dobzhansky-Muller
systems (redundant)

The classical Dobzhansky—Muller system involves two derived
alleles (A and B) on two loci, each behaving neutrally on its
own. They interact negatively when combined in hybrids. For

2502 EVOLUTION NOVEMBER 2022

simplicity, negative epistasis is assumed to be fully dominant, so
that the incompatibility criterion becomes:

cacg >0 8)

Model Ill: Highly redundant Dobzhansky—Muller
systems

This redundant system involves duplicating the same unistable
locus. For example, consider four pseudogenized alleles (A, B,
C, D) of a duplicated gene, where each gene copy also has func-
tional homologs (a, b, c, d). Each gene is unistable on its own
because its functional allele will always replace the pseudoge-
nized one under selection. Mortality rate is normal whenever a
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ON THE IMPERMANENCE OF SPECIES

Table 2. Specific models of incompatibilities.

Initial diploid genotypes

Model Species 1 Species 2 Incompatibility condition Recombination Redundancy

1 AABB aabb cA # CB r Non-redundant
1I AAbb aaBB cacg >0 r Redundant
III AABBccdd aabbCCDD cpA=cg=cc=cp=2 Unlinked Highly redundant
v AABBCCDD aabbccedd [(ca — D)(cg — D]+ |(cc = D(ep — 1| =0 Unlinked Highly redundant

single functional copy is present in an individual, and the incom-
patibility criterion is:

CA=CB=Cc=CD=2 (9)

This model can also be seen as an extension of the two-locus
Dobzhansky—Muller holey landscape model with recessive inter-
actions.

Model IV: Highly redundant multistable systems

This system considers a type of genetic redundancy in pathway
duplication where each divergent pathway produces multi-stable
incompatibility and is non-redundant, but the joint incompatibil-
ity of all such pathways becomes redundant since multiple path-
ways serve the same function. In the main text, we model two
pathways with identical functions, each pathway contains two bi-
allelic loci (first pathway: A/a & B/b, second pathway: C/c &
D/d), which disrupt the pathway’s function whenever a locus be-
comes heterozygous. The criterion for incompatibility is:

l(ca — D(eg — DI+ [(cc — D(ep — DI =0 (10)

Results

THE COLLAPSE OF INCOMPATIBILITIES IN A SINGLE
POPULATION

Consider a population of species 1 experiencing unidirectional
gene flow from species 2. Time courses to the collapse of incom-
patibilities defined by Models I and II are shown in Figure 3.
The average time to collapse (t.) is defined as the first time that
every individual in the peripheral lineage becomes compatible
with the external species. Since hybridization is assumed to be a
weak effect, it has little effect on population size, which fluctu-
ates near N, the equilibrium value. For simplicity, let m* = Nm
and r* = Nr be the population rates of migration and recombina-
tion following classical population genetic notions.

In the nonredundant Model I, the average time to collapse is
approximately:

27 1, | m
(t(:>non ~—exp|zr +|m + < In — (11)
am 2 2 r

(t-)non approaches infinity when stochasticity goes to zero (i.e.,
N — 00) (see Supporting Information). Here, the effect of
stochasticity depends on the population migration rate m* as well
as the population recombination rate r*.

For the redundant Model II, the average time to collapse is
given by:

2+ D — )
(c>red ~ am 1 +m*(l — %r)

, 12)

where () represents the digamma function. (f.).q is bounded
as a function of N (see Supporting Information). In addition, the
effect of stochasticity is mediated only through population migra-
tion rate m*.

Although a single population represents only the simplest
population structure, it is sufficient to illustrate the differ-
ent dynamics of collapse between the two classes of incom-
patibilities. Redundant incompatibilities collapse continuously
(bounded (z.)), while nonredundant incompatibilities only col-
lapse abruptly in a peak shift (Wright, 1932) (exponential (z.)).
This dichotomy extends further when we consider collapse in
spatially extended populations (see below).

There are other contrasts between the models. In Model 1,
first-generation hybrids are normal, while backcross generations
tend to be unfit. In Model II, fitness reduction occurs immedi-
ately in first-generation hybrids, but dissipates in backcross gen-
erations. Consequently, stochasticity (genetic drift) affects the
persistence of incompatibilities in opposite ways. In Model I,
incompatibility alleles are deterministically stable in the fo-
cal population when hybridization is weak. Therefore, weaker
stochasticity will strengthen the performance of the determinis-
tic barrier. In Model II, however, stochasticity creates a stronger
barrier to collapse, because of the increased likelihood of losing
the rare early generation hybrids before their offspring spread.
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Model |

Trajectories (AB)

Weak drift (N ~ 10%)
1

Mean collapse time

In{t.)

1000

800

t 6000 600

Z
Strong drift (N ~ 10%) 400
1

120

200

t 6000 01 02 03 04 05
T

90  Strong drift (IV ~ 10%) 400
1 1

Model Il

Trajectories (Ab) Mean collapse time

Weak drift (N =~ 10%) In(t.)
1 1000
800
0

t 3000 600
Z

200

0.1 02 03 04 05
T

t 3000

Figure 3. The collapse of two locus incompatibilities in a population subject to gene flow from a different species. Blue trajectories are
frequencies of the native haplotype in the focal population (AB for Model I, and Ab for Model II). The trajectories show results of 50
repeated simulations of the birth-death process. Simulations have the following recombination probabilities: r = 0.055 for Model I, and
r = 0.25 for Model Il. Recombination probabilities were chosen such that population size in the range 103> < N < 10* has a non-negligible

impact on collapse dynamics. Numerically calculated mean collapse times (t.) using Equations (12) and (11) are shown as heatmaps. All
data in this figure correspond to fixed parameters: s = 10, o« =1, m = 0.01.

When stochasticity is weak, it is increasingly likely to have early
generation hybrids that survive their incompatibility to generate
backcrosses, which can lead to incompatibility collapse. These
effects produce virtually opposite patterns of (7.) as a function of
N and r (heatmaps in Figure 3).

THE COLLAPSE OF NONREDUNDANT
INCOMPATIBILITIES IN SPACE AND TIME
Nonredundant incompatibilities collapse via stochastic
traveling waves between broadly sympatric species

To understand the sympatric collapse of non-redundant incom-
patibilities, consider a coarse-grained spatial system, where two
layers of demes represent local populations of two species
(Figure 4a). Each deme is in one of the two discrete states:
+1 and —1, representing the two parental genotype distribu-
tions g; and g,. With nearest-neighbor migration within species
(m'), and local hybridization between species (m), each deme
can flip its state with a fixed rate depending on the states of
its immediate neighbors. A contact probability can be defined
for each deme as the fraction of individuals exchanged with
demes of opposite incompatibility state, which captures the net
influence of other genotypes. For each deme, its rate of flip-
ping increases with a higher contact probability. This simpli-
fied model is a reasonable approximation to the full system,
as long as the full system is bistable and if the collapse oc-
curs abruptly at a fixed rate. We define a stochastic travel-
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ing wave in the discrete system as a biased movement of the
boundary between two states. Since such movement requires
stochastic flipping of discrete states, wave fronts propagate
stochastically in a manner similar to a biased random walk.
Due to the requirement for bias, the spatial boundary between
opposite states needs to be asymmetric for traveling waves to
occur.

In general, the first event to take place is a local collapse
(assimilation of discrete states) between a pair of sympatric
demes. Following this event, there are two sources of asymmetry
in the system which could contribute to the formation of traveling
waves. First, if non-redundant incompatibilities are intrinsically
asymmetric (i.e., states +1 and —1 are not exchangeable without
altering the dynamics), traveling waves can form due to gene
flow within each species (Barton & Turelli, 2011; Geldhauser &
Kuehn, 2020). Second, continuing hybridization creates asym-
metry that favors the wave to propagate in the same direction
as the initial collapse. The second source of asymmetry means
that even a completely symmetric bistable incompatibility can
produce traveling waves, which is impossible in the absence
of hybridization.

To demonstrate this process, let us analyze the coarse-
grained system of Model I and see how traveling waves origi-
nate. In this symmetric model, there are three steps to initiate
a traveling wave (Figure 4a): In the first step, the system waits
for an initial local collapse (panel “Initial state””), which could
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Figure 4. Nonredundant incompatibility collapses via traveling waves in spatial systems. (A) The coarse-grained system of Model | be-
tween sympatric species. Once the initial state is broken by a local collapse, the collapsed deme has to survive swamping. If it escapes
swamping, the rate of flipping is higher towards the exterior of the collapsed region, which drives the propagation of traveling waves.
Gray (+1) and white (-1) boxes correspond to two coarse-grained states of a single deme. m and m’ are hybridization and migration
probabilities, respectively. (B) Two examples of SLiM simulations of Model | showing that symmetric incompatibilities could collapse
completely or form multiple tension zones. Frequencies of allele A were taken every five generations (i.e., At =5 in Equation 13). Hy-
bridization probability m = 0.05, and nearest-neighbor migration probability m’ = 0.1. Population size in each deme fluctuates around
539 for the iteration where total collapse occurs (top panels), and it fluctuates around 269 where multiple collapses occur (bottom panels).
See Supporting Information Figure S3 for the behaviors of all loci. (C) Numerical solutions of conditional transition probabilities among
the four states of the entire system. Parameters are the same as SLiM simulations with population sizes fixed at 269. Probabilities are
derived from transition rates by inversing (t:)non from Equation S26.
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occur in multiple demes across the entire geographic distribu-
tion, and different demes might collapse in opposite directions.
In the second step, the collapsed region needs to expand spatially
to escape swamping. The swamping effect is prominent as a sin-
gle collapsed deme flanked by two demes of opposite states has
the highest rate of flipping back to its original state (panel “Local
collapse”). If swamping is prevented, the system proceeds to step
three, where traveling waves begin to emerge. This is because
demes outside the collapsed region now have the highest rate
of flipping states (panel “Escape swamping”). Finally, emerged
traveling waves propagate (panel “Traveling wave”). We simu-
lated Model I in a one-dimensional habitat with bidirectional hy-
bridization using SLiM (see Supporting Information). The results
(Figure 4b) demonstrate the existence of traveling waves, and the
final state of the entire system varies from a total collapse to the
formation of multiple tension zones. The likelihood of these out-
comes clearly depends on the number of initiated waves, as well
as the direction of collapse at each wave front, both of which de-
pend on details of incompatibilities and the level of stochasticity
in each deme. The swamping effect can be numerically verified
by calculating conditional transition probabilities among the four
states under Model I (Figure 4c). These calculations show that
the state “local collapse” has a high probability of reversing to
the initial condition. However, once swamping is prevented, the
system mainly transitions forward to a traveling wave. The pres-
ence of traveling waves alters the time-scale of persistence of the
incompatibility. On the one hand, if the initial collapse is slow,
but traveling waves form readily, a total collapse between the two
species is likely to occur. On the other hand, if initial collapse is
frequent and occurs in different places, and the incompatibility
is symmetric, long-term tension zones can form which separate
regions fixed for different incompatibility genotypes.

If two species are only partially sympatric, waves of col-
lapse will be relieved of interspecific hybridization once wave
fronts leave sympatric regions. Such fronts might propagate be-
yond sympatric regions if incompatibilities are asymmetric, and
these traveling waves in a single species have been studied ex-
tensively in existing literature (Barton, 1979; Barton & Turelli,
2011; Geldhauser & Kuehn, 2020).

THE COLLAPSE OF REDUNDANT INCOMPATIBILITIES
IN SPACE AND TIME

Redundant incompatibilities collapse into quasi-neutral
spatial polymorphism between broadly sympatric
species

At a local spatial scale, the collapse of redundant incompatibil-
ities can be viewed as a situation where two parental genotype
distributions converge onto a common point along some quasi-
neutral path in the state space G. The final position of this point
in the genotypic state space is not unique, because stochasticity
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can alter the trajectories during the collapse. Consequently, inde-
pendent realizations of the same collapse will have variable out-
comes.

In spatially extended populations, if the habitat is large, ge-
netic drift is decoupled between very distant populations (isola-
tion by distance) (Barton et al., 2013; Wright, 1943). As a result,
the immediate outcome of collapse will also differ between dis-
tant populations. However, gene flow tightly couples genotypic
distributions between adjacent demes, and adjacent populations
will evolve to become compatible. Consequently, after collapse,
gradual quasi-neutral clines may form in space with no local ten-
sion zone.

A signature of quasi-neutrality is that allele-frequency
changes will be dominated by genetic drift. Quantitatively, across
a small time interval (Atr), the mean-squared allele-frequency-
change across space in each species (| Ap|?), will follow:

p(1 —p)

2y~
(apP) o~ (B

ar) (13)
where (-)x represents averaging across all local populations of
that species.

To demonstrate quasi-neutrality, we simulated redundant
Models II, III, and IV in a one-dimensional habitat with bidi-
rectional hybridization throughout 500 demes. This is the same
spatial setup with gene flow within and between species already
tested for Model I (see Figure 4a). Models II-IV have a phase of
rapid collapse following the onset of hybridization, after which
sympatric local populations share similar allele frequencies be-
tween different species (Figure 5). However, in the long-term, al-
lele frequencies still vary substantially across space, and overall
allele frequencies in the entire species change only very slowly.
When comparing the mean-squared response ({|A plz)x) against
neutral genetic drift (At = 5 generations), we found that the mag-
nitude of allele frequency change deviates from neutrality in the
short-term, but fluctuates around neutrality in the long-term, con-
firming that genetic drift has dominated allele frequency changes
after the initial collapse. This marks the existence of a long-
term quasi-neutral phase. As all alleles involved in incompatibil-
ities are purged at very low rates in the quasi-neutral phase, it is
possible for conspecifics from different local populations to be-
come incompatible. Furthermore, different inbred lines generated
from a single local populations could also yield variable levels
of incompatibility when crossed with another species, because
local polymorphism is tolerated, and is not subject to strong
selection.

Another way to interpret quasi-neutrality is to follow a spa-
tial allele frequency cline. In the redundant multistable system
(Model IV), despite a lack of tension zones, alleles from different
pathways still segregate into broad spatial “bubbles”, and fix in an
alternating order in space (see banded pattern of frequency after
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Figure 5. SLiM simulations demonstrate how redundant incompatibilities collapse into quasi-neutral polymorphisms in broadly sym-
patric species. Heatmaps are frequencies of allele A across space and time taken every five generations (i.e., At = 5 in Equation 13). For

all three models, hybridization probability is m = 0.05, and nearest-neighbor migration probability is m” = 0.1. Population size in each
deme fluctuates around 269. In deviation from neutrality, red lines are expectations under neutral genetic drift. See Figure S4 for the

behaviors of all loci.
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Figure 6. The collapse of redundant incompatibilities are limited by dispersal outside regions of sympatry. (A) Schematics of the col-
lapse outside regions of sympatry. Gray color represents frequencies of a hypothetical incompatibility allele. These frequencies form a

spatial continuum determined by the dispersal process. Since frequencies are smooth, no discrete states are distinguishable (compare to
nonredundant incompatibilities in Figure 4a) (B) SLiM simulations of Models I, lll, and IV under a population structure where the zone of
sympatric overlap has five consecutive demes, and there are 250 demes forming a one-dimensional array outside the region of sympatry

in each species. Each model was run for 100 realizations, and allele frequencies (p, blue curves) were taken at generation t = 9901. The

region of sympatry has five consecutive demes, and there are 250 demes forming a one-dimensional array outside this region in each
species. Hybridization probability m = 0.05, and nearest-neighbor migration probability m" = 0.1. Solid red lines are the probability ps
calculated using Equation (14) with o2 = . Dashed red lines are the ensemble-average (p) of allele frequencies p. See Figure S5 for the

behaviors of all loci.

about 10 generations in Model IV of Figure 5 and Figure S4).
Each bubble corresponds to a locally fixed functional pathway.
In the redundant uni-stable system (Model III), pseudogenized
alleles are seldom fixed locally, and their average frequencies
decrease over time. However, these pseudogenes are sheltered
by locally fixed functional homologs so that individuals carry-
ing exclusively pseudogenes are rare (see banded patterns after
about 10° generations in Model IIT of Figure 5 and Figure S4).
The same banded pattern also occurs for Model II (see alternat-
ing black and red in Model II after about 10% generations in Fig-
ure 5 and Figure S4). The fact that every local deme has at least
one functional component promotes quasi-neutral polymorphism
in other components of the system.

The collapse of redundant incompatibilities is limited
by spatial dispersal outside regions of sympatry
We have now shown that redundant incompatibilities collapse
into global quasi-neutrality between broadly sympatric species.
A similar quasi-neutrality argument can be applied beyond re-
gions of sympatry because incompatibility alleles are purged in-
directly there: the collapse is driven by dispersal of compatible
genotypes, which gradually replace parental genotypes through-
out space Figure 6a.

Consequently, the collapse rate of incompatibility alleles
outside the region of sympatry is simply bounded above by the
accumulation rate of compatible genotypes via dispersal. For-

2508 EVOLUTION NOVEMBER 2022

mally, suppose an incompatibility allele is initially unique to one
species and is fixed. At time ¢ after hybridization, let (p)(x,t)
be the expected frequency of the incompatibility allele in that
species at location x in the geographic range D. Let p,(x, ¢) be the
probability that a randomly sampled individual, at location x € D
and at time 7, has never hit the region of sympatry throughout its
genealogical history. Then we conjecture that:

(P)(x,1) = ps(x,1), (14)

We assume a simple model to demonstrate Equation (14).
Let D be interval [0, L] in one species, and suppose hybridization
only affects the left boundary x = 0. Further, assume population
density is uniform and dispersal is driven by the standard diffu-
sion with variance o> per unit time (6> = m’ in discrete popula-
tions with nearest-neighbor migration). Then:

o0

4/t . (2n—1Dmx _ el
ps(x, 1) = Z 710 TR s !

(15)

n=1

Using this formula, at the right-most boundary x = L, the time
it takes on average to decrease allele frequencies to p is lower-

bounded by
8 (L\* 4
Sl|l=) In— (16)
n?\o np

The term L?/o” signifies a general pattern in one-dimensional
dispersal by standard diffusion, that the rate of collapse away
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from the region of sympatry slows down at least quadratically
with the habitat size, which is a consequence from the scaling
relationship in standard diffusion (displacement ~ t%). By this
logic, dispersal characteristics will profoundly affect the collapse
rate away from the region of sympatry. If long-range dispersal oc-
curs (i.e., a heavy-tail dispersal kernel), the collapse will be much
quicker than that under standard diffusion, because incompatibil-
ity alleles are brought into the region of sympatry more quickly to
be selected out. Conversely, lineages with restricted dispersal will
collapse much more slowly away from the region of sympatry.

The bound p; is compared with simulated results for Mod-
els II, III, and IV in a one-dimensional habitat with a narrow
region of sympatry (Figure 6b). Despite the complexity of simu-
lated systems, p, curves robustly predict the “envelope” of allele
frequency clines, and the ensemble-average (p) of all allele fre-
quency clines are always bounded by p;. Thus, the conjecture
holds under a simple habitat model, and the rate of collapse away
from the region of sympatry can be largely predicted from spatial
dispersal alone.

Discussion

Multilocus epistasis can be formidably complex. Here, we derive
general predictions about the collapse of interacting incompat-
ibilities in nature by focusing on the level of their genetic re-
dundancy. The key to understanding this classification based on
genetic redundancy is that many empirical incompatibility sys-
tems appear to have evolved via duplications of genes or path-
ways, followed by divergent “developmental system drift” (True
& Haag, 2001) in separate populations. We show that different
levels of genetic redundancy will lead to qualitatively different
behaviors of incompatibilities under hybridization. Provided hy-
bridization is rare, redundant incompatibilities collapse continu-
ously over time, often associated with various quasi-neutral be-
haviors in space and time. Nonredundant incompatibilities, on
the other hand, exhibit bistable (or multistable) dynamics, which
lead to abrupt collapse (fitness peak shift, and traveling waves or
tension zones in a spatial system), and will be more sensitive to
stochastic events. In particular, while redundancy renders the sys-
tem unstable to gene flow, it also serves as a buffer that prevents
the complete extinction of incompatibility alleles, and the likeli-
hood of widespread polymorphism could be high with redundant
incompatibilities in spatially extended populations.

THE IMPACT OF ECOLOGICAL SELECTION

Alleles involved in incompatibilities might often be adaptive
(Coyne & Orr, 2004). However, two types of adaptive alleles
should be recognized: (1) Incompatibility alleles such as suppres-
sors of meiotic drive that arise mainly to attenuate perturbations
to an organism’s intrinsic physiology; (2) Incompatibility alleles

under ecological selection (local adaptation). We have ignored
the second type in the analysis of collapse dynamics, but the
overall effect of ecological selection is not difficult to predict—
incompatibility alleles strongly favored by a particular local en-
vironment will be hard to purge. To this end, a number of models
have been analyzed to find the critical point where local adaption
and incompatibility jointly prevent the collapse of species barri-
ers in a single population receiving migrants (Bank et al., 2012;
Blanckaert & Hermisson, 2018; Blanckaert et al., 2020). In our
theory, since hybridization is assumed to be a weak force, local
adaptation could alter collapse dynamics in the following ways:

 If incompatibilities are redundant, quasi-neutrality might not
hold because local adaptation could cause breaks in the plateau
of the fitness landscape (Figure 2b).

« If incompatibilities are non-redundant, local adaptation could
alter the height of each fitness peak, thus increasing the asym-
metry of incompatibilities in each local population.

With additional simulations, we show that a weak ecolog-
ical advantage (s ~ 0.01) does not qualitatively alter the abrupt
collapse of nonredundant incompatibilities (Figure S6). The
quantitative difference is that, with larger s, the waiting time to
a local collapse increases, and the number of demes experiencing
local collapse becomes smaller, but traveling waves still propa-
gate once they are initiated. For redundant incompatibilities be-
tween broadly sympatric species, weak ecological selection has
a negligible impact on the short term collapse (Figure S7— S9),
because the fitness cost of incompatibility overshadows the weak
levels of local adaptation. In the long term, after incompatibil-
ity collapses, spatial clusters of genotypes gradually emerge as a
result of ecological selection, and the entire system still remains
close to quasi-neutral polymorphism. Nonetheless, ecological se-
lection has a more complex influence on incompatibilities across
a narrow region of sympatry (Figure S10). Because the fitness
cost of incompatibility is not “felt” outside the region of over-
lap, so that adaptive incompatibility alleles could be locally fixed,
which can facilitate the formation of stable clines (Model II and
IV in Figure S10).

An open question is how often are incompatibility alleles un-
der ecological selection? Systems involving pseudogenes perhaps
have little connection to ecological performance. Incompatibili-
ties attributed to selfish genetic elements are also not connected
to ecology in obvious ways. However, immune-response alleles
causing hybrid necrosis might be strongly favored when specific
pathogens are abundant, and highly polygenic incompatibilities
could be involved in ecological adaptation solely because of the
large number of genes. Species maintained solely by ecological
selection are vulnerable to hybridization following environmental
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change (Taylor et al., 2006; Vonlanthen et al., 2012), and there-
fore perhaps do not persist for long.

REVISITING INCOMPATIBILITY ACCUMULATION

Orr’s influential model of incompatibility accumulation predicts
a “snowball” effect, that incompatibilities appear faster than lin-
early with time (Orr & Turelli, 2001). This conjecture assumes
that multilocus interactions evolve locus-by-locus independently
in isolated populations, and that epistatic incompatibilities be-
come more likely as the number of substitutions increases. In real
genetic/biochemical networks, components of statistical epistasis
are not independent of one another, and gene network topology
might strongly influence fitness landscapes, and hence the rate of
incompatibility accumulation (Guerrero et al., 2017).

For a tightly connected, interdependent genetic network, ge-
netic redundancy is low, and the system will be sensitive to
disruptions. Hence, establishing nonredundant incompatibilities
might appear difficult, since two parental genotypes are on dif-
ferent fitness peaks separated by a large fitness trough. Crossing
the fitness trough stochastically via large-effect mutations will
likely fail in populations of reasonable size (Coyne et al., 1997).
However, this difficulty can be circumvented via developmen-
tal system drift (Schiffman & Ralph, 2022; True & Haag, 2001),
where interacting loci accumulate small, compensatory changes
(e.g., gradually altering sequences of transcription factors and
their binding sites) under stabilizing selection. These processes
(which do not necessarily require genetic drift in the ordinary
sense) can eventually lead to large two-locus fitness troughs be-
tween divergent populations. Another possible route will involve
duplication of some components of the network (redundancy 1)
so that redundant components can diverge freely, followed by the
loss of duplicated components after divergence (redundancy | )
(see fig. 1 in Haag and Molla 2005). This suggests that changes
in network topology that are closely connected to levels of ge-
netic redundancy could play a role in accumulation dynamics as
well as in collapse dynamics.

CONCLUSION: TWISTED ROUTES TO SPECIATION?

The species concept is open to many interpretations, but a bi-
furcating tree describing species relationships remains a widely
accepted picture since Charles Darwin, even in this genomic
age where reticulation has been found to be a common feature
(Mallet et al., 2016). The pictorial simplicity of this macroscopic
process does not preclude a wide variety of microscopic mecha-
nisms operating near the bifurcation point. In this work, we show
that intrinsically incompatible species pairs can still collapse in
various ways due to hybridization, leading to speciation rever-
sal if genetic incompatibility is adopted as a species criterion. In
practice, genetically compatible populations may still mate as-
sortatively, live under different ecological conditions, and show

2510 EVOLUTION NOVEMBER 2022

high linkage disequilibrium, so that they can retain their species
status even after intrinsic incompatibilities have collapsed. In
most cases, unambiguously splitting lineages into distinct species
will be achieved only after multiple speciation traits coincide
(e.g., strongly incompatible lineages with assortative mating and
ecological differentiation). Therefore, as a particular variable in
speciation, genetic incompatibility should be treated as an accom-
panying phenomenon that is mostly positively correlated with the
speciation progress, but could also reverse direction between in-
cipient lineages. Detecting such process in empirical systems and
assessing its prevalence will help us achieve a more objective un-
derstanding of what happens near the bifurcation point that we
call speciation.
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