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Abstract

The Dobzhansky–Muller model posits that incompatibilities between alleles at different

loci cause speciation. However, it is known that if the alleles involved in a

Dobzhansky–Muller incompatibility (DMI) between two loci are neutral, the resulting

reproductive isolation cannot be maintained in the presence of either mutation or gene

flow. Here we show that speciation can emerge through the collective effects of multiple

neutral DMIs that cannot, individually, cause speciation—a mechanism we call

emergent speciation. We investigate emergent speciation using models of haploid holey

adaptive landscapes—neutral networks—with recombination. We find that certain

combinations of multiple neutral DMIs can lead to speciation. Furthermore, emergent

speciation is a robust mechanism that can occur in the presence of migration, and of

deviations from the assumptions of the neutral network model. Strong recombination

and complex interactions between the DMI loci facilitate emergent speciation. These

conditions are likely to occur in nature. We conclude that the interaction between DMIs

may cause speciation.

Author Summary

Most species are kept distinct by incompatibilities between the genes they carry. These

genetic incompatibilities cause hybrids between the species to have low fitness. Here we
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propose that combinations of several incompatibilities can collectively cause the origin

of species, although they cannot do so acting alone—a mechanism we call emergent

speciation. We use flat fitness landscapes with many holes in them to extend the classic

Dobzhansky–Muller model, and capture the essence of the phenomenon. We find that

emergent speciation can, indeed, occur through the combined effects of multiple genetic

incompatibilities. Furthermore, the conditions that facilitate emergent speciation are

likely to occur in nature. We conclude that the interaction between genetic

incompatibilities may be a root cause of the origin of species.

Introduction 1

Unravelling the ways in which reproductive barriers between populations arise and are 2

maintained remains a central challenge of evolutionary biology. The Dobzhansky–Muller 3

model posits that speciation is driven by intrinsic postzygotic reproductive isolation 4

caused by incompatibilities between alleles at different loci [1–3]. The kinds of strong 5

negative epistatic interactions envisioned by this model are common between amino acid 6

substitutions within proteins [4, 5]. Furthermore, Dobzhansky–Muller incompatibilities 7

(hereafter DMIs) have been shown to cause inviability or sterility in hybrids between 8

closely related species, although the extent to which any particular DMI has actually 9

caused speciation remains an open question [6–9]. 10

In Fig. 1A, we illustrate a simple version of the evolutionary scenario originally 11

proposed by Dobzhansky [1] with an incompatibility between neutral alleles at two loci 12

(A and B) in a haploid—that is, a neutral DMI [10]. An ancestral population is fixed for 13

the ab genotype. This population splits into two geographically isolated (allopatric) 14

populations. One population fixes the neutral allele A at the A locus, whereas the other 15

fixes the neutral allele B at the B locus. The derived alleles are incompatible: 16

individuals carrying one of the derived alleles are fit but individuals carrying both of 17

them are not. Upon secondary contact between the populations, this neutral DMI 18

creates postzygotic isolation between the two populations: if r is the recombination rate 19

between the loci, then r/2 of haploid F1 hybrids between individuals from the two 20

populations are unfit (inviable or sterile). 21

The neutral DMI described in the previous paragraph is unlikely to be an effective 22

mechanism of speciation because it assumes that the populations diverge in perfect 23

allopatry, and that the derived alleles go to fixation before secondary contact takes 24

place. However, either mutation or gene flow can disrupt this process [10–12] (Fig. 1B 25

and C): they lead to the production of individuals with the ancestral genotype (ab) and 26

these individuals have an advantage because they are completely compatible with 27

individuals carrying derived alleles (Ab and aB). 28

It is known that the reproductive barriers created by neutral DMIs can be 29

strengthened in at least two ways. First, if selection favors the derived alleles—that is, if 30

the DMI is not neutral [10, 13–15]. This could happen if the derived alleles are involved 31

in adaptation to different environments, a scenario known as ecological 32
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Figure 1. A neutral DMI between two loci is not sufficient to cause
speciation. (A) Three haploid genotypes (closed circles) are viable and have equal
fitness, and one genotype is inviable (open circle). The K = 3 viable genotypes form a
neutral network. (B–C) The reproductive isolation generated by a neutral DMI between
two diallelic loci does not persist in the face of either mutation or gene flow. Two
populations start fixed for the Ab and aB genotypes, respectively, and are allowed to
evolve with a mutation rate of u = 10−3 per locus per generation, a recombination rate
of r = 0.2 between loci, and different levels of gene flow (m, proportion of a population
consisting of migrants from the other population, each generation). Genotypes are
allowed to mutate at both loci in a single generation. Initially, the genetic
differentiation between the two populations is GST = 1 (B) and the degree of
reproductive isolation is I0 = r/2 = 0.1 (C). Both GST and I decline over time. The
dashed line in (C) shows It = I0 · e−2ut.

speciation [16,17]. Second, if the two populations are prezygotically isolated. For 33

example, the low fitness of hybrids can select against hybridization and cause the 34

evolution of assortative mating between individuals carrying the same derived allele—a 35

mechanism known as reinforcement [1, 18–20]. Here we consider a new mechanism we 36

call emergent speciation—that speciation emerges through the collective effects of 37

multiple neutral DMIs that cannot, individually, cause speciation. 38

The majority of theoretical work on DMIs has relied on either population genetic 39

models [10,14,15, 21–24], or models of divergence between populations [3, 25–30]. Both 40

classes of models include simplifying assumptions: the former consider only DMIs 41

involving two or three loci, whereas the latter ignore polymorphism at the DMI loci. 42

Both simplifications are problematic: reproductive isolation is often caused by multiple 43

DMIs involving multiple loci [31–36], and many populations contain alleles involved in 44

DMIs segregating within them [37–41]. Several studies that have attempted to overcome 45

these simplifications have excluded DMIs [42], or have not represented DMIs 46

explicitly [11,43–45], or have not considered neutral DMIs [46,47] and, therefore, could 47

not capture emergent speciation. Schumer et al. [48] considered multiple neutral DMIs 48

between pairs of loci and found that they were ineffectual at driving hybrid speciation. 49

We investigate emergent speciation using a haploid holey adaptive landscape 50

model [12,49]: the neutral network model [50,51] with recombination [52,53], which 51

allows us to represent DMIs involving multiple loci, and to take into account genetic 52

variation at those loci. 53
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A neutral network [50,51] is a network of viable genotypes connected by mutational 54

accessibility. Two genotypes are mutationally accessible if one genotype can be obtained 55

from the other through a single mutation. For example, Fig. 1A shows a neutral 56

network where aB is connected to ab but not to Ab. All genotypes in the network are 57

viable and have equal fitness. All genotypes outside the network are inviable but some 58

may be mutationally accessible from genotypes in the network. For example, in the 59

neutral network shown in Fig. 1A, AB is inviable, and it is accessible from both aB and 60

Ab, but not ab. 61

Neutral networks extend the neutral DMI model to multiple loci [12,49,54]; a neutral 62

network of K genotypes with L loci, each with α alleles can be constructed by taking 63

the entire space of αL genotypes and “removing” the αL −K genotypes that carry 64

incompatible combinations of alleles (e.g., the A and B alleles in the neutral network in 65

Fig. 1A). The alleles of genotypes in the neutral network can be, for example, 66

nucleotides, amino acids, insertions/deletions, or presence/absence of functional genes. 67

Therefore, a neutral network can also be used to represent DMI-like scenarios such as 68

reciprocal translocations [55,56] and the degeneration of duplicate genes [25,26,57]. 69

We show that neutral networks defined by multiple neutral DMIs can lead to the 70

establishment of stable reproductive barriers between populations. Thus, emergent 71

speciation can occur in principle. We also identify the two principal causes of emergent 72

speciation: recombination and the pattern of interactions between DMI loci. 73

Results 74

A neutral DMI between two loci is not sufficient to cause 75

speciation 76

Consider the neutral DMI illustrated in Fig. 1A. Initially, two allopatric populations are 77

fixed for the aB and Ab genotypes, respectively. The populations are maximally 78

genetically differentiated at the two loci (GST = 1). The degree of reproductive isolation 79

between the two populations is I = r/2, the mean fitness of haploid F1 hybrids between 80

individuals from the two populations (see Methods for definitions of both GST and I). 81

How stable is the reproductive barrier between the two populations? To address this 82

question we begin by investigating the effect of mutation within populations. If the 83

alleles at each locus can mutate into each other (A↔a and B↔b) at a rate u per locus 84

per generation, then the degree of reproductive isolation will decline exponentially 85

(Fig. 1B and C, m = 0). Any amount of gene flow between the two populations will 86

further accelerate the erosion of the reproductive barrier (Fig. 1B and C, m > 0). 87

The evolution of a stable reproductive barrier between two populations—that is, 88

speciation—requires the existence of more than one stable equilibrium [24,58]. A single 89

neutral DMI between two diallelic loci is not sufficient to cause speciation because, in 90

the presence of mutation (0 < u < 0.5), it only contains one stable equilibrium for any 91

level of recombination [10,12,13] (S1 Text), and populations will gradually evolve 92
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toward this equilibrium (S1 Fig). Changes to the adaptive landscape can cause the 93

appearance of two stable equilibria [10, 13]. For example, if the derived alleles confer an 94

advantage (fitness: waB = wAb = 1 and wab = 1− s), and if both r and s� u, the 95

genotype network will have two stable equilibria, with p̂Ab ≈ 1 and p̂aB ≈ 1, respectively 96

(S2 Fig). Two populations in different equilibria will show a degree of reproductive 97

isolation of: I ≈ r(1 + s)/2. Next we ask whether speciation can emerge through the 98

collective effects of multiple neutral DMIs that cannot, individually, cause speciation. 99

Speciation can emerge through the collective effects of multiple 100

neutral DMIs that cannot, individually, cause speciation 101

To investigate if any neutral networks contain multiple stable equilibria we generated 102

ensembles of 500 random neutral networks of K genotypes with L fitness loci and α 103

alleles per locus for a range of values of K, L and α. To construct a random neutral 104

network, we generated K random genotypes with L loci and one of α alleles at each 105

locus (i.e., a “Russian roulette” model [12] with probability that a genotype is viable 106

P = K/αL), and kept the resulting network if it was connected. We ignored 107

disconnected networks because, although they may contain multiple stable equilibria, 108

shifts from one equilibrium to another require the simultaneous occurrence of multiple 109

mutations and are, therefore, unlikely [12]. 110

For each neutral network, we constructed populations with different initial genotype 111

frequencies and allowed each population to evolve independently until it reached 112

equilibrium. We then evaluated the stability of the resulting equilibria (see Methods). 113

An exhaustive survey of all possible neutral networks defined on L = 3 diallelic loci 114

(α = 2) revealed none containing multiple stable equilibria. However, some neutral 115

networks with L = 4 diallelic loci, and with L = 3 triallelic loci (α = 3) contain multiple 116

stable equilibria (Fig. 2A; S3 Fig). 117

Populations evolving independently to different stable equilibria become genetically 118

differentiated (Fig. 3A) and partially reproductively isolated (Fig. 3C) from each other. 119

In networks with K = 16 genotypes with L = 6 loci, the average level of reproductive 120

isolation achieved between different stable equilibria is I = 15%, that is, over half of its 121

maximum possible value (Fig. 3C). Thus, speciation can emerge through the collective 122

effects of multiple neutral DMIs that cannot, individually, cause speciation. Next we 123

investigate the mechanistic basis of emergent speciation. 124

Emergent speciation requires that recombination be strong 125

relative to mutation 126

In the absence of recombination between the loci defining a neutral network, there is 127

only one stable equilibrium [51]. The genotype frequencies at equilibrium are given by 128

the leading eigenvector of the mutation matrix M [see Methods, Eq. (3)] [51]. With 129

recombination, however, multiple stable equilibria can occur (Fig. 2A). Thus, emergent 130

speciation requires recombination. 131
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Figure 2. Speciation can emerge through the collective effects of multiple
neutral DMIs that cannot, individually, cause speciation. (A) Probabilities
that neutral networks contain multiple stable equilibria (PM ) based on ensembles of 500
random connected neutral networks for each combination of numbers of genotypes (K)
and diallelic loci (L). Error bars are 95% confidence intervals (modified Jeffreys
intervals [59]). The presence of multiple equilibria was evaluated under a mutation rate
of u = 10−3 per locus per generation (up to two mutations were allowed per genotype
per generation) and a recombination rate of r = 0.064 between adjacent loci (up to
L− 1 crossovers were allowed between two genotypes per generation); relative strength
of recombination, r/u = 64. (B) The existence of multiple stable equilibria depends on
the relative strength of recombination, r/u. The three neutral network ensembles
denoted by open circles in (A) were reanalysed for a range of recombination rates while
keeping the mutation rate constant (u = 10−3). See S4 Fig for the effect of changing u
while keeping r/u constant. (C) Modular neutral networks are more likely to show
multiple stable equilibria (see Table 1). Values are estimates and 95% CIs of 16 bins of
103 random neutral networks based on pooling the data used in (A). The line shows a
logistic regression model (the line encompasses a 95% confidence region based on 104

bootstrap samples). (D) Modules inferred by maximizing Q [see (C)] show good
agreement with modules inferred from the multiple stable equilibria of neutral networks.
Dashed lines show the expected variation of information associated with changing the
module membership of one or two genotypes.

To quantitatively investigate the relationship between the existence of multiple 132

stable equilibria and the recombination rate between fitness loci (r), we calculated the 133

probability, PM , that a random neutral network from an ensemble shows multiple stable 134

equilibria for a range of values of r and u. We found that PM increases with the relative 135

strength of recombination r/u, and that the rate of increase differs among ensembles 136

(Fig. 2B). Changing both r and u while keeping r/u constant has only a small effect on 137
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Table 1. Many properties of neutral networks correlate with emergent
speciation.

Property Direction PM GST I
Network

Algebraic connectivity − 39.8∗ 4.5∗ 19.9∗

Coefficient of variation in degree < 0.1 4.1∗ 1.8∗

Connectance − 47.1∗ 13.1∗ 24.5∗

Degree assortativity − 0.1∗ 2.7∗ 0.2∗

Estrada index + 11.1∗ 9.6∗ 6.4∗

Mean degree 0.3∗ 4.0∗ < 0.1
Mean shortest path length + 48.8∗ 18.1∗ 38.6∗

Modularity (Q) + 54.9∗ 9.5∗ 30.3∗

Network size (K) + 28.9∗ 13.0∗ 15.7∗

Number of modules + 19.0∗ 5.7∗ 8.6∗

Spectral radius < 0.1 1.9∗ < 0.1
Square clustering coefficient 6.5∗ 0.5∗ < 0.1

Other
Mean DMI order (ω) + 10.2∗ 19.1∗ 1.6∗

Mean Hamming distance + 46.7∗ 11.5∗ 36.5∗

Number of loci (L) 12.3∗ 3.3∗ 9.5∗

∗P < 0.001 for the null hypothesis of no relationship.
Explanatory power (%) of linear models with each property (see Methods) as
independent variable and an indicator of emergent speciation as dependent variable.
“Other” refers to properties of the genotypes that constitute the neutral network, not
just of the network itself. The probability that a neutral network contains multiple
stable equilibria (PM ) was modelled by logistic regression using the data on 1.6× 104

random neutral networks summarized in Fig. 2A; the explanatory power of a network
property was measured by the coefficient of discrimination [60]. The genetic
differentiation (GST ) and degree of reproductive isolation (I) among equilibria were
modelled by linear regression on the 7,013 random neutral networks containing two or
more stable equilibria summarized in Fig. 3A and C, respectively; the explanatory
power of a network property was measured by the coefficient of determination (R2). A
sign in the “Direction” column indicates that the property is significantly correlated
(P < 0.001) with all indicators of emergent speciation in the same direction. Values in
bold, highlight the network property with the greatest explanatory power for a given
indicator of emergent speciation.

PM (S4 Fig). 138

The effect of the relative strength of recombination on emergent speciation can be 139

seen more clearly for a specific neutral network. Fig. 4A shows one of the smallest 140

neutral networks showing multiple stable equilibria (one of the random neutral networks 141

in the K = 6, L = 3 and α = 3 ensemble summarized in S3 Fig). It is defined by a 142

lethal allele (B3) and 8 pairwise DMIs: A2–B2 (i.e., A2 and B2 are incompatible), 143

A2–C1, A2–C3, A3–B2, A3–C1, A3–C3, B1–C1 and B1–C3; it has a mean DMI order of 144

ω = 1.57 [see Methods, Eq. (2)]. The equilibria of this neutral network follow a 145

supercritical pitchfork bifurcation [63] with the relative strength of recombination, r/u, 146

as control parameter (Fig. 4B; S5 Fig B). When recombination is weak relative to 147

mutation (r/u < 2) the neutral network contains only one stable equilibrium regardless 148
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Figure 3. Emergent speciation can lead to high levels of genetic
differentiation and reproductive isolation. Genetic differentiation (GST , A–B),
and degree of reproductive isolation (I, C–D) between populations at different
equilibria. If a neutral network contained more than two stable equilibria, the maximum
pairwise I and corresponding GST were used. The equilibria were calculated under the
population genetic parameters described for Fig. 2A (r/u = 64). (A, B) Dashed line
indicates the average GST observed in 905 species of animals and plants [61, 62]. (A, C)
Values are means and 95% CIs of GST and I based on the 7013 neutral networks
containing two or more stable equilibria in the ensembles in Fig. 2A. Open circles in (C)
indicate the ensembles of random neutral networks with a certain number of loci (L)
showing the highest average value of I. The numbers show the average proportion of
the maximum possible value of I achieved in each ensemble. (B, D) Both GST and I
are positively correlated with mean shortest path length (see Table 1). Values are
estimates and 95% CIs of 16 bins of ∼ 400 random neutral networks each based on
pooling the data used in (A) and (B). The lines show regression models; the gray
regions indicate 95% confidence regions based on 104 bootstrap samples.

of initial conditions. Above a critical relative strength of recombination (r/u > 2) there 149

are two stable equilibria and one unstable equilibrium and populations evolve to the 150

different equilibria depending on initial conditions (Fig. 4B and C; S2 Text). The stable 151

equilibria are defined by high frequency of the B1 (blue) and B2 (red) allele, 152

respectively (Fig. 4B and C; S2 Text). 153

The gradual increase of PM with r/u in random neutral networks (Fig. 2B) indicates 154

that the relative strength of recombination required for emergent speciation to occur 155

differs among neutral networks within an ensemble. Next we ask which network 156

properties, if any, promote emergent speciation? 157
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Figure 4. Example of a neutral network supporting emergent speciation.
(A) Neutral network of the K = 6 genotypes with L = 3 loci and α = 3 alleles per locus
containing either the A1B2 haplotype (red) or the B1C2 haplotype (blue). The colors
relate to the equilibria as explained below. (B) The frequency of the B2 allele at
equilibrium follows a supercritical pitchfork bifurcation [63] with the relative strength of
recombination, r/u, as control parameter: when r/u < 2.0, there is a single stable
equilibrium with the B2 allele at a frequency of 50% (solid green line); when r/u > 2.0,
there are two stable equilibria, with high and low frequencies of B2, respectively (red
and blue lines), and an unstable equilibrium with B2 at a frequency of 50% (dashed
green line). The figure shows u = 10−3. See S5 Fig B for the effect of u on the critical
value of r/u. (C) Genotype frequencies at equilibrium for r/u = 10 [gray line in (B)].
Populations initially fixed for any of three genotypes shown in red (i.e., containing B2)
evolve to the stable equilibrium in red, whereas populations initially fixed one of the 3
genotypes shown in blue (i.e., containing B1) evolve to the stable equilibrium in blue.
Populations showing equal frequencies of all genotypes evolve to the unstable
equilibrium in green. (D) The two stable equilibria are maintained in part by positive
frequency-dependent selection. Lines show the selective advantage of the B2 allele (red)
relative to the B1 allele (blue) in populations with different frequencies of B2 [Eq. (1)].
The B2 allele is favored when it is in the majority, and its relative marginal fitness
(w2/w1) increases with its frequency (p2); the strength of frequency-dependent selection
increases with r. Unless otherwise stated, we used the same population genetic
parameters as in Fig. 2A.

Modular neutral networks are more likely to lead to emergent 158

speciation 159

Comparison of PM among the ensembles of random neutral networks shows that PM 160

increases with network size, K (Fig. 2A; S3 Fig; Table 1). We have never found a 161

random connected neutral network with K ≤ 5 genotypes with multiple stable equilibria 162
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(PM ≈ 0), regardless of the values of L and α. In contrast, networks with K = 16 163

genotypes defined by L = 6 diallelic loci, show PM ≈ 93% (Fig. 2A). PM also increases 164

with L and α, that is, with the size of the genotype space from which the neutral 165

network is sampled (Fig. 2A; S3 Fig; Table 1). 166

Although PM is correlated with many properties of the neutral networks, the best 167

predictor we have found of whether a neutral network shows multiple stable equilibria is 168

the modularity of the network (Fig. 2C; Table 1). A module is a group of densely 169

interconnected genotypes showing relatively few connections to genotypes outside the 170

module [64]. Modules inferred by considering only the structure of a neutral network 171

are good predictors of the equilibria—that is, species—found in the neutral network 172

(Fig. 2D). For example, the neutral network shown in Fig. 4A contains two modules 173

shown in blue and red, which correspond exactly to the two stable equilibria observed 174

when recombination is strong relative to mutation. 175

Modularity contributes to emergent speciation in two ways. First, modularity 176

generates a mutational bias towards staying in a module, as opposed to leaving it. For 177

example, consider the B2 (red) module in the neutral network shown in Fig. 4A: 178

A1B2C1 and A1B2C3 can only generate B2 (red) mutants, and A1B2C2 generates twice 179

as many B2 (red) mutants as B1 (blue) mutants. Introducing a mutational bias towards 180

leaving the B2 module opposes emergent speciation (S5 Fig A). The mutational biases 181

associated with modularity are not, however, sufficient to cause emergent speciation in 182

the absence of recombination, which brings us to the second way in which modularity 183

promotes emergent speciation. Suppose that most of the population occupies a 184

particular module of the neutral network. Although mutations can generate individuals 185

outside the dominant module, recombination between those “outsiders” and individuals 186

from the dominant module will produce a disproportionate number of offspring inside 187

the dominant module. This creates positive frequency-dependent selection for genotypes 188

in that module. For example, in the neutral network shown in Fig. 4A, if each B allele 189

is evenly distributed between all viable genotypes containing it then the selective 190

advantage of the B2 allele relative to the B1 allele is given by (ignoring the effect of 191

mutation): 192

w2

w1
=

p′2
p2
p′1
p1

=
3− 2 r p1
3− 2 r p2

(1)

where wi and pi are the marginal fitness and frequency of the Bi allele, respectively. 193

Eq. (1) is illustrated in Fig. 4D. The B2 allele is favored relative to B1 (w2/w1 > 1) 194

when it is in the majority (p2 > 0.5, Fig. 4D). The strength of this frequency-dependent 195

selection is proportional to the recombination rate (Fig. 4D). 196

Modularity is also strongly correlated with other indicators of emergent speciation: 197

genetic differentiation (GST ) and reproductive isolation (I) (Table 1). However, the 198

best predictor we have found of both GST and I is the mean shortest path length 199

between genotypes (Fig. 3B and 3D). In other words, emergent speciation is associated 200
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with a neutral network “syndrome” characterized by (Table 1): large size, sparse 201

connectivity (low connectance, low algebraic connectivity), looseness (high mean 202

shortest path length, high Estrada index), and modularity (high Q, high number of 203

modules). However, the topology of a network is not sufficient to determine PM : the 204

precise pattern of linkage between loci also influences whether a particular neutral 205

network shows multiple stable equilibria (S7 Fig). Next we investigate the robustness of 206

emergent speciation to deviations from the assumptions of the neutral network model. 207

Emergent speciation can occur in the presence of gene flow 208

If two allopatric populations evolve independently to the different stable equilibria of 209

the neutral network in Fig. 4A, they will become genetically differentiated and 210

reproductively isolated to an extent that also depends on r (Fig. 4B and D; S6 Fig A 211

and B). 212

The reproductive barrier created by the neutral network in Fig. 4A can persist in the 213

presence of gene flow (S6 Fig). Introducing gene flow weakens the degree of genetic 214

differentiation and of reproductive isolation at equilibrium, and increases the critical 215

value of r/u required for the persistence of a reproductive barrier. However, the 216

maximum migration rate between two populations that allows the reproductive barrier 217

to persist is low, of the order of the mutation rate (S6 Fig C). Stable differentiation can 218

occur in a stepping-stone model [65] with higher local migration rates (S9 Fig D), but 219

the resulting reproductive barrier does not slow down the spread of a neutral allele at 220

an unlinked locus appreciably [11] (Table 2). 221

Larger neutral networks, however, can generate much stronger reproductive barriers, 222

capable of withstanding substantial gene flow. For example, the neutral network shown 223

in S8 Fig A contains three stable equilibria (S8 Fig D). This was one of the random 224

neutral networks in the K = 11 and L = 5 ensemble summarized in Fig. 2A. 225

Populations at the equilibria at opposite ends of the network can show high levels of 226

genetic differentiation and reproductive isolation. If the fitness loci are unlinked 227

(r = 0.5), then 50% of F1 hybrids between two populations at equilibrium are inviable, 228

and the maximum migration rate between two populations that allows the reproductive 229

barrier to persist is almost two orders of magnitude higher than the mutation rate 230

(m ≈ 0.0943). In a stepping-stone model, this neutral network can slow down the spread 231

of a neutral allele at an unlinked locus to a greater extent than a single DMI with 232

strong selection for the derived alleles (S9 Fig C and E; Table 2). Thus, emergent 233

speciation can, in principle, occur in either allopatry or parapatry. Next we investigate 234

the extent to which emergent speciation depends on the assumptions of the model we 235

have been using. 236

Emergent speciation is a robust mechanism. 237

The neutral network model analysed so far includes two central assumptions: neutrality 238

within the network, and complete inviability outside it. To investigate the extent to 239
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Table 2. Multiple neutral DMIs can generate strong barriers to gene flow.

Scenario T25 b
DMI with selection (S2 Fig A)
s = 0.05 1,556 1.027
s = 0.1 1,583 1.045
s = 0.25 1,632 1.077
s = 0.5 1,690 1.116
s = 0.75 1,742 1.150
s = 1 1,790 1.182

Neutral network
Fig. 4A 1,513 0.999
S8 Fig A 1,778 1.174

For each evolutionary scenario, we simulated a stepping-stone model with n = 20
populations and m = 0.025 between adjacent populations (see Methods and S9 Fig A).
The rate of spread of a neutral allele at an unlinked locus across a reproductive barrier
created by a set of DMIs was used to evaluate the strength of the barrier. Populations
1–10 and 11–20 are initialized at different stable equilibria. The populations are then
allowed to evolve with gene flow until they reach a new equilibrium (S9 Fig C–E). Then
populations 1–10 and 11–20 are fixed for different neutral alleles at a locus unlinked to
any of the fitness loci, and allowed to continue evolving. The genotype frequencies for
the fitness loci remain at equilibrium, but the frequencies of the neutral alleles begin to
evolve towards 0.5 (S9 Fig B). T25 measures the time required for the frequency of one
of the neutral alleles to increase from 0 to 25% in population 1. b = T25/TN measures
the strength of the barrier to gene flow where TN = 1515 is the T25 for a neutral allele
at a single locus (S9 Fig B). If b > 1, the reproductive barrier impedes the flow of a
neutral allele. The population genetic parameters were the same as those in Fig. 2A but
with no mutation (u = 0) at the neutral marker locus and free recombination (r = 0.5)
between all loci.

which emergent speciation depends on these assumptions we have relaxed them in turn 240

for the neutral network shown in Fig. 4A. First, emergent speciation is robust to some 241

variation in fitness among the genotypes in a neutral network. If there is free 242

recombination between the fitness loci then there will be two stable equilibria even if 243

the fitness of one of the four outer genotypes is doubled relative to that of the other 244

genotypes in the network (S5 Fig C). Second, provided the disadvantage of leaving the 245

neutral network is substantial, partial DMIs still allow the existence of stable—albeit 246

weaker—reproductive barriers (S5 Fig D). 247

We have also assumed infinite population size in all our analyses. But emergent 248

speciation can also occur in finite populations. If there is free recombination between 249

the fitness loci, populations of moderate size (N ≈ 1000) are expected to remain in 250

equilibrium for thousands of generations (Fig. 5). We conclude that emergent speciation 251

is a robust mechanism. Next we investigate the genetic basis of emergent speciation. 252

Complex DMIs promote emergent speciation 253

We refer to the number of loci involved in a DMI as its order. DMIs of order two are 254

designated simple, whereas DMIs of order three or greater are designated 255
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Figure 5. Emergent speciation can occur in finite populations. So far, all
analyses have assumed infinite population size. (A–C) Ten populations of N = 103

individuals were allowed to evolve on the neutral network shown in Fig. 4A under a
range of relative strength of recombination: r/u = 5 (A), 50 (B), and 500 (C). Values
show moving averages of the frequency of the B1 allele, p1, with a window of 200
generations. Initially, each population was sampled with replacement from a population
with equal numbers of each genotype. (D) Variance in p1 among populations. For each
population, we calculated the average p1 between generation 104 and 1.5× 104 [gray
sectors in (A–C)]. Values are variances in p1 based on 103 populations. Error bars are
95% CIs based on 104 bootstrap samples. The dashed line shows the maximum possible
value of the variance in p1. Unless otherwise stated, we used the same population
genetic parameters as in Fig. 2A.

complex [3, 30,66]. A neutral network of a certain size defined by a certain number of 256

loci can be specified by either a few low-order DMIs or many high-order DMIs (Fig. 6). 257

This is because a low-order DMI causes the inviability of more genotypes than a 258

higher-order one. 259

In random networks, there is a positive correlation between mean DMI order (ω) and 260

indicators of emergent speciation, specially genetic differentiation (Table 1). To 261

investigate this relationship more closely, we chose the ensemble with the greatest 262

variance in ω in Fig. 2A (K = 12 and L = 5) and generated new ensembles of random 263

neutral networks over the full range of possible values of ω. To avoid sampling biases, 264

all the networks considered had different network topologies. These ensembles of 265

random networks confirm the strong positive relationship between mean DMI order and 266

the probability that a network contains multiple stable equilibria. Thus, higher order 267

DMIs promote emergent speciation (Fig. 7). 268
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Figure 6. A neutral network of a certain size defined by a certain number
of loci can be specified by either a few low-order DMIs or many high-order
DMIs. Three neutral networks containing K = 11 genotypes with L = 4 diallelic loci.
(A) Neutral network determined by one simple DMI and one complex DMI of order 3
[mean DMI order, ω = 2.2, see Methods, Eq. (2)]. (B) Neutral network determined by
three complex DMIs of order 3 (ω = 3). This is the experimentally inferred neutral
network of all the mutational intermediates between the 5S ribosomal RNA sequences of
Vibrio proteolyticus (lowercase alleles) and V. alginolyticus (uppercase alleles) [67]. (C)
Neutral network determined by five complex DMIs of order 4 (ω = 4).

Figure 7. Higher-order DMIs promote emergent speciation. Neutral networks
determined by higher-order DMIs are more likely to show multiple stable equilibria.
Probabilities that neutral networks of K = 12 genotypes with L = 5 diallelic loci
contain multiple stable equilibria (PM ) based on ensembles of up to 500 random
connected neutral networks with particular mean DMI order, ω. Each ensemble
contains neutral networks with different topologies. Neutral networks defined by lethal
alleles (i.e., effectively involving L < 5 loci) were excluded from the analysis. Ensembles
containing fewer than 500 networks include one network for each existing topology
(based on an exhaustive search of all networks with K = 12 and L = 5). Ensembles with
fewer than 50 networks were pooled with neighboring ensembles until the resulting
ensemble had at least 50 networks. Error bars are 95% CIs. Population genetic
parameters are the same as in Fig. 2A.

Discussion 269

Our main result is that, when it comes to multiple neutral DMIs, the whole can be 270

greater than the sum of its parts. Although a single neutral DMI cannot lead to the 271

evolution of stable reproductive isolation, the collective effects of combinations of 272
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multiple neutral DMIs can lead to the evolution of strong barriers to gene flow between 273

populations—a mechanism we call emergent speciation. 274

Causes of emergent speciation 275

Emergent speciation has two interacting causes: recombination and the pattern of 276

interactions between DMI loci. Increasing the relative strength of recombination 277

between DMI loci promotes emergent speciation in at least three ways. First, it causes 278

the appearance of multiple equilibria (Fig. 2B; Fig. 4B; S2 Text). Recombination had 279

been shown to generate multistability in other evolutionary models [68–74], although 280

earlier studies of the evolutionary consequences of recombination in neutral networks 281

did not detect multiple equilibria [52,53]. Second, it increases genetic differentiation 282

between populations at the different equilibria (S6 Fig A). This pattern is consistent 283

with the observation that increasing r reduces variation within a population at 284

equilibrium in a neutral network [52,53,75]. Third, it increases the degree of 285

reproductive isolation between populations at different equilibria (S6 Fig B). This is 286

because, in our model, recombination can generate inviable hybrids and consequently is 287

the predominant source of selection. High r between fitness loci has been shown to 288

promote speciation in other models [10,18]. 289

Recombination may also oppose emergent speciation by reducing the probability of a 290

stochastic shift between stable equilibria [12, 23,58] (Fig. 5). Therefore, the probability 291

of emergent speciation may be maximized at intermediate strengths of recombination. 292

Not all patterns of interaction between DMI loci can produce emergent speciation 293

regardless of the strength of recombination. Multiple DMIs involving only pairs of loci 294

(i.e., simple DMIs) rarely lead to emergent speciation. For example, we found 9 neutral 295

networks with different topologies with K = 12 and L = 5 specified entirely by simple 296

DMIs (ω = 2), none of which had multiple stable equilibria (Fig. 7; but note that the 297

neutral network in Fig. 4A is specified entirely by DMIs among pairs of loci). A recent 298

study reported consistent findings in a model of hybrid speciation in a diploid [48]. 299

More complex interactions between the DMI loci, however, promote emergent speciation 300

(Table 1; Fig. 7). For example, ∼ 76% of neutral networks with K = 12 and L = 5 301

specified by DMIs of order ω = 3 on average had multiple stable equilibria (Fig. 7). 302

Complex DMIs have only rarely been modeled in previous studies [3, 30], which could 303

explain why emergent speciation had not been discovered before. 304

Conditions for the existence of emergent speciation 305

The causes of emergent speciation outlined in the previous section suggest three 306

conditions for the existence of emergent speciation in nature: (i) multiple DMIs should 307

segregate within populations, (ii) the loci involved in these DMIs should not all be 308

tightly linked, and (iii) at least some of these DMIs should have high order. 309

There is strong support for all three conditions. Many populations contain alleles 310

involved in DMIs segregating within them [37–41]. Recently, Corbett-Detig and 311
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colleagues [39] found evidence that multiple simple DMIs involving unlinked loci are 312

currently segregating within natural populations of Drosophila melanogaster. They 313

surveyed a large panel of recombinant inbred lines (RILs) and found 22 incompatible 314

pairs of alleles at unlinked loci in the RILs; of the 44 alleles, 27 were shared by two or 315

more RILs, indicating that multiple DMIs are polymorphic within natural populations. 316

Corbett-Detig et al. did not attempt to identify higher-order DMIs, presumably 317

because they lacked the statistical power to do so [39]. Although high-order epistasis is 318

thought to be widespread, it is more difficult to detect it experimentally because it 319

requires the construction and phenotypic analysis of more genotypes [30,54,76,77]. 320

Nevertheless, complex DMIs have been discovered in introgression studies [30]. For 321

example, Orr and Irving [78] investigated the sterility of male F1 hybrids between the 322

USA and Bogota subspecies of D. pseudoobscura and found that it is caused by an 323

incompatibility between loci in both chromosomes 2 and 3 of USA and loci in at least 324

three different regions of the X chromosome of Bogota—a DMI of order ω ≥ 5 (of which 325

only two loci might be tightly linked). 326

The principal conditions for emergent speciation are met in natural populations. 327

The details of the model we used imply two additional conditions. We consider them in 328

the next section. 329

The “holeyness” of adaptive landscapes 330

The neutral network model we used makes two extreme assumptions about the fitness of 331

genotypes: neutrality within the network and complete inviability outside it. These 332

assumptions are not met universally. “In-network” neutrality will occur if every DMI is 333

neutral. However, many DMI loci appear to have experienced positive selection during 334

their evolutionary history [6–8]. Similarly, many DMIs are only mildly deleterious, 335

rather than lethal [31,36,39]. Despite this, emergent speciation will operate in nature 336

either if the fitness assumptions are frequently met in nature, or if emergent speciation is 337

robust to departures from these assumptions. We shall consider each possibility in turn. 338

Beyond anecdotal evidence, we do not know how often either assumption is met in 339

nature. Having said that, both assumptions are realistic. A substantial fraction of new 340

nonsynonymous mutations is nearly neutral (i.e., have Ne |s| < 1, where Ne is the 341

effective population size and s is the fitness effect of the mutation): ∼ 25%, ∼ 6% and 342

19% for Saccharomyces cerevisiae [79], D. melanogaster [80, 81] and Mus musculus 343

castaneus [81], respectively. If even a small proportion of these mutations can 344

participate in DMIs, that would imply the existence of large numbers of neutral DMIs. 345

Likewise, DMIs often cause approximately complete sterility or inviability. For example, 346

Presgraves [31] screened ∼ 70% of the D. simulans autosomal genome for regions that 347

reduce male viability when they are hemyzogous in the presence of a hemyzogous D. 348

melanogaster X chromosome and discovered 20 approximately lethal DMIs. 349

Setting aside whether the fitness assumptions are met in nature, our results suggest 350

that emergent speciation is robust to deviations from the assumptions. Emergent 351

speciation does not require lethal DMIs. As long as the the disadvantage of “falling” off 352
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the neutral network is substantial, partial DMIs are still expected to lead to the 353

evolution of stable reproductive barriers (S5 Fig D). Emergent speciation is also robust 354

to some variation in fitness among the genotypes in a neutral network (S5 Fig C). 355

Therefore, in-network neutrality can approximate more complex scenarios where 356

selection is weak or variable over time and/or space, or effective population sizes are 357

small [12]. We propose that speciation should still be classed as emergent if the alleles 358

involved in the DMIs are not under sustained positive selection. 359

Emergent speciation in diploids 360

In diploids, a single neutral DMI is also not sufficient to cause speciation [10]. 361

Therefore, there may be a diploid equivalent of emergent speciation. Strictly, our model 362

is only valid for haploids. However, extrapolating from the analysis of a single DMI 363

between two loci by Bank, Bürger and Hermisson [10], we expect that our results will 364

apply broadly to diploids provided that the DMIs are recessive, such that selection acts 365

primarily against recombinant F2 hybrids. Presgraves estimates that there are ∼ 8× 366

more recessive than dominant lethal DMIs between D. melanogaster and D. 367

simulans [31]. 368

If DMIs are dominant or codominant, selection will act primarily against F1 hybrids, 369

a mechanism that is not captured in our model. Thus, if dominant or codominant 370

neutral DMIs can cause their own version of emergent speciation, it is likely to have 371

different causes from the emergent speciation described in our study; for example, it 372

may require weak, rather than strong, recombination [10]. 373

Predictions from emergent speciation 374

Our results suggest four predictions. If emergent speciation is operating in nature, we 375

predict that DMIs fixed between species should: (i) be less tightly linked and (ii) have 376

higher order (ω), on average, than DMIs segregating within species. These predictions 377

cannot be tested at present because we do not have unbiased estimates of either the 378

number of DMIs or their order in divergence and polymorphism in any system. Some 379

known DMIs indicate that these predictions could be met in nature. For example, Davis 380

et al. showed that loci in both chromosomes 2 and 3 of D. mauritiana are incompatible 381

with loci in the X chromosome of D. simulans, causing female sterility [82]—a DMI of 382

order ω ≥ 3 involving unlinked loci. 383

Prediction (ii) has been made independently by others based on a different 384

argument: that complex DMIs evolve more easily than simpler DMIs because they allow 385

a greater proportion of the possible evolutionary paths between the common ancestor 386

and the evolved genotypes containing the incompatibility [3, 66]. Fräısse et al. tested 387

this mechanism using simulations and concluded that it is unlikely to be effective [30]. 388

One complication for experimental tests of predictions (i) and (ii) is that, just 389

because there is a DMI fixed between two species, it does not mean that it was involved 390

in speciation, emergent or otherwise; it could simply be a by-product of divergence after 391
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speciation has occurred by other means [6–9]. At present, we do not know how to 392

distinguish between causal and noncausal DMIs. Therefore, testing these hypotheses is 393

likely to be most effective if speciation has occurred recently. 394

The precise pattern of recombination—that is, linkage—between loci can also 395

promote emergent speciation (S7 Fig). This result indicates that certain genomic 396

rearrangements may facilitate emergent speciation. We predict (iii) that if emergent 397

speciation is operating in nature, genomic rearrangements will correlate with speciation. 398

Chromosomal speciation models make similar predictions [83,84]. Unlike those models, 399

however, our model does not require that the genomic rearrangements affect the fitnesss 400

of hybrids or suppress recombination [83,84]. 401

Finally, we predict (iv) that two kinds of genomic rearrangements—translocations 402

and gene duplications—participate in emergent speciation more directly. Below, we 403

focus on gene duplication but essentially the same argument can be made about 404

reciprocal translocations [55, 56]. Gene duplications followed by reciprocal degeneration 405

or loss of duplicate copies in different lineages can act just like DMIs [25,26], despite not 406

involving an epistatic interaction [57]. Gene duplications, degenerations and losses are 407

common and a substantial fraction of gene degenerations and losses are likely to be 408

effectively neutral [57,85–87]. If the duplicates are essential, then genotypes carrying 409

insufficient functional copies will be completely inviable. For example, Bikard et al. [37] 410

showed that this mechanism underlies a simple DMI between two strains of Arabidopsis 411

thaliana. Following whole genome duplications, multiple gene degenerations or losses 412

occur [57,85,86,88], and the duplicates tend to be unlinked. Both reciprocal 413

translocations and reciprocal degeneration or loss of duplicate genes appear to have 414

contributed to the diversification of yeasts [55,56,88]. 415

Speciation and evolution on holey adaptive landscapes 416

Gavrilets [12,49] introduced the idea that speciation is a consequence of evolution on 417

holey adaptive landscapes (e.g., neutral networks) containing ridges of viable genotypes 418

connecting distant genotypes [89]. He imagined populations moving through these 419

ridges and speciation occurring when two populations evolve to genetic states separated 420

by holes [12]. 421

Our results broadly support Gavrilets’ vision, but suggest two ways in which it can 422

be refined. First, speciation is not equally likely to occur on every holey adaptive 423

landscape. The structure of the network of genotypes over which populations evolve also 424

plays an important role: emergent speciation is promoted large size, sparse connectivity, 425

looseness, and modularity of the genotype network. Species are defined by modules in 426

the genotype network. Second, recombination is critical. Gavrilets’ work on holey 427

adaptive landscapes [12,49] has tended to downplay the importance of recombination. 428

(As, indeed, has most earlier work on neutral networks [51, 90–92].) Our results suggest 429

that both the structure of the genotype network and the strength of recombination 430

determine whether speciation will occur. 431

Our results have broader evolutionary implications. The neutral network model has 432
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played an important role in the study of the evolution of robustness and 433

evolvability [51,90–93]. Our finding that recombination promotes the appearance of 434

multiple stable equilibria in neutral networks has clear implications for the evolution of 435

robustness and evolvability that deserve further investigation. For example, Wagner [94] 436

has argued that recombination helps explore genotype space because it causes greater 437

genotypic change than mutation. However, our results suggest that, depending on the 438

structure of the neutral network, large sexual populations can get trapped in stable 439

equilibria, therefore restricting their ability to explore genotype space (evolvability). 440

Conclusion 441

We have discovered a new mechanism of speciation: that it emerges from the collective 442

effects of multiple neutral DMIs that cannot, individually, cause speciation. The 443

conditions that promote emergent speciation are likely to occur in nature. We conclude 444

that the interaction between DMIs may be a root cause of the origin of species. 445

Continued efforts to detect DMIs [32,33,36] and to reconstruct real neutral 446

networks [67] (Fig. 6B) will be crucial to establishing the reality and importance of 447

emergent speciation. 448

Methods 449

Neutral networks 450

Organisms are haploid and carry L loci with effects on fitness. Each locus can have one 451

of α alleles. Out of the possible αL genotypes, K are viable, with equal fitness, and the 452

remaining (αL −K) genotypes are completely inviable. The K genotypes define a 453

neutral network, where genotypes are connected if one genotype can be obtained from 454

the other through a single mutation (i.e., they differ at a single locus). 455

Statistics 456

Algebraic connectivity Second smallest eigenvalue of the Laplacian matrix of the 457

network [95]. Calculated using NetworkX [96]. 458

Connectance Total number of connections between genotypes as a proportion of the 459

maximum possible number of connections between genotypes, K(K − 1). 460

Degree assortativity A measure of the correlation of the degree of linked 461

genotypes [95]. Calculated using NetworkX [96]. 462

Estrada index A centrality measure [97]. Calculated using NetworkX [96]. 463
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Mean and coefficient of variation of degree Mean and coefficient of variation 464

(standard deviation divided by the mean) of the degree distribution, respectively [95]. 465

The degree of a genotype is the number of its viable mutational neighbors. Calculated 466

using NetworkX [96]. 467

Mean DMI order Let xi|N be the number of DMIs of order i ≥ 2 (i.e., involving a 468

particular combination of alleles at i loci) in a neutral network, N ; xi|N can also be 469

defined for i = 1, in which case it measures the number of lethal alleles in N . (For 470

simplicity, we shall refer to i as DMI order.) Let Ni be the neutral network implied by 471

the xi|N DMIs of order i. If the networks Ni and N are the same, then network N only 472

involves DMIs of order i or fewer. Let Xi|N = xL|Ni
be the number of DMIs of order of 473

the number of loci, L, in Ni. The mean DMI order, ω, of neutral network N is given by: 474

ω =
X1|N +

∑L
i=2 i(Xi|N −Xi−1|N )

XL|N
, (2)

where XL|N = xL|N = αL −K, the number of inviable genotypes in the neutral 475

network N (note that NL = N ). 476

Mean Hamming distance Mean number of loci at which pairs of genotypes carry 477

different alleles. Genotypes connected in the neutral network are at a Hamming 478

distance of 1. 479

Mean shortest path length Mean number of steps along the shortest path between 480

pairs of genotypes [95]. Calculated using NetworkX [96]. 481

Modularity and number of modules Modularity (Q) is a measure of the extent 482

to which the network displays modules [64]. Calculated using igraph [98] based on an 483

exhaustive search for the partition that maximizes Q among all possible partitions of 484

the network. 485

Network size Number of genotypes (K). 486

Spectral radius Leading eigenvalue of adjacency matrix [95]. The mean degree of a 487

population at equilibrium in the absence of recombination if genotypes are only allowed 488

to mutate at one locus per generation [51]. Calculated using NumPy [99]. 489

Square clustering coefficient The probability that two viable mutational 490

neighbors of a genotype g share a common viable mutational neighbor other than g. 491

Calculated using NetworkX [96]. 492
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Evolution 493

Evolution on a neutral network was modeled by considering an infinite-sized population 494

of haploid organisms reproducing sexually in discrete generations. The state of the 495

population is given by a vector of frequencies −→p = (p0, p1, . . . , pK), where pi is the 496

frequency of genotype i. Genotypes outside the network are ignored because they are 497

completely inviable [51]. Individuals mate at random with respect to genotype to form a 498

transient diploid that undergoes meiosis to produce haploid descendants. Selection takes 499

place during the haploid phase. Mating, recombination, mutation and selection cause 500

the population to evolve according to the equation: 501

−→p ′ =

(−→p · −→R · −→p T
)
·M

∑K
i=1

[(−→p · −→R · −→p T
)
·M

]
i

, (3)

where −→p and −→p ′ are the states of the population at generations t and t+ 1, respectively. 502

M is the mutation matrix such that entry Mij is the mutation rate from genotype i 503

to genotype j per generation. The diagonal elements of M (Mii) represent the 504

probability that genotype i does not mutate (including to inviable genotypes outside the 505

neutral network). Values of Mij are set by assuming that each locus mutates with 506

probability u and that a genotype can only mutate simultaneously at up to two loci. 507

−→
R = (R1,R2, . . .RK) is a vector of recombination matrices such that entry Rgi,j of 508

matrix Rg is the probability that a mating between individuals of genotypes i and j 509

generates an individual offspring of genotype g (more precisely,
−→
R is a tensor of rank 3). 510

Up to L− 1 crossover events can occur between two genotypes with probability 511

0 ≤ r ≤ 0.5 per interval. The recombination rate r is assumed to be the same for all 512

pairs of adjacent loci. If r = 0.5, then there is free recombination between all loci. 513

Equilibria 514

Identification Given a neutral network, population genetic parameters u and r, and 515

a set of initial genotype frequencies −→p (0), the population was allowed to evolve until 516

the root-mean-square deviation of the genotype frequencies in consecutive generations 517

was RMSD(−→p ′,−→p ) < 10−12. The final genotype frequencies were identified as an 518

equilibrium p̂. 519

Multiple initial conditions (i.e., genotype frequencies) were tested: (i) fixed for each 520

of the K genotypes in turn, (ii) even distribution over all K genotypes, (iii) equilibrium 521

genotype frequencies in the absence of recombination (r = 0), and (iv) 10 independent 522

sets of random frequencies sampled uniformly over the (K − 1)-simplex. Two equilibria, 523

p̂i and p̂j , were judged identical if RMSD(p̂i, p̂j) < 10−6. Only one of a set of identical 524

equilibria was counted. This procedure does not guarantee the discovery of all equilibria. 525

Stability analysis To evaluate the stability of an equilibrium p̂, we initialized a 526

population with frequencies (−→ε � p̂) / ∑ (−→ε � p̂), where −→ε is a vector of random 527
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numbers uniformly distributed between 0.99 and 1.0, and � represents the Hadamard 528

product of two vectors. We then allowed the population to evolve to equilibrium again, 529

without further perturbation. If the new equilibrium was identical to the original 530

equilibrium, it was classified as stable. 531

In a large subset of the equilibria studied (including all the equilibria found in 532

networks with K ≤ 12 showing multiple equilibria), stability was validated by 533

calculating the eigenvalues of the Jacobian of −→p ′ (λ1, λ2, . . . , λK) at p̂; the equilibrium 534

was classified as stable if ∀i|λi| < 1. 535

Modules In addition to the modularity analysis described above (see “Network 536

statistics”), modules were inferred from multiple stable equilibria in the following way: 537

a genotype g was assigned to a module corresponding to a stable equilibrium p̂i if the 538

frequency of g was higher in p̂i than in any other stable equilibrium. The resulting 539

“equilibrium” modules were compared to the modules inferred by maximizing Q using 540

the variation of information metric [100]. 541

Gene flow 542

Two populations Gene flow was modeled as symmetric migration between two 543

populations. Migration occurs at the beginning of each generation, such that a 544

proportion m of each population is composed of immigrants from the other population. 545

Then random mating, recombination and mutation take place within each population, 546

as described above. 547

Stepping-stone model A stepping-stone model [65] was used to measure the rate of 548

spread of a neutral allele across a reproductive barrier [11]. A number n of populations 549

are arranged in a line. Every generation a proportion 2m of a population emigrates to 550

its two neighboring populations (except populations 1 and n, which have only one 551

neighbor, so only m of each of them emigrate) (see S9 Fig A). Note that, unlike the 552

stepping-stone model studied by Gavrilets [14], our implementation allows the genotype 553

frequencies of terminal populations (1 and n) to vary. Therefore, all n populations may 554

evolve to the same equilibrium. When n = 2 this model reduces to the gene flow model 555

described in the previous section. 556

Genetic differentiation GST = 1−HS/HT was used to measure the genetic 557

differentiation between two populations at a locus, where HS is the average gene 558

diversity of the two populations, and HT is the gene diversity of a population 559

constructed by pooling the two populations [21]. The gene diversity of a population at a 560

locus is defined as H = 1−∑α
i=1 q

2
i , where qi is the frequency of allele i and α is the 561

number of alleles. Values of GST can vary between 0 (two populations with the same 562

allele frequencies) and 1 (two populations fixed for different alleles). The overall genetic 563

differentiation between two populations was quantified as the average GST over all loci. 564
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If all genotypes in the neutral network contain the same allele at a locus, that locus is 565

excluded from the calculation of average GST . 566

Reproductive isolation The degree of reproductive isolation between two 567

populations is defined as [58,101]: I = 1− wH/wS , where wH is the mean fitness of 568

haploid F1 hybrid offspring from crosses between individuals from the two populations, 569

and wS is the average of the mean fitnesses of the individual populations. The 570

calculation of wH and wS only takes into account the contribution of recombination, 571

and ignores mutation. Values of I can vary between 0 (e.g., if all F1 hybrids are viable, 572

or the populations are undifferentiated, or r = 0) and 1 (all F1 hybrids are inviable). 573

More precisely, the maximum possible value of I is the total proportion of recombinants 574

in a cross between two genotypes: 1− (1− r)L−1, where L is the number of fitness loci 575

and r is the recombination rate between adjacent loci. 576

Supporting Information 577

S1 Text 578

A neutral DMI between two diallelic loci is not sufficient to cause 579

speciation. Analysis of the number of stable equilibria for the neutral network in 580

Fig. 1A under two evolutionary scenarios: (a) no recombination, and (b) strong 581

recombination between the fitness loci. 582

S2 Text 583

Emergent speciation requires that recombination be strong relative to 584

mutation. Analysis of the number of stable equilibria for the neutral network in 585

Fig. 4A under two evolutionary scenarios: (a) no recombination, and (b) strong 586

recombination between the fitness loci. 587

S1 Fig 588

A neutral DMI between two diallelic loci contains only one stable 589

equilibrium. (A) The frequencies of the three genotypes (ab, Ab and aB, see Fig. 1A) 590

in a population are represented as a single point in a ternary plot. (B) Evolutionary 591

trajectories without recombination (r = 0) of populations starting at initial frequencies 592

such that at least one of the genotypes is absent (i.e., the edges of the triangle). All 593

trajectories converge to a single stable equilibrium (solid circle) with frequencies 594

p̂Ab = p̂aB ≈ 1−
√
2
2 and p̂ab ≈

√
2− 1 (S1 Text). Arrowheads mark the genotype 595

frequencies after 100 generations of evolution. (C–D) Evolutionary trajectories with 596

recombination rates of r = 0.01 and 0.1, respectively. As the recombination rate 597

increases, the frequency of ab at equilibrium (p̂ab) increases, and populations approach 598
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equilibrium more quickly. Unless otherwise stated, we used the same population genetic 599

parameters as in Fig. 1. 600

S2 Fig 601

Selection for derived alleles in a single DMI can cause speciation. (A) 602

Fitness landscape generated by a single DMI between L = 2 diallelic loci with selection 603

for derived alleles. s measures the strength of selection against the ab genotype. This is 604

an example of a “mutation-order” model [16] because it assumes that the different 605

populations experience the same environment. Note that if s = 1, the ab genotype is 606

lethal and the model reduces to a disconnected neutral network with two genotypes: aB 607

and Ab. (B) Genotype frequencies at equilibrium for populations evolving under weak 608

recombination and selection (r = 0.002 , s = 0.05). There are two stable equilibria, one 609

with p̂Ab ≈ 1 and the other with p̂aB ≈ 1. Both the genetic differentiation (C) and the 610

reproductive isolation (D) among populations at the two stable equilibria increases with 611

both s and r. The degree of reproductive isolation is well approximated by 612

I ≈ r(1 + s)/2. Unless otherwise stated, we used the same population genetic 613

parameters as in Fig. 1. 614

S3 Fig 615

Speciation can emerge through the collective effects of multiple neutral 616

DMIs that cannot, individually, cause speciation. Probabilities that neutral 617

networks contain multiple stable equilibria (PM ) based on ensembles of 500 random 618

connected neutral networks for each combination of numbers of genotypes (K) and 619

triallelic loci (L). See Fig. 2A for more details. 620

S4 Fig 621

Changing both the mutation rate and the recombination rate while keeping 622

the relative strength of recombination constant has only a small effect on 623

emergent speciation. The three neutral network ensembles denoted by open circles 624

in Fig. 2A were reanalysed for a range of mutation rates (u) and recombination rates (r) 625

while keeping the relative strength of recombination constant (r/u = 4). See Fig. 2B for 626

more details. 627

S5 Fig 628

Emergent speciation is a robust mechanism. All analyses summarized here were 629

carried out for the neutral network shown in Fig. 4A. Unless otherwise stated, we used 630

the same population genetic parameters as in Fig. 2A. (A) Emergent speciation can 631

occur in the presence of mutational biases. So far, all analyses have assumed that the 632

mutation rates are equal for every locus in all directions. B2 → B1 mutations have the 633

potential to perturb the B2 stable equilibrium. Values show the maximum increase in 634
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the mutation rate B2 → B1 (while keeping all other mutation rates constant) that 635

allows the existence of two stable equilibria. For simplicity, we assumed that only one 636

mutation was allowed per genotype per generation. (B) The critical point at which the 637

equilibria bifurcate (Fig. 4B) is approximately invariant with the relative strength of 638

recombination (r/u). We calculated the critical recombination rate (r) for different 639

values of the mutation rate u (spanning 4 orders of magnitude). We did this by finding 640

the point where the symmetric equilibrium (in green in Fig. 4B and C) changes from 641

stable to unstable. (C) Emergent speciation can occur in the presence of differences in 642

the fitness of viable genotypes. The neutral network model assumes that all “in-network” 643

genotypes have equal fitness, w. Values show the maximum selection coefficient, si, by 644

which the fitness of genotype i can be increased (wi = 1 + si), while allowing the 645

existence of two stable equilibria. (D) Emergent speciation can occur in the presence of 646

partial DMIs. The neutral network model assumes that “out-of-network” genotypes 647

have a fitness of wout = 0. Values show the effect of changing wout on the degree of 648

reproductive isolation among populations at the two stable equilibria: I ≈ I0(1− wout), 649

where I0 ≈ r/2 is the reproductive isolation when wout = 0 (i.e., the default model). 650

This is because higher values of wout imply higher hybrid fitness. 651

S6 Fig 652

Emergent speciation can occur in the presence of gene flow between 653

populations. Both the genetic differentiation (A) and the reproductive isolation (B) 654

among populations at different stable equilibria for the network shown in Fig. 4A 655

increases with the relative strength of recombination (red), and can persist in the 656

presence of weak gene flow (blue). (C) Maximum migration rate, m, between two 657

populations that allows the existence of two stable equilibria. The population genetic 658

parameters were the same as those in Fig. 2A. 659

S7 Fig 660

Emergent speciation depends on the precise pattern of recombination 661

between sites and cannot be strictly predicted from the topology of a 662

neutral network. (A) Neutral network of K = 6 genotypes generated by 663

incompatibilities between L = 5 loci. (B) The neutral network shown in (A) shows a 664

single stable equilibrium for any relative strength of recombination (0 ≤ r/u ≤ 500). 665

The figure shows r/u = 64. (C) The genotype network derived from that shown in (A) 666

by inverting the D and E loci and inserting them between the A and B loci has exactly 667

the same topology as that in (A), but shows two stable equilibria when the relative 668

strength of recombination is high (r/u ≥ 3.65). The figure shows r/u = 64. The 669

population genetic parameters were the same as those in Fig. 2A. 670
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S8 Fig 671

Example of a neutral network supporting emergent speciation. (A) Neutral 672

network of K = 11 genotypes generated by multiple DMIs between L = 5 diallelic loci. 673

Genotypes are represented by closed circles. Solid lines connect genotypes differing at a 674

single locus. The colors relate to the equilibria as explained below. (B–D) The existence 675

of multiple stable equilibria in the neutral network shown in (A) depends on the relative 676

strength of recombination, r/u. Populations initially fixed for genotypes shown in red, 677

green or blue, evolve to the equilibrium of the same color. (B) When the relative 678

strength of recombination is low (r/u < 0.36), populations initially fixed for any of the 679

11 genotypes in the neutral network evolve to the same stable equilibrium. The figure 680

shows the equilibrium when r/u = 0.1. (C) At higher relative strength of recombination 681

(0.36 < r/u < 5.3), there are two stable equilibria. The figure shows the equilibria when 682

r/u = 1. (D) At even higher relative strength of recombination (r > 5.3) there are three 683

stable equilibria. The figure shows the equilibria when r/u = 10. The population 684

genetic parameters were the same as those in Fig. 2A. 685

S9 Fig 686

Neutral DMIs can generate strong reproductive barriers. (A) Stepping-stone 687

model. A number n of populations are arranged in a line. Every generation a 688

proportion 2m of a population emigrates to its two neighboring populations (except 689

populations 1 and n, which have only one neighbor, so only m of each of them 690

emigrate). (B) Spread of a neutral allele over n = 20 populations. Locus A has two 691

neutral alleles, A and a. Initially, populations 1–10 are fixed for the a allele and 692

populations 11–20 are fixed for the A allele (light gray). We allow the populations to 693

evolve with m = 0.025, without mutation at the A locus. The dark gray points show the 694

frequencies of the A allele after t = 500 generations. After t = 1515 generations, the 695

frequency of A has increased from 0 to 25% in population 1 (black; TN in Table 2). 696

Eventually, the population will reach equilibrium with each neutral allele at a frequency 697

of 50% in every population (dashed line). (C–E) Equilibrium allele or genotype 698

frequencies in a hybrid zone formed after the contact of two populations initially at 699

different stable equilibria on opposite ends of the line. See Table 2 for analysis of flow of 700

unlinked neutral alleles through these hybrid zones. (C) DMI with selection (S2 Fig). 701

Initially, populations 1–10 are fixed for the Ab genotype and populations 11–20 are 702

fixed for the aB genotype. The points show the equilibrium frequencies of aB for 703

r = 0.5 and m = 0.025 and different values of s. (D) Neutral network shown in Fig. 4A. 704

Initially, populations 1–10 are fixed for the B1 allele and populations 11–20 are fixed for 705

the B2 allele. The points show the equilibrium frequencies of the B2 allele for r = 0.5 706

and m = 0.025. (E) Neutral network shown in S8 Fig A. Initially, populations 1–10 are 707

fixed for the d allele and populations 11–20 are fixed for the D allele (an indicator of 708

the red equilibrium in S8 Fig). The points show the equilibrium frequencies of the D 709

allele for r = 0.5 and m = 0.025. The population genetic parameters used in (C–E) were 710
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the same as those in Fig. 2A but with no mutation (u = 0) at the neutral marker locus 711

and free recombination (r = 0.5) between all loci. 712
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100. Meilă M. Comparing clusterings—an information based distance. J Multiv Anal.

2007 May;98(5):873–895.

101. Palmer ME, Feldman MW. Dynamics of Hybrid Incompatibility in Gene

Networks in a Constant Environment. Evolution. 2009;63(2):418–431.

33/33

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 7, 2015. ; https://doi.org/10.1101/008268doi: bioRxiv preprint 

https://doi.org/10.1101/008268
http://creativecommons.org/licenses/by/4.0/


Emergent Speciation by Multiple Dobzhansky–Muller
Incompatibilities: Supporting Information

Tiago Paixão, Kevin E. Bassler, Ricardo B. R. Azevedo

S1 Text: A neutral DMI between two diallelic loci is

not sufficient to cause speciation

Consider the neutral network with K = 3 genotypes illustrated in Fig. 1A. There are

two fitness loci (A and B) with two alleles each (A/a and B/b, respectively). aB, ab

and Ab are viable (fitness, w = 1) and AB is inviable (w = 0).

We analyse the number of stable equilibria in this neutral network under two

evolutionary scenarios: (a) no recombination, and (b) strong recombination between the

fitness loci.

(a) No recombination

We assume that the fitness loci are tightly linked (r = 0). The state of the population is

defined by the vector of genotype frequencies: −→p = (paB , pab , pAb).

If we assume that the mutation rate is u per locus per generation, and that only one

locus is allowed to mutate per generation, we get the following mutation matrix:

M =




1− 2u u 0

u 1− 2u u

0 u 1− 2u


 . (S1.1)

The genotype frequencies in the following generation (−→p ′) are given by:

−→p ′ =
−→p ·M
w

, (S1.2)

where w is the mean fitness of the population:

w =
K∑

i=1

(−→p ·M)i = 1− u(1− pab) .
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Expanding S1.2 we get:

p′aB =
(1− 2u) paB + u pab

w
,

p′ab =
(1− 2u) pab + u (paB + pAb)

w
,

p′Ab = 1− p′aB − p′ab .

(S1.3)

Solving the system of equations −→p ′ = −→p (S1.3) we get one equilibrium:

p̂aB = p̂Ab = 1−
√
2

2
, p̂ab =

√
2− 1 . (S1.4)

This equilibrium is the leading eigenvector of M (S1.1) [1].

The eigenvalues of the Jacobian at S1.4 are:

λ1 =
1− 2u

w
, λ2 =

1− 2(2− u)u
w2 .

Equilibrium S1.4 is stable if ∀i |λi| < 1. This condition is met if 0 < u < 1
2 .

(b) Strong recombination

We assume that recombination between the fitness loci is strong enough that the

population is always in linkage equilibrium [2]: pij = pi × pj , where i is an allele at the

A locus and j is an allele at the B locus. Thus, the state of the population is defined by

the vector of allele frequencies: −→p = (pA, pB , pa, pb).

If we assume that the mutation rate is u per locus per generation, the allele frequencies

in the following generation (−→p ′) are given by:

p′i =
(1− u)wi pi + uwj pj

w
(S1.5)

where i and j are both alleles at the same locus, pi is the frequency of allele i, wi is the

marginal fitness of allele i:

wA = 1− pB , wB = 1− pA , wa = wb = 1 ,

and w is the mean fitness of the population:

w = 1− pApB .

Solving the system of equations −→p ′ = −→p (S1.5), we find one equilibrium:

p̂A = p̂B =

√
u(u+ 4)− u

2
≈ √u− u

2
, p̂a = p̂b = 1− p̂A . (S1.6)
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The genotype frequencies at equilibrium are:

p̂aB = p̂Ab ≈
√
u− 3u

2
, p̂ab ≈ 1− 2

√
u+ 3u .

The eigenvalues of the Jacobian at S1.6 are:

λ1 =
4− 8u

(
2− u+

√
u(u+ 4)

)2 , λ2 = 1− u

2

(
2 + u+

√
u(u+ 4)

)
.

Equilibrium S1.6 is stable if ∀i |λi| < 1. This condition is met if

0 < u < 2
(√

2− 1
)
≈ 0.83.

(c) Conclusion

A single neutral DMI between two diallelic loci contains only one equilibrium under

both evolutionary scenarios, regardless of the mutation rate (0 < u < 0.5). Therefore, it

cannot cause speciation. These results are consistent with those reported by

Rutschman [3], Gavrilets [4] (pp. 125–8), and Bank et al. [5]. (Only Gavrilets considered

mutation; Bank et al. used a continuous-time model.)
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S2 Text: Emergent speciation requires that

recombination be strong relative to mutation

Consider the neutral network with K = 6 genotypes illustrated in Fig. 4A. There are

three fitness loci (A, B and C) with three alleles each (A1/A2/A3, B1/B2/B3 and

C1/C2/C3, respectively). Genotypes containing either the A1B2 haplotype or the B1C2

haplotype are viable (w = 1) and all other genotypes are inviable (w = 0).

We analyse the number of stable equilibria in this neutral network under two

evolutionary scenarios: (a) no recombination, and (b) strong recombination between the

fitness loci.

(a) No recombination

We assume that the DMI loci are tightly linked (r = 0). The state of the population is

defined by the vector of genotype frequencies, −→p = (p121, p123, p122, p112, p212, p312),

where pijk refers to the frequency of the AiBjCk genotype.

If we assume that the mutation rate is u per locus per generation, and that only one

locus is allowed to mutate per generation, we get the following mutation matrix:

M =




1− 3u
u

2

u

2
0 0 0

u

2
1− 3u

u

2
0 0 0

u

2

u

2
1− 3u

u

2
0 0

0 0
u

2
1− 3u

u

2

u

2

0 0 0
u

2
1− 3u

u

2

0 0 0
u

2

u

2
1− 3u




. (S2.7)
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The genotype frequencies in the following generation are given by Equation S1.2:

p′121 =
2(1− 3u) p121 + u (p122 + p123)

2w
,

p′123 =
2(1− 3u) p123 + u (p121 + p122)

2w
,

p′122 =
2(1− 3u) p122 + u (p112 + p121 + p123)

2w
,

p′112 =
2(1− 3u) p112 + u (p122 + p212 + p312)

2w
,

p′212 =
2(1− 3u) p212 + u (p112 + p312)

2w
,

p′312 =
2(1− 3u) p312 + u (p112 + p212)

2w
,

(S2.8)

where w is the mean fitness of the population:

w = 1− u

2
(4− p112 − p122) (S2.9)

Solving the system of equations −→p ′ = −→p (Equations S2.8) we find one equilibrium:

p̂121 = p̂123 = p̂212 = p̂312 =
1

4

(
2−
√
2
)

p̂122 = p̂112 =
1

2

(√
2− 1

) (S2.10)

This equilibrium is the leading eigenvector of M (S2.7) [1].

The eigenvalues of the Jacobian at S2.10 are:

λ1 ≈ 1−
√
2u , λ2 = λ3 ≈ 1− u

2

(
2 +
√
2
)

,

λ4 ≈ 1− u

2

(
1 +
√
2 +
√
3
)

, λ5 ≈ 1− u

2

(
1 +
√
2−
√
3
)

.

(First order Taylor expansions around u = 0.)

Equilibrium S1.6 is stable if ∀i |λi| < 1. This condition is met if

0 < u <
4

11−
√
2 +
√
3
≈ 0.35 (obtained from the exact values of λi, not the

approximate ones).

(b) Strong recombination

We assume that recombination between the fitness loci is strong enough that the

population is always in linkage equilibrium [2]: pijk = pAi
× pBj

× pCk
. Thus, the state

of the population is defined by the vector of allele frequencies: −→p = (pA1
, pB1

, . . . , pC3
).

If we assume that the mutation rate is u per locus per generation, the allele frequencies
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in the following generation (−→p ′) are given by:

p′i =
2(1− u)wi pi + u (wj pj + wk pk)

2w
(S2.11)

where i, j and k are alleles at the same locus, pi is the frequency of allele i, wi is the

marginal fitness of allele i:

wA1 = pB2 + pB1 pC2 , wA2 = wA3 = pB1 pC2 ,

wB1
= pC2

, wB2
= pA1

, wB3
= 0 ,

wC1
= wC3

= pA1
pB2

, wC2
= pB1

+ pA1
pB2

.

and w is the mean fitness of the population:

w = pA1 pB2 + pB1 pC2 .

Solving the system of equations −→p ′ = −→p (S2.11), we find three equilibria.

Equilibrium I The allele frequencies at equilibrium are:

p̂A1
= p̂C2

=
2− u
2 + 3u

, p̂A2
= p̂A3

= p̂C1
= p̂C3

=
2u

2 + 3u
,

p̂B1 = p̂B2 =
2− u
4

, p̂B3 =
u

2
.

(S2.12)

The genotype frequencies at equilibrium are:

p̂121 = p̂123 = p̂212 = p̂312 =
u

2 + 3u
, p̂122 = p̂112 =

2− u
2(2 + 3u)

.

The eigenvalues of the Jacobian at S2.12 are:

λ1 = 0 , λ2 = λ3 = λ4 =
2− 3u

4
,

λ5 =
(12 + 3u(8 + 3u)− α) (2− 3u)

8(2− u)(2 + 3u)
,

λ6 =
(12 + 3u(8 + 3u) + α) (2− 3u)

8(2− u)(2 + 3u)
,

where α = (2 + 3u)
√
4 + u(52 + 9u) .

Equilibrium S2.12 is stable if ∀i |λi| < 1. This condition is met if
2

9
< u <

6

7
.
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Equilibrium II The allele frequencies at equilibrium are:

p̂A1
=

6− 3u+ β

8
≈ 1− u , p̂A2

= p̂A3
=

2 + 3u− β
16

≈ u

2
,

p̂B1
=

2− u− β
4

≈ u , p̂B1
=

2− u+ β

4
≈ 1− 3u

2
, p̂B3

=
u

2
,

p̂C1 = p̂C3 =
2 + 3u+ β

16
≈ 2− u

8
, p̂C2 = p̂A3 =

6− 3u− β
8

≈ 2 + u

4
,

(S2.13)

where β =
√
(2− u)(2− 9u) ≈ 2− 5u.

The genotype frequencies at equilibrium are:

p̂121 = p̂123 =
2− 5u+ β

16− 24u
≈ 1− u

4
,

p̂122 =
2− u+ β

8− 12u
≈ 1

2
, p̂112 =

2− u− β
8− 12u

≈ u

2
,

p̂212 = p̂312 =
2− 5u− β
16− 24u

≈ 0 .

The eigenvalues of the Jacobian at S2.13 are:

λ1 = 0 , λ2 ≈ λ6 ≈
u

2
, λ3 ≈ 1− 2u ,

λ4 ≈ 1− u , λ5 ≈
2 + u

4
.

(First order Taylor expansions around u = 0.)

Equilibrium S2.13 is stable if ∀i |λi| < 1. This condition is met if 0 < u <
2

9
(obtained

from the exact values of λi, not the approximate ones).

Equilibrium III This equilibrium is symmetrical with equilibrium II according to

the following pattern of correspondence between alleles:

II III

A1 ↔ C2

A2, A3 ↔ C1, C3

B1 ↔ B2

B2 ↔ B1

B3 ↔ B3

C1, C3 ↔ A2, A3

C2 ↔ A1

Thus, this equilibrium is also stable if 0 < u <
2

9
.
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Mean fitness At a given mutation rate, the mean fitness at equilibrium is highest for

the stable equilibrium/equilibria:

wIII = wII > wI if 0 < u <
2

9
,

wI > wII = wIII if
2

9
< u <

6

7
,

where wi is the mean fitness at equilibrium i.

(c) Conclusions

• In the absence of recombination between the fitness loci there is only one stable

equilibrium regardless of the mutation rate (0 < u . 0.35).

• When both recombination and mutation are strong

(
2

9
< u <

6

7

)
there is only

one stable equilibrium. This equilibrium becomes unstable when mutation is

weaker

(
0 < u <

2

9

)
.

• When recombination is strong and mutation is relatively weak

(
0 < u <

2

9

)
there

are two stable equilibria and one unstable equilibrium (see previous point).

• Assuming that the strong recombination regime corresponds to r ≈ 0.5, the

critical relative strength of recombination for the existence of multiple stable

equilibria is r/u ≈ 2, in agreement with the numerical results on the full model

shown in Fig. 4B and S5 Fig B.

• When recombination is strong populations are expected to evolve to a stable

equilibrium where population mean fitness is maximized.
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Supporting Figures

Figure S1. A neutral DMI between two diallelic loci contains only one
stable equilibrium. (A) The frequencies of the three genotypes (ab, Ab and aB, see
Fig. 1A) in a population are represented as a single point in a ternary plot. (B)
Evolutionary trajectories without recombination (r = 0) of populations starting at
initial frequencies such that at least one of the genotypes is absent (i.e., the edges of the
triangle). All trajectories converge to a single stable equilibrium (solid circle) with

frequencies p̂Ab = p̂aB ≈ 1−
√
2
2 and p̂ab ≈

√
2− 1 (S1 Text). Arrowheads mark the

genotype frequencies after 100 generations of evolution. (C–D) Evolutionary trajectories
with recombination rates of r = 0.01 and 0.1, respectively. As the recombination rate
increases, the frequency of ab at equilibrium (p̂ab) increases, and populations approach
equilibrium more quickly. Unless otherwise stated, we used the same population genetic
parameters as in Fig. 1.
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Figure S2. Selection for derived alleles in a single DMI can cause
speciation. (A) Fitness landscape generated by a single DMI between L = 2 diallelic
loci with selection for derived alleles. s measures the strength of selection against the ab
genotype. This is an example of a “mutation-order” model [6] because it assumes that
the different populations experience the same environment. Note that if s = 1, the ab
genotype is lethal and the model reduces to a disconnected neutral network with two
genotypes: aB and Ab. (B) Genotype frequencies at equilibrium for populations
evolving under weak recombination and selection (r = 0.002 , s = 0.05). There are two
stable equilibria, one with p̂Ab ≈ 1 and the other with p̂aB ≈ 1. Both the genetic
differentiation (C) and the reproductive isolation (D) among populations at the two
stable equilibria increases with both s and r. The degree of reproductive isolation is
well approximated by I ≈ r(1 + s)/2. Unless otherwise stated, we used the same
population genetic parameters as in Fig. 1.

Figure S3. Speciation can emerge through the collective effects of multiple
neutral DMIs that cannot, individually, cause speciation. Probabilities that
neutral networks contain multiple stable equilibria (PM ) based on ensembles of 500
random connected neutral networks for each combination of numbers of genotypes (K)
and triallelic loci (L). See Fig. 2A for more details.
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Figure S4. Changing both the mutation rate and the recombination rate
while keeping the relative strength of recombination constant has only a
small effect on emergent speciation. The three neutral network ensembles denoted
by open circles in Fig. 2A were reanalysed for a range of mutation rates (u) and
recombination rates (r) while keeping the relative strength of recombination constant
(r/u = 4). See Fig. 2B for more details.
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Figure S5. Emergent speciation is a robust mechanism. All analyses
summarized here were carried out for the neutral network shown in Fig. 4A. Unless
otherwise stated, we used the same population genetic parameters as in Fig. 2A. (A)
Emergent speciation can occur in the presence of mutational biases. So far, all analyses
have assumed that the mutation rates are equal for every locus in all directions.
B2 → B1 mutations have the potential to perturb the B2 stable equilibrium. Values
show the maximum increase in the mutation rate B2 → B1 (while keeping all other
mutation rates constant) that allows the existence of two stable equilibria. For
simplicity, we assumed that only one mutation was allowed per genotype per generation.
(B) The critical point at which the equilibria bifurcate (Fig. 4B) is approximately
invariant with the relative strength of recombination (r/u). We calculated the critical
recombination rate (r) for different values of the mutation rate u (spanning 4 orders of
magnitude). We did this by finding the point where the symmetric equilibrium (in
green in Fig. 4B and C) changes from stable to unstable. (C) Emergent speciation can
occur in the presence of differences in the fitness of viable genotypes. The neutral
network model assumes that all “in-network” genotypes have equal fitness, w. Values
show the maximum selection coefficient, si, by which the fitness of genotype i can be
increased (wi = 1 + si), while allowing the existence of two stable equilibria. (D)
Emergent speciation can occur in the presence of partial DMIs. The neutral network
model assumes that “out-of-network” genotypes have a fitness of wout = 0. Values show
the effect of changing wout on the degree of reproductive isolation among populations at
the two stable equilibria: I ≈ I0(1− wout), where I0 ≈ r/2 is the reproductive isolation
when wout = 0 (i.e., the default model). This is because higher values of wout imply
higher hybrid fitness.
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Figure S6. Emergent speciation can occur in the presence of gene flow
between populations. Both the genetic differentiation (A) and the reproductive
isolation (B) among populations at different stable equilibria for the network shown in
Fig. 4A increases with the relative strength of recombination (red), and can persist in
the presence of weak gene flow (blue). (C) Maximum migration rate, m, between two
populations that allows the existence of two stable equilibria. The population genetic
parameters were the same as those in Fig. 2A.

Figure S7. Emergent speciation depends on the precise pattern of
recombination between sites and cannot be strictly predicted from the
topology of a neutral network. (A) Neutral network of K = 6 genotypes generated
by incompatibilities between L = 5 loci. (B) The neutral network shown in (A) shows a
single stable equilibrium for any relative strength of recombination (0 ≤ r/u ≤ 500).
The figure shows r/u = 64. (C) The genotype network derived from that shown in (A)
by inverting the D and E loci and inserting them between the A and B loci has exactly
the same topology as that in (A), but shows two stable equilibria when the relative
strength of recombination is high (r/u ≥ 3.65). The figure shows r/u = 64. The
population genetic parameters were the same as those in Fig. 2A.
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Figure S8. Example of a neutral network supporting emergent speciation.
(A) Neutral network of K = 11 genotypes generated by multiple DMIs between L = 5
diallelic loci. Genotypes are represented by closed circles. Solid lines connect genotypes
differing at a single locus. The colors relate to the equilibria as explained below. (B–D)
The existence of multiple stable equilibria in the neutral network shown in (A) depends
on the relative strength of recombination, r/u. Populations initially fixed for genotypes
shown in red, green or blue, evolve to the equilibrium of the same color. (B) When the
relative strength of recombination is low (r/u < 0.36), populations initially fixed for any
of the 11 genotypes in the neutral network evolve to the same stable equilibrium. The
figure shows the equilibrium when r/u = 0.1. (C) At higher relative strength of
recombination (0.36 < r/u < 5.3), there are two stable equilibria. The figure shows the
equilibria when r/u = 1. (D) At even higher relative strength of recombination (r > 5.3)
there are three stable equilibria. The figure shows the equilibria when r/u = 10. The
population genetic parameters were the same as those in Fig. 2A.
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Figure S9. Neutral DMIs can generate strong reproductive barriers. (A)
Stepping-stone model. A number n of populations are arranged in a line. Every
generation a proportion 2m of a population emigrates to its two neighboring
populations (except populations 1 and n, which have only one neighbor, so only m of
each of them emigrate). (B) Spread of a neutral allele over n = 20 populations. Locus A
has two neutral alleles, A and a. Initially, populations 1–10 are fixed for the a allele and
populations 11–20 are fixed for the A allele (light gray). We allow the populations to
evolve with m = 0.025, without mutation at the A locus. The dark gray points show the
frequencies of the A allele after t = 500 generations. After t = 1515 generations, the
frequency of A has increased from 0 to 25% in population 1 (black; TN in Table 2).
Eventually, the population will reach equilibrium with each neutral allele at a frequency
of 50% in every population (dashed line). (C–E) Equilibrium allele or genotype
frequencies in a hybrid zone formed after the contact of two populations initially at
different stable equilibria on opposite ends of the line. See Table 2 for analysis of flow of
unlinked neutral alleles through these hybrid zones. (C) DMI with selection (S2 Fig).
Initially, populations 1–10 are fixed for the Ab genotype and populations 11–20 are
fixed for the aB genotype. The points show the equilibrium frequencies of aB for
r = 0.5 and m = 0.025 and different values of s. (D) Neutral network shown in Fig. 4A.
Initially, populations 1–10 are fixed for the B1 allele and populations 11–20 are fixed for
the B2 allele. The points show the equilibrium frequencies of the B2 allele for r = 0.5
and m = 0.025. (E) Neutral network shown in S8 Fig A. Initially, populations 1–10 are
fixed for the d allele and populations 11–20 are fixed for the D allele (an indicator of
the red equilibrium in S8 Fig). The points show the equilibrium frequencies of the D
allele for r = 0.5 and m = 0.025. The population genetic parameters used in (C–E) were
the same as those in Fig. 2A but with no mutation (u = 0) at the neutral marker locus
and free recombination (r = 0.5) between all loci.
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