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Review
A remarkable suite of forms of genomic conflict has
recently been implicated in speciation. We propose that
these diverse roles of genomic conflict in speciation
processes can be unified using the concept of ‘conflictual
speciation’. Conflictual speciation centers on the evolu-
tion of reproductive isolation as a byproduct of antago-
nistic selection among genomic elements with divergent
fitness interests. Intragenomic conflicts are expected to
readily generate Dobzhansky–Muller incompatibilities,
due to population-specific interactions between oppos-
ing elements, and thus they could be especially impor-
tant in speciation. Moreover, selection from genomic
conflicts should be relatively unrelenting across ecologi-
cal and evolutionary time scales. We explain how intra-
genomic conflicts can promote, or sometimes constrain,
speciation, and describe evidence relating conflicts to
the evolution of reproductive isolation.

How does selection promote speciation?
Natural selection contributes to speciation by the well-
studied process of ecological speciation (ES), whereby di-
vergent ecological selective pressures drive reproductive
isolation (RI) between populations occupying different
environments [1,2] (Figure 1). An important alternative
to ES, mutation-order speciation, involves different and
incompatible alleles arising by chance, and increasing in
frequency, in different populations that are subject to
similar ecological selective pressures [1,3]. Both of these
models of speciation involve natural selection, but the
causes of selection that mediate mutation-order speciation
have, until recently, remained largely unknown.

In this article, we describe emerging evidence for a
central role of selection from intragenomic conflict (see
Glossary) in driving mutation-order speciation. Intrage-
nomic conflict, like ecology, is a feature of all organisms,
and it also imposes strong selective pressures that can lead
to divergence among populations and incompatibilities
between them (Figure 1). To the extent that intragenomic
conflict promotes speciation across diverse taxa, a major
expansion of speciation theory and empirical work in this
direction might be in order.

The idea of a role for intragenomic conflicts in speciation
traces to work by McClintock [4], Cosmides and Tooby [5],
and Rice [6], but has undergone a resurgence due in part to
genetic studies revealing that many apparent ‘speciation
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genes’ are involved in conflictual interactions [7–10]. Our
goal here is to develop a broad yet explicit conceptual
framework for studying how genomic conflict is involved
in speciation, under the rubric of ‘conflictual speciation’
(CS). Intragenomic conflict represents a subset of geno-
mic conflicts more generally (Figure 2) and forms our
focus here due to recent progress in this area and the
expectation that it could be especially important for
speciation.

We begin by describing intragenomic conflict and how it
might promote, or, alternatively, constrain speciation. We
then review the types of conflict that have thus far been
shown, or posited, to mediate the evolution of reproductive
isolation. Finally, we further develop predictions concern-
ing CS, clarify how it can be distinguished from, or inter-
acts with (Box 1), other mechanisms of speciation, and
consider what future studies will best move this field
forward.

What is intragenomic conflict?
We define intragenomic conflict as antagonistic interac-
tions between DNA sequences, or their products, within an
individual. The ‘genome’ is considered as all genetic mate-
rial that is inherited. Conflict can involve elements that
directly distort their own transmission rate positively, by
either preferentially reaching gametes, interfering with
transmission of alternative alleles, or replicating dispro-
portionately to the rest of the genome [11]. Such direct-
distorting elements should increase to fixation, unless
countered by opposing selective pressures. Alternatively,
selfish elements can distort their transmission by altering
the organism’s development or behavior. These latter
forms of conflict are caused by differences, in patterns of
inheritance and genetic relatedness, between different
elements that comprise an individual’s total genomic con-
stitution, such as nuclear genes (inherited biparentally)
compared to cytoplasmic and organelle genes (inherited
only maternally or paternally). Such conflicts between
genomic elements can result in dynamic equilibria, or
one party reaching its optimum phenotype.

In any particular conflict, outcomes should depend pri-
marily on the relative forms and amounts of salient phe-
notypic and genetic variation available for selection, and
the relative intensities of selection on the elements with
divergent interests. The outcome of intragenomic conflicts
is alleles increasing in frequency, and often persisting, in
the absence of positive effects on organism-level fitness,
and normally with effects that are deleterious. As such,
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Glossary

Anti-speciation gene: a gene that constrains speciation by mediating increased

gene flow and reduced reproductive isolation between populations.

Conflictual speciation: a mechanism of speciation whereby genomic conflicts

drive the evolution of reproductive isolation.

Cytoplasmic male sterility: sterility of male function (pollen or sperm

production or viability) caused by cytoplasmically-inherited elements, often

mitochondria.

Dobzhansky–Muller incompatibilities: negatively-interacting sets of genes that

reduce hybrid fitness.

Ecological speciation (ES): a mechanism of speciation whereby divergent

ecologically-based selection drives the evolution of reproductive isolation.

Genomic imprinting: conflict of paternally-inherited genes with maternally-

inherited genes, due to their different relatedness to interacting individuals.

Genes are imprinted (silenced) in either the maternal or paternal germ lines,

mainly in mammals and angiosperms. Distortion occurs for phenotypes that

differentially affect paternal-gene vs. maternal-gene fitness, such as invest-

ment costs imposed by offspring on the mother.

Meiotic drive: alterations to meiosis that result in unequal gamete production

or survival, between autosomal heterozygotes or between different sex

chromosomes. Meiotic drive may involve asymmetries in meiosis that favor

one chromosome over others, or destruction of gametes that do not contain

the driving allele. Drive commonly involves reduced fertility, and consequent

selection on unlinked alleles to suppress the driving element.

Mutation-order speciation: a mechanism of speciation whereby reproductive

isolation evolves by different, incompatible alleles arising and undergoing

divergence in populations subject to similar selective pressures.

Nuclear-cytoplasmic conflict: conflict of nuclear autosomal and sex-linked

genes with genes on cytoplasmic elements, such as mitochondria, chloro-

plasts, or symbionts. This form of conflict is due to maternal inheritance of

cytoplasmic elements, compared to biparental or paternal inheritance of

nuclear genes. Such inheritance differences select for cytoplasmic alleles that

reduce investment in male offspring or male functions and nuclear alleles that

suppress such effects, with deleterious cytonuclear interactions in hybrids.

Sex chromosome-autosome conflict: sex chromosomes are inherited and

expressed in sex-dependent patterns, such that X chromosomes (in male-

heterogametic species) are expected to favor female and matrilineal interests,

Y chromosomes are expected to favor male and patrilineal interests, and

autosomes are expected to favor both sexes equally, which means that they

can favor either males (when in conflict with X chromosomes) or females

(when in conflict with Y chromosomes).

Speciation gene: a gene that promotes speciation by causing a significant

increase in the evolution of reproductive isolation.

Transposons: elements that replicate autonomously in genomes, and are

transmitted horizontally within genomes and vertically by inheritance from

parents to offspring. Replication of transposons induces genomic or chromo-

somal alterations that are usually deleterious, so there is selection on unlinked

genes in the genome for their suppression.
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speciation by intragenomic conflict contrasts strongly with
other models of speciation based on adaptation in biotic
interactions, although it grades into other models as a
function of how intragenomic and intergenomic elements
interact (Figure 2).

Intragenomic conflict commonly affects phenotypes in-
volved in replication and reproduction, suggesting that it
might represent a potent force in the evolution of repro-
ductive isolation. Selection should also be strong for many
conflictual interactions, due to the large potential gains in
differential reproduction from over-replicating, winning a
conflict, or pulling phenotypes towards one’s preferred
value. However, the actual role of intragenomic conflicts
in speciation must depend on the degree to which it pro-
motes versus constrains the evolution of reproductive iso-
lation.

How can intragenomic conflicts contribute to
speciation?
ES involves divergence between populations due to geneti-
cally-based interactions between competitors, predators
and prey, hosts and parasites, or mutualists, or adaptation
to different abiotic conditions. By contrast, CS by intrage-
nomic conflict involves divergence between populations
due to antagonistic interactions between opposing ele-
ments within a genome. Such interactions are expected
to lead to genetic divergence, between populations, in pairs
or larger sets of antagonistically-interacting loci. Intrage-
nomic conflicts are therefore predicted to readily generate
Dobzhansky–Muller incompatibilities (DMIs), a major
cause of reproductive isolation. Such incompatibilities
should be seen most clearly in molecular-genetic systems
of DNA–protein, DNA–RNA, physiological, or developmen-
tal interaction, as have been documented for some geno-
mic-imprinting conflicts, driver-suppressor systems, and
transposon suppression (Table 1). DMIs can also involve
cooperation among sets of loci with common fitness inter-
ests, in the context of conflicts against other such genomic
cartels.

Intragenomic conflict is, of course, not the only process
that can lead to DMIs. For example, divergent, ecological-
ly-based selection can drive the evolution of intrinsic hy-
brid incompatibilities, even in the face of gene flow [12].
Intragenomic conflict should, however, be especially effec-
tive at generating DMIs for several reasons. First, genes
undergoing conflict are commonly haploid (e.g., imprinted
genes, sex chromosome genes, and cytoplasmic elements),
or dominant in their effects, thereby engendering strong
selection for favored alleles even when rare. Second, eco-
logical selection can diminish as populations become close-
ly adapted to their environment, whereas selection under
genomic conflict can be perpetual (although sometimes
rapid and episodic), due to ongoing unresolved antago-
nism. Finally, by virtue of acting at the genetic level itself,
divergent evolution via intragenomic conflict is unlikely to
be strongly dampened by phenotypic plasticity.

A possible limitation to speciation via intragenomic
conflict is that intragenomic conflict does not inherently
generate forms of pre-zygotic isolation such as divergent
habitat preferences or sexual isolation. However, such pre-
zygotic effects might evolve indirectly through the imposi-
tion of post-zygotic costs (i.e., via reinforcement-like pro-
cesses) or via phenotypic effects on development or
behavior (e.g., mating preferences) for some conflict ele-
ments. For example, Price and Wedell [13] describe exten-
sive evidence that intragenomic conflict elements impose
substantial costs on male fertility within populations –
costs that should be exacerbated in between-population
crosses. The potential for selection of pre-zygotic isolation
is shown by studies of Drosophila, stalk-eyed flies, spider
mites, and Mus, in which females discriminate in mating
against males harboring drive elements [13,14], or hybrid-
sterility inducing cytoplasmic elements such as Wolbachia
[15,16]. By contrast, when cytoplasmic elements can
49
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Figure 1. Ecological speciation (ES) compared to conflictual speciation. Circles represent populations and different shading represents different ecological environments.

Common genotypes within each population are shown. Double-headed arrows represent gene flow. Reproductive isolation (RI), which can be imperfect (leading to gene

flow) and when realized is depicted by an ‘X’ crossing out certain genotypes. (a) Under ES, populations adapt to different ecological environments via divergent selection.

The resulting genetic change generates RI. In the example depicted, a single locus is considered and intermediates (i.e., heterozygotes) are unfit. However, ES could also

involve epistatic interactions of the type depicted for conflictual speciation (CS). If divergence occurs with gene flow, then the degree of differentiation maintained will likely

represent a balance between the strength of divergent selection (s) and rates of gene flow (m). (b) Under CS, intragenomic conflict creates divergence between populations.

This differentiation is expected to involve multiple, epistatically interacting genes and to thus generate intrinsic postmating RI (a two locus model is shown here). If

divergence occurs in the face of gene flow there can be a balance between forces that determines whether RI persists. One allele at each locus might be more fit than the

other such that it can spread between both populations, eroding RI, but this will be opposed by RI itself, which is a barrier to gene flow. A secondary contact scenario is

depicted here, but similar logic can be applied to primary divergence (albeit with somewhat different expected evolutionary dynamics).
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successfully transmit themselves through viable hybrid
matings, they are expected to favor reduced mating dis-
crimination, as reported in Nasonia wasps [17]. The pres-
ence of Wolbachia and similar elements can also promote
within-population male choice by females, as shown in
Drosophila [18], potentially strengthening pre-mating iso-
lation.
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How can intragenomic conflicts oppose speciation?
Genomic conflict need not always promote speciation. In
fact, it might sometimes oppose or constrain the process
[19]. A key scenario concerns population divergence with
some degree of gene flow. Suppose that two selectively and
universally (in both populations) advantageous driver
alleles have arisen in two different populations. The alleles
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omic conflicts within species, but intragenomic conflicts are especially expected to



Box 1. Interactions between speciation models

Conflictual speciation is not mutually exclusive of other mechan-

isms of speciation. For example, ecological speciation via adapta-

tion to different environments might also involve conflicting genetic

elements. An interesting example concerns cytonuclear interactions

in plants. Sambatti et al. [99] found that habitat adaptation of

cytoplasmic genomes contributes to reproductive barriers in the

hybridizing sunflower species, Helianthus annuus and Helianthus

petiolaris. Transplant experiments were used to measure survivor-

ship of parental genotypes, F1 hybrids, and all possible backcross

combinations of nuclear and cytoplasmic genomes in xeric and

mesic habitats of the parental species. The results revealed that the

cytoplasm of parental species was strongly locally adapted, with

both nuclear–nuclear and cytoplasmic–nuclear interactions contri-

buting to reduced hybrid fitness. Conflicts of maternally-inherited

cytoplasmic elements with biparentally-inherited nuclear genes

over investment in female function can thus be mediated by

selection for cytoplasmic–nuclear cooperation. Similar considera-

tions should apply for other ecologically-adapted cytoplasmic

elements, such as some bacterial symbionts [55] and mitochondria.

Transposable elements, and imprinted genes, are regulated

epigenetically, such that their expression and effects can be

modulated by environmental conditions such as ecological stress

[38]. Comparably, in Drosophila, winter temperature is strongly

associated with the frequency of meiotic drive elements across

North America and Canada, suggesting balances between drive and

ecology [26]. Ecologically-mediated commensal bacterial flora

mediate mate choice in some Drosophila [100], which implicates

intragenomic conflict depending upon bacterial effects and modes

of transmission. Finally, intragenomic conflicts might also bolster

ecological speciation by adding intrinsic postmating aspects of

isolation to any existing premating components. This process might

be especially important for ensuring the irreversibility of speciation,

particularly in the face of changing environmental conditions.
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will move between populations via gene flow, and because
one allele will almost always have at least a slightly higher
selective advantage than others, a likely outcome is that
the same, most-advantageous allele will fix in both popula-
tions [3]. Alternatively, imagine that a driver allele, a novel
transposon, or a distorting cytoplasmic element, arises in
one population. Under even low levels of gene flow, it could
spread readily to the other population, due to its strong
selective advantage and the expected initial absence of
suppressing alleles in either population (Figure 1). Similar
logic applies to suppressing elements, once selfish ele-
ments have spread. All of these scenarios can prevent
different incompatible sets of alleles from fixing in different
populations that experience gene flow, in sharp contrast to
the plausibility of divergence under gene flow by divergent
ecological selection [1,20]. An apparent example of higher
introgression via gene flow by driving sex-chromosome
elements in a Mus hybrid zone is described by [21]; how-
ever, in many hybrid zones, sex chromosomes show re-
duced introgression compared to autosomes [22,23]. The
high incidence of within-population polymorphism in con-
flict elements suggests that gene flow need not lead to local
fixation (e.g., [24–26]), but few studies have tested for
among-population variation in the frequencies of conflict
elements, in relation to patterns of gene flow.

These considerations suggest that unless strong barriers
to hybridization are initially present, or evolve rapidly in
relation to the onset and strength of gene flow, intragenomic
conflict elements might sometimes actually represent ‘anti-
speciation genes’, that effectively homogenize populations,
at least for the locus or chromosome that mediates distor-
tion. Such considerations might apply more to distorting
elements with driver–suppressor dynamics (as in meiotic
drive) than to tug-of-war interactions (as in genomic im-
printing and X-Y-autosome interactions), although further
work on this topic is required.

What empirical evidence supports the hypothesis
of CS?
An especially important challenge for studies of CS, com-
pared to ES, is that the phenotypic expression of intrage-
nomic conflict is commonly either highly episodic, and thus
difficult to capture in progress, or invisible unless per-
turbed by hybridization, and thus difficult to discern with-
out experimental analyses or studies of hybrid zones [8].
Despite these limitations, a primary motivation for formal-
izing the hypothesis of CS has been the rapidly-expanding
list of cases where reproductive isolation has been shown to
be associated in some way with intragenomic conflicts
(Table 1). Such work includes many of the best-understood
‘speciation genes’, where reproductive isolation has been
linked with specific molecular-genetic mechanisms. More-
over, the broad taxonomic distribution of intragenomic-
conflict effects in speciation suggests considerable gener-
ality in their impacts. We next describe the range of
mechanisms that can cause CS via intragenomic conflict,
and the evidence for their effects in natural populations.

Drive

Drive involves intragenomic conflicts of driver elements
and linked loci versus non-driver alleles at the drive locus,
as well as any loci that are unlinked to the driver and suffer
reduced fitness. Such conflicts can occur during male or
female meiosis, gametogenesis or gamete activity [7], dur-
ing gestation [27], or between different-sex offspring of a
brood [28], and they can involve autosomes or sex chromo-
somes (Table 1). Under meiotic drive, post-zygotic isolation
appears to result from ‘unleashing’ of drive elements into a
genetic background that lacks suppression [8], which
causes incompatibilities due to dysregulated meiosis. Such
impacts of drive might contribute to the disproportionate-
ly-large effect of the X chromosome in speciation, and to
Haldane’s rule that hybrid sterility usually affects the
heterogametic sex [7]. Autosomal drive can also explain
karyotypic variability between populations [29,30], given
its ability to cause rapid chromosomal changes; however,
karyotype changes accompanying speciation can also be
caused by ‘unleashed’ transposon activity [31]. Centromer-
ic drive, whereby chromosomes gain a transmission advan-
tage in female meiosis due to allelic differences in their
centromeric DNA sequence, which is countered by proteins
that interact with the centromeric sequence, appears to
also represent an important, general cause of reproductive
isolation. Thus, this process can explain the remarkably
high divergence among species in heterochromatic repeat
regions that flank centromeres, karyotype difference be-
tween related species, emergence of ‘neocentromeres’, the
evolution of new sex chromosomes, positive selection of
DNA-binding proteins, and alterations to centromere con-
figurations in hybrids [32–35]. Although a notable propor-
tion of DMI systems involve DNA-binding proteins
51



Table 1. Intragenomic conflicts have been linked with speciation in a diverse array of taxa

Form of conflict Taxa Evidence for association with speciation Refs

Drive Hordeum (barley) Rapidly-evolving centromeric protein mediates hybrid inviability [79]

Mimulus (monkeyflowers) Female meiotic drive associated with male sterility, linked to

centromeric repeats

[24]

Oryza (rice) Level of transmission ratio distortion positively correlated with

genetic distance and pollen inviability among populations

[80]

Zea (maize) Knob elements mediate female drive and deleterious effects on male

gametes

[81]

Drosophilia (flies) Links of male hybrid sterility or inviability with heterochromatic and/

or DNA-binding regions

[82–87]

Mus (mice) t locus drive systems maps to same locus as hybrid sterility, in crosses

of Mus spretus with Mus domesticus

[88]

Rodents, humans, and

other metazoans

PRDM9 gene associated with hybrid and intraspecific sterility,

mediates recombination and biased gene conversion, and undergoes

rapid adaptive molecular evolution

[36,37]

Imprinting Arabidopsis (thale cress) Alterations to imprinting in hybrids associated with disrupted

endosperm development, imprinted gene dosage

[45,89,90]

Diverse angiosperms Opposite deleterious alterations on endosperm development in

hybrids

[46,48]

Diverse angiosperms Unlilateral imprinting effects on hybrid seed development, in self-

compatible � self-incompatible crosses

[73]

Mus (mice) Disruption to imprinted genes in hybrids, altered growth; links to RI

unknown

[91]

Peromyscus (mice) Reciprocal crosses show opposite alterations to placentation and

growth-related phenotypes, due to imprinted-gene alterations,

resulting in hybrid inviabilities

[92]

Transposons Arabidopsis (thale cress) Transposons upregulated in hybrids, associated with seed lethality [93]

Helianthus (sunflowers) Three hybrid species show much higher incidence of transposons

than parental species; links to RI unknown

[94]

Oryza, Zizania (rice, wild rice) DNA introgression associated with transposon activation; links to RI

unclear

[95]

Drosophila (flies) Maternally inherited small RNAs interact with paternally inherited

transposons, with hybrid sterility in crosses that differ in presence of

particular paternal transposons; hybrid dysgenesis

[42,43]

Macropus (kangaroos) Hybrids show centromeric instability, associated with transposon and

satellite replication; some hybrids sterile

[96]

Mus (mice) Epigenetic transposon silencing mechanisms disrupted in hybrids

leading to placental dysfunction

[31,97]

Cytonuclear conflicts Many angiosperms Cytoplasmic male sterility in hybrids [10,52,98]

Drosophila paulistorum In hybrids, mutualistic symbionts over-replicate, becoming

deleterious

[16]

Nasonia (wasps) 100-fold increase in Wolbachia loads in hybrids, and reduced

fecundity

[17]

Chromosomal conflicts Drosophila (flies),

Canis (dogs), Mus (mice)

Epistatic interactions between X and autosomes affecting sexual

phenotypes and/or hybrid fitness

[57,60,62,64]
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interacting with heterochromatic repeats (such as those
found at centromeres), such systems have thus far been
linked with drive only for the classic Drosophila SD-Rsp
system.

Gene conversion can also represent a form of drive
involving intragenomic conflict, whereby over-replication
by the ‘converter’ allele leads to reduced individual fitness
[36,37]. Such conflict occurs most prominently during mei-
otic recombination. A recent model for the evolution of
recombination hotspots posits that such gene conversion
can drive an antagonistic coevolutionary arms race be-
tween converter genes and modifiers of gene conversion,
such as the ‘speciation gene’ PRDM9, which codes for a
DNA-binding protein that orchestrates recombination.
This model can explain the extraordinarily rapid adaptive
molecular evolution of PRDM9, and how it contributes to
male infertility in humans and hybrids of mice and other
taxa.
52
Transposons

Transposable elements comprise a considerable fraction of
the genome in most eukaryotes. Such elements can evolve
rapidly, and transposition is associated with high rates of
deleterious mutation and chromosomal alterations; how-
ever, their activity is usually repressed by mechanisms
such as methylation and small RNAs [38,39].

Transposons have been proposed as major drivers of
speciation, based mainly on striking differences among
lineages in their suites of transposable elements, their
roles in causing deleterious mutations when active, the
potential for these elements to mediate karyotypic reorga-
nization, and recurrent ‘domestication’ of transposons to
serve as adaptive contributors to genome functions
[11,31,38–41]. Evidence for direct, causal roles of transpos-
able elements in the speciation process has, until recently,
been restricted mainly to studies of Drosophila that dem-
onstrate production of sterile progeny from crosses that



Peromyscus mice, placentas  Arabidopsis seeds

Normal 

 F1 hybrid 
undergrowth  

 F1 hybrid 
overgrowth  

TRENDS in Ecology & Evolution 

Figure 3. Parallel effects of imbalanced genomically-imprinted genes on hybrid offspring, in mammals and angiosperms. In Peromyscus mice, and Arabidopsis plants,

hybrids show either overgrowth or undergrowth of placental or endosperm tissues, depending upon the direction of the cross. Such reciprocal changes are caused by

alterations to dosages of imprinted genes that exert differentially-strong effects on tissues that impose demands on the mother. Hybridization in these intragenomic conflict

situations results in strong post-zygotic isolation. Photographs courtesy of Paul Vrana and Rod Scott.
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differ in the presence or absence of particular forms of
transposons. Such ‘hybrid dysgenesis’ in Drosophila has
been shown to result from incompatibilities of paternally
inherited transposable elements with maternally inher-
ited RNAs [42,43]; similar interactions now also appear to
occur in Arabidopsis [44].

Imprinting

Genomic imprinting involves conflict of paternally-
expressed with maternally-expressed genes, frequently over
energetic demands imposed by developing offspring on the
mother. Key features of imprinting systems, as regards
reproductive isolation, include: (i) strong sensitivity to
gene-dosage effects; (ii) regulation by epigenetic factors,
including methylation and histone modifications; and (iii)
differential effects on the tissues that impose demands: the
placenta in mammals and its equivalent, endosperm tissue,
among angiosperms. In hybrids of Peromyscus, Mus, Arabi-
dopsis, and some other angiosperms, alterations to dosages
of imprinted genes, and epigenetic dysregulation of imprint-
ing, have been linked with abnormal development of the
placenta or endosperm (Table 1). Such deleterious altera-
tions lead to reduced hybrid viability mainly through pla-
cental and fetal, or endosperm, undergrowth (due to biases
towards increased relative dosages of maternally-expressed
genes), or overgrowth (due to biases towards increased
paternal dosages), depending upon the direction of the cross
(Figure 3). Among angiosperms, hybrid incompatibilities
often manifest through alterations to endosperm growth,
suggesting that dysregulated imprinted-gene dosages, due
to genetic and epigenetic divergence or ploidy imbalances,
represent a common mechanism for the evolution of species
barriers in this group [45–48]. However, other, interacting
mechanisms, such as transposon silencing via small RNAs,
can also generate differential effects on hybrid seed devel-
opment [44,49].

Cytonuclear conflicts

Cytonuclear incompatibilities in hybrids are caused by
divergent outcomes of conflict between maternally inher-
ited organelles or symbionts that sabotage male function
(or male production) and biparentally-inherited nuclear
‘restorer’ genes [10,50,51]. Such incompatibilities are very
common in hermaphroditic and gynodioecious (hermaph-
rodite plus female) plants [10,19,52]. Moreover, intracellu-
lar symbionts, which also generate hybrid cytonuclear
incompatibilities, are found in most insects [9,51]. In each
of these situations, post-zygotic isolation results from del-
eterious side effects of cytoplasmic distorter genes in
hybrids [53], within which nuclear genes that maintain
or restore male functions (in plants) or hybrid fitness (in
animals) are absent or mismatched.

Despite the frequent documentation of cytonuclear
incompatibilities, a clear role for such systems in the early
stages of speciation remains to be demonstrated. Moreover,
cytonuclear incompatibilities can arise not just from conflict,
but also from population or species-specific interactions that
are mutualistic [54,55]. Such cooperative interactions might
be highly effective in driving speciation because hybridiza-
tion should be deleterious for the genomes of both parties.

Chromosomal conflicts

Conflicts between autosomes, X, and Y chromosomes are
expected with regard to not just sex ratios and meiotic
drive effects, but also over phenotypes with differing opti-
ma between males and females for which sex-limitation
does not independently optimize each sex [56]. Such con-
flicts are consistent with large sex-chromosome effects on
53



Table 2. Conflictual speciation differs from ecological speciation in a large suite of fundamental ways

Factor affecting speciation Conflictual speciation Ecological speciation

Natural selection Conflict-mediated selection differs between populations due

to differences in mutations or mating/social system

divergence

Divergent ecological selection among

populations

Response to selection Reduced organismal adaptation due to distorting elements

and increased adaptation due to their suppression

Increased population adaptation

Molecular-evolutionary

divergence patterns

Recurrent positive selection on distorting elements and

suppressors; involvement of rapidly-evolving repeat

elements

Positive selection episodes for traits related

to ecology

Gene flow Expected to often readily homogenize populations for

conflict loci

Counteracted by divergent selection

Reproductive isolation (RI) Mainly post-zygotic Pre- or post-zygotic

RI-related traits RI caused mainly by traits related to reproduction RI caused by traits related to ecology

Variation in RI between

reciprocal crosses

Asymmetries expected under drive, nuclear-cytoplasmic

conflict, transposon effects; imprinting effects should

generate opposite extreme phenotypes

Asymmetries or opposite extremes not

necessarily predicted

Genetics Enrichment of RI loci to X, Y, centrosomes, imprinted genes,

transposons, or suppression elements

Any chromosome, but perhaps accentuated

divergence in regions of low recombination

Sex chromosome

relative size

Larger sex chromosomes may favor divergence, or reduce it

via driver gene-flow effects

Expected effect unclear

Dobzhansky–Muller

incompatibilities

Should be generated ‘automatically’ by conflict and

‘cooperation’ in suppressing conflict elements

May be generated if ecological traits are

affected by genes with negative epistatic

effects
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speciation [7], but have seldom been studied with regard to
reproductive isolation. A key differentiating prediction of
chromosomal conflict theory, compared to other causes of
large-X effects, involves epistatic interactions, between sex
chromosomes and autosomes, that affect sexually-dimor-
phic phenotypes [57,58], with predictable directional phe-
notypic alterations due to losses or gains of function by
either party due to hybridization. Possible examples in-
volve: (i) widespread overexpression of spermatogenesis-
associated X-chromosomal genes in Mus hybrids, with
male sterility apparently related to interactions of X-
linked genes in one parental species with autosomal or
Y-linked genes in the other [59,60]; and (ii) strong inter-
actions between autosomes and sex chromosomes mediat-
ing male hybrid sterility in Drosophila [61–64].

What predictions and tests can be used to further
evaluate CS?
CS and ES differ with regard to factors favoring, or dis-
favoring, the evolution of reproductive isolation (Table 2).
These differences serve as bases for developing empirical
tests of CS in relation to ES and other processes of specia-
tion.

CS is driven by conflict at the genetic level. Thus, ideal
tests of CS involve molecular-genetic information concern-
ing the conflicting elements causing reproductive isolation.
For example, a positive relationship is predicted between
the degree of overall population divergence (or positively-
selected divergence) in conflicting genetic elements and the
degree of post-zygotic reproductive isolation. Such an as-
sociation should be tempered by the fact that population
divergence in conflicting elements will be affected by pro-
cesses other than just the strength of conflict. CS can also
be implicated by mapping of DMIs to conflict-associated
genetic regions or by patterns of positively-selected diver-
gence among populations and species in genetic elements
whose basic function, usually in processes related to re-
production, remains highly conserved. Indeed, Presgraves
54
[8] noted that most protein-coding genes known to cause
DMIs, and for which evolutionary analyses have been
implemented, showed patterns of recurrent, long-term
positive selection.

A major limitation of tests for CS that tie the presence
and strength of conflict to the degree of reproductive
isolation is that different processes can result in similar
patterns. For example, each of the three major ‘rules’ of
speciation: Haldane’s rule, the large X effect, and asym-
metric post-mating isolation, can be driven by intrage-
nomic conflicts or other, non-conflictual processes
[65,66]. Similar considerations apply to specific processes.
Centrometric drive predicts stronger genetic divergence at
centromeres than at other genomic regions [67]. This same
pattern could also arise from higher mutation rates and
concerted evolution in such regions (and other regions with
repetitive DNA, such as heterochromatin), from back-
ground selection against deleterious alleles generating
more divergence by drift in regions of low recombination,
or from genes involved in adaptive divergence and repro-
ductive isolation being able to differentiate more readily
when they reside in regions of low recombination
[22,68,69]. Likewise, intrinsic post-zygotic isolation, if it
exists, can be attributable to many processes other than CS
[12,70,71]. Finally, transmission ratio distortion can be
caused by mechanisms other than intragenomic conflict,
including gametophyte interactions in plants [25] or post-
meiotic selection.

In the absence of data allowing tests of CS at the genetic
level, a number of tests incorporating phenotypic informa-
tion might provide insights. One example concerns the
centromeric drive hypothesis, which proposes conflict be-
tween centromeric DNA repeats and centromere-binding
proteins over skewing of female meiosis. Such conflict
results in an arms race between the two structural units,
driving rapid coevolution (for review see [72]). If this arms
race follows different trajectories in different populations,
then hybrids might develop DMIs. If centromeric drive is
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occurring, then an under-representation of recombinant
genotypes is predicted in laboratory crosses. This predic-
tion could be tested without detailed knowledge about the
underlying conflicting genetic elements (e.g., [67]). Simi-
larly, genomic imprinting effects are expected to increase
with greater multiple paternity within populations. CS
driven by genomic imprinting therefore predicts a positive
relationship between the degree of multiple paternity, or
population divergence in mating systems, and the strength
of reproductive isolation [73].

CS also predicts associations of post-zygotic isolation
phenotypes (e.g., disrupted placentation, or altered sex
ratios and disrupted meiosis) with particular forms of
conflict element (e.g., imprinted genes or driving sex chro-
mosomes). Moreover, divergence in two opposite directions
from normality is predicted for reciprocal-cross hybrid
phenotypes affected by conflicting genetic elements that
undergo tug-of-war types of interaction [56]. In some cases,
specific asymmetries are expected in the phenotypes of
offspring from reciprocal crosses, such as pathologically-
large offspring from hybrid combinations of a ‘strong’
paternally-expressed imprinted element with a ‘weak’ ma-
ternally-expressed, interacting element, and pathological-
ly-small offspring from the reciprocal cross [73].

Falsification steps might also be taken to address the
likelihood of CS via a strong inference approach. For
example, if reproductive isolation exists and one can falsify
ES, then CS remains as a possibility. Such tests could be
accomplished by conducting reciprocal transplant experi-
ments using populations that are known to exhibit some
reproductive isolation. If selection is absent or uniform
across environments, as observed in some experiments
[74,75], the hypothesis of ES is eliminated. The predictions
discussed in this section are summarized in Table S1.

Conclusions and future directions
We have presented a conceptual framework for under-
standing and analyzing how speciation can be driven by
selection due to intragenomic conflict, a process intrinsic to
every organism. A rapidly-increasing body of empirical
evidence supports the importance of conflictual interac-
tions in the evolution of reproductive isolation. However,
few studies have conclusively linked intragenomic conflict
with reproductive isolation, probably because such con-
flicts are difficult to demonstrate, and speciation is chal-
lenging to study. An important consideration, even when
conflict can be linked to reproductive isolation, is the
timing of evolution: for conflict to be causally involved in
speciation it must drive increases in reproductive isolation,
and thus act before speciation is complete.

This review has highlighted several key areas for future
research, to help accelerate progress in developing and
testing theories of CS.

First, further theoretical modeling of conflicts in specia-
tion is required, to establish the conditions under which
different genomic conflicts are expected to promote, or con-
strain, the evolution of reproductive isolation (e.g., [76,77]).

Second, studies of populations at variable points in the
speciation process are required to determine if intrage-
nomic conflicts drive or follow the evolution of reproductive
isolation.
Third, the genomic nature of CS compels dovetailing of
detailed molecular-genetic analyses with field, mating, and
comparative studies, to elucidate mechanisms of intrage-
nomic conflict, determine how they become dysregulated in
hybrids, and extrapolate to differences among species and
higher taxa.

Finally, the study of CS and its mechanisms interfaces
closely with several fields of applied importance, including
human fertility [37], the somatic evolution of cancer [78],
and improvement of major crop plants. Most generally, a
comprehensive understanding of how conflictual as well as
extrinsic ecological selection contribute to speciation
should provide new insights into the origins of diversity
at all levels, from cells to the major lineages of life.
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