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The meaning of intragenomic conflict

Andy Gardner®™ and Francisco Ubeda®2*

Recent years have seen an explosion of interest in genes that function for their own good and to the detriment of other genes
that reside in the same genome. Such intragenomic conflicts are increasingly recognized to underpin maladaptation and dis-
ease. However, progress has been impeded by a lack of clear understanding regarding what intragenomic conflict actually
means, and an associated obscurity concerning its fundamental drivers. Here we develop a general theory of intragenomic
conflict in which genes are viewed as inclusive-fitness-maximizing agents that come into conflict when their inclusive-fitness
interests disagree. This yields a classification of all intragenomic conflicts into three categories according to whether genes
disagree about where they have come from, where they are going, or where they currently are. We illustrate each of these three
basic categories, survey and classify all known forms of intragenomic conflict, and discuss the implications for organismal

maladaptation and human disease.

world — is conventionally viewed at the level of whole organ-

isms, where it is understood to be driven by the action of
natural selection and to function for the purpose of maximizing
the individual’s inclusive fitness'~’. But exploration of the molecu-
lar world of individual genes has uncovered many biological phe-
nomena that cannot be explained by recourse to individual-level
fitness and can only be interpreted according to the evolutionary
interests of the genes themselves'*™'*. Such ‘intragenomic conflict’
is increasingly recognized to underpin organismal maladapta-
tion and human disease'**~*%; disorders ranging from autism to
polycystic ovarian syndrome to mitochondrial disease have all
been suggested to derive from conflicts of interest within the
genome™ .

However, progress on this topic has been hampered by a lack of
clear understanding of what intragenomic conflict actually means.
Although Burt and Trivers'” have assembled a comprehensive cata-
logue of examples that are broadly agreed to involve conflicts of
interest within the genome, they offer no general definition, and
the attempts of other researchers to define intragenomic con-
flict have turned out to be variously too restrictive — excluding
some phenomena listed in the catalogue — or too permissive —
including instances of straightforward, individual-level adaptation
(Table 1). This lack of basic understanding means that intrage-
nomic conflict is often confused with other forms of evolutionary
conflict — such as sexual conflict” — and its fundamental drivers
remain obscure.

Here we resolve this problem by developing a general theory of
intragenomic conflict from first principles, viewing genes as com-
ing into conflict when their inclusive-fitness interests disagree.
We comprehensively explore the ways in which genes may have
inclusive-fitness disagreements, which leads to a classification of all
intragenomic conflicts into three basic categories concerning when
genes disagree about where they have come from (origin conflict),
where they are going (destination conflict) and where they cur-
rently are (situation conflict). We provide detailed illustrations of
each of these categories, survey all known forms of intragenomic
conflict — explaining where each fits into the general classification
— and discuss its consequences for organismal maladaptation and
human disease.

B iological adaptation — the appearance of design in the living

Definition of intragenomic conflict

In general terms, conflicts of interest occur when different agents
have different agendas, such that they disagree as to the best course
of action. Accordingly, intragenomic conflict occurs when differ-
ent genes residing in the same genome have different agendas. By
‘gene, we mean a physical scrap of nucleic acid®, that is, an arbitrary
length that is capable of some function. We do not mean ‘allele} that
is, the particular variant form exhibited by a gene, or ‘locus, that is,
the place where a gene resides’’. And by ‘genome;, we mean all of the
genes carried by an individual organism whose combined pheno-
typic expression defines that organism.

The agenda of a gene is to transmit copies of itself to future
generations, through the reproduction of individual organisms.
Individuals are valued in proportion to how well they transmit
copies of the gene, and this is captured by the idea of ‘related-
ness™ (Box 1). Accordingly, the gene is favoured by natural
selection to maximize the total reproductive success of its car-
rier and its carrier's social partners, each increase or decrease
in reproductive success being weighted by the gene’s relatedness
to that individual. That is, the gene’s agenda is to maximize its
inclusive fitness*>***> (Box 1).

Of course, scraps of nucleic acid do not have agendas in a literal
sense. Rather, genes that achieve higher inclusive fitness tend to be
represented by more descendant copies in future generations and,
accordingly, the genes that accumulate in natural populations are
expected to have the appearance of striving to maximize their inclu-
sive fitness, in terms of the phenotypic effects that they have on the
world®. Though unpalatable to some researchers’*, the analogy of
agency is of great scientific utility, because it facilitates prediction
and the empirical testing of evolutionary theory and, consequently,
it underpins entire disciplines, such as behavioural ecology®”*.

The above ideas may be expressed mathematically (Box 1). If we
hypothetically grant control of a phenotype to a particular gene ‘@,
then the consequences of changing the phenotype in terms of this
gene’s inclusive fitness may be written as AH, =) Aa,r,, where
Auw,; is the impact that this change has upon the reproductive suc-
cess of the gene’s carrier’s jth social partner (potentially including
the gene’s carrier herself, as well as individuals who don't currently
exist but may do so in the future) and r,; is the relatedness val-

aj
uation placed on that social partner by the focal gene® (Box 1).
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Table1 | Previous definitions of intragenomic conflict

Source Definition Objection

Cosmides “The differing inheritance patterns of cytoplasmic genes and the sex chromosomes from Too restrictive — excludes all intragenomic

and the Mendelian autosomal patterns can be used to divide the genome into fractions whose conflicts arising between genes that share

Tooby”' defining rule is that the fitness of all genes in a set is maximized in the same way. Each the same mode of transmission, for example,
set will be selected to modify the phenotype of the organism in a way which maximally fair, Mendelian, autosomal transmission
propogates the genes comprising the set, and hence in ways inconsistent with the other sets
which comprise the total genome. The coexistence of such multiple sets in the same genome
creates intragenomic conflict”

Hurst “There is a genetic conflict if the spread of one gene creates the context for the spread of Too persmissive — includes even basic fine-

etal.* another gene, expressed in the same individual, and having the opposite effect” tuning of organismal adaptation

Grafen® “,..if the p-scores [the organism’s heritable traits] have different maximands, we can ask Too restrictive — assumption of fair,

‘what maximand will the organism appear to be maximizing, if any?’; and we should also Mendelian transmission excludes meiotic
expect intraorganismal conflict, as some alleles and traits are selected to oppose the changes drive and related conflicts
that other alleles and traits are selected to promote”

Okasha®  “The label ‘genic selection’ will... be reserved for selection between the genes within a single  Too restrictive — excludes all intragenomic
organism or genome, rather than for any selection process that leads to a gene frequency conflicts arising from between-organism
change”. “Given this definition, it follows that all outlaws spread by genic selection”. “An selection pressures, for example, parent-of-
outlaw, or SGE, is a gene that enjoys a transmission advantage over genes in the same origin conflicts
organism but does not increase the organism's fitness... leading to genetic conflict... Such
conflicts are usually called ‘intra-genomic’, for they involve conflict between the different
parts of a single genome”

Werren>?  “Genetic conflict occurs when different genetic elements... have influence over the same Too restrictive — excludes all intragenomic
phenotype, and an increase in transmission of one element by its phenotypic effects causes a conflicts arising between genes that share
decrease in transmission of the other... Genetic conflicts historically have been divided into ~ the same mode of transmission, for example,
‘intragenomic’ conflict, which occurs within the genome of an individual, and ‘intergenomic’  fair, Mendelian, autosomal transmission
conflict, which occurs between individuals... less confusing terms to distinguish these levels
may be ‘intraindividual’ conflict and ‘interindividual’ conflict, because these terms distinguish
genetic conflicts within individual organisms (for example, for transmission through
gametes) as opposed to between individuals (for example, male-female or parent-offspring
conflict over reproductive effort).”

Rice>* “Genomic conflict occurs when one part of the genome gains a reproductive advantage at Too restrictive - excludes all intragenomic

the expense of one or more other parts, excluding the intrinsic advantage / expense duality
that must occur when one allele is favored over another by simple individual-level selection

conflicts arising between genes that share
the same mode of transmission, for example,

(selectiong,) or the equivalent duality when there is mutualistic coevolution among interacting fair, Mendelian, autosomal transmission
loci. Genomic parts can be (a) different genetic elements within a single individual... (b)

different genes in separate individuals of the same species... or (c) the same genomic region

in males and females when there is opposing selection between the sexes”

A gene that brings about this change in phenotype is favoured if
AH, > 0. For example, if the change in phenotype involves an act of
altruism by the carrier (social partner j = 0, having Aa,, = —c and
r,, = 1) to a neighbour (social partner j = 1, having Aa,, = b and
1, = 1), then the phenotype is favoured if the condition —c + br > 0
is satisfied>™.

Alternatively, if we hypothetically grant control of the carrier’s
phenotype to a different gene b’ residing in the same genome,
then the consequences of making the same phenotypic change
in terms of this gene’s inclusive fitness may be written as AH, =
2 /Aa, 1, and it is favoured to bring about the change in phenotype
if AH, > 0 (Box 1). If both genes experience the same inclusive-
fitness effect (AH, = AH,), then they both agree regarding whether
to make the phenotypic change versus leave things as they are.
However, if the genes experience different inclusive-fitness effects
(AH, # AH,), then they may find themselves in conflict with each
other (Box 1). In particular, intragenomic conflict arises when the
inclusive-fitness consequences of a particular phenotypic change
are positive for one gene (AH, > 0) and negative for another gene
(AH, < 0), such that they are favoured to pull the phenotype in
different directions. That is, the ultimate source of intragenomic
conflict lies in different genes residing in the same genome having
different inclusive-fitness agendas.

Three kinds of intragenomic conflict

How can different genes residing within the same genome have
different inclusive-fitness agendas? Consideration of the com-
ponents of inclusive fitness indicates that there are three ways
in which this may occur. Here we describe these three kinds of
intragenomic conflict and provide an illustration of each, involv-
ing disagreement between a male’s autosomal versus his X-linked
genes, although we emphasize that this scheme applies much more
generally. These three kinds of intragenomic conflict are readily
distinguished from each other, but in particular scenarios two or
more may be in operation simultaneously.

Origin conflict. One possibility is that genes disagree about
their relatedness valuations of their carrier’s non-descendant
relatives (r, # r,, where social partner j is a non-descendant
relative; Box 1). As non-descendant relatives are individuals who
share a common ancestry, this disagreement occurs when the
genes disagree about where they have come from. We call this
origin conflict.

An example of origin conflict is the conflict that arises between
a male’s autosomal versus X-linked genes, because the former are
equallylikelytohave originated from either ofhis parents, whereas the
latter definitely originate from his mother, such that these genes may
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Box1| Mathematics of intragenomic conflict

Let @’ be a focal genic actor, and j € ] be the social partners of this
gene’s carrier, with j = 0 representing the gene’s carrier herself. Let
G; be the set of all genes in individual j's genome. Let s, € S be gene
as strategy and 7, € [ be the phenotype of gene a’s carrier.

Gene a’s inclusive fitness is:

deGj Vajgbujg

Ha(”O(Su)) = Z aaj(”O(su)) (1)

jer deco VaogPoq

where @, is gene a's estimate of the additive impact upon the fit-
ness of social partner j arising from gene as carrier exhibiting
phenotype 7, v, is gene as estimate of the reproductive value”
of gene g in social partner j, and p,; is gene as estimate of its con-
sanguinity (that is, probability of identity by descent”) to gene gin
social partner j (see Supplementary Information for derivation).
Note that reproductive value is calculated under the assumption
of neutrality: this is appropriate, because, although actual genetic
contributions to the future will be modulated by selection acting
in future generations, such effects should not be conflated with
selection acting in the present generation’. This ratio of reproduc-
tive-value weighted consanguinity is the life-for-life formulation
of the kin selection coefficient of relatedness™.
Gene as agenda is to maximize its own inclusive fitness:

maxsuesHa(ﬂo(sa)) (2)

The population frequency of identical-by-descent copies of
gene a increases when the inclusive fitness effect 0H,/0s, is positive:

0H, aaaj or, ngGj Vajeliig

os,  “ om, 0s v 3
a jeJ 0 a deco u()gpuog ( )

AH, Aay

Ya]v

Note that if there is no consanguinity between loci (for
example, no transposition) and if there is no covariance within
loci between consanguinity and reproductive value (for example,
no paternal genome elimination with higher consanguinity via
matrilines'*%), then:

raj = (4)

where v,; is gene a's estimate of the total reproductive value of
social partner j’s genes residing at the same locus and p,; is gene
as estimate of its consanguinity to a random gene drawn from the
same locus from social partner j.

make different relatedness valuations of his maternal and paternal
relations. For instance, if the male may enact altruism towards his
maternal siblings, and if female promiscuity means that these need
not be his paternal siblings, then he will find his X-linked genes
relatively more inclined, and his autosomal genes relatively less
inclined, towards such altruism (Box 2).

Destination conflict. Alternatively, genes may disagree about their
relatedness valuations of their carrier’s descendants (r,; # 1, where
social partner j is a descendant; Box 1). Specifically, if two genes
disagree about their probability of being transmitted to particular
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Hypothetically granting gene a full control of its carrier’s
phenotype z, — that is, 7, = s, — gene as agenda is to set its
carrier’s phenotype to that which maximizes its own inclusive
fitness:

maXﬂUEHHa(HO) (5)

The optimal phenotype from the perspective of genic actor a is
m ", which satisfies:

H,(ry*)>H,(n,) Vry€ll (6)

Conversely, hypothetically granting full control of the carrier’s
phenotype to a different gene b residing in the same genome —
that is, 7, = s, — gene b’s agenda is given by:

max . e Hy(m,) (7)

The optimal phenotype from the perspective of genic actor b is
73>, which satisfies:

Hb(ﬂgb) > H,(7,) Vr,€ll (8)

Accordingly, there is intragenomic conflict between genes a
and b when:

i ©)

A necessary (although not sufficient) condition for the existence
of intragenomic conflict is that the inclusive fitness effect differs
between genic actors, that is:

AH, #AH, (10)

This is achieved either when the genes differ in their estimated
relatedness to some or all social partners:

Jj €] such that rajaérbj (11)

or the genes differ in their estimates of the fitness consequences of
a phenotypic change:

0a;
Jje] such thata— = (12)

T,  0m,

descendants, then they may consequently disagree about their relat-
edness to these descendants. We call this destination conflict.

An example of destination conflict is the conflict that
arises between a male’s autosomal genes versus his X-linked genes,
because the former are equally likely to be transmitted to his daugh-
ters and sons, whereas the latter are only transmitted to his daugh-
ters, such that these genes may make different relatedness valuations
of his daughters and sons. For instance, if the male may enact pater-
nal care towards his daughters, then he will find his X-linked genes
relatively more inclined, and his autosomal genes relatively less
inclined, towards such paternal care (Box 3).
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Box 2 | Origin conflict

As an illustration of origin conflict, consider a scenario in which
an actor gene a residing in a male causes him to undertake an act
of altruism towards his maternal siblings, providing a fitness ben-
efit B to them while reducing his own fitness by C, in the context of
a large, randomly mating population in which females are highly
promiscuous. The gene’s inclusive fitness is increased by this act of
altruism if —c, + b,7, g > 0, Where ¢, = C, b, = B and 7, ;,, is the
relatedness of gene a to the male’s maternal siblings.

Taking the perspective of an autosomal gene A, its
relatedness to its male carrier's maternal siblings is
Tasibling = 0-5 X 0.5 + 0.5 X 0 = 0.25, because: with a probability
of 0.5 the gene originated from the male’s mother, in which
case it is related by 0.5 to the male’s maternal siblings; and with
a probability of 0.5 the gene originated from the male’s father,
in which case it is unrelated to the male’s maternal siblings (see
Supplementary Information). Accordingly, the autosomal gene
A favours the act of altruism if C/B < 0.25. Alternatively, taking

Dad /_\

Males

—

€0
X
wher

Altruism

Situation conflict. Finally, genes may disagree about the con-
sequences that a phenotypic change will have for their car-
rier’s and/or other social partners reproductive success
(Ao # Aay,; Box 1). Because the fitness of an individual organism
is an objective fact that is determined by context, the genes may
have different expectations regarding the fitness consequences of
their actions when they disagree about their carrier’s context. We
call this situation conflict.

For example, situation conflict may arise between a male’s auto-
somal genes versus his X-linked genes, because X-linked genes are
relatively more concentrated in females, such that — in the absence
of other information — they attach greater likelihood to their car-
rier being female. For instance, if the male may exhibit sexually
attractive ornamentation that incurs a mortality cost irrespective
of its bearer’s sex and yields a mating advantage when its bearer is
male, then his X-linked genes will be relatively less inclined, and his
autosomal genes relatively more inclined, to have him exhibit such
ornamentation, because the X-linked genes have a lower confidence
in their carrier being male (Box 4).

Classification of intragenomic conflicts
Identification of these three kinds of intragenomic conflict enables
a general classification that encompasses all known examples that

the perspective of an X-linked gene X, its relatedness to maternal
siblings is 7y gy = 1 X 0.5 = 0.5, because with probability 1 the
gene originated from the male’s mother, and therefore it is related
by 0.5 to the male’s siblings (see Supplementary Information).
Accordingly, the X-linked gene X favours the act of altruism if
C/B<0.5.

This difference in the relatedness valuations made
by the autosomal versus X-linked genes may lead to
an intragenomic conflict of interest with respect to the
altruism phenotype, depending on the ratio of fitness cost
and benefit: if the cost is relatively small (C/B < 0.25), then
both autosomal and X-linked genes favour altruism (no
conflict); if the cost is relatively large (C/B > 0.5), then
neither gene favours altruism (no conflict); and if the cost
is intermediate 0.25 < C/B < 0.5), then the autosomal gene
disfavours altruism and the X-linked gene favours altruism
(intragenomic conflict).

b
1.0
0.8 r
, o/l ,
0.6 No conflict L
g ] L
7 r%
o i L
[¢]
0.4+ -
4 L IA
0.2 L
, No conflict
0O+~
0.0 0.2 04 0.6 0.8 1.0

Benefit (B)

have been definitively catalogued by Burt and Trivers" (Fig. 1).
Here we show where each example of intragenomic conflict fits into
the general classification, with a particular focus on three paradig-
matic examples.

The first paradigmatic example of intragenomic conflictoccurs
between an individual’s maternal-origin versus paternal-origin
autosomal genes***. According to the kinship theory of genomic
imprinting, this conflict drives the evolution of parent-of-ori-
gin-specific gene expression”. For example, if an individual
may enact altruism towards maternal siblings that need not be
paternal siblings, then any autosomal genes that know them-
selves to be of maternal origin will be relatively more inclined,
and any autosomal genes that know themselves to be of paternal
origin will be relatively less inclined, towards such altruism (see
Supplementary Information). According to our classification,
this is an example of origin conflict (Fig. 1).

Other examples of origin conflict are: conflicts between genes
residing in cytoplasmic organelles and genes residing in the nucleus,
because genes from cytoplasmic organelles have an exclusively
maternal origin in most animals, whereas most nuclear genes have
a maternal or paternal origin with equal probability; and con-
flict between genes residing on X chromosomes, genes residing
on Y chromosomes and genes residing on autosomes, because a
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Box 3 | Destination conflict

As an illustration of destination conflict, consider a scenario in
which an actor gene a residing in a male causes him to undertake
an act of paternal care towards his daughters, providing a fitness
benefit B to them while reducing his own fitness by C, in the con-
text of a large, randomly mating population with an even sex ratio.

The gene’s inclusive fitness is increased by this act of altruism if

—C, + b1, quughter > 0, Where ¢, = C, b, = Band r, is the related-
ness of gene a to the male’s daughters.

Taking the perspective of an autosomal gene A, its relatedness
to the male’s daughters is 7, 4,ughie: = 0-5, because with probability
0.5 it is passed onto each daughter (see Supplementary
Information) and, accordingly, the autosomal gene A favours
the act of paternal care if C/B < 0.5. Alternatively, taking the
perspective of an X-linked gene X, its relatedness to the male’s

,daughter

Female

Paternal care

Daughter Son

maternal origin is more likely than a paternal origin for X-linked
genes, less likely for Y-linked genes, and equally likely for autosomal
genes (Box 2 and Fig. 1).

The second paradigmatic example of intragenomic conflict
occurs between meiotic driver genes versus autosomal non-driver
genes, and this conflict is thought to be responsible for the evolu-
tion of complex chromosomal architectures®*'. Specifically, mei-
otic drive results in the majority of the carrier’s offspring receiving
a copy of the driving gene and a minority of the offspring receiving
a copy of the non-driving homologue, and this may be favoured by
the driving gene, because the gene is more related to the resulting
offspring, and disfavoured by the non-driving homologue, because
the gene is less related to these offspring (see Supplementary
Information). Accordingly, this is an instance of destination con-
flict (Fig. 1).

Other instances of destination conflict are: conflicts between
genes causing maternal or paternal genome elimination (biased
gene conversion, homing endonucleases) and their homologues that
do not, because these genes are found in more than their fair share
of offspring, whereas the homologues are found in less than their
fair share; conflicts between transposable elements and their homo-
logues that do not transpose, because transposable elements leave
more copies in the genomes of offspring than do their homologues;
conflict between genes residing in cytoplasmic organelles and genes
residing in the nucleus, because, for example, cytoplasmic genes are
only transmitted by a female carrier’s daughters, whereas nuclear
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daughters is 7y gygner = 1, because with probability 1 it is passed
onto each daughter (see Supplementary Information) and,
accordingly, the X-linked gene X favours the act of paternal
care if C/B < 1.

This difference in the relatedness valuations made by the
autosomal versus X-linked genes may lead to an intragenomic
conflict of interest with respect to the paternal care phenotype,
depending upon the ratio of fitness cost and benefit: if the cost
is relatively small (C/B < 0.5), then both autosomal and X-linked
genes favour paternal care (no conflict); if the cost is relatively
large (C/B > 1), then neither gene favours paternal care (no
conflict); and if the cost is intermediate 0.5 < C/B < 1), then the
autosomal gene disfavours paternal care and the X-linked gene
favours paternal care (intragenomic conflict).

1.0 1
°%] 223 [
No conflict
0.6 1 r
st |
3 - r 2
& & f
0.4 & r
\@b ¢ [
N
JV/
(G TN |
0.2 Ca Lol
2 No conflict
o
o
oo fH—/——7—"7—7
0.0 0.2 0.4 0.6 0.8 1.0
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genes are passed on by her sons and daughters; and conflict between
genes residing on sex chromosomes (X or Y) and genes residing on
autosomes, because, for example, a male passes his X-linked genes
only to his daughters, his Y-linked genes only to his sons, and his
autosomal genes to offspring of both sexes (Box 3 and Fig. 1).

The third paradigmatic example of intragenomic conflict occurs
between greenbeard genes and genes residing elsewhere in the
genome. Specifically, a greenbeard gene is a gene that encodes a
phenotypic marker (such as a green beard) and also a tendency to
behave preferentially towards social partners exhibiting this marker
(such as altruism towards green-bearded neighbours)**>**. Whether
and how greenbeard genes may be embroiled in intragenomic con-
flict has long been debated*~*: most recently, Biernaskie et al.*
have shown that different genes exerting control over a green-
beard phenotype may come into conflict, but the reasons for this
have remained obscure. Framing such greenbeard effects in terms
of the present inclusive-fitness approach, we find that this conflict
emerges as a consequence of different genes attaching different
likelihoods to social partners exhibiting the greenbeard pheno-
type: that is, disagreement about their carrier’s social context (see
Supplementary Information). Accordingly, this is an instance of
situation conflict (Fig. 1).

Situation conflicts may be relatively common in scenarios where
different genes are differently associated with different classes
of carrier. Above, we considered a scenario in which autosomal
versus X-linked genes attach different likelihoods to their carrier
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Box4 | Situation conflict

As an illustration of situation conflict, consider a scenario in which
an actor gene a causes its carrier to exhibit a sexually selected orna-
ment that incurs a fitness cost C — irrespective of the individual’s
sex — because of increased attention to predators, and yields a
fitness benefit B — for males only — because of increased mat-
ing success, in the context of a large, randomly mating population
with an even sex ratio. The gene’s inclusive fitness is increased by
exhibiting the ornament if —c, > 0, where ¢, = —C + mB and m is
the relative likelihood that the gene’s carrier is male (note that the
indirect component of inclusive fitness is zero, because the orna-
ment has no impact on the fitness of relatives).

Taking the perspective of an autosomal gene A, the relative
likelihood that its carrier is male is 0.5, because autosomal genes
occur equally frequently in males and females (see Supplementary
Information) and, accordingly, the autosomal gene A favours
exhibiting the ornament if C/B < 0.5. Alternatively, taking the

a b

Ornament

Cost (O)

being male versus female, and therefore expect different fitness
consequences from expressing sexually attractive ornamentation
(Box 4 and Fig. 1). Analogous conflicts may also extend to genes
residing on Y chromsomes, as these genes are certain their carrier
is male (Fig. 1). Situation conflicts could also occur in previously
hypothesized scenarios in which genomic cues indicate aspects of
the local environment — such as homozygosity indicators of local
inbreeding® or the presence of a locally adaptive allele providing
information about environmental context** — if these are differ-
entially accessible to different genes.

Discussion

We have developed a general theory of intragenomic conflict, using
an inclusive-fitness approach to characterize the interests of genes
and providing a clear definition of genetic conflict in terms of a
mismatch between these interests. By breaking down inclusive fit-
ness into its component parts, we have shown that intragenomic
conflicts may arise when different genes that reside in the same
genome disagree about the fitness consequences of phenotypic deci-
sions and/or their relatedness to their carrier’s social partners. More
proximately, we have shown that such differences may arise as a
consequence of genes having different information concerning their
origin, destination or current situation. Our treatment provides a
formal framework that captures all forms of intragenomic conflict

perspective of an X-linked gene X, the relative likelihood that
its carrier is male is 1/3, because X-linked genes occur twice as
frequently in females as they do in males (see Supplementary
Information) and, accordingly, the X-linked gene X favours
exhibiting the ornament if C/B < 1/3.

This difference in the perceived likelihood of residing in a
male versus female made by the autosomal versus X-linked
genes may lead to an intragenomic conflict of interest for the
ornament phenotype, depending upon the ratio of fitness cost
and benefit: if the cost is relatively small (C/B < 1/3), then both
autosomal and X-linked genes favour exhibiting the ornament (no
conflict); if the cost is relatively large (C/B > 0.5), neither gene
favours exhibition of the ornament (no conflict); and if the cost is
intermediate 1/3 < C/B < 0.5), then the autosomal gene favours
and the X-linked gene disfavours exhibition of the ornament
(intragenomic conflict).
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within a single, unified and comprehensive scheme within which
the biology of intragenomic conflicts may be studied, conceptual-
ized and clearly communicated.

Many previous definitions of intragenomic conflict have been
too restrictive to capture all its different forms. In particular,
Cosmides and Tooby”' and Werren® have taken a transmission-
focused approach that views intragenomic conflict as arising as a
consequence of different genes having different modes of transmis-
sion, such that, for example, maternally transmitted cytoplasmic
genes may come into conflict with Mendelian-transmitted autoso-
mal genes, but there can be no intragenomic conflict between two
Mendelian-transmitted autosomal genes. By contrast, our frame-
work imposes no such restriction, and, indeed, highlights that there
is scope for intragenomic conflict between genes that share the same
mode of transmission, such as between Mendelian-transmitted
autosomal genes of different parental origin. Similarly restrictive is
Grafen’s® treatment of intragenomic conflict, which, based on the
assumption of fair Mendelian inheritance, excludes many intrage-
nomic conflicts involving genes that exhibit non-Mendelian trans-
mission, such as meiotic drivers. Our framework avoids being too
restrictive by focusing directly upon genes’ inclusive-fitness agendas
and determining when these agendas diverge.

Conversely, some previous definitions of intragenomic conflict have
been too permissive, inadvertently diagnosing genetic conflicts where
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Sex-chromosomal genes

Conflict type | Genetic element Definition
Imprinted genes Genes that exhibit differential expression when originating from the mother or father.
For example, Igf2 and Grb10 (mouse)
Maternal origin
Paternal origin
Cytoplasmic genes Genes that are transmitted with the cytoplasm as opposed to the nucleus.
For example, mitochondria and Wolbachia genes. %
.. ; : % Nuclear
Origin Mitochondrial genes ) ccnes

Genes in a chromosome that determines the sex of its carrier.
For example, X and Y chromosomes in mammals, W and Z

S Autosomal gene
chromosomes in birds. g

X-chromosomal gene

Meiotic drive

B-chromosomes

Allelic elimination

Genes that preferentially end up in the oocyte (as opposed to the
polar body) after meiosis.

For example, Ab10 (maize), In (mouse).

Driving genes reduce the fertility of their carriers.

Female meiosis
Driving gene
Homologue
Female meiosis
A-chr
B-chromosomal B-chr
gene

Male meiosis

Chromosomes that add to the normal set of chromosomes (A's).
They are preferentially transmited to the oocyte.

For example, in grasshoper (Myrmeleotettix maculatus) and

lily (Lilium callosum).

They are often harmful to their carriers.

Genes that render non-viable the gametes from which they are absent.
For example, t-haplotype (mouse), pollen killer (tobacco).

These genes often reduce the fertility or viability of their carriers. Poisoning gene

Homologue

Sex-chromosomal genes

Destination

Biased gene conversion | Genes that experience a DSB less often than their homologues Meiosis
replacing them when the DSB is repaired. )
Resistance to DSBs often imposes a fertility cost due to DSBfreswsgt;;g
crosssover reduction. DSB-susceptible

gene

Homing endonuclease Genes that induce a DSB in their homologues when different using the
repair machinery to get copied.
For example, VDE (yeast). Homing
Homing endonucleases cause no (or little) fitness cost to their carriers.

Transposable elements | Genes that move or copy themselves into new locations in the genome, Meiosis Cro\?si’ng
which can result in enhanced transmission. ove
For example, DNA transposon or LINEs.
Transposition can reduce fertility and viability of their carriers.

Sex-chromosomal genes and cytoplasmic genes

Greenbeard genes Genes encoding both a cooperative behaviour and causing cooperators to
associate (making use of a phenotypic cue — green beard — or by other means).
For example, stla (Photorhabdus), Gp-9 (fire ant)

Situation

Fig. 1| General classification of intragenomic conflicts. DSB, double-strand break.
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none exist. Hurst et al.” defined intragenomic conflict in terms of the
spread of one gene creating the context for the spread of another that
has the opposite phenotypic effect, with both genes being expressed in
the same individual, and this definition has been very widely used in
the evolutionary literature. However, Biernaskie et al.* have pointed out
that this definition may incorrectly diagnose classical organismal fine-
tuning of adaptation as intragenomic conflict. For example, in a popu-
lation in which average body size is below the optimum, a mutation that
increases body size may be favoured even if it slightly overshoots the
optimum, such that mutations arising at other loci and expressed in the
very same individuals will be favoured to pull the phenotype back in the
opposite direction****. Our framework avoids being too permissive by
engaging directly with genes’ inclusive-fitness agendas and determining
when these actually differ.

Intragenomic conflicts have often been viewed through the prism
of multilevel selection, an approach to social evolution that sepa-
rates the dynamics of selection acting within versus between indi-
vidual organisms and other levels of biological organization™*~¢.
In particular, some supporters of this view have taken intragenomic
conflict to be synonymous with a gene being selectively favoured at
a within-individual level yet selectively disfavoured at a between-
individual level’>*-*°, However this, too, provides an inadequate
framework for capturing all forms of intragenomic conflict, as it
excludes all those instances in which genes exhibit fair Mendelian
transmission. For example, conflicts of interest between maternal-
origin versus paternal-origin genes in the context of social partners
being differentially related via their mothers and their fathers need
not be driven by within-individual selection but rather by between-
individual kin selection, with the genes simply disagreeing about
the relatedness valuation of social partners's-2"->27%,

Our inclusive-fitness framework departs from previous ideas about
gene-level adaptation in terms of which biological entities we are con-
sidering to be adaptive agents. Whereas Dawkins* defines the ‘selfish
gene as a distributed agent that comprises every copy of a particular
allele in an evolving lineage (see also refs *>*°), we define the gene as a
single, physical scrap of nucleic acid (see also ref. *°). This is crucial if
we are to consider conflicts of interest between, for instance, maternal-
origin genes and paternal-origin genes, as it is only the physical genic
token — and not the allelic type — that has a parent of origin®. A
consequence of our definition is that — just like whole organisms —
inclusive-fitness-maximizing genes may behave altruistically, spitefully
and mutually beneficially, rather than purely selfishly®. Similarly, we
have defined the genome as the physical aggregate of all genes carried
by an organism whose combined expression defines that organism’s
phenotype. That is, it is a material object associated with a particular
individual, rather than an informational blueprint for an entire species
or the gene pool of an evolving lineage®. The latter sense would lead to
intragenomic conflict encompassing all conflicts arising between genes
residing in the same gene pool — even those residing in different bod-
ies — including conflicts between mates®, parents and offspring®, and
siblings®’. However, broad consensus holds that intragenomic conflict
should not cover all these phenomena'.

Intragenomic conflict has often been considered in conjunction with
sexual conflict under the generalized heading of ‘genetic conflict®>*.
Indeed, some researchers have even suggested that sexual conflict is a
form of intragenomic conflict”. Our inclusive-fitness framework clari-
fies the connections and crucial differences between these evolutionary
phenomena. First, so-called ‘interlocus sexual conflict’ refers to antago-
nistic interaction between a male and a female whereby a gene expressed
in one of these individuals leads to a fitness increase for its carrier and a
fitness decrease for the other individual, potentially providing the con-
text for selection to favour a gene in the other individual that induces the
opposite effect®®”. Although this is true conflict, involving a divergence
of male and female optima, it is not intragenomic conflict, because the
genes involved reside in different individuals. Second, so-called ‘intralo-
cus sexual conflict’ refers to instances where a gene induces a phenotypic

effect that is beneficial if the gene resides in a male, but deleterious if it
resides in a female, or vice versa®’. This is not true conflict, but rather
a tension experienced by a single gene having to balance opposing selec-
tion pressures. However, if two genes residing in the same individual
have different information regarding their carrier’s sex, then they may
disagree about how these pressures balance out, that is, intragenomic
situation conflict of the kind investigated in Box 4.

Intragenomic conflict is believed to be an important driver of organ-
ismal maladaptation and associated disease. Although the link between
these phenomena has received some attention in relation to particular
examples, it is impossible to achieve a general understanding of how
intragenomic conflict drives maladaptation without first having a gen-
eral understanding of intragenomic conflict itself. Having provided a
general definition of intragenomic conflict, a comprehensive theory of
its evolutionary drivers and an exhaustive classification of all its forms,
we suggest that a general understanding of the resulting maladaptation
is now possible and that this requires urgent attention. Although we
have taken a standard ‘battleground’® approach that identifies conflict
by hypothetically assigning full control of the contentious phenotype to
each gene in turn in order to assess that gene’s preferences, an explicit
model of shared control is necessary for exploring the ‘resolution® of
intragenomic conflict and resulting maladaptation. However, one imme-
diate avenue for applying our framework concerns the identification of
genomic ‘hotspots’ for maladaptation: for example, our illustrative analy-
ses have underlined that whereas the unimprinted, Mendelian-inherited
autosomal genes that make up the bulk of the genome have relatively lit-
tle scope for coming into conflict with each other, X-linked genes may be
simultaneously embroiled in multiple origin, destination and situation
conflicts with the rest of the genome. By identifying the fundamental
drivers of intragenomic conflicts, we are better equipped to locate them.

Moreover, although the link between intragenomic conflict and mal-
adaptation has generally been regarded as straightforward and therefore
not requiring further fundamental investigation, our inclusive-fitness
analysis reveals that the link is more complicated and requires renewed
attention. For example, the multilevel-selection approach has actu-
ally defined genomic outlaws in terms of their incurring a loss of fitness
for the organism™, giving the impression that maladaptation is a trivial
consequence of intragenomic conflict. By contrast, inclusive-fitness
conflicts between, say, an individual’s maternal-origin versus paternal-
origin genes need not obviously lead to organismal maladaptation, as
an averaging over these genes’ divergent interests exactly recovers the
individual’s inclusive-fitness optimum'*®. Instead, maladaptation may
arise in such scenarios when the conflict is resolved in favour of one
gene and against the other, as predicted by the ‘loudest-voice prevails’
principle that involves one gene at an imprinted locus winning the con-
flict, such that the phenotype is perturbed away from the individual’s
optimum'*""*”!, In addition, conflict between imprinted loci has been
implicated in driving an escalation in the expression of genes with
antagonistic phenotypic effects, which may incur pronounced costs
to the individual™. The resulting tension is understood to render the
individual less robust to mutational perturbation, such that deleteri-
ous mutations occurring at conflicted loci are expected to have larger
phenotypic effects than those occurring at other loci, as, for example,
in Prader-Willi syndrome'>”. It is remarkable that inclusive-fitness
theory, which was developed to explain and characterize the adapta-
tions of whole organisms, provides — in its gene-level formulation — a
predictive and explanatory framework for understanding patterns of
organismal maladaptation and human disease.
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