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SUMMARY

The theory of inclusive fitness can be modified to consider separate coeflicients of relatedness for an indivi-
dual’s maternal and paternal alleles. A gene is said to have parentally antagonistic effects if it has an inclusive
fitness benefit when maternally derived, but an inclusive fitness cost when paternally derived (or vice
versa). Parental antagonism favours the evolution of alleles that are expressed only when maternally
derived or only when paternally derived (genomic imprinting).

1. INTRODUCTION

My mother’s kin are not my father’s kin. I am equally
related to full-siblings through my mother and father
but, in the absence of inbreeding (and excluding my
relationship to myself and my direct descendants), all
other relations are asymmetric, through either the
maternal or paternal line. These asymmetries can be a
source of conflict within my genome because any action
that affects the chances of survival or reproduction of
individuals to whom I am asymmetrically related has
different fitness consequences for the genes I inherit
from my mother and the genes I inherit from my father.

The classical theory of inclusive fitness implicitly
assumed that a gene’s expression was unaffected by its
parental origin, but this assumption is now known to be
violated in cases of genomic imprinting (Efstratiadis 1994).
In the classical theory, classes of relatives with different
maternal and paternal coefficients of relatedness were
assigned an average coefficient (Hamilton 1964). This
paper shows that the theory can easily be modified to
consider maternal and paternal relatedness separately.
The revised theory then specifies conditions under
which natural selection acts differently on a gene’s
expression depending on whether the gene is maternally
derived or paternally derived. Genomic imprinting is
favoured when a gene’s expression in one individual has
fitness consequences for other individuals to whom the
first i1s asymmetrically related on the maternal and
paternal side. Maternalpaternal conflicts have
previously been identified in the context of behaviours
that affect half-siblings (Haig & Westoby 1989; Moore
& Haig 1991), but the theory presented in this paper

generalizes to all interactions among relatives.

2. EVOLUTIONARILY STABLE
STRATEGIES

The coeflicient of relatedness of individual ¢ to indivi-

dual O (;) can be defined as the expected number of
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copies (in individual 7) of a specified gene in individual
0, where the statistical expectations are calculated for
identity by recent common descent. In conventional
calculations of inclusive fitness, the specified gene is
randomly chosen from the two alleles at a locus in indi-
vidual 0. If g; is the reproductive value of individual ¢,
then an estimate of the total reproductive value
accruing to the gene and its identical-by-descent
copies is given by the weighted sum

W= Z“““ (1)

Suppose that ¢; is a function of X (the amount of gene
product produced by individual 0), and that individual
0 is heterozygous for the established allele in the popu-
lation (expression level x*) and a rare allele (expression
level x), then the inclusive fitness effect (W) of the rare
allele is simply the sum of its effects on the reproductive
values of each individual ¢ (0g;) weighted by 7; (see
Taylor (1990) for discussion of the appropriate
reproductive values to be used in models of inclusive
fitness).

oW = Z r;0a;
=0

da; = fi(X) — f(2x%) (2)

X=x*4+xx*>0,x=0.

The rare allele will be favoured by selection if 614> 0,
but will be disfavoured if W <0. An allele’s level of
expression can be considered to be its strategy in an
evolutionary game (Maynard Smith 1982). If the func-
tions f;(X) are differentiable, and W has a local
maximum (OW /Ox = 0, *W /Ix* < 0) when x = x*,
then a population in which x* is the established level
of expression will be evolutionarily stable to invasion
by alleles that cause small increases or decreases of
expression. If so, x* is the best (local) response to
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itself, and constitutes an evolutionarily stable strategy
(ESS). Thus, x* is an ESS if

8W 8612'
W:ZO:naX:O, when X = 2x%*, (3)

Because the functions f;(X) are defined only for non-
negative values of x and x*, a ‘null’ ESS (no expression;
x* =0) exists if OW /0x < 0 when X is close to zero.

The models presented in this and subsequent sections
use calculus to define an ESS and show its stability to
invasion by mutations causing small changes in gene
expression. Such models do not address evolutionary
dynamics. The initial approach to an ESS need not
proceed by small incremental changes, but fine-tuning
of gene expression in the neighbourhood of an ESS
seems plausible.

3. PARENT-SPECIFIC RELATEDNESS

In any particular generation, the direction of natural
selection will be determined by the effects of a gene’s
expression on the fitness of matrilineal relatives if the
gene is maternally derived, but by its effects on patrili-
neal relatives if the gene is paternally derived. (For ease
of discussion, I will use ‘matriline’ and ‘patriline’ to
distinguish relatives who have a chance of carrying
individual 0’s maternally derived allele from relatives
who have a chance of carrying individual 0’s paternally
derived allele. By this definition, individual 0 and indi-
vidual 0’s direct descendants are members of both the
matriline and the patriline.)

A rare autosomal allele in individual O is either
maternally derived or paternally derived, but the two
possibilities will occur with equal frequency over the
course of several generations. Half of the time, the
gene’s expression will be subject to selection for its
effects on matrilineal kin, and half of the time, for its
effects on patrilineal kin. Different subscripts will be
used to identify these different sets of relatives. Thus, if
the allele is maternally derived, its expected numbers of
copies in individual 7 will be represented by m;, whereas
if the allele 1s paternally derived, its expected number
of copies in individual j will be represented by p;. The
reproductive values of matrilineal and patrilineal kin
will be represented by ¢; and b, respectively. Equations
(I)=(3) can then be rewritten as

1
=5 (; ma; + ]Z_ijjbj> (4)
ow (6W,,, + W) (Zméa + Zpﬁb)

()

N (Zmza)ﬁZ]aX)—O (6)

The average inclusive fitness effect of a rare allele
(6W) is therefore the average of its effects when mater-
nally derived (6I/,) and paternally derived (61V,). A

non-null ESS may be either ‘symmetric’ or ‘parentally

Proc. R. Soc. Lond. B (1997)

antagonistic’. At a symmetric ESS, both terms of
summation from equation (6) are zero. That s,
0b;

Z 78)( =0, when X = 2x*. (7)

A suficient condition for a symmetric ESS is that
expression of the gene does not affect the fitness of indi-
viduals with different matrilineal and patrilineal
coefficients of relatedness to individual 0. The simplest
case occurs when the gene’s expression has fitness
consequences for individual 0 alone. At a parentally
antagonistic ESS, the terms have opposite sign but
equal magnitude, i.e.

LaX——ZJaX¢OWhenX—2x* (8)

At such an ESS, a marginal cost when the gene is
maternally derived (the first term is negative) is
balanced by a marginal benefit when the gene is pater-
nally derived (the second term is positive), or vice
versa. This requires that the gene’s expression has
fitness consequences for individuals that are asymme-
trically related to individual 0 via the patriline and via
the matriline.

4. SEPARATING STRATEGIES

So far the candidates for an ESS have all been pooling
strategies in which a gene has a single level of expression,
independent of its parental origin. What happens if this
constraint is relaxed so that alleles can adopt separating
strategies, with one level of expression when maternally
derived and a different level when paternally derived?
A separating strategy can be represented by a vector
whose elements are an allele’s level of maternal and
paternal expression. Suppose that the established allele
has a strategy {x*, x *} and that individual O is hetero-
zygous for this allele and a rare allele with strategy {x,,
x,}. Then, the following identities can be substituted in
equations (4) and (5):

X =, +F
X' =x% +x,

a; = fi(X)

by =f;(X") (9)
ba; = fi(X') = fi(x7, +xF)

b = fi(X") — fi(x% + %)

K> Xps x¥ xf = 0.

6W, is zero for a rare allele {x,, 3} with the same
level of paternal expression as the established allele.
Therefore, the sign of 6I/,, determines whether such
an allele will be favoured or disfavoured by selection.
Conversely, 61, is zero for a rare allele {x%, x,} with
the same level of maternal expression as the established
allele, and the direction of selection is determined by
the sign of 61,

A symmetric ESS is simultancously a local
maximum for matrilineal and patrilineal inclusive



fitness. If separating strategies are possible, condition
(7) becomes

8W 801‘
DI s el

oW b,
Txp - pr 6X// - 0

J=0

, when X' = X" = 2x*. (10)

Therefore, if {x*, x*} is a symmetric ESS in the absence
of separating strategies, it remains an ESS in their
presence. However, if { x*, x*} is a symmetric ESS,
any strategy {x%, x5} for which x% 4 % = 2x* will
also satisfy equations (10). Strategies of this kind with
x¥ £ x;’f can also be classified as symmetric ESSs, but
are probably only of mathematical interest.

A parentally antagonistic pooling strategy corre-
sponds to neither a local maximum of matrilineal
inclusive fitness nor of patrilineal inclusive fitness.
Therefore, if {x*, x*} is a parentally antagonistic ESS
in the absence of separating strategies, it cannot be an
ESS in their presence. Furthermore, given the assump-
tions of the model, no strategy in which x,, and x, are
both positive can be evolutionarily stable for all possible
separating strategies, unless the strategy is a symmetric
ESS. At a parentally antagonistic ESS, either the
maternal allele {0, x}} or the paternal allele will be
silent {x*, 0} (Haig 1996; Mochizuki et al. 1996).

Suppose that a pooling strategy benefits patrilines at
the expense of matrilines. If so, the strategy can be
displaced by a separating strategy with reduced expres-
sion when maternally derived or with increased
expression when paternally derived, or with both.
Because patrilineal inclusive fitness is maximized by a
higher level of expression than matrilineal inclusive
fitness, each increase in paternal expression can be
matched by a decrease in maternal expression, until
maternal expression is zero (at which point no further
reduction is possible). However, once maternal alleles
are silent, paternal alleles can ‘choose’ the level of gene
expression that maximizes benefits to patrilines. Haig
(1996) has called this the ‘loudest voice prevails’
principle.

At a maternally silent ESS {0, x7%},

8W (9al~
aTm:;miaX’ <0

ow 317]- _
o, = 2o ="

J=0

, when X' = X" = «% (11)

whereas, at a paternally silent ESS {x*, 0},
8W 8ai

— m: =
Ox, “—= '0X
ow Ob;
EALE i Y
o, = 2oy

=0

0
, when X' = X" = x* (12)

Conditions (11) and (12) specify the effects of small
changes in the level of gene product near an ESS. At a
maternally silent ESS {0, x%}, small increments of gene
product will decrease both matrilineal and patrilineal
inclusive fitness. By contrast, small decrements of gene
product will increase matrilineal inclusive fitness, but

Proc. R. Soc. Lond. B (1997)

Inclusive fitness and genomic imprinting  D. Haig 1659

decrease patrilineal inclusive fitness. Large decrements,
however, may reduce matrilineal inclusive fitness
because the fitness of matrilines will often be maxi-
mized by a non-zero level of gene product. These
properties are important for understanding the effects
of loss-of-imprinting mutations that reactivate a silent
maternal allele, or of loss-of-function mutations that
silence the active paternal allele.

A loss-of-imprinting mutation will result in a level of
expression 2x% (or 2x}), whercas a loss-of-function
mutation will result in zero expression. Both kinds of
mutation are likely to decrease both matrilineal and
patrilineal inclusive fitness. Therefore, the observation
that ‘knocking-out’ maternally active Mash2 results in
a failure of placental development (Guillemot et al.
1995) or that paternal duplications of proximal 7
result in growth-retarded mice (Cattanach et al. 1992)
does not directly contradict the genetic conflict hypoth-
esis, as 1is sometimes claimed. However, such
observations do provide clues about the effects of small
changes in gene expression. For example, the placentas
of Mash2 null mice have a virtual absence of spongio-
trophoblast cells, but a thicker layer of trophoblast
giant cells (Guillemot et al. 1995). The genetic conflict
hypothesis suggests that a partial re-allocation of cells
from spongiotrophoblast cells to the giant-cell lineage
would benefit patrilines.

The model presented in this section assumes that the
levels of gene-product, X’ and X”, are sums of fixed,
allele-specific contributions. A parentally antagonistic
ESS with bi-allelic expression is possible if this assump-
tion is violated. For example, the model would not
apply if transcription was subject to negative feedback
and alleles shut down at different thresholds of gene
product. In this case, the allele with the higher
threshold would determine the level of expression in
heterozygotes, alleles with higher thresholds would
behave as dominants to alleles with lower thresholds,
and {/%, t;‘} would be an ESS if ¥ and tf were the
thresholds that maximized matrilineal and patrilineal
inclusive fitness. If ¥ > ¥ then the usual level of
expression at the ESS would be ¢%. Selection to main-
tain £} would be weak, because the paternal threshold
would have strategic significance only when an indivi-
dual was heterozygous for the established allele {7, ¢}
and a rare maternally derived allele {z,, tp}, with
by < t}.

5. IGF2 AND IGF2R

Some properties of maternally silent and paternally
silent strategies—and of their interaction—can be illu-
strated using two functionally related loci from mice:
Igf2 (insulin-like growth factor 2) is expressed when
paternally derived, but is silent when maternally
derived, whereas Igf2r (insulin-like growth factor 2
receptor) has the opposite pattern of expression. Pater-
nally expressed Igf2 promotes embryonic growth,
whereas maternally expressed Igf2r inhibits growth by
degrading the product of Igf2 (DeChiara et al. 1991,
Lau et al. 1996; Ludwig et al. 1996). Haig & Graham
(1991) proposed that this complementary pattern of
imprinting has evolved because costs imposed by an
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embryo on its mother during gestation have fitness
consequences for half-siblings to which the embryo is
related maternally but not paternally (m =0.5; p =0).
This argument explains the imprinting of Igf2 and
Igf2r in terms of indirect sibling rivalry mediated via
the mother. The same hypothesis can be rephrased in
terms of motheroffspring conflict. The maternal and
paternal relatedness of an offspring to its mother shows
extreme asymmetry (m=1; p=0) because the
offspring’s maternal allele is definitely present in the
mother whereas the paternal allele is definitely absent.
This internal conflict is mitigated when mother and
father share the parentage of multiple offspring,
because the residual reproductive value of the father is
then correlated with that of the mother.

A useful distinction can be made between competition
among strategies and conflict between roles (for a similar
distinction see Cosmides & Tooby (1981)). The separ-
ating strategies of Igf2 and Igf2r each have two roles:
that of a maternal allele and that of a paternal allele.
Phenotypic conflict between these roles is expressed as
the degradation of paternal IGF2 by maternal IGF2R
(the lack of italics signifying gene products rather than
genes). However, at the strategic level, paternal expres-
sion of Igf2 and maternal expression of Igf2r are
mutually reinforcing (just as the ‘hawks’ of the former
Soviet Union and the United States justified each
other’s military budgets in competition with their own
nation’s ‘doves’). Another analogy reinforces this
distinction between strategy and role. The poor
usually favour policies that shift taxes onto the rich,
and vice versa. However, when an individual’s wealth
changes, his attitude to taxation often changes to
match. Thus, there can be a conflict between the roles of
rich and poor, even though all individuals employ the
same separating strategy ‘tax the rich when poor, tax
the poor when rich’ that outcompetes pooling strategies
that do not change with an individual’s circumstances
(‘always tax the rich’ or ‘always tax the poor’).

A property of evolutionarily stable separating strate-
gies 1s that the fitness return from playing a particular
role depends on another allele playing the opposite
role. A paternal allele of Igf2 relies on zero production
by the maternal allele. Loss-of-imprinting of the
maternal allele would double the production of IGF2,
and result in reduced patrilineal (as well as matrili-
neal) inclusive fitness. Similarly, an Igf2 allele in the
paternal role relies on an Igf2r allele in the maternal
role to degrade some of its excess product. Some biolo-
gists would interpret this mutual dependence of roles as
evidence for straightforward cooperation, but the
underlying conflict is revealed by the possibility of
more efficient (but evolutionarily unstable) cooperative
outcomes. For example, if maternal and paternal alleles
shared equally in the production of IGF2, loss-of-func-
tion mutations
hemizygosity. Alternatively, the same functional level
of IGF2 could be achieved with reduced expression of
both Igf2 and Igf2r.

The model of the previous section has several limita-
tions, of which I will discuss two. First, the strategy set
was restricted to variation in expression level but new
alleles can vary in many ways besides their level of

would not result in functional
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expression. The model may still have value because
some of these allelic differences could be modelled as if
they caused differences in expression. For example, an
allele that reduced the affinity of IGF2 for IGF2R
might have similar phenotypic consequences to an
allele that increased production of IGF2. Second, ESS
conditions were derived for alleles at a single locus, and
the model’s conclusions might not apply when alleles at
two or more loci interact. Should we expect Igf2 and
Igf2r to come to a joint ESS, a modus vivendi at which
alleles at neither locus can benefit from a unilateral
change to the status quo? Or should we expect a conti-
nuing arms race in which selection at each locus
prevents alleles at the other from reaching an evolu-
tionary equilibrium? The a priori expectation 1is
unclear (at least to me). McVean & Hurst (1997) could
find no evidence for ongoing antagonistic coevolution
in the sequences of Igf2 and Igf2r, and interpreted their
result as evidence against the genetic conflict hypoth-
esis, but the absence of an arms race could also be
interpreted as evidence of a joint ESS (i.e. for a ‘resolu-
tion’ of the conflict in the sense of Godfray (1995)).

6. WHY ARE THERE SO FEW IMPRINTED
GENES?

Separating strategies will be favoured when the
expression of an unimprinted allele has parentally
antagonistic effects, because imprinting allows a reduc-
tion of costs to patrilines while retaining the benefits to
matrilines, or vice versa. However, only a small
minority of genes appear to be imprinted. Why should
this be?

Few genes may have the kind of parentally antago-
nistic effects that favour the evolution of imprinting. A
pelagic fish, conceived by external fertilization, may
never interact with relatives, and the same may be
true of many other organisms that lack post-zygotic
parental care and complex social behaviour. Even
within social species, the principal effect of most genes
may be to increase or decrease the fitness of the indivi-
dual in which the gene is expressed, with minimal
consequences for relatives. Furthermore, loss-of-func-
tion mutations are recessive at many, if not most, loci.
At such loci, inactivation of one allele has little discern-
ible effect on the phenotype, and selection in favour of
imprinted alleles would be weak or non-existent, even if
other conditions for the evolution of imprinting were
satisfied. Therefore, imprinted alleles may be restricted
to the subset of loci with parentally antagonistic effects
that are highly sensitive to the level of gene product. If
the advantages of a separating strategy are weak, they
may be outweighed by subsidiary costs of imprinting,
such as occur when a paternal allele has a loss-of-func-
tion mutation and the imprinted maternal allele is
silent (Mochizuki et al. 1996).

Despite these caveats, the selective conditions that
favour the evolution of imprinting probably exist in
many social organisms. Genomic imprinting may be
more widespread than is currently recognized because
it 1s difficult to detect in taxa (or for behaviours) that
lack a well-developed molecular genetics. The two
most obvious sources of relatedness asymmetries are



multiple paternity of a female’s offspring and sex-biased
dispersal. For example, in a species in which males
disperse but females remain in their natal group,
group members will often be more closely related to
each other maternally than paternally (the precise
prediction depends on the rate at which males, who
enter the group from outside, are replaced by new
males and on the number of offspring a male sires
during his tenure). Major effects of imprinting on
embryonic development may be largely restricted to
viviparous species because actions that take place in an
egg before hatching will usually have little direct effect
on the mother and other relatives (there may, however,
be consequences for post-hatching behaviour that does
affect relatives).

The paucity of imprinted genes could also be
explained if alleles with parent-specific expression
rarely, if ever, arise at most loci. Non-existent alleles
cannot be subject to selection. Three strands of evidence
suggest that imprinting may be difficult to evolve. First,
some unimprinted genes have phenotypic effects
similar to the effects of imprinted genes: for example,
Igfl (like Igf?) enhances embryonic growth in the
mouse, but (unlike Igf?) is not imprinted (Liu et al.
1993). Second, imprinted loci appear to be clustered,
with the bulk of the genome devoid of significant
imprinting effects (Saitoh et al. 1996; Lee et al. 1997).
Such a pattern would be predicted if the evolution of
imprinting is rare, but once one locus in a region has
evolved imprinted expression, neighbouring loci can
exploit the epigenetic difference between maternal and
paternal chromosomes to become imprinted them-
selves. Mochizuki e al. (1996) make the related
suggestion that clustering could be explained if
imprinting is physiologically costly, but costs can be
shared among neighbouring loci. Third, mechanisms
may exist that eliminate the epigenetic differences
between chromosomes on which imprinting depends.
The genome-wide demethylation—followed by
remethylation—that occurs during early mouse devel-
opment erases most methylation differences between
maternal and paternal chromosomes (Kafri ef al. 1993).
The conditions under which natural selection would
favour genome-wide suppressors of imprinting—for
that purpose, rather than as a side-effect of some other
function—is a theoretical question deserving further
study.

7. SEXUAL AND PARENTAL
ANTAGONISM

Genes with parentally antagonistic effects are associated
with an inclusive fitness benefit when derived from one
parent but an inclusive fitness cost when derived from
the other. This terminology was chosen to emphasize
the analogy to genes with sexually antagonistic effects
that are beneficial in one sex but costly in the other
(Rice 1987). Autosomal genes spend half of their
ancestry in male bodies and half in female bodies.
Therefore, an allele with sexually antagonistic effects
will be selectively favoured if the cost to one sex is less
than the benefit to the other. By the same token, auto-
somal genes are maternally derived half of the time,
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paternally derived half of the time, and an allele with
parentally antagonistic effects will be selectively
favoured if the benefit to matrilines is greater than the
cost to patrilines (or the benefit to patrilines is greater
than the cost to matrilines). Just as sexual antagonism
favours strategies in which a gene is expressed in one
sex but not the other (sex limitation), so does parental
antagonism favour strategies in which a gene is
expressed when derived from one sex but not the other
(imprinting). From this perspective, parental antag-
onism 1is sexual antagonism shifted by one generation.
Sexually antagonistic and parentally antagonistic
effects are orthogonal in the sense that an autosomal
allele has the same probability of being present in a
male or female body, irrespective of its parental origin.
Complex strategies can be imagined in which a gene’s
expression depends on the sex of both its present and
previous bearer.

Alan Grafen, Jon Seger, Robert Trivers, and an anonymous
reviewer have made useful contributions to the final version
of this paper.
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