
Matrisibs, Patrisibs, and the Evolution of Imprinting on
Autosomes and Sex Chromosomes

Yaniv Brandvain*

Department of Biology, Indiana University, Bloomington, Indiana 47405

Abstract
The conflict theory of genomic imprinting argues that parent-of-origin effects on allelic expression
evolve as a consequence of conflict between maternally and paternally derived genomes. I derive
explicit population-genetic models of this theory when individuals in a cohort with an arbitrary
and variable number of sires and dams interact. I show that the evolution of imprinting is governed
by the reciprocal of the harmonic mean number of fathers but the reciprocal of the arithmetic mean
number of mothers per cohort. Thus, a few monandrous females in a polyandrous population
decrease the strength of the genetic conflict and the opportunity for conflict-driven paternal
imprinting. In contrast, in populations in which few males control large harems, rare males with
small harems do not have such a disproportionate effect on genetic conflicts and maternal
imprinting. Additionally, I demonstrate that under the conflict theory, selection for imprinted
expression on paternally derived X chromosomes is much weaker than it is on maternally derived
X chromosomes or autosomes.
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Background
Genomic imprinting is an epigenetic phenomenon in which the phenotypic effect of an allele
depends on its parental origin. Imprinting is achieved by differential allelic expression, and
it is generally under the control of complex regulatory machinery such as methylation and
other forms of chromatin remodeling (Bartolomei 2009). Although well documented in
plants (e.g., Berger and Chaudhury 2009), imprinting is best understood in mammals, where
imprinted genes are clustered in “imprinting centers,” and imprinted expression most often
occurs in the placenta and the brain (Morison et al. 2005).

The conflict (or kinship) theory argues that genomic imprinting is an evolutionary outcome
of conflict within families (Moore and Haig 1991). The canonical version of the conflict
theory is based on conflict between maternally and paternally derived genes over maternal
resource allocation. This conflict arises because relatedness between maternal siblings
(matrisibs) at maternally and paternally derived alleles is asymmetric: when mothers mate
multiply, maternally inherited alleles in a maternal family have higher probabilities of being
identical by descent than do paternally inherited alleles. Thus, mothers favor a more uniform
distribution of resources across developing progeny than do fathers, who favor skewing
resources toward their own offspring and away from those of other patrilines within the
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brood. This classic version of the conflict theory successfully accounts for many observed
patterns of parent-of-origin gene expression, especially in the mammalian placenta and the
plant endosperm (Wilkins and Haig 2003b).

Some empirical findings have cast doubt on the generality of the classic version of the
conflict theory (Hurst and McVean 1997, 1998). These observations include postnatal
imprinted effects (Itier et al. 1998), imprinted effects on sex chromosomes (Iwasa and
Pomiankowski 1999, 2001), sex differences in imprinted expression (Hager et al. 2008), and
ontogenic changes in imprinted status (Wolf et al. 2008). Such observations have inspired
novel alternative hypotheses to explain the evolution of genomic imprinting (e.g., Iwasa and
Pomiankowski 2001; Day and Bonduriansky 2004; Wolf and Hager 2006;Wolf 2009) and
significant extensions of the conflict theory to generate predictions for the evolution of
genomic imprinting under more complex social interactions (e.g., Haig 1997, 2000; Wilkins
and Haig 2003a; Ùbeda 2008; Wild and West 2009).

I extend and refine predictions of the conflict theory to incorporate interactions within
groups larger than those of matrisibs. I begin by examining the evolution of intragroup
conflict without genomic imprinting. These results stand as a baseline expectation for
conflict resolution within groups. Since imprinting can be costly (Hall 1990; Lalande 1996;
Ùbeda and Wilkins 2008), imprinting is predicted only when results from the imprinting
models differ substantially from the results of the biallelic models (Hurst 1999).

I then examine the evolution of imprinting as a result of competition among matrisibs as
well as among paternal siblings (patrisibs). While previous models (Spencer et al. 1998,
2004; Mills and Moore 2004) have addressed the evolution of imprinting in populations
where females have a specified, fixed number of mates, I generalize these results to
populations with variation in the number of mates per female. Additionally, as the canonical
version of the conflict theory concerns conflicts for maternal resources, the influence of
competition among patrisibs on the evolution of imprinting is not well studied (but see Ùeda
2008) and the similarities and differences between competition among matrisibs and
patrisibs is largely unknown. I find that competition among matrisibs and among patrisibs
can favor the evolution of imprinting; however, the strength of intrafamilial conflict has
differential sensitivity to variation in the number of mates per female and in male harem
size. In a population of multiply mating females, the response to selection on allelic
silencing that increases group fitness is dampened by the harmonic mean number of fathers
per group. In contrast, when an interacting cohort is derived from multiple dams, the
response to among-group selection is diminished by the arithmetic mean number of females
per harem. This difference suggests that conflict among patrisibs may be stronger and
conflict among matrisibs may be weaker than previously appreciated.

Finally, I extend my models to the X chromosome, as the functions of imprinted genes on
the X chromosome have cast doubt on the generality of the conflict theory (Iwasa and
Pomiankowski 1999, 2001). I show that the conflict theory predicts a relatively weak
response to selection for silencing of paternally derived X chromosomes, while the silencing
of the maternally derived X chromosome may respond rapidly to selection. These results
suggest that if the evolution of genomic imprinting is driven by genetic conflicts, the X
chromosome may harbor more maternally silenced alleles than paternally silenced ones.

The models developed in this article address “the key question for understanding the role of
imprinting in sibling rivalry … the relative importance of competition with [patrisibs] and
[matrisibs]” (Haig 2008, p. 271). I conclude by showing how the findings derived herein can
explain the evolution of silencing of paternally derived genes that increase individual fitness
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while decreasing group fitness: a case predicted by the canonical version of the conflict
theory to be maternally silenced.

The Model
I model the evolution of a modifier locus allele that silences a nearby gene in cis; that is,
there is no allelic variation at the modified locus, but its alleles are differentially expressed
on the basis of the action of the nearby regulator. I present three models, one examining the
evolution of a regulator without imprinting, one in which a maternally derived regulator
completely silences the coinherited maternal allele, and one in which the regulator, when
paternally derived, silences the coinherited paternal allele. For each model, I allow the
modifier alleles to be either autosomal or X linked. Because the single-locus X-linked case
with a degenerate Y chromosome is mathematically equivalent to haplodiploidy, the sex
chromosome model holds for haplodiploid insects, a group for which evidence of imprinted
expression is compelling (Kronforst et al. 2008; Elango et al. 2009).

I describe a population that consists of many large groups that are founded by n♀ dams and
the n♂ sires with which they mate. Competition among individuals born to a group is
followed by random dispersal. I examine one biallelic locus with alleles A and a in
frequencies p and q = 1 − p, respectively. I assume that paternal fitness increases linearly
with the number of mates, and there is no reproductive skew within groups: that is, each sire
fathers n♀ /n♂ offspring in a group, and each dam mothers 1/n♀ of the offspring in a group. I
further assume random mating, nonoverlapping generations, and weak selection, such that
genotypic frequencies after selection do not strongly differ from Hardy-Weinberg
expectations and allele frequencies are approximately equal across the sexes. This method
follows the approach of Wade (1978), which should be consulted for more details.

I begin with an allele with a direct effect on individual fitness (i) and a pleiotropic effect on
group mean fitness (g); these values vary continuously and can be positive or negative. I do
not impose any specific association between i and g or any bounds on their values aside
from the constraint that individuals must have nonnegative fitnesses. An individual of
genotype u has Iu influence on individual fitness and Gu influence on its group’s fitness. The
fitness of the uth genotype in the tth group, wtu, is 1 + Iu + Gt., where Gt. is the mean
genotypic effect on group fitness in the tth group (i.e., Σ ftuGu, summed across the u
genotypes in the tth group, where ftu is frequency of the uth genotype in the tth group).

The recursive equation representing the selective change in allele frequency (Δp) equals the
sum of the change in allele frequency by selection within (Δpwithin) and among (Δpamong)
groups.

The within-group component is

(1)

in which wt. is the fitness of the tth group, ft. is its frequency, and Δpt. is the change in allele
frequency within this group. For a given group t,

(2)
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where pu|t is the frequency of the uth genotype in the tth group, fAu is the frequency of the A
allele in the uth genotype, and wtu is the fitness of the uth genotype in the tth group.

The expression for the selective change in allele frequency among groups is

(3)

where w̄ represents the mean fitness of the population. I derived analytical solutions for all
factorial combinations of n♂ and n♀ from 1 to 10 and to infinity and derived a general
solution that holds true for each case.

Model 1: Autosomal Genetics
On autosomes, a single biallelic locus generates four diploid genotypes (two homozygotes
and reciprocal heterozygotes). With biallelic modification, reciprocal heterozygotes have
equivalent phenotypic effects (see “Model 1.1: Autosomal Genetics: Biallelic Modifiers”
and “Model 2.1: X Chromosomes: Biallelic Modifiers,” below). Since the phenotypic effect
of an imprinting allele depends on its parent of origin, reciprocal heterozygotes are separated
in “Model 1.2: Autosomal Genetics: Imprinting,” “Model 2.2: X Chromosomes: Maternal
Imprinting,” and “Model 2.3: X Chromosomes: Paternal Imprinting.” Phenotypic effects of
all autosomal genotypes are presented in table 1. Throughout this article, I list the maternally
derived allele first, followed by the paternally derived allele.

Model 1.1: Autosomal Genetics: Biallelic Modifiers—Without imprinting, aa
individuals have i and g influence on individual fitness and group fitness, respectively. AA
individuals multiplicatively modify i and g by 1 + iAA and 1 + gAA, respectively, while
heterozygotes multiplicatively modify the effects i and g by 1 + hiiAA and 1 + hggAA
respectively, where hi is the dominance coefficient (table 1). The evolution of this
unimprinted modifier provides a reference point for the imprinting effects described below.

For any combination of n♂ and n♀, the change in allele frequency due to selection on
individual and group fitness components is

(4a)

where

(4b)

(4c)

Thus,

(4d)
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Note that although group structure changes the partitioning of individual fitness effects
iiAA[p + hi(q − p)] to within- and among-group components (eqq. [4b], [4c]), the total
response to selection on individual fitness effects is insensitive to group structure (eq. [4d];
see Okasha 2004 for discussion). In contrast, the response to selection on the group fitness
component (ggAA/4)[p + hg(q − p)] is proportional to the sum of 1/n♀ and 1/n♂ in both the
response to group selection (eq. [4c]) and the total response to selection (eq. [4d]). Thus,
when social interactions occur among full sibs (i.e., n♀ = n♂ = 1, relatedness = 1/2), the
response to group selection is half as strong as the response to individual selection. When
competition is among genetically unrelated individuals (i.e., n♀ = n♂ = ∞), there is no
response to group selection.

This system has one, nontrivial equilibrium, which is attained when

(5)

The stability of this equilibrium depends on the dominance relations. For example, when
allele A does not indirectly influence fitness of other group members (g = 0), equation (5)
becomes the classic result for a biallelic locus: that is, Δp = 0 when hi = p̂/(p̂ − q̂). This
result is attainable only when hi > 1 (overdominance) or hi < 0 (underdominance), and only
the former is stable (e.g., Crow and Kimura 1970, pp. 270–272).

When the modifier allele, A, is rare and fully dominant (i.e., hi = hg = 1), equation (4d)
becomes

(6a)

By noting that pq/w̄ is nonnegative and then solving the inequality Δp > 0, I derive the
condition in which a rare biallelic modifier mutant can increase in frequency:

(6b)

The correspondence of equation (6b) with Hamilton’s rule is straightforward: the left-hand
side of the inequality is the relatedness coefficient (1/2 for full sibs, 1/4 for half sibs, etc.),
the numerator of the right-hand side is the effect of the allele on individual fitness, and the
denominator of the right-hand side is the effect on group fitness.

Variation in n♂ and n♀: When a population consists of more than one family type, n♂ and
n♀ may not necessarily be replaceable by the mean number of mothers and fathers per
group. Assuming that group productivity increases linearly with every additional mother but
is insensitive to the number of fathers, the change in allele frequency in a population in
which the frequency of a group with n♂ fathers and n♀ mothers is fn♂,n♀, and it equals

(7)
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In the numerator, the summation is taken across all combinations of groups with n♂ fathers
and n♀ mothers. In the denominator, the summation is taken with respect to all groups with
n♀ mothers. Here, Δpn♂, n♀ is the total selective change in allele frequency expected in a
population in which all groups have n♀ mothers and n♂ fathers (eqq. [4a]–[4d]).

Equation (7) is the frequency of each group type, multiplied by the expected change in allele
frequency from this group, weighted by the number of offspring produced per group,
summed across all groups. Applying equation (7) to an autosomal, biallelically expressed
locus yields

(8)

where  is the arithmetic mean number of mothers per group and Hn♂ is the harmonic
mean number of fathers per group.

The response to individual selection is insensitive to n♀ and n♂, and it is therefore not
surprising that it is unaffected by variation in these values. In contrast, the response to group
selection is proportional to the sum of the reciprocal of the arithmetic and harmonic mean
number of mothers and fathers per group, respectively (eq. [8]; see fig. 1 for a detailed
example).

As a consequence of this asymmetric influence of variation in mate number, the efficacy of
group selection is especially sensitive to groups with the least number of fathers. This result
suggests that even when most females mate multiply, selection among groups may be quite
potent so long is there is some variation in the number of mates per female. This result
mirrors work on a kin-selection model with a variable number of matings per female (Wade
1982, 1985). In contrast, the response to among-group selection is divided by the arithmetic
mean number of mothers per group, and it is therefore not particularly sensitive to a few
males with exceptionally small harems.

Model 1.2: Autosomal Genetics: Imprinting—Here I investigate the evolution of
maternal and paternal imprinting. For maternal silencing, both AA and Aa genotypes modify
phenotypic influences on group (g) and individual (i) fitness by gA_ and iA_, respectively.
Similarly, with paternal silencing, AA and aA individuals modify phenotypic influences on
group (g) and individual (i) fitness by g_A and i_A, respectively (table 1).

The Δp recursions for maternal and paternal silencing alleles, incorporating variation in n♂
and n♀ following equation (7), are

(9a)

(9b)

These results are qualitatively similar to equations (6a) and (6b), representing the change in
allele frequency of a rare, dominant modifier that is biallelically expressed, and they parallel
previous work on the evolution of imprinting without conflict (Spencer 1997). Note that the
evolution of maternal imprinting and that of paternal imprinting are very similar. Relative to
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the evolution of maternal silencing, in the paternal case, Hn♂ replaces , while i_A and g_A
replace iA_ and gA_, respectively.

In figure 2A–2C, I present the relationship between p and Δp for an autosomal locus with a
biallelically expressed, additive modifier (fig. 2A) or a maternal (fig. 2B) or a paternal (fig.
2C) silencer. Note that selection on maternal silencers is insensitive to n♂, and similarly, the
evolution of paternal silencers is insensitive to n♀. Note further that the response to group
selection in groups of maternal sibs born to infinitely mating females ( , Hn♂ = ∞) is
doubly as strong for maternal silencing as it is for biallelic modification, while this
population structure favors only the silencing of paternally derived alleles when this
silencing increases individual fitness (cf. fig. 2A, fig. 2B, and 2C).

Here, the sign of Δp is independent of p. Thus, unlike the biallelic case and in contrast to the
findings of Spencer et al. (1998), this model does not lead to a stable polymorphism.
Therefore, the conditions in which a rare imprinting allele can increase in frequency are
equivalent to the fixation conditions:

(10a)

(10b)

Although the model of Spencer et al. (1998) maintains a polymorphism, the absence of a
stable polymorphism resembles previous work on the evolution of complete allelic silencing
by imprinting, which precluded a stable polymorphism (Pearce and Spencer 1992).

Model 2: X Chromosomes
A biallelic, X-linked (or haplodiploid) locus is composed of six possible genotypes. As
above, heterozygote mothers are treated equivalently, while heterozygote daughters are
treated separately. Effects of the uth genotype on iu and gu are presented in table 2. Female
genotypic effects are the same as those in the autosomal model. Male genotypic effects are
scaled by the degree of dosage compensation kjl, where j is the haploid genotype and l is the
trait. Thus, I allow influences on both group and individual fitness, as well as different
genotypes, to have different degrees of dosage compensation.

Changes in allele frequencies are derived separately for males and females. Total Δp is
calculated by scaling Δp♂ by 1/3 and Δp♀ by 2/3 (e.g., Owen 1986; Wade 2001),
representing the fact that two of every three X-linked alleles occur in females. This
approximation does not take into account any sex differences in departures from Hardy-
Weinberg, and therefore it assumes weak selection.

Model 2.1: X Chromosomes: Biallelic Modifiers—As in the autosomal case, the X-
linked, unimprinted model describes a system in which a modifier influences the effect of an
invariant allele. Incorporating variation in n♂ and n♀, the change in allele frequencies within
each sex and across the entire population is

(11a)
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(11b)

(11c)

(11d)

It may be somewhat counterintuitive that the response to selection in females is related to
the degree of dosage compensation in males (gAAkAg − kag appears in eq. [11a]) and that the
response to selection by males depends partly on the degree of dominance in females (gAA[p
+ hg(q − p)] appears in eq. [11b]). However, these results mirror recent discoveries
regarding the efficacy of selection on male-specific mitochondrial effects (Unckless and
Herren 2009; Wade and Brandvain 2009), in which sex-specific effects are indirectly
selected in the other sex as a result of effects on group fitness. Note that the response to
group selection in females is sensitive to both the number of mothers and the number of
fathers per group, while the response to group selection in males is insensitive to the number
of fathers per group. This result follows from the transmission genetics of sex chromosomes:
males do not inherit paternally derived X alleles.

When rare, the A allele can invade if
. As in the

autosomal case, X chromosomes can maintain a polymorphism. The equilibrium allele
frequency (which may be stable or unstable depending on dominance coefficients and
dosage compensation) is

(12)

Model 2.2: X Chromosomes: Maternal Imprinting—Here I investigate the evolution
of a maternal imprinting allele. AA and Aa females modify phenotypic effects on group (g)
and individual (i) fitness by 1 + gA_ and 1 + iA_, respectively. In males, silencing of a
maternally derived gene on the X chromosome results in no expression. I allow this lack of
expression to alter both i and g by 1 + i0 and 1 + g0, respectively. The biological value of
this null genotype is unclear, and it strongly influences my results. For example, zero
expression of an essential gene could be nearly lethal, and in this case i0 and g0 would be
nearly −1. In contrast, zero expression may double the effect of silencing one copy, such
that i0 and g0 equal 2iA_ and 2gA_, respectively. The relationship between the unimprinted
alleles (i.e., the a allele) and phenotype is much simpler, as ay males influence group and
individual contributions to fitness by the standard dosage compensation, kg and ki,
respectively (table 2).

The changes in allele frequencies due to selection within each sex and across the entire
population are as follows:
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(13a)

(13b)

(13c)

Since only half of the X chromosomes in females are maternally derived, while all X
chromosomes in males are maternally derived, it is not surprising that the response to
selection on maternal silencing of an allele on the X chromosome is approximately half as
strong in females as it is in males.

As in the autosomal case, maternal imprinting on the X chromosome cannot sustain a stable
polymorphism. Thus, the fixation criterion is equivalent to the invasion criterion, which is

.

Model 2.3: X Chromosomes: Paternal Imprinting—When A silences a paternally
derived allele in cis, AA and aA females modify phenotypic effects on group (g) and
individual (i) fitness by 1 + gA_ and 1 + iA_, respectively (table 2). Silencing of a paternally
derived gene on the X chromosome has no influence on males, and thus Δp♂ = 0. Thus, the
total change in allele frequency of an X-linked paternal silencing allele is

(14)

This result is substantially less than the Δp recursions derived for biallelic modifiers,
maternal imprinting, and paternal imprinting on autosomes. Figure 2D–2F shows Δp as a
function of p for all forms of expression modification on the X chromosome. The modest
response to selection for epigenetic modification of the X chromosome in fathers is apparent
in figure 2F.

As only one-third of X chromosomes are paternally derived, the weak response to selection
on epigenetic silencing of the paternal X mirrors recent empirical and theoretical
developments in the evolutionary consequences of relaxed selection (Barker et al. 2005;
Demuth and Wade 2007; Cruickshank and Wade 2008). As above, there is no stable
equilibrium, and the invasion (fixation) criterion is 2Hn♂iiA_ > −ggA_.

Discussion
The differential expression of an allele on the basis of its parent of origin is known as
genomic imprinting. I investigated the evolution of genomic imprinting when fitness is
influenced by social interactions among cohorts. The findings presented herein have novel
consequences for the evolution of genomic imprinting.
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For example, by considering interactions within a cohort rather than focusing on direct
transfer of nutrients from parent to offspring, my model suggests that genes influencing
social behavior may be imprinted in a variety of species without direct resource transfer
from mother to offspring. Limited support for this hypothesis comes from quantitative trait
locus evidence suggesting that imprinted expression occurs in chickens (Campos et al. 2009;
Rowe et al. 2009), a species with strong, heritable effects on individual and group fitness
(Bijma et al. 2007). There will surely be many opportunities for experimental tests of this
hypothesis, as advances in high-throughput expression arrays may uncover additional cases
of genomic imprinting. Related extensions of the conflict theory to social insects (e.g.,
Queller 2003; Kronauer 2008; Wild and West 2009), in which there is growing evidence for
genomic imprinting (Kronforst et al. 2008; Elango et al. 2009), also provide excellent tests
for the explanatory power of the conflict theory to taxa without a placental-like habit.

Moreover, the arena of competitive social interactions can change over development, as
early competition may occur among maternal siblings in a nest while later competition may
occur among offspring sired by a limited number of males. Under this scenario, a gene that
increases individual fitness at a cost to group fitness may be maternally silenced early in
development but paternally silenced later. Some imprinted genes show this ontogenic
pattern (e.g., Wolf et al. 2008) and will provide excellent tests for the theory presented in
this study.

As in previous models (Spencer et al. 1998, 2004), the invasibility conditions derived herein
show that even with single mating and one female per group, imprinting can evolve.
However, in these cases, imprinting does not represent the sole mechanism of a response to
selection, as unimprinted modification is also plausible (Hurst 1999). Unlike previous
models of the conflict theory (Spencer et al. 1998, 2004), this derivation does not yield a
stable polymorphism with imprinting loci stably coexisting with standard genic expression.
Although the absence of a protected polymorphism is a difference from previous population-
genetic models of the conflict theory, it is in agreement with population-genetic models of
imprinting with complete inactivation (Pearce and Spencer 1992). Nonetheless, some
imprinting loci are polymorphic with both imprinting expression and standard genic
expression segregating within populations (Xu et al. 1993). It is plausible that my model is
sufficient to explain these cases as transient polymorphisms; however, it is also possible that
the observed polymorphisms suggest that this model may exclude some biologically
meaningful regions of parameter space.

Iwasa and Pomiankowski (1999, p. 488) state that “the conflict theory should apply equally
to X-linked and autosome linked genes.” They survey imprinting data from X chromosomes,
argue that the data are unsupportive of the conflict theory, and present a unique model to
explain the evolution of X-linked imprinting. I show that although invasion conditions for
imprinting on the X chromosome are similar to those on autosomes, selection on paternal
imprinting on the X chromosome is a relatively meager evolutionary force. Depending on
the phenotypic effect of a complete lack of expression in males, maternally derived X
chromosomes may respond rapidly to selection for epigenetic modification, and therefore
the X chromosome may host an overabundance of maternal imprinting. This result is missed
by models that analyze evolutionary stability and ignore the dynamic attainment of
equilibria, highlighting the importance of dynamically explicit genetic approaches in the
analysis of evolutionary conflicts.

Standard renditions of the conflict theory assume that competition occurs strictly among
maternal siblings and that offspring compete for maternal resources. In this case, n♀ = 1 and
n♂ is the number of mates per female. A recent extension of the conflict theory considers
competition for paternal resources among current and future paternal siblings when a male’s
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partner changes across litters (Ùbeda 2008). In some ways my research, particularly the case
in which n♂ = 1 and n♀ > 1, is conceptually similar to that of Ùbeda (2008); however, there
are some important differences in the underlying biology of the system, as well as different
evolutionary consequences.

In Ùbeda’s (2008) model, the essential conflict occurs among paternal siblings over
paternally derived resources. In the related special case of my model (when n♂ = 1 and n♀ >
1), social interactions among paternal siblings influence competitive fitness, but paternal
resource allocation is not necessary for the evolution of imprinting. As such, my model
predicts that paternal silencing of genes that decrease family fitness can occur in the absence
of direct paternal care, such as in cases of interference competition for local resources, while
Ùbeda’s (2008) model does not allow for this possibility.

Large harems influence the competitive environment of many offspring, while
promiscuously sired broods are no different in size than monogamously sired broods.
Consequentially, the strength of group selection on maternal imprinting is weakened by the
reciprocal of the arithmetic mean number of females per harem, while the response to group
selection for paternal imprinting is dampened by the harmonic mean number of fathers per
group (or, in the case of competition among maternal sibs, mates per female). The harmonic
mean is particularly sensitive to lower-bound values of the distribution. Thus, a few
exceptionally promiscuous females do not strongly influence the evolution of paternal
imprinting, while rare males with large harems greatly influence the evolution of maternal
imprinting.

Important caveats to this result are the possibility that female fitness may increase with each
additional mating and that the increase in harem productivity with each additional mother
may be sublinear. As returns diminish with an increase in the number of mothers per group,
the multiple-mothers case becomes more similar to the multiple-fathers case. An additional
biological complication that is not included in this model is reproductive skew, that is, the
variation in reproductive success among mothers or fathers in a group. Reproductive skew
could be accommodated simply by replacing n♀ and n♂ with the “effective” n♀ and n♂ (e.g.,
Wade 1982).

The theory presented herein may shed some light on the evolutionary-genetic basis of
Prader-Willi syndrome (PWS) and Angelman syndrome (AS). PWS is associated with a
deletion of a portion of the paternally derived chromosome 15, while AS has different
clinical phenotypes and is associated with a deletion of the same region in the maternally
derived copy (Knoll et al. 1989).

PWS children have low birth weights and difficulty suckling, but after weaning they are
characterized by food stealing, insatiable appetites, stubbornness, and oppositional behavior
(Martin et al. 1998). Phenotypes of the later phase of PWS are opposite to standard
theoretical predictions of the conflict theory (but see Haig and Wharton 2003;Ùbeda 2008),
and therefore, this “biphasic” phenotype is a challenge to the conflict theory (Hurst and
McVean 1997). If competition from early development through weaning is among current
and future maternal sibs, but after weaning, competition is among a larger paternal sib-
group, then the antisocial behavior associated with a lack of paternally derived regions of
chromosome 15 would be broadly consistent with the extended version of the conflict theory
presented herein.

AS is perhaps a more complex case, as it is mainly characterized by a few behavioral and
mental abnormalities. Nonetheless, the behavioral phenotypes associated with AS display a
striking correspondence to the novel predictions of this model. Children with AS display
Duchenne laughter and smiles (Horsler and Oliver 2006), phenotypes that, according to
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Gervais and Wilson (2005), evolved as a product of group selection. This interpretation is
broadly consistent with the notion that group selection on paternally derived genes is more
efficacious than group selection on maternally derived genes, and it is in direct opposition to
alternative constructions of the conflict theory, which have searched, perhaps in vain, for
group fitness costs associated with AS and group fitness benefits associated with PWS (Haig
2000, 2008; Haig and Wharton 2003).

The model presented herein provides unique explanations of two human genetic diseases,
and it calls for novel empirical investigations that can differentiate it from alternative
explanations of the evolution of genomic imprinting as well as other instantiations of the
conflict theory. I predict that with strong competition among paternal siblings of many
dams, genes that increase group fitness at a cost to individual fitness will be silenced when
maternally inherited. The best direct tests of the theory presented herein would investigate
the genomic imprinting in species with intense local competition among paternal siblings,
and particularly species in which males control large harems, as well as polygynandrous
populations. Such investigation will allow for critical tests of the theory presented herein, as
well as a strong test of the general importance of kin competition in the evolution of
genomic imprinting.
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Figure 1.
A population consisting of four groups (A–D) with combinations of one or three mothers
and one or three fathers. Each mother has equal reproductive output, while each father sires
n♀/n♂ offspring. Half of paternally derived genes are in monopaternal groups (A and B). Of
the remaining offspring, one-third of group members share fathers (matching gray symbols
in C or D), while two-thirds do not (nonmatching gray symbols in C or D). Note that 1/2 × 1
+ 1/2 × 1/3 = 2/3, the reciprocal of the harmonic mean number of fathers per group (1/Hn♂).
In contrast, one-fourth of maternally derived genes are in monomaternal groups (A and C),
while of the remaining maternally derived genes (3/4; B and D), only one-third of group
members share a mother (matching black symbols in B or D). Note that 1/4 × 1 + 3/4 × 1/3 =
1/2, the reciprocal of the arithmetic mean number of mothers per group. This is the
difference between the response to selection of a biallelic modifier or a maternal or paternal
imprinting allele (eqq. [8], [9], and [10], respectively).
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Figure 2.
Δp as a function of p. Solid lines represent only effects on individuals (i = 1, g = 0), while
dashed lines represent only effects on group fitness (i = 0, g = 1). Labels above dashed lines
represent the mating structure. Allele increases individual or group fitness (iAA = gAA = iA_
= gA_ = 0.1), allelic effects are additive (hi = hg = 1/2), dosage compensation is complete
(kAg = kag = kg = kAi = kai = ki = 1), and no expression doubles the effect of uniparental
expression (i0 = 2iA_, g0 = 2gA_).
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Table 1

Phenotypic effects of autosomal genotype

Model, genotype (j) ij gj

Biallelic:

 AA i(1 + iAA) g(1 + gAA)

 Aa = aA i(1 + hiiAA) g(1 + hg gAA)

 aa i g

Maternal silencing:

 AA = Aa i(1 + iA_) g(1 + gA_)

 aA = aa i g

Paternal silencing:

 AA = aA i(1 + i_A) g(1 + g_A)

 Aa = aa i g

Note: Genotype, j, has an ij influence on individual fitness and a gj influence on group fitness. The maternally derived allele is before the paternally
derived allele. The dominance coefficient h is a continuous variable. Complete additivity is a special case in which h = 0.5, and A is dominant
when h = 1.0 and recessive when h = 0. Underdominance is represented by h < 0 and overdominance is represented by h > 1.
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Table 2

Phenotypic effects of X-linked genotype

Model, genotype (j) ij gj

No imprinting:

 AA i(1 + iAA) g(1 + gAA)

 Aa = aA i(1 + hi iAA) g(1 + hg gAA)

 aa i g

 Ay i(1 + ki iAA) g(1 + kg gAA)

 ay ikai gkag

Maternal silencing:

 AA = Aa i(1 + iA_) g(1 + gA_)

 aA = aa i g

 Ay i(1 + i0) g(1 + g0)

 ay iki gkg

Paternal silencing:

 AA = aA i(1 + i_A) g(1 + g_A)

 aA = aa i g

 Ay = ay iki gkg

Note: Genotype, j, has an ij influence on individual fitness and a gj influence on group fitness. The maternally derived allele is listed before the
paternally derived allele. The two male genotypes are written as Ay and ay, representing that males are heterogametic and inherit their Y
chromosome paternally. Dosage compensation is represented by k, and it is allowed to vary by the genotype, which is denoted by a subscript. The
scenarios where k = 1 represents complete dosage compensation (i.e., phenotypic effects are equal across the sexes); k = 1/2 represents no dosage
compensation (male phenotypic effects are half as severe as female phenotypic effects).
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