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m Abstract The inclusive fitness effect attributable to an allele can be divided into
an effect on matrilineal kin when the allele is maternally derived and an effect on
patrilineal kin when paternally derived. However, the allele is not subject to selection
on its effects on patrilineal kin when maternally derived nor on its effects on matrilineal
kin when paternally derived. As aresult, natural selection may favor alleles with effects
that differ, depending on the allele’s parental origin. At autosomal loci, this process is
predicted to lead to the silencing of alleles when inherited from one or the other parent.
At X-linked loci subject to random X inactivation, the process is predicted to lead to
guantitative differences of expression between maternal and paternal alleles but not to
complete silencing of one allele. The implications of this theory and some challenges
to the theory are reviewed.

INTRODUCTION

Mendel observed that the progenies of reciprocal crosses appeared identical
whether a dominant character was transmitted by the seed or pollen parent (56).
Although reciprocal crosses do not always yield similar progenies, most exceptions
can be explained by subsidiary hypotheses (sex-linkage, cytoplasmic inheritance,
apomixis, maternal effects) that do not challenge the basic hypothesis that the
phenotypic expression of a gene is unchanged by the sex of the transmitting par-
ent. The general validity of this hypothesis has been overwhelmingly supported
by classical and molecular genetics. Nevertheless, the phenomenon of genomic
imprinting has shown that the hypothesis is not universally true.G¥aS1locus

on human chromosome 20, for example, shows a complex pattern of expression
in which some transcripts are expressed from both copies of the locus, some tran-
scripts are expressed only from the paternally derived allele and other transcripts
only from the maternally derived allele (34). Thus, a past environment—whether
a gene was present in a male or female germ line in the previous generation—can
affect how the gene is expressed in the current generation. Because an allele that
is maternally derived in one generation may be paternally derived in the next, the
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two alleles at the locus must be distinguished by some difference (an imprint) that
is perpetuated through multiple cell divisions but that can be erased and reset.

The current paper addresses the question of why subtle differences between al-
leles passing through male and female germ lines have been elaborated by natural
selection to become a mechanism of transcriptional control for some genes but not
others, in some organisms but not others. The paper focuses on the hypothesis that
such parent-of-origin effects are the outcome of conflicting selective forces acting
on maternally derived and paternally derived alleles at loci that influence interac-
tions among kin. This hypothesis has been known by various names (including
the conflict hypothesis and tug-of-war hypothesis), of which | use the kinship
theory of imprinting (85) because of the unique role the hypothesis ascribes to
interactions among kin. The large literature on the nature of the marks that record
parental origin and the mechanisms by which these differences affect transcription
is reviewed in References 1, 5,47, and 63 and provides examples of the expanding
list of imprinted genes and parent-of-origin effects.

THE KINSHIP THEORY OF IMPRINTING

Symmetric and Asymmetric Kin

Descendants of the two alleles at a locus are potential competitors for future dom-
ination of the gene pool. Despite this divergence in long-term interests, the alleles
have a common short-term interest in increasing the number of successful gametes
produced by their shared individual. How then can maternally derived and pater-
nally derived alleles be selected to express conflicting interests? An answer to this
conundrum is provided by the observation that an individual may be more closely
related to other individuals via his father than via his mother, or the reverse. If
the individual’s actions have fitness consequences for such relatives, the symme-
try between the short-term interests of maternally derived and paternally derived
alleles is broken.

Two different factors of one half have entered into traditional calculations of
relatedness (23, 24, 85). The first arises when calculating forward from parent to
offspring and reflects the random nature of meiotic segregation. The second arises
when calculating backward from offspring to parent and reflects uncertainty about
whether a randomly chosen allele entered a zygote in an egg or sperm. If this
information were provided, the probability of one half that an allele entered the
offspring via an egg would decompose into probabilities of one for maternally
derived alleles and zero for paternally derived alleles (and the reverse for an allele
thatentered viaasperm). The forward calculation is unaffected by whether parental
origin is specified, but the backward calculation is not. When one individual is
related to another via a backward step, imprinting may change the coefficients of
relatedness that are required in applications of Hamilton’s Rule.

Consider the expression of an allele that causes a beBgfi (he individual
in whom it is expressed at a cost Y to the individual's mother (where costs and
benefits are measured as differences relative to some alternative allele). An allele
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with these effects would be expressed when favored by natural selecBos if

rC > 0, wherer is a measure of how costs to mothers are weighted relative to
benefits to offspring. If the implicit comparison were between two alleles, both of
whose effects were independent of parental origin, 50% of the time the allele would
be expressed when maternally derived (in which case costs to mothers should be
given equal weight to effects on self), and 50% of the time the allele would be
expressed when paternally derived (in which case costs to mothers should be given
zero weight). The appropriate value ofvould be the average of these weights

(r = 1/2). By contrast, if the implicit comparison were between two alleles that
were expressed only when maternally derived, an allele would be without cost or
benefit when paternally derived and the appropriate weight would be one, whereas
the weight would be zero if the comparison were between two alleles that were
expressed only when paternally derived.

Suppose instead that the cost were experienced by a maternal half-sister of the
offspring’s mother. The traditional value offor such a relative is one eighth,
calculated as the product of two backward steps (from offspring to mother to
grandmother) and one forward step (from grandmother to aunt). However, if al-
leles at the locus were expressed only when maternally derived, the appropriate
value ofr would be one quarter, whereas if alleles were expressed only when inher-
ited from a maternal grandmother, the appropriate value would be one half. There
is no evidence as yet that grandparental origin influences gene expression, and
subsequent discussion assumes that all backward steps in calculations of related-
ness contribute a factor of one half, except for the initial step from offspring to
parent. If so, the traditional coefficient of relatednegsc@én be viewed as an
average of distinct coefficients of matrilineah)(and patrilineal p) relatedness:
r=(m+p)/2.

Kin can be classified as either symmetnioc & p) or asymmetricih £ p).

An individual’'s symmetric kin include herself, her direct descendants, and her full
sibs. Most other relatives are asymmetric kin, including her parents, grandparents,
aunts, uncles, and cousins. The kinship theory proposes that genomic imprinting
has evolved as a mechanism of transcriptional control at loci whose expression
has fithess consequences for asymmetric kin. The theory was first developed in
the context of postzygotic maternal care (mothers are asymmetric kin of their
offspring) but was subsequently generalized to all kinds of asymmetric kin. For
clarity, the general theory is presented first, with discussion of the special case of
parent-offspring relations postponed to a subsequent section.

Matrilineal and Patrilineal Inclusive Fitness

Haig (21) proposed a partition of an allele’s inclusive fitness efi@af)(into an
effect on matrilineal kin§W,)) and an effect on patrilineal kid{\,):

1 1
=0 j=0
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Here,sa is the effect on individual (when the allele is maternally derived}y; is
the effect on individuaj (when the allele is paternally derived); amgandp; are
the corresponding coefficients of matrilineal and patrilineal relatedness of these
individuals for individual O (self). In this partition, kin are divided into a matriline
(individuals withm > 0) and a patriline (individuals with > 0). Some classes of
relatives may belong to both matriline and patriline (e.g., self and self’s symmetric
kin). Effects on mothers are given equal weight to effects on self (moth 1) in
calculations oW, Effects on fathers are given equal weight to effects on self
(bothp = 1) in calculations oW,

An allele’s effects on matrilineal kin when paternally derive¥) and its
effects on patrilineal kin when maternally derived/() are not included W,
butthey can be usedto define what one might call the allele’s excluded fitness effect:

1 1
8V =58V +8Vp) =3 <Z pida; + Zm,-Sb,-).
i=0 j=0

On average, an allele at an unimprinted locus has the same effects on patrilineal kin
when it is maternally derived as when it is paternally derived. In other words, the
allele’s excluded fitness effect when paternally derividg ) has the same expec-
tation as its inclusive fitness effect when maternally derivdfl,{). Substituting

3V, for §W,, yields

1 m; + pj

Therefore, natural selection at unimprinted loci acts to increase average inclusive
fitness (an equivalent result can be obtained by substitdtifygfor §W). This
provides a justification for the standard practice of using coefficients of average
relatedness rather than coefficients of parent-specific relatedness, but only at unim-
printed loci. An allele at an unimprinted locus will not increase in frequency if its
benefit to matrilines is outweighed by its cost to patrilines, or vice versa.
Monoallelic expression uncouples inclusive and excluded fitness effects. At
maternally silent loci, albg; are zero §V,, = §W,, = 0). Therefore, natural se-
lection acts to increase patrilineal inclusive fitnel&/() without regard for effects
on matrilines §V,). An allele at a maternally silentlocus can increase in frequency
even if its cost to matrilines greatly exceeds its benefit to patrilines. At paternally
silent loci, allsb; are zero§V,, = §W, = 0), and natural selection acts to increase
matrilineal inclusive fithesss{V,,) without regard for effects on patrilined\(,,).

Quantitative Expression

Simple models suggest that imprinting of autosomal loci will usually be an all-
or-none phenomenon. Suppose that an allele’s strategy can be represented by a
vector{x, y}, wherex is the allele’s level of expression when maternally derived
andy its level of expression when paternally derived. Further suppose that each
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da anddsb; can be represented by a differentiable function of the total level of
gene expressiol. Then the kinship theory predicts that the evolutionarily stable
strategy (ESS) at the locus will be either ‘symmetric’ or ‘asymmetric’ (21).

A symmetric ESS occurs when maternally derived and paternally derived alleles
favor the same total level of gene expression. At such an ESS, matrilineal and patri-
lineal inclusive fithess would be decreased by mutant alleles that cause either small
increases or decreases of expression. The ESS is described as symmetric becaus
perturbations have the same effect on matrilineal and patrilineal inclusive fitness,
not because the levels of expression of maternally derived and paternally derived
alleles are necessarily equal. If both alleles faX‘grany strategyx*, y*} for which
X* +y* = X*isan ESS, including the unimprinted stratddf/ /2, X*/2} and the
imprinted strategiegX*, 0} and{0, X*}. Of these, the unimprinted strategy appears
the most likely to be observed in nature because it minimizes costs associated with
deleterious mutations (58). However, imprinted strategies cannot be formally ex-
cluded, especially if maternally derived and paternally derived alleles have been
previously subject to selection for different levels of total expression (61).

An asymmetric (or parentally antagonistic) ESS occurs when maternally de-
rived and paternally derived alleles favor different total levels of gene expression.
In the absence of imprinting, this conflict is resolved by a compromise, with the
ESS level of production intermediate between the two parental optima. Small per-
turbations of expression in the neighborhood of the ESS would cause an increase
in patrilineal inclusive fitness and a decrease in matrilineal inclusive fitness, or the
reverse. In the presence of imprinting, the conflict is resolved by a fait accompli
(14); the allele that favors the higher amount produces this amount and the other
allele is silent (29). The strategy is stable because the silent allele cannot reduce
its own production below zero. This form of conflict resolution has been called the
loudest-voice-prevails principle (20). If maternally derived alleles favor a higher
level of gene expression than paternally derived alleles, the paternal allele is silent.
At such an ESS, small increases in gene expression would result in decreases of
patrilineal and matrilineal inclusive fithess, whereas small decreases in gene ex-
pression would result in increases of patrilineal inclusive fithess but decreases of
matrilineal inclusive fitness. If paternally derived alleles favor a higher level of
gene expression than maternally derived alleles, the maternal allele is silent and
the previous conditions are reversed (21).

Qualitative Effects

The models discussed in the previous section considered only quantitative mu-
tations that change an allele’s level of expression. However, the loudest-voice-
prevails principle has important consequences for the kinds of qualitative muta-
tions that can succeed at an imprinted locus. Suppose that it is paternally derived
alleles that favor the higher level of gene product; then maternally derived al-
leles are predicted to be silent at the ESS. Once the established allele at a locus
is silent when maternally derived, any mutation that does not reactivate maternal
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expression—for example, a mutation that changes the coding sequence or causes
the allele to be expressed in a new tissue—is subject to selection solely on its
effects on patrilineal inclusive fitness. As a consequence, qualitative mutations
with strongly deleterious effects for matrilines can become fixed at a maternally
silent locus. Alleles at imprinted loci will therefore tend to accumulate parentally
antagonistic effects. This long-term evolutionary process will reinforce imprinted
expression because it results in the pleiotropic association of traits that enhance
matrilineal interests at paternally silent loci and of traits that enhance patrilineal
interests at maternally silent loci.

Why So Few Imprinted Genes?

A symmetric, unimprinted ESS appears balanced on a knife-edge. If maternally
derived or paternally derived alleles favor different amounts of gene product—
no matter how small the difference—simple models predict an asymmetric ESS
at which one allele is silent. Despite this prediction, the vast majority of genes
have biallelic expression. A number of suggestions have been made as to why this
should be the case.

The principal effects of most genes may be to increase or decrease the fithess
of the individual in which the gene is expressed, with minimal consequences for
asymmetric kin. Even if a gene has effects on asymmetric kin, these effects must be
dosage-sensitive for natural selection to favor changes in expression levels. Atloci
where loss-of-function mutations are recessive, inactivation of one allele has little
discernible effect on phenotype, and selection in favor of imprinted alleles will
be weak. Therefore, few genes may have the kind of dosage-sensitive effects on
asymmetric kin that would favor the evolution of imprinting. Moreover, imprinting
cannot evolve if there is no variation on which to select. The paucity of imprinted
genes could partially be explained if mutant alleles with parent-specific expression
are rare (21).

Imprinted expression of a locus would not be expected if the selective forces fa-
voring monoallelic expression were outweighed by countervailing costs. The most
obvious costis increased exposure to the effects of deleterious recessives when one
allele is silent (69), but there may be others. Mochizuki and coworkers showed that
the cost of deleterious recessives could favor biallelic expression of a fetal growth
enhancer despite multiple paternity of a female’s offspring (58). This is likely to
be animportant consideration only at loci where parentally antagonistic effects are
weak because the costs of deleterious mutations at an imprinted locus are small. At
equilibriumthereis only one selective death for each new deleterious mutation (25).

Imprinting may be rare because of conflicts between “imprinter” genes ex-
pressed in parents and imprinted genes expressed in offspring (3). For example,
genes expressed in fathers will favor lower demands on mothers than will pater-
nally expressed genes in offspring (see below). Therefore, genes expressed in the
paternal germ line might be selected to erase any gametic marks responsible for
imprinted expression of paternally derived alleles in offspring.
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PARENT-OFFSPRING RELATIONS

Genes Expressed in Offspring
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The matrilineal and patrilineal inclusive fitness effects of an allele (expressed in
offspring) that modulates offspring demands on mothers@fg = sa, + Sa,
andsW, = sb, + dby, respectively. Hereja, is the allele’s effect on offspring
when maternally derived, its effect on offspring when paternally deriveidy,

its effect on the residual reproductive value (RRV) of mothers when maternally
derived; andby its effect on the RRV of fathers when paternally derived. All four
effects are associated with parent-specific relatednesses of one. An allele’s effect
on mothers when paternally deriveibg,) and its effect on fathers when maternally
derived §a;) are associated with zero relatedness and do not appé®,jrand

8W,. Paternally derived alleles in offspring, however, need not always be selected
to maximize benefits to offspring without regard to costs to mothers because costs
to mothers may be associated with correlated costs to fathers. For example, a
cost to a mother's RRV will be associated with an equal cost to her partner's RRV
(and vice versa) if females and males have all of their offspring with a single
partner.

Most previous formulations of the kinship theory (15, 27, 29, 60) have side-
stepped the complication that costs to mothers may be correlated with costs to
fathers by defining the cost to a mother's RRV as a cost to the mother’s other
offspring. The rate of multiple paternity appeared in these formulations as a dis-
counting factor in the patrilineal relatedness of these other offspring. In the cur-
rent formulation, the rate of multiple paternity appears as a discounting factor
in sb;. The new method of accounting is more easily extended to conflicts be-
tween maternally derived and paternally derived alleles that would arise if females
are monandrous but interfere with their partners’ ability to sire offspring with
other females (3, 49). This method would extend as well to the absence of con-
flict that would occur, despite frequent partner change and half-sib families, if
each and every cost of parental care were shared equally by an offspring’s parents
(49, 67).

When maternal care imposes greater costs on the RRVs of mothers than of
fathers, the kinship theory predicts that alleles at paternally expressed loci of off-
spring will have been selected to make greater demands on mothers than will alleles
at unimprinted loci, which will have been selected to make greater demands on
mothers than will alleles at maternally expressed loci of offspring (3, 15). There-
fore, if females have offspring by more than one male, fetal growth enhancers are
predicted to be paternally expressed and maternally silent at evolutionary equilib-
rium whereas fetal growth inhibitors are predicted to be maternally expressed and
paternally silent (58).

Haig (20) modeled the quantitative expression of a placental hormone (secreted
into the maternal bloodstream) that increased nutrient supplies for all members of
the current litter at the expense of members of future litters. In this model, multiple
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paternity within litters and changes of paternity between litters had opposite effects
on the level of hormone production. Multiple paternity within litters reduced the
expression of paternally derived alleles because benefits were then shared with
a larger proportion of potential freeloaders of zero patrilineal relatedness. Pater-
nity change between litters reduced the patrilineal relatedness of future litters and
thereby favored increased hormone production by members of the current litter.

Genes Expressed in Parents

Although parents are asymmetric kin of offspring, offspring are symmetric kin

of parents. If the fitness effects of the previous section were caused by alleles

expressed in mothers rather than offspriddy,, = da,/2 + da, and W, =

8by/2 + Sby, (for alleles expressed in fathe®N,, = §a,/2 + da andsW, =

8by/2 + Sby). At unimprinted loci expressed in paren®\,, = §W, because

sa, = 8b,, éa, = 8b,, da; = sb;. Therefore, loci responsible for parental care

are not predicted to be imprinted (with the proviso thét, andsW, may differ

if they contain additional nonzero terms for asymmetric kin of the parent (25).
When genes that modulate offspring demands are expressed in parents rather

than offspring, benefits to offspring are discounted by a relatedness of one half.

That is, genes expressed in mothers are selected to favor a lower level of maternal

investment than are maternally expressed genes in offspring (15). Similarly, genes

expressed in fathers are selected to favor a lower level of maternal investment in

offspring than are paternally derived genes expressed in offspring, if the father

has some chance of having other offspring by the same mother. Genes of parents

express different interests from genes of offspring because of asymmetric infor-

mation. Once a gene finds itself in offspring the gene “knows” the outcome of

one toss of the meiotic coin, but the outcome remains “unknown” for genes in the

parent. Burt & Trivers suggested (3) that this difference in information can result

in conflicts between imprinter genes of parents and imprinted genes of offspring.

OTHER ASYMMETRIC RELATIONS

The logic of the kinship theory applies to all interactions with asymmetric kin, not
just with parents and half-sibs (23, 85). Nevertheless, the selective forces favoring
imprinting are likely to be weaker when an allele’s expression affects other kinds
of asymmetric kin because asymmetries of relatedness are maximal for relations
with a parentin = 1 versusp = 0 for a mother, the reverse for a father) but
become progressively weaker for more distant kin. Moreover, there is no selection
for imprinting if an allele’s effects on asymmetric kin are unbiased with respect
to matrilines and patrilines. Biased effects require either direct recognition of
matrilineal and patrilineal kin or an asymmetry in social relations that ensures
individuals interact preferentially with one side of the family.

The different parental roles of mothers and fathers provide a reason why an
allele will often have disproportionate effects on mothers compared to fathers
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(and on maternal half-sibs compared to paternal half-sibs) but a question remains,
how could an allele discriminate in its effects between maternal and paternal first
half-cousins? Two social asymmetries have been discussed in this context (23, 85).
First, if the variance of reproductive success is greater for males than for females, a
population will contain more paternal half-sibs and their descendants than maternal
half-sibs and their descendants. Second, ifthere is preferential dispersal of one sex,
an individual may interact predominantly with kin of the non-dispersing parent.
These factors can interact to produce complex asymmetries of relatedness. For
example, if male offspring disperse, female offspring remain in their natal group,
and paternity within the group is dominated by a single male immigrant until he

is supplanted by a new unrelated male, then an individual will often have higher
patrilineal than matrilineal relatedness to members of her own age class and their
offspring, but higher matrilineal than patrilineal relatedness to members of older
age classes and their offspring (23).

CHALLENGES TO THE THEORY

One of the most effective ways to clarify the predictions of a theory is to show how

it would explain what appears, at first sight, to be contradictory evidence. In this
section, | outline some challenges to the kinship theory and how these challenges
can be rebutted. Presenting a case for the defense seems preferable to maintaining
a pretense of impartiality in a debate in which | have been an active participant.
Although there is no reason why a single hypothesis should explain all examples
of imprinting, it is desirable to minimize superfluous hypotheses and expand the
explanatory domain of an already successful theory.

Diallelic Models

The models discussed above find an BRS y*} from among an infinite set

of alleles{x, y} in which maternal expressiox and paternal expressignare
allowed to take any non-negative value (26). A different approach has been taken
by Spencer and coworkers (76, 77), who presented a series of models in which
there are two alleles: an unimprinted all¢tez} and an imprinted allel€0, z} or

{z, 0}. Intheir models, the level of expressipis implicitly a constant that does not
evolve. Contrary to predictions of ESS models, these authors found that imprinted
alleles can invade in the absence of multiple paternity, that multiple paternity
has no effect on the dynamics of models with maternal-silencing, and that stable
polymorphisms of imprinted and unimprinted alleles are possible.

When models have such different structures, it is hardly surprising that they
make different predictions. A choice between the models’ predictions therefore
devolves upon which set of simplifying assumptions are deemed more relevant to
the question of interest. Haig (26) argued that the diallelic models of Spencer
and colleagues ignore the effects of ongoing mutation and therefore describe
a process of short-term rather than long-term evolution (see 10, 30 for discussion
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of this distinction). From this perspective, the demonstration that an imprinted
allele can displace an unimprinted allele in the absence of multiple paternity is
merely a demonstration that a total level of expresgi@msometimes superior to
2zwhen no constraints are placed on the evolutionary plausibility Gonsistent

with this interpretation, a dominant genetic modifier that alters expression from
{z,z} t0{z/2,2/2} caninvade a population fixed f{&, z} under the same conditions

as can imprinted allelelg, 0} or {0, z} if multiple paternity is absent, whereas if
multiple paternity is present, the imprinted alleles can invade under a subset of
conditions for which the modifier cannot invade, but the modifier can never invade
under conditions for which neither imprinted allele can invade (39).

Reverse Imprinting

Some loss-of-function mutations of imprinted genes and some uniparental
disomies—i.e., an individual with both copies of a chromosome derived from one
parent—have phenotypes that have been interpreted as contradicting the kinship
theory (40, 41).Mash2 for example, is a paternally silent locus that is strongly
expressed in early mouse trophoblast. Mutational inactivation of the maternally
derived allele results in embryonic death with major placental defects, specifically,
absence of spongiotrophoblast and poor development of labyrinthine trophoblast,
but excess development of trophoblast giant cells (13, BB)sh2has thus been
interpreted as a paternally silent enhancer of placental growth, whereas the kinship
theory predicts that placental growth enhancers will be maternally silent. Similarly,
paternal disomies in mice of proximal chromosome 7 and distal chromosome 17
are associated with deleterious postnatal effects that have been interpreted as con-
tradicting the kinship theory (4).

For the most part, these criticisms appear to result from a simple misunder-
standing of the nature of an asymmetric ESS. If maternally derived alleles favor a
level of gene producX,,,and paternally derived alleles favor a level of gene product
Xo WhereX,, < X, then the theory predicts that the paternal allele will produce
X, and the maternal allele will be silent at the ESS. BetwsgandX,, changes
in the level of gene product are predicted to have opposite effects on patrilineal
and matrilineal inclusive fitness, but increases abyand decreases belaty,
will be detrimental to both (21). A maternal disomy at this locus, or knockouts of
the paternally derived allele, would result in zero gene product, whereas a paternal
disomy would result in X,. Therefore, both kinds of perturbation would result
in levels of gene expression that lie outside the zone of conflict and would be
associated with phenotypes that are detrimental to both patrilineal and matrilineal
inclusive fitness. Nevertheless, uniparental disomies and loss-of-function muta-
tions can provide evidence for testing the kinship hypothesis in the clues they pro-
vide about the phenotypic effect of changes in gene expression within the zone of
conflict.

Iwasa and coworkers (42, 44) have developed models to explain how the anoma-
lous cases dflash2and of paternal disomies with retarded embryonic growth can
be made compatible with the kinship theory. In the case of paternal disomies, they
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considered expression of a locus that increased an offspring’s relative allocation of
resources to placental, rather than embryonic, growth. Paternally derived alleles
were shown to favor greater proportional allocation to placental growth because
thisincreased the total uptake of maternal resources. The ESS at such alocus would
therefore have the forrf0, y*}, with paternal disomies producing’2 a level of
production that could result in excessive allocation to the placenta at the expense
of the embryo’s own growth (“overshoot”). Thus, their model is a special case of
the general principle that disomies will result in phenotypes that are detrimental
to both matrilineal and patrilineal inclusive fitness. In the casMagh2 these
authors argued that preferential maternal expression of an embryonic growth en-
hancer would be predicted if high growth rates were associated with an increased
risk of early abortion (44). Although the model is ingenious, it seems simpler to
explain the phenotype dflash2knockouts as an example of “overshoot” in the
allocation of various cell types during placental development (21).

Imprinting Where Not Predicted

Imprinting in Oviparous Vertebrates The kinship theory posits that the principal
selective force favoring the major effects of genomic imprinting on mammalian
development has been conflict between the maternally and paternally derived
genomes of offspring over the level of maternal investment. As a corollary, genomic
imprinting is not expected to have major developmental effects in oviparous taxa
because an offspring’s paternally derived genome can do nothing to influence the
level of maternal investment (with the caveat that post-hatching interactions am-
mong asymmetric kin could favor imprinting of genes affecting social behaviors).
Therefore, the observation of methylation differences between maternally and pa-
ternally transmitted transgenes in zebrafish (54)—a species without postzygotic
parental care—has been interpreted as inconsistent with the theory (55).

The supposed inconsistency with the kinship theory appears to be a misinter-
pretation of the theory’s domain of explanation. In fact, the theory presupposes
the existence of differences between maternal and paternal alleles; otherwise there
would be nothing to select upon. What the theory does claim is that given a mech-
anism that causes alleles at some loci to have different levels of maternal and
paternal expression—even if these differences are initially small—the cumulative
processes of natural selection and new mutation will result in qualitative differ-
ences in gene expression resulting in major phenotypic effects when there is a
conflict of interests between maternal and paternal genomes, but not when such
conflicts are absent. Thus, the existence of differential methylation in zebrafish
adds weight to the kinship theory because it provides evidence of a pre-existing
mechanism for generating parent-specific differences, but only so long as differ-
ential methylation does not have major phenotypic effects. The kinship theory
therefore receives support from the observation that androgenetic and gynogenetic
zebrafish are phenotypically normal (8, 78). The adaptive function of methyla-
tion and why it should differ between male and female germlines are important
guestions upon which the kinship theory is silent.
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Imprinting in Monogamous Species Inthe context of parent-offspring relations,

the kinship theory predicts that the “interests” of maternally derived and paternally
derived alleles are identical when all costs to a mother’'s RRV are associated with
an equal cost to the father’'s RRV, and vice versa. This would be the case, for exam-
ple, if individuals of both sexes were constrained to have all of their offspring with

a single partner. Therefore, there would be no selective force favoring the origin
of imprinted expression in a species with strict lifetime monogamy. For this rea-
son, Hurst (38, 41) argued that the existence of imprinting in “monoganiars”
omyscus polionoty88) and in predominantly self-fertilizingrabidopsis thaliana

(70) adds to accumulating evidence against the kinship theory.

The kinship theory can parry this thrust in two ways. The first is to question
whetherP. polionotusandA. thalianaare truly monogamous (25). The rate of
partner change between successive litterB.qfolionotusis substantial (20% in
one study; 11) and the rate of outcrossindhirthalianaprobably exceeds the per
locus mutation rate (74). Thus, serial monogamfy.ipolionotuss consistent with
continuing selection for imprinting (25), and the same may be true of the mating
system ofA. thaliang although this case is less strong. The second is to note that if
maternal and paternal alleles agree on the same level of combined gene expression
X*, the unimprinted strategyX*/2, X*/2} is the midpoint on a continuum of
possible symmetric ESSs frof, X*} to {X*, 0}. If a locus evolved imprinted
expression because maternal and paternal alleles previously favored different levels
of expression—hbut the mating system changed so that maternal and paternal alleles
favor the same level—there are many ways to adjust gene expression to achieve
the new consensus that do not involve the loss of imprinting (61).

For the above reasons, the kinship theory does not predict a rapid loss of imprint-
ing when a species’ mating system shifts toward greater monogamy. However,
the theory does predict that the shift will result in reduced expression of paternally
expressed genes and reduced conflict costs. Thus, the kinship theory is supported
by the observation that in bofh polionotus and A. thaliandne growth-promoting
effects of paternal alleles appear attenuated relative to related taxa with a higher
incidence of partner change (70, 88).

Imprinting of Genes Affecting Maternal Behavior Natural selection for im-
printed expression is not expected at loci whose effects are limited to symmetric
kin. Offspring are symmetric kin of their mothers (i.e., a mother’'s maternally de-
rived and paternally derived alleles are equally likely to be transmitted to each
of her offspring). Therefore, the kinship theory does not predict imprinting of
loci affecting maternal behavior unless maternal care has fithess consequences
for other (asymmetric) kin of the mother (such as the female’s own mother or
her matrilineal half-sisters). However, null mutations of two paternally expressed
loci in mice result in impaired maternal care (48,50). The implications for the
kinship theory are ambiguous because both null mutations also cause prenatal
growth retardation. Imprinting of these loci could therefore be explained by their
effects on growth, without requiring a separate explanation for the parent-of-origin
effects on maternal behavior. The more interesting possibility is that the promotion
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of prenatal growth and postnatal maternal behavior are pleiotropically associated
because both serve patrilineal interests. If so, this would imply that increased care
for a female mouse’s own offspring has occurred at the expense of investment in
other matrilineal kin (25).

Other Hypotheses

Alternative explanations for the evolution of imprinting have continued to prolif-
erate since the reviews of Haig & Trivers (28) and Hurst (37), but | do not attempt
a new review here. Rather, | limit myself to some brief comments on the ovar-
ian time-bomb hypothesis (87) because this is perhaps the most commonly cited
alternative to the kinship theory, and the minimization of variance hypothesis (37)
because this has been claimed to explain many of the same phenomena as the
kinship theory.

Varmuza & Mann proposed (87) that genomic imprinting is an adaptation to
protect eutherian females from the development of invasive trophoblast in ovarian
germ cell tumors (87; see 19, 59, 75 for critiques). My previous argument that this
hypothesis could not explain the existence of paternally silent growth inhibitors
(19, 28) has been shown to be fallacious (44). Nevertheless, | believe that the
kinship theory—with its emphasis on the conflicting interests of maternal and
paternal genomes—provides a more satisfying general explanation for the evolu-
tion of imprinting because it can explain many more phenomena, including the
imprinting of genes affecting seed development where there is no risk of germ
cell tumors (29, 30). Moreover, theories based on genetic conflicts can explain
why trophoblast is often invasive (16), whereas this is merely accepted without
explanation in Varmuza & Mann’s hypothesis.

Hurst & McVean (41, p. 702) claimed that most of the features of imprinting
that are explained by the kinship theory are also explained by a model in which
“imprinting is an adaptation to control growth rates in embryos in which the uptake
of resources is continuous and flexible over time.” This appears to be Hurst’s (40)
proposal that imprinting is a means whereby cooperative offspring minimize the
variance in resource extraction from their mother. The central assumption of this
hypothesis is that a lower variance in the rate of transcription can be achieved with
monoallelic expression than with biallelic expression. This assumption is question-
able. One could argue instead that coefficients of variation will be lower in a bial-
lelic system because stochastic processes occur independently at the two loci (6).

There is an important sense in which neither of these hypotheses—nor any other
hypothesis that attempts to explain the origin of imprinting—is an alternative to the
kinship theory. An allele’s effects when paternally derived are subject to selection
solely on their consequences for patrilines, whereas an allele’s effects when mater-
nally derived are subject to selection solely on their consequences for matrilines,
whether or not its locus is imprinted, and whether or not other factors have played
arole in the origin of imprinting. Therefore, if imprinted expression evolves—for
whatever reason—the logic of the kinship theory will apply if an allele’s expres-
sion has consequences for asymmetric kin. Trophoblast growth in Varmuza &
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Mann’s hypothesis and resource extraction in Hurst’s hypothesis clearly have con-
sequences for at least one asymmetric relative (an offspring’s mother). Therefore,
formal models of these hypotheses will need to take account of the different se-
lective forces acting on alleles of maternal and paternal origin.

SEX CHROMOSOMES

X-Linked Relatedness

Mammalian fathers transmit an X chromosome to their daughtdra uchro-
mosome to their sons. Thus, an offspring’s sex reveals the outcome of meiosis for
sex-linked loci of males: forward steps from fathers to daughters (and backward
steps from sons to mothers) contribute a factor of one to coefficients of X-linked
relatedness, whereas forward steps from fathers to sons (and backward steps from
sons to fathers) contribute a factor of zero. As a consequence, coefficients of
relatedness will differ for autosomal and X-linked loci if individuals are related
via a father-to-offspring link in which the offspring’s sex is specified, and any in-
dividual that is related to another via a chain that contains a father-to-son link is a
nonrelative from the perspective of X-linked loci. As a corollary, X-chromosomal
matrilines and patrilines contain fewer individuals than autosomal matrilines and
patrilines, but some of the included individuals have higher X-linked than autoso-
mal relatedness. For example, at an autosomal locus, patrilineal relatedness is one
half for a paternal half-sib of either sex, whereas at an X-linked locus of a female,
patrilineal relatedness is one for a paternal half-sister (all of a father's daughters
receive an identical X chromosome) but zero for a paternal half-brother.
Imprinting at X-linked loci will be restricted to females because males lack
paternally derived alleles (the distinction between symmetric and asymmetric kin
is meaningless for X-linked loci of males). The kinship theory predicts that natural
selection favors imprinting when expression of alleles at a locus has fithess conse-
quences for kin with different degrees of matrilineal and patrilineal relatedness at
that locus. Symmetric kin at autosomal loci may be asymmetric kin at X-linked
loci, or the reverse (the latter requires some degree of inbreeding). For example,
a female’s full-sibs and their descendants are symmetric autosomal kin, but they
are asymmetric X-chromosomal kin whenever sibs are distinguished by sex. That
is, a female’s full-sisters have higher patrilineal than matrilineal relatedness at
X-linked loci (m = 1/2, p = 1), whereas her full-brothers are matrilineal kin
but patrilineal non-kinth = 1/2; p = 0). Maternally silent X-linked alleles are
therefore predicted to favor full-sisters without regard for costs to brothers (3, 23),
whereas paternally silent X-linked alleles are predicted to oppose these effects.

X-Linked Inclusive Fitness

Over the course of several generations, an average X-linked allele spends one
third of its time as a maternally derived allele in males, one third as a maternally
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TABLE 1 Invasion criteria for new alleles at an X-linked locus

Type of X-linked locus Expressio® Mutant alleles favored if
Biallelic expression, not sex-limited {x, y, z} Wy + SW + 6W, > 0
Biallelic expression, female-limited {0,y, z} SWy + W, > 0
Male-limited {x, 0, G Wy >0

Paternally silent {x,y, O} Wy + dWy > 0
Maternally silent {0,0,z SW, >0

Paternally silent and female-limited {0, y, O} W, >0

3An allele’s strategy is represented by the trigbety, z}, wherex is the allele’s level of expression when
maternally derived in maley; its expression when maternally derived in females; zrith expression
when paternally derived in females.

derived allele in females, and one third as a paternally derived allele in females.
Therefore, the allele’s inclusive fitness effeidty, will be an equally weighted sum
of its effects in each of these circumstanc®a/(, sW,, sW, respectively);

1 1
SW = é(aWX+8Wy+5WZ)= 3 (Zmiaa + ijébj + Z pk50k>
i=0 j=0 k=0

wherem, m, p are the appropriate coefficients of X-linked relatedness.
Conditions favorable to the invasion of a new allele are summarized in Table 1
for different patterns of expression at an X-linked locus. Monoallelic and/or sex-
limited expression reduce one or moresd¥,, sW,, W, to zero. At paternally
silentloci,dW, is zero. Therefore, natural selection favors alleles that increase ma-
trilineal inclusive fitnessqW, + §W, > 0) without regard for effects on patrilines.
As a corollary, experimental or mutational reactivation of paternally silent loci is
predicted to be particularly detrimental to patrilines. At maternally silent ],
andsW, are zero. Natural selection favors alleles that increase patrilineal inclusive
fitness of femalessiV, > 0) without regard for effects on matrilines.

Haplodiploidy and Other X-Linked Genomes

The entire genome of haplodiploid taxa is effectively X-linked: haploid males
develop from unfertilized eggs and lack paternally derived alleles; diploid females
develop from fertilized eggs and receive alleles from both parents. These genetic
systems thus provide a “natural experiment” in which the selective forces acting
on X chromosomes are not masked by selection acting on autosomes.

Hamilton proposed that the repeated evolution of nonreproductive helpers in
the haplodiploid Hymenoptera was a consequence of increased relatedness among
sisters: daughters of a singly mated female share three quarters of their genes by
descent, rather than half, because all of their haploid father’s sperm carry an identi-
cal genome (31). The boost to relatedness among sisters caused by haplodiploidy
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(and X-linkage) results solely from increased patrilineal relatedmess;3/4 is

an average oin = 1/2 andp = 1 (14). From this perspective, the daughters

of a singly mated female are a matrilineal sibship but a patrilineal clone. Thus,
the kinship theory predicts that paternally derived alleles will be under stronger
selection than maternally derived alleles to promote behaviors that benefit sisters if
single-mating is common. If a female mates with many males, most of her daugh-
ters will be maternal half-sibs, and the relatedness asymmetries are reversed; it is
maternally derived alleles that are more strongly predisposed to favor sisters. Re-
cent evidence for the existence of imprinting in a parasitoid wasp (9) strengthens
the possibility that imprinted genes will also be found to play an important role in
the control of hymenopteran social behaviors (14, 22).

Many of the kinship theory’s predictions about X-linked loci and haplodiploidy
also apply to parahaplodiploid systems of paternal genome loss that occur in
coccoid scale insects and sciarid flies, among other taxa (35). In these groups,
males develop from fertilized eggs, but only a male’s maternally derived alleles
are transmitted to his offspring. The similarity to haplodiploidy is particularly close
for scale insects because the paternal genome of males is inactivated or eliminated
during early development (64). Therefore, paternally derived alleles of males are
expected to have minimal phenotypic effects. In sciarid flies, on the other hand,
paternally derived alleles of males are expressed (57) and are therefore subject to
selection on their effects on patrilineal kin. Paternally derived alleles of males
might therefore be selected to promote reproduction by sisters in their own sibship
at the expense of the males’ own reproduction. This possibility does not arise in
most sciarids because females produce offspring of a single sex only, either all
sons or all daughters (12).

The elimination of the paternal genome in scale insects and sciarid flies pro-
vides a dramatic demonstration that maternally derived and paternally derived
genomes are not equivalent in these taxa, but this form of imprinting does not
directly compare with the locus-specific imprinting of mammals in which alleles
of both parental origins are transmitted to offspring. | have argued that these ge-
netic systems have evolved as the outcome of a system of meiotic drive in which
parental origin marks one set of chromosomes for elimination (17, 18).

X Inactivation

Two patterns of X inactivation occur in female mammals. Paternal X inactiva-
tion is observed in the somatic cells of female marsupials (7) and in trophoblast
and yolk sac of mice (66,82). Random X inactivation occurs in the somatic
cells of female eutherians and (probably) in human trophoblast (51); only a
single X is active in any given cell, but the paternal and maternal X are active
in different cells of the same female (52). This section discusses some of the
implications of X inactivation for the kinship theory and briefly comments on
possible implications of the theory for understanding the evolution of paternal X
inactivation.
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Paternal X Inactivation Natural selection at paternally silent loci favors alleles
that increase matrilineal inclusive fithess without regard for effects on patrilines
(Table 1). Therefore, X-linked genes expressed in female marsupials and in tro-
phoblast and yolk sac of female mice are predicted to evolve strong biases in favor
of matrilineal interests. In the specific context of maternal-embryo relations in
mice, reactivation of the inactive paternal X chromosome is predicted to retard
embryonic growth.

Evidence that murine X chromosomes harbor inhibitors of placental growth
comes from a recent knockout ¥ist (53). When a disabled copy ofist was
inherited maternally, female offspring were viable because the paternal X chromo-
some (with an intact copy ofist) was inactivated in extraembryonic membranes.
By contrast, there was a profound failure of placental development, associated with
early death, when an embryo’s paternal cop¥istwas disabled, presumably be-
cause both copies of the X chromosome remained active in placental tissues. The
lethal effect could be ascribed to the increased number of active X chromosomes
(rather than to the expression of imprinted genes on the paternal X) because an
XO mouse that inherited a disabled paternal cop¥tistwas viable.

Moore and colleagues (60, 62) have suggested that paternal X inactivation may
be the outcome of an evolutionary conflict between maternal and paternal inter-
ests. In this view, inactivation of the paternal X was initiated by maternally derived
genes because the paternal X of an ancestral mammal carried imprinted growth
enhancers that benefited patrilines at the expense of matrilines. An alternative
hypothesis would view the evolution of paternal X inactivation as a response to a
matrilineal bias in the effects of X-linked genes. Inthis scenario, paternally derived
alleles would have gained an advantage from shutting down their own chromo-
some because ancestral X chromosomes carried unimprinted growth inhibitors
that benefited the matriline at the expense of the patriline.

Why might unimprinted X-linked loci have possessed a matrilineal bias in their
effects? Atan autosomal locus with biallelic expression in both sexes, a new allele
cannot increase in frequency if its costs when present in females outweigh its ben-
efits when present in males (or vice versa), nor can it increase in frequency if its
costs to matrilineal kin when maternally derived exceed its benefits to patrilineal
kin when paternally derived (or vice versa). Therefore, evolution at autosomal loci
is not expected to systematically favor females over males nor matrilines over pa-
trilines. By contrast, at an X-linked locus with biallelic expression in females and
hemizygous expression in males, a new allele’s effects when present in females
are given twice the weight of its effects when present in males, and its effects
on matrilines when maternally derived are given twice the weight of its effects
on patrilines when paternally derived. Therefore, allelic substitutions at such loci
will tend to favor females at the expense of males and matrilines at the expense of
patrilines.

Random X Inactivation At an autosomal locus, maternally derived and pater-
nally derived alleles are expressed in the same cells and contribute their gene
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products to a single pool. Whichever allele favors the higher level of gene product
is predicted to produce its favored amount with the other allele silent. By contrast,
at a locus subject to random X inactivation, maternally derived and paternally
derived alleles contribute their gene products to different pools: Each allele can
seemingly produce its favored amount in different cells. Thus, the logic of the
loudest-voice-prevails principle does not apply at imprinted loci subject to ran-
dom X inactivation (particularly at loci with cell-autonomous effects). Therefore,
if both alleles are expressed, but at different levels, imprinting may be more diffi-
cult to detect at X-linked loci than at autosomal loci. Moreover, if both alleles are
active, “qualitative” mutations at imprinted X-linked loci will be subject to natural
selection on their effects for both matrilines and patrilines.

Sex-Specific Expression Hypothesis

Paternally derived alleles at X-linked loci are restricted to females. Therefore, it
has been proposed that there will be selection for imprints on the paternal X which
are specifically favorable to females (45); that genomic imprinting may function
as a mechanism of haplodiploid sex determination (68); and that imprinting of
X-linked loci may be a hormone-independent mechanism of achieving sexual
dimorphism during mammalian development (43, 72).

Could imprinting be favored at X-linked loci independently of effects on asym-
metric kin? There is no reason in principle why not. Indeed, the presence of a
paternally derived genome appears to determine female developnigasamia
vitripennis(9). Once imprinting has evolved at an X-linked locus, for whatever
reason, the selective forces acting on an allele’s effects when paternally derived
will be female-specific and specific to patrilineal kin; both sets of forces must
be considered in evolutionary models, and their relative importance becomes an
empirical question.

Iwasa & Pomiankowski (43) have argued that the pattern of X-linked imprinting
in humans and mice contradicts predictions of the kinship theory. They proposed
instead that imprinting has evolved to control sex-specific gene expression in early
embryos before gonadal sex determination. Two lines of evidence are claimed to
be inconsistent with the kinship theory. First, experimental data from mice show
that XP inhibits embryonic growth relative toX(superscripts refer to the maternal
or paternal origin of the X chromosome). Secon®) Kumans have greater social
skills than X"0 humans (73).

The claim that X inhibits embryonic growth relative to Xis based on the
observation that XY and X™0 embryos are larger at 10.5 days post coitum than
XMXP embryos, which, in turn, are larger thaf®embryos (84). In comparisons
of XPO with X™0 embryos and XXP with X™0 embryos, X is indeed associated
with poorer growth. However, in comparisons of X™XP with X™XP embryos
(71) and X"X™Y embryos with X"XPY embryos (79), X'is associated with poorer
growth. A plausible interpretation of these data is that trophoblast develops very
poorly ifits only X chromosome is a normally inactiv@ §6), but that the presence
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of two active X" chromosomes also inhibits development of trophoblast (80). The
slow growth of X"XP relative to X"0 embryos appears to be an effect of having
two (rather than one) active X chromosomes during early development (2, 81).
These interpretations are consistent with predictions of the kinship theory that the
effects of unimprinted loci on the X chromosome will show a matrilineal bias and
that X-linked loci expressed in tissues with paternal X inactivation will have been
selected to favor matrilineal interests without regard for costs to patrilines.

For lwasa & Pomiankowski (43), the observed differences betwé@naKkd
XM0 humans suggested sexual dimorphism in the adaptive value of social skills
(43). These authors did not discuss effects on kin, but if their hypothesis is to be
made maximally distinct from the kinship theory, such sex differences would be
reflected solely in the individual fithess component of inclusive fithess. From the
perspective of the kinship theory, the observed differences would be interpreted
as evidence that the expression of social skills has had fitness implications for
asymmetric kin of females. | suspect that not enough is currently known about the
context of human social evolution, nor about the properties of imprinted loci on
the X chromosome, to make predictions that discriminate between the hypotheses.

On a final note, marsupials show substantial sexual differentiation before go-
nadal sex determination (65, 86), yet inactivation of the paternal X has the effect
that the single active X of females is maternally derived (as is the single X of
males)—not what one would expect if the principal function of X-linked imprint-
ing were to achieve sex-specific expression. A similar argument applies to paternal
X inactivation in mouse trophoblast.

Y Chromosomes

XandY chromosomes segregate at male meiosis | and have opposite patterns of in-
heritance with respect to the sex of a male’s offspring. Genes on the Y chromosome
are transmitted to all of his sons but none of his daughters, and from these sons to
their sons, and so on, in an unbroken chain of male-to-male transmission. Because
Y-linked genes are restricted to males and are always paternally derived, they are
expected to favor the growth of their own embryo at the expense of the mother (36)
and to favor the growth of full-brothers at the expense of full-sisters and maternal
half-siblings of either sex (85).

PROSPECTS

During the life of an individual organism, gene expression responds adaptively
to information from the organism’s internal and external environment. These re-
sponses are not limited to effects of the contemporaneous environment but include
effects of past environments. If such evolved responses are possible within a gen-
eration, there seems no reason in principle why they could not also occur between
generations. Until recently, however, it was generally believed that each individual
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starts life with a blank slate; historical (epigenetic) information was not transferred

between generations. Somatic cells, it was believed, might retain information

acquired during the current generation, but either germ cells were quarantined
from such effects or all information was wiped clean during gametogenesis.

Genomic imprinting conclusively demonstrates that at least one bit of infor-
mation (maternal versus paternal origin) can be transmitted epigenetically from
one generation to the next. If so, could not other useful information be simi-
larly transmitted? For example, the optimal allocation of resources in good times
between fat stores and growth might differ for individuals in environments with,
on average, a famine every two generations versus a famine every ten generations.
If past famines could leave an epigenetic trace in the germ line, these modifica-
tions could adaptively modulate gene expression in the current generation. Many
similar examples can be envisioned.

The initial selective advantage favoring the evolution of contingent responses
to information from past environments need have nothing to do with effects on
asymmetric kin, but there are at least two reasons why such information would not
be symmetrically transmitted by both sexes. First, males and females may have
different information. The nondispersing sex, for example, would have better
information about local conditions. Second, male and female germ lines are so
different that it seems unlikely that identical DNA modifications would occur in
both. Because of these profound differences between the biochemical environ-
ments of male and female germ lines—one actively dividing in adult life, the
other arrested at mid-meiosis since early development—parental origin is perhaps
the simplest information that could be transmitted to the next generation. Future
work will show whether it is an exception to a general rule that information is not
transmitted or is just one piece of information among many.
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