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Non-genetic inheritance (NGI) is the transmission of parental
factors, other than DNA sequences, to offspring that then affect
their phenotype. Within the last decade, NGl has invoked
considerable interest from evolutionary biologists. Numerous
models indicate that NGI could be an important contributor to
processes driven by natural selection, including speciation and
local adaptation. However, less attention has been given to the
role of NGl in the evolution of sexually selected traits. Here, we
focus on recent theoretical models to highlight how NGI that
leads to offspring acquiring either adaptive or non-adaptive
traits can both influence sexual selection.
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What is non-genetic inheritance?

Traditionally, evolutionary biologists have focused on
how the genetic inheritance (GI) of traits that affect
fitness results in evolutionary change in trait values
due to selection for different DNA sequences (i.e. genes).
There is, however, growing evidence that non-genetic
inheritance is also widespread and could play a role in how
organisms become adapted to their environment. Non-
genetic inheritance (NGI) is the transmission of compo-
nents of the parental environment or phenotype that
influence gene expression and development in their
offspring. The consistency of such transmission spans
the range from a single generation to many generations
[1°°]. The non-genetic factors of interest to researchers
include all elements of the ancestral environment that
have effects on offspring. Only DNA sequences are
excluded because, by definition, they involve Mendelian
GI [2].

@ CrossMark

Non-genetic inheritance incorporates a wide range of
mechanisms (Table 1). These mechanisms always oper-
ate alongside GI [2] but, unlike DNA sequences, NGI
factors vary greatly in how long they remain heritable [3]:
they tend to be far more ‘mutable’ with heritable changes
being generated either predictably in response to identi-
fiable environmental cues (e.g. anti-predator defences
arising in the offspring of parents exposed to predator
cues), or unpredictably (e.g. changes in DNA methylation
patterns that we cannot yet consistently link to specific
cues) [4]. NGI can be viewed as an across generation form
of phenotypic plasticity whereby environmentally in-
duced changes in a parent’s phenotype affect its off-
spring. Consequently, an individual’s phenotype
depends not only on its genotype and the environment
it encounters, but also upon the phenotype (and, by
extension, the environment) of its recent ancestors
[5,6]. It is noteworthy that NGI can result in parent-
offspring resemblance, as with GI, but this need not be
the case (e.g. large-bodied parents might produce more,
but smaller than average, offspring; and smaller parents
might produce fewer, but larger than average, offspring).

Why is non-genetic inheritance important?
Most theoretical work on NGI asks how it influences the
rate and likelihood of adaptation — by which we mean
the ‘“fit’ between an organism and its environment such
that well adapted individuals are better matched to their
environment and thus have higher lifetime reproductive
success (review: [7]). In general, theory suggests that
evolutionary change can be drastically affected by
NGI, most notably because it increases the amount of
heritable phenotypic variation available for selection
[8,9]. As such, NGI might increase the rate at which
organisms adapt to their environment. This is equivalent
to arguing that an increase in DNA mutation rates would
accelerate the adaptive evolution of GI traits. Of course,
there is the caveat that, as with GI, too high a mutation
rate eliminates the inheritance of traits favoured by
selection, and that mutation-selection balance deter-
mines how close a population comes to individuals
expressing the optimal phenotype.

Selection favours heritable phenotypic responses to the
environment that enhance reproductive success regard-
less of whether there is GI (e.g. genes for phenotypic
plasticity) or NGI. In some situations, however, NGI
allows for adaptive transgenerational effects so that traits
might increase in frequency (i.e. evolve) far more rapidly
than would be the case for adaptive phenotypic plasticity
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Table 1

Examples of different mechanisms of Non-genetic inheritance (NGI), their properties and how they might contribute to sexual selection.

Inheritance mechanism

Examples

Persistence of effect
across multiple
generations?

Variation
environmentally
induced or
spontaneous?

Effects on parent
offspring
resemblance?

Potential interactions with
Gl/Potential for selection to
act on variation in
phenotype?

Potential effects on sexual
selection

Transmission of
epigenetic state/
Transgenerational
epigenetic inheritance

Transmission of
cytoplasmic or somatic
factors/Somatic
inheritance

Transmission of nutrients

Transmission of acquired
traits/transgenerational
phenotypic plasticity

DNA methylation
.2

Genomic imprinting

8]

Maternal transfer of
hormones via eggs
[4,5]

Paternal transfer of
ejaculate borne
substances [6]

Maternal
provisioning of
embryos [7]

Paternal provisioning
via nuptial gift [8,9]

Transfer of acquired
immunity [10],
antipredator
responses [11] and
chemical tolerance
2]

Varies, may persist across
numerous generations

May persist across
numerous generations

Likely to dilute over
generations unless
continually induced

Likely to dilute over
generations unless
continually induced

Likely to dilute over
generations unless
continually induced

Likely to dilute over
generations unless
continually induced

Likely to dilute over
generations unless
continually induced

Both

Both

Environmentally
induced

Environmentally
induced

Environmentally
induced

Environmentally
induced

Environmentally
induced

Positive, negative
or no effect

Depends on sex of
parent and offspring

Positive, negative
or no effect

Positive, negative
or no effect

Positive, negative
or no effect

Positive, negative
or no effect

Positive

Often closely linked with
genes and involved in
interpretation of gene
sequence

Acts to silence inherited
alleles

Selection acts on genetic
architecture that promotes
NGI, NGI generates
phenotypic variation upon
which selection can act
potential for cross
generation GXE

Selection acts on genetic
architecture that promotes
NGI, NGI generates
phenotypic variation upon
which selection can act
potential for cross
generation GxE

Selection acts on genetic
architecture that promotes
NGI, NGI generates
phenotypic variation upon
which selection can act
potential for cross
generation GXE

Selection acts on genetic
architecture that promotes
NGI, NGI generates
phenotypic variation upon
which selection can act
potential for cross
generation GxE

Selection acts on genetic
architecture that promotes
NGI, NGI generates
phenotypic variation upon
which selection can act

Supplies source of renewable
phenotypic variation in
condition thus maintaining
benefits of choice

Can influence sex specific
inheritance, sexual
antagonism and sexual
conflict

Can influence expression of
sexual traits

Supplies source of renewable
phenotypic variation in
condition thus maintaining
benefits of choice

Can influence expression of
condition dependent traits in
offspring; Can become target
of mate choice

Can influence expression of
condition dependent sexual
traits in offspring; Can
increase indirect benefits of
mate choice; Can become
target of mate choice

Can influence expression of
condition dependent sexual
traits in offspring Increases
heritability of traits even when
no genetic variation
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Transmission of extra- Habitat imprinting Single generation Environmentally Positive Increases heritability of Generates assortative mating
organismal [13] induced traits even when no genetic  and potentially leads to
environment/ variation reproductive isolation
Environmental between lineages
inheritance

Transfer of Likely to dilute over Both (parents obtain Positive Has potential links with Generates assortative mating

microbiomes [14,15]

generations unless
continually induced

microbiomes from
environment, but
change in microbiome
can be spontaneous)

other fitness related traits
e.g. immunity

and potentially leads to
reproductive isolation
between lineages; Could
influence expression of
condition dependent sexual
traits

Transmission of Sexual imprinting of Single generation Both?? Depends on mode Generates covariance Generates assortative mating
behaviour/Behavioural mate preferences of imprinting between NGI preference and potentially leads to
inheritance [16] and Gl sexual trait reproductive isolation

between lineages
Learning of sexual Single generation Both?? Positive Can increase heritability of ~ Generates assortative mating

traits [17]

traits even when no genetic
variation

and potentially leads to
reproductive isolation

between lineages

References: 1. Bonilla MM, Zeh JA, Zeh DW: An epigenetic resolution of the lek paradox. Bioessays 2016, 38:355-366. 2. Feil R, Fraga MF: Epigenetics and the environment: emerging patterns
and implications. Nature Reviews Genetics 2012, 13:97-107. 3. Wilkins JF, Haig D: What good is genomic imprinting: the function of parent-specific gene expression. Nature Reviews Genetics
20083, 4:1-10. 4. Groothuis TGG, Muller W, von Engelhardt N, Carere C, Eising C: Maternal hormones as a tool to adjust offspring phenotype in avian species. Neuroscience and Biobehavioral
Reviews 2004, 29:329-352. 5. Tschirren B, Sendecka J, Groothuis TG, Gustafsson L, Doligez B: Heritable variation in maternal yolk hormone transfer in a wild bird population. American
Naturalist 2009, 174:557-564. 6. Bonduriansky R, Head M: Maternal and paternal condition effects on offspring phenotype in Telostylinus angusticollis (Diptera: Neriidae). Journal of
Evolutionary Biology 2007, 20:2379-2388. 7. Krist M: Egg size and offspring quality: a meta-analysis in birds. Biological Reviews 2011, 86:692-716. 8. Gwynne DT: Sexual conflict over nupital
gifts in insects. Annual Review of Entomology 2008, 563:83-101. 9. Vahed K: The function of nuptial feeding in insects: a review of empirical studies. Biological reviews 1998, 73:43-78. 10.
Hasselqvist D, Nilsson JA: Maternal transfer of antibodies in vertebrates: trans-generational effects on offspring immunity. Philosophical Transactions of the Royal Society B-Biological
Sciences 2009, 364:51-60. 11. Agrawal AA, Laforsch C, Tollrian R: Transgenerational induction of defences in animals and plants. Nature 1999, 401:60-63.

12. Marshall DJ: Transgenerational plasticity in the sea: context-dependent maternal effects across the life history. Ecology and Evolution 2008, 89:418-427. 13. Beltman JB, Metz JAJ:
Speciation: more likely through a genetic or a learned habitat preference. Proceedings of the Royal Society B: Biological Sciences 2005, 272:1455-1463. 14. Bright M, Bulgheresi S: A complex
journey: transmission of microbial symbionts. Nature Reviews Microbiology 2010, 8:218-230. 15. Sharon G, Segal D, RIngo JM, Hefetz A, Zilber-Rosenberg |, Rosenberg E: Commensal bacteria
play arole in mating preference of Drosophila melanogaster. Proceedings of the National Academy of Sciences of the United States of America 2010, 107:20051-20056. 16. Kozak GM, Head ML,
Boughman JW: Sexual imprinting on ecologically divergent traits leads to sexual isolation in sticklebacks. Proceedings of the Royal Society B: Biological Sciences 2011, 278:2604-2610. 17.
Verzijden MN, ten Cate C, Servedio MR, Kozak GM, Boughman JW, Svensson El: The impact of learning on sexual selection and speciation. Trends in Ecology & Evolution 2012, 27:511-519.

LEL Meyosifez pue suoluusl ‘pesH @oueptayul onauabuou Bunelodiooul (UOROS|SS [BNXSS



132 Behavioral ecology

that involves GI. This can occur if, for instance, the
heritability of traits with NGI is higher (e.g. because a
genetic mutation is recessive); or because, given a sudden
environmental change, the time lag for selection to act
can be shorter (e.g. a beneficial response to this change in
the parental generation is exposed to selection which
affects its frequency in the next generation; this cannot
happen for selection on DNA sequences that generate
phenotypic plasticity at a life history stage before the
environmental change occurred). Even so, as the popula-
tion mean phenotype approaches the optimum, there is
likely to be strong selection for genes that reduce plas-
ticity in the environmental responsiveness of the trait and
thereby lower deviation from the optimal phenotype
[8,9]. In short, both NGI and GI can play a role in adaptive
processes, but their relative importance in generating a fit
between an organism and its environment probably
changes over time.

Intriguingly, even maladaptive traits with NGI can still
affect the rate of evolution. This is because such traits can
still influence how selection acts on traits with GI (review:
[7]). NGI can also affect selection on DNA sequences
because it is a form of plasticity that extends across gen-
erations, with similar effects to within-generation pheno-
typic plasticity [7]. For instance, the acquisition of
behaviours through transgenerational learning can shw
evolutionary change in traits with GI by decreasing the
genetic covariance between the behaviour trait and fitness
[10,11].

How does non-genetic inheritance influence
sexual selection?

Sexual selection is a major force shaping variation among
species and between the sexes, but researchers have
given relatively little attention to how NGI influences
sexual selection. This is an oversight as NGI could affect
sexual selection at multiple levels. For instance, there is
much research on whether female choice drives the
evolution of elaborate male traits due to genetic covaria-
tion between preferences, traits and fitness [12]. NGI
could alter: the expression of both sexual traits and mating
preferences for these traits; the costs and benefits of
mating with individuals that invest more in sexual traits;
genetic covariation between sexual traits, mating prefer-
ences and fitness because NGI can change the relation-
ship between an individual’s phenotype and its genotype.

In this mini-review we present two case studies. First, we
highlight recent theoretical advances in the field of sexual
imprinting to illustrate the broader, seemingly uncontro-
versial, claim that traits with NGI that enhance fitness are
more likely to evolve than those that are maladaptive or
selectively neutral. Second, we discuss recent theoretical
research on ejaculate borne factors that cause NGI of
neutral or maladaptive traits to illustrate the claim that
NGI of non-adaptive traits can influence sexual selection.

NGl increases the heritable variation upon
which selection can act

Recent theoretical studies that ask how and when sexual
imprinting evolves provide a good example of how selec-
tion can act on different modes of NGI to generate
adaptive, rather than maladaptive, transgenerational
effects. Sexual imprinting is a common mechanism of
learning that affects mate choice. It occurs when a young
individual acquires its mate preferences based on the
phenotype of another target individual [13]. Sexual im-
printing is a form of NGI, regardless of whether the target
phenotype is that of an individual’s mother (maternal
imprinting) or father (paternal imprinting) [14].
Imprinted mate preferences often appear to be adaptive
because they allow individuals to choose higher quality
mates, but there is no @ priori reason for this to occur.
Recent theoretical models, which are outlined below,
investigate the conditions under which different types
of sexual imprinting are each most likely to evolve. They
provide insight into why sexual imprinting appears to be
adaptive. Generalising from these models, we expect the
same is often true for other traits with NGI.

Until recently sexual imprinting theory focused on how a
specific mode of imprinting evolves against a background
of no imprinting (i.e. random mating or preferences with
GI). Theory ignored competition between different im-
printing modes. It was only recently that researchers asked
which mode of imprinting is most likely to increase in
frequency under selection when modes compete? To this
end, Tramm and Servedio [15°°] developed a two locus,
population genetic model (genes for a trait and for an
imprinting mode) that compared the evolution of maternal
and paternal imprinting by females. They concluded that
paternal imprinting was more likely to evolve. The key
reason is that the targets of paternal imprinting (i.c. males
from whom the preferred trait is learned) have higher
fitness than the targets of maternal imprinting. The tar-
geted males have passed through the filter of sexual
selection [15°°], so, by definition, they have phenotypes
with greater expression of sexually selected traits than
those of males that failed to mate and breed. Similar logic
is used to explain the benefits of paternal genomic im-
printing (another form of NGI where certain genes are only
expressed when inherited from fathers) of sexually select-
ed traits when there is intra-locus sexual conflict [16] (i.e.
their expression is detrimental in females). Clearly, selec-
tion can act on traits with NGI in the same way that it acts
on traits with GI, leading to the evolution of better adapted
phenotypes. By extension, it seems probable that proxi-
mate modes of NGI that generate traits with greater fitness
benefits are, all else being equal, more likely to evolve.

In another study, Chaffee ez a/. [17°°] asked how the
costs of different modes of imprinting by females influ-
ence the evolution of mate preferences. They compared
the evolution of maternal and paternal imprinting when
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the ability to imprint (e.g. maintaining the neurological
system necessary to identify and learn preferred pheno-
types) incurs fixed absolute costs or when there are
relative costs that only arise when a potential mate is
rejected (e.g. due to search costs or the risk of death when
continuing to search for a mate). Previous studies showed
that both types of costs inhibit the evolution of mating
preferences with GI (e.g. [18]), but they ignored NGI.
Chafee ez /. [17°°] found, in their model, that even very
small fixed costs prevented the evolution of sexual im-
printing, but it could still evolve in the face of mate
rejection being costly. They also corroborated the find-
ings of Tramm and Servedio [15°°] that paternal imprint-
ing can invade and replace maternal imprinting in a
population; but that, in its absence, maternal imprinting
can evolve [17°°]. These results have two important
implications: costly sensory apparatus potentially re-
quired for sexual imprinting is unlikely to evolve solely
for this purpose. This implies there need to be compen-
satory direct benefits of mate choice that elevate offspring
production (e.g. due to increased parental compatibility)
Traits that are under sexually antagonistic viability selec-
tion are unlikely to be targets of sexual imprinting (be-
cause they impose direct costs on choosy females in the
next generation as these females disproportionately in-
herit, and express, genes that lower viability).

Most theoretical studies on imprinting that show paternal
imprinting is favoured over maternal imprinting, includ-
ing the two studies highlighted, assume a polygynous
mating system. Here daughters are assumed to accurately
identify their fathers so they can imprint on males with
sexual traits correlated with above average fitness (i.e.
their fathers were disproportionately successful at acquir-
ing mates). This implies that strong paternal imprinting

Box 1 What is the Lek Paradox?

should be the rule in nature. Why then do so many species
have maternal imprinting (e.g. [19])?

Invernizzi and Gilman [20°°] departed from the assump-
tion of polygyny to examine the evolution of imprinting in
a socially monogamous mating system. However, they
added the essential biological twist of extra-pair paternity
(EPP). Here juveniles can encounter a paternal pheno-
type that might not have contributed genes to them, or
indeed anyone, in the next generation. Invernizzi and
Gilman [20°°] modelled cases in which the target trait was
expressed in both sexes, and where the benefits of female
choice were indirect, genetic benefits (i.e. fitter offspring)
rather than direct benefits of parental care (i.e. more
offspring). They showed that maternal imprinting was
more likely to evolve than paternal imprinting. Intrigu-
ingly, they also showed that when imprinting is paternal
(i.e. based on the phenotype of the social father), higher
levels of EPP actually increase choosiness for social part-
ners, even though social mates sire fewer offspring. This
counterintuitive result arises because as EPP increases so
does non-random variance in male mating success: it
becomes more important that social partners possess
the phenotype of successful extra-pair males (who must
be someone’s social partner) [20°°].

Studies that ask when different modes of imprinting will
evolve are interesting because the mode of imprinting
affects other major evolutionary processes, most notably
speciation. For instance, Yeh and Servedio [21] found that
the identity of the target individual, prevalence of the
target sexual trait in the population and the strength of
the mating preference can dramatically alter the role of
sexual imprinting in driving speciation. Maternal imprint-
ing can mask sexual selection and retard divergence

The evolution and maintenance of exaggerated male sexual display traits is a controversial topic in evolutionary biology [37]. Female choice for
these traits is expected to evolve when their bearers provide females with direct benefits (i.e. higher female life-time reproductive output through
increased offspring production per breeding event and/or increased longevity and more breeding events over a lifetime) [38]. But female choice for
exaggerated sexual traits presents a conundrum when males contribute only ejaculates and sperm. Choosiness is generally costly [39], and the
absence of compensatory benefits should prevent the evolution of female mate choice [40] (but see [41]). In such situations it has been proposed
that females that mate with showy males derive indirect benefits in the form of genes that increase offspring fitness.

In models of the evolution of female choice via indirect benefits, females select mates based on sexual characters that honestly signal male genetic
quality [42] — only high quality males can afford to express costly sexual traits and by mating with more ornamented males females increase the
mean fitness of their offspring [43]. However, strong directional selection on males is expected to deplete additive genetic variance for fitness.
Consequently, there should be little or no difference in the fitness of offspring sired by attractive or unattractive males, eliminating the benefit of
being choosy [44]. This conundrum is known as the ‘lek paradox’ [45] (Figure 1).

There are many mechanisms proposed to maintain additive genetic variance in fitness and resolve the lek paradox (reviewed in [46]). Some
researchers argue that a high genetic mutation rate can maintain substantial additive genetic variance in fitness (e.g. [47,48]). For instance, if
ornaments are condition-dependent, and many genes contribute to condition then the ‘mutational target’ might be large enough to maintain
additive genetic variance for fitness solely due to mutations [48]. Other hypotheses invoke temporal and spatial variation in selection such that an
evolutionary equilibria is never reached (e.g. [49,50,51]). For instance, Day [49] showed that female preference for locally adapted males, when
combined with gene flow between environments, prevented fixation of an optimal male ornament size [49]. Likewise genotype-by-environment
interactions where alleles that confer high fitness in one environment do poorly in other environments may mean that males with identical
genotypes have different sexual ornament expression in different environments, thereby reducing signal reliability [52,53]. This, however, means
that there is then a tension between the maintenance of variation, and the value of choice (i.e. offspring fitness is less reliably predicted by paternal
sexual ornament expression).
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Figure 1

The Lekparadox
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Conceptual diagram of the lek paradox and a sample of popular hypotheses for its resolution.

(because it reduces the correlation between preference
and preferred trait), while paternal imprinting can pro-
mote and maintain divergence when mating preferences
are of moderate strength and there is already reasonably
high initial divergence.

NGI can provide an endless source of
phenotypic variation: could ejaculate-borne
effects resolve the lek paradox?

Even when NGI seemingly promotes the persistence of
non-adaptive traits it can still influence the course of
adaptive evolution. The persistence of non-adaptive traits
is possible when there is no, or only very short-term,
heritability of traits due to NGI because selection cannot
climinate the less fit form of the trait. Can this resolve the
lek paradox, which is an intriguing, unsolved puzzle in
sexual selection theory? The paradox revolves around the

maintenance of variation in the benefits conferred by
mating with different types of males (Box 1). Recently,
Bonduriansky and Day [1°°] offered a possible solution to
the lek paradox. They presented the first mathematical
analysis of how transmission of ejaculate-borne factors
other than DNA sequences (e.g. epigenetic markers, sem-
inal proteins) could influence the evolution of male sexu-
ally selected traits. In so doing, they demonstrated the
potential role of NGI in the maintenance of heritable
variation in fitness.

Bonduriansky and Day [1°°] asked how different modes
of inheritance of male condition affect the evolution of
costly female mating preferences that do not confer direct
benefits (i.e. do not increase female lifetime reproductive
output). In their model, females were able to directly
assess male condition and selection on female preference

Current Opinion in Behavioral Sciences 2016, 12:129-137
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is entirely indirect (i.e. only through the benefit of
increasing offspring fitness). Bonduriansky and Day mod-
elled three scenarios, where high or low male condition
was determined by: GI: in a two allele system with a low
mutation rate; NGI: with two epigenetic states that had a
high spontaneous ‘‘mutation’’ rate that was independent
of environmental quality, and could persist for multiple
generations; or NGI: with two environmentally induced
states that depend on the quality of the environment, and
are only transferred across a single generation. In all three
cases a female preference for male condition was geneti-
cally determined by a single locus with two alleles (i.e.
GI). The comparison of these models revealed that
female choice is most probable, despite being costly,
when male condition is environmentally induced and
transmitted over one generation. Why? Because under
this scenario heritable variation in fitness is regenerated in
every generation by environmental heterogeneity and
cannot be reduced by selection. Choosiness could also
persist when male condition involved NGI of an environ-
mentally-independent, epigenetic state over multiple
generations, but the parameter space was more restrictive,
because selection can start to eliminate lineages with low
condition. By contrast, female choice did not evolve when
male condition was due to GI. Although the model is
based on simple genetics (i.e. it excludes a genetic
correlation between male traits and fitness as in ‘viability
indicator’ models) it nonetheless establishes a plausible
role for NGI in the evolution of mating preferences [22°].

Numerous theoretical studies have modelled how pater-
nal effects (a form of NGI) influence sexual selection (e.g.
[23,24]) by assuming that paternal care has direct benefits
for females and that males signal their ability to care
through costly signals. The model of Bonduriansky and
Day [1°°] differs from these studies because the only
benefits that females accrue are indirect (i.e. higher
offspring fitness) and do not require GI of male traits.
For example, males in high condition, which varies due to
NGI, might provide more care, which increases the
subsequent reproductive success of their offspring due
to greater attractiveness to mates and/or survival. Indirect
selection is generally considered less effective than direct
selection [25], partly because it depends on the strength
of the genetic correlation between mating preference and
ornament. With NGI, however, there is no requirement
for a genetic correlation, instead a covariance is estab-
lished between the preference and the non-genetic factor
that confers high offspring fitness.

The beauty of this model is in its simplicity. The factors
transmitted in male ejaculates do not need to be favoured
by selection, they simply transmit information about con-
dition from father to offspring. Variation in male condition
is maintained because it arises every generation (not
unlike DNA mutations, but with the biologically plausible
premise that environmental variation is more likely to

occur than is a genetic mutation). Consequently NGI
has the potential to maintain high levels of (short-term)
heritability in fitness and thereby the benefit of mating
with attractive males that signal their condition, even
when these males only contribute ejaculates to reproduc-
tion. In sum, even non-genetic factors that only persist for
a single generation could be evolutionarily important.

Bonilla ez al. [22°] recently extended this modelling
framework to suggest that environmentally mediated
modification of the sperm epigenome, which consists of
heritable epigenetic markers influencing gene expression
(e.g. DNA methylation, histone modifications), provides a
plausible and well supported mechanism whereby en-
vironmentally induced male condition can be transmitted
to offspring. The sperm epigenome is sensitive to envi-
ronmental influences (Reviewed in [26°]), so it has the
potential to generate endless phenotypic variation in
condition-dependent sexual traits.

Where to from here?

Modes of NGI that are adaptive (i.e. favour the
elimination of disadvantageous phenotypes) and non-
adaptive (i.e. allow disadvantageous phenotypes to per-
sist) both appear to play an important role in sexual
selection. Adaptive modes, such as sexual imprinting
and many parental effects arising from maternal and
paternal care [27] are advantageous because they pre-
pare offspring for the specific environment in which
they are likely to develop and compete for resources
[28]. If offspring that are “‘prepared’ for life in a partic-
ular environment do better, then parents who modify
their offspring’s phenotype accordingly will contribute
more genes to future generations due to indirect selec-
tion. GI of parental effects can therefore promote the
spread of adaptive forms of NGI and change the
strength of selection on variation in traits that is due
to GI. If we want to understand how sexual traits evolve
we therefore need to consider both direct and indirect
selection on genetic and non-genetic sources of varia-
tion. Of course, not all modes of NGI are adaptive (see
those highlighted above in [1°°]). Although non-adap-
tive modes of NGI may themselves be under selection
and eventually eliminated, while present they can cre-
ate variation in fitness and variation in other traits that
intensify sexual selection.

One way to better understand how NGI contributes to
sexual selection would be to conduct experiments where
variation in NGI is removed or reduced and see how this
influences the rate at which lineages adapt to new envir-
onments. This is a challenging task but could be achieved
by, for instance, conducting experimental evolution stud-
ies in novel environments using short-lived species with
parental care (e.g. Japanese Quail, Burying Beetles). In
such an experiment one could employ a 2 x 2 factorial
design looking at how the presence or absence of variation
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in parental care interacts with the presence or absence of
sexual selection. If NGI has important consequences for
sexual selection we might expect that lineages with
variation in parental care would achieve a better fit to
their environment more quickly. Similarly, other creative
ways to remove or enhance NGI will be needed to
investigate the importance of other mechanisms of
NGI in sexual selection.

We can gain much from integrating studies on the evo-
lution of NGI with models investigating the conse-
quences for other evolutionary processes. To date,
theoretical studies of how NGI influences evolutionary
processes typically assume that non-genetic effects al-
ready exist, and that NGI does not evolve [5]. Recently,
researchers have begun to model the circumstances under
which the mode of NGI is expected to evolve. These
studies tend to show that parental effects on offspring
phenotype are most likely to evolve when the environ-
ment is heterogeneous yet predictable [5] when parental
and offspring environments are correlated [5,29°,30,31]
(i.e. when dispersal is low [5,31]), and when transmission
of information between generations is accurate [29°,31].
The fact that adaptive NGI is only likely to evolve under
certain conditions could shed light on when it is most
likely to affect sexual selection. But to gain a better
picture of the role NGI plays in evolution we need to
consider coevolutionary feedback between evolutionary
processes and NGI mechanisms [32]. How does the mode
of NGI affect selection on other traits, including those
with GI? And how does this then affect selection on the
mode of NGI?

Finally, NGI may be an important contributor to the role
of sexual selection in speciation. NGI of both mating
preferences (i.e. via sexual imprinting) and habitat pre-
ferences can promote assortative mating and accelerate
population divergence [33,34]; and new evidence sug-
gests that NGI of microbiomes might be yet another
factor promoting assortative mating [35]. Epigenetic fac-
tors could also aid in generating reproductive isolation
(regardless of how stable they are). For instance, repro-
ductive isolation could arise if local adaptation means that
immigrant males are in worse condition, which brings
about epigenetic changes that reduce male fertilisation
success [36]. We suggest that further investigation of how
NGI promotes reproductive isolation by changing selec-
tion on sexual traits and mating preferences will be a
fruitful area of future research.

Conflict of interest statement
Nothing declared.

Acknowledgements

This work was supported by the Australian Research Council
(DP160100285) and the Andalucia Talent Hub (Agencia Andaluza del
Conocimiento).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Bonduriansky R, Day T: Nongenetic inheritence and the evolution
ee of costly female preferences. J Evol Biol 2013, 26:76-87.

The authors test different models of evolution of costly female prefer-
ences without direct benefits. Different states of condition were assessed
in genetic, epigenetic and environmentally controlled models. It was
found that costly female preferences are most likely to evolve and persist
when male condition is environmentally induced and transmitted over one
generation, whereas under the purely genetic model female preference
did not evolve.

2. Bonduriansky R, Day T: Nongenetic inheritance and its
evolutionary implications. Annu Rev Ecol Evol Syst 2009, 40:103-
125.

3. Herman JJ, Spencer HG, Donohue K, Sultan SE: How stable
‘should’ epigenetic modifications be? Insights from adaptive
plasticity and bet hedging. Evolution 2013, 68:632-643.

4. Hansen MA, Skinner MK: Developmental origins of epigenetic
transgenerational inheritance. Environ Epigenet 2016, 2:1-9.

5. Kuijper B, Johnstone RA: Parental effects and the evolution of
phenotypic memory. J Evol Biol 2016, 29:265-276.

6. Shea N, Pen |, Uller T: Three epigenetic information channels
and their different roles in evolution. J Evol Biol 2011, 24:1178-
1187.

7. Bonduriansky R, Crean AJ, Day T: The implications of
nongenetic inheritance for evolution in changing
environments. Evol Appl 2012, 5:192-201.

8. Pal C: Plasticity, memory and the adaptive landscape of the
genotype. Proc R Soc B: Biol Sci 1998, 265:1319-1323.

9. Paél C: Miklo’s I: epigenetic inheritance, genetic assimilation
and speciation. J Theor Biol 1999, 200:19-37.

10. Huey RB, Hertz PE, Sinervo B: Behavioral drive versus
behavioral inertia in evolution: a null model approach. Am Nat
2003, 161:357-366.

11. Duckworth RA: The role of behavior in evolution: a search for
mechanism. Evol Ecol 2009, 23:513-531.

12. Kuijper B, Pen |, Weissing FJ: A guide to sexual selection theory.
Annu Rev Ecol Evol Syst 2012, 43:287.

13. Bateson PPG: The characteristics and context of imprinting.
Biol Rev 1966, 41:177-220.

14. Servedio MR: Advances on the interplay of learning and sexual
selection. Curr Zool 2015, 61:1004-1007.

15. Tramm NA, Servedio MR: Evolution of mate-choice imprinting:
ee competing strategies. Evolution 2008, 62:1991-2003.

The authors employ a population genetic model to compare the evolution
of maternal, paternal and oblique imprinting, and find that paternal
imprinting was the most likely to evolve. This is due to the fact that
the males from who the preferred trait is learned express sexually
selected traits with higher fitness than either maternal or oblique sets.

16. Day T, Bonduriansky R: Intralocus sexual conflict can drive the
evolution of genomic imprinting. Genetics 2004, 167:1537-
1546.

17. Chaffee DW, Griffin H, Gilman RT: Sexual imprinting: what

ee strategies should we expect to see in nature? Evolution 2013,
67:3588-3599.

A mathematical model exploring how costs of imprinting and target sets

influence the evolution of sexual imprinting. The study finds that costs of

imprinting limit the evolution of imprinting, and that the evolutionary

stability depends on the target set. Paternal imprinting by females is

found to have stronger effects than maternal or oblique imprinting.

18. Otto SP, Servedio MR, Nuismer SL: Frequency-dependent
selection and the evolution of assortative mating. Genetics
2008, 179:2091-2112.

Current Opinion in Behavioral Sciences 2016, 12:129-137

www.sciencedirect.com


http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0005
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0005
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0010
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0010
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0010
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0015
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0015
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0015
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0020
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0020
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0025
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0025
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0030
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0030
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0030
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0035
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0035
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0035
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0040
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0040
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0045
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0045
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0050
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0050
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0050
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0055
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0055
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0060
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0060
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0065
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0065
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0070
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0070
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0075
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0075
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0080
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0080
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0080
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0085
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0085
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0085
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0090
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0090
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0090

Sexual selection: incorporating nongenetic inheritance Head, Jennions and Zajitschek 137

19. Verzijden MN, Korthof REM, ten Cate C: Females learn from
mothers and males learn from others. The effect of mother and
siblings on the development of female mate preferences and
male aggression biases in Lake Victoria cichlids, genus
Mbipia. Behav Ecol Sociobiol 2008, 62:1359-1368.

20. Invernizzi E, Gilman RT: The evolution of sexual imprinting in
ee socially monogamous populations. Curr Zool 2015, 61:1043-
1061.
A dynamical systems model shows that under socially monogamous
situations with extrapair paternity maternal imprinting is more likely to
evolve than paternal imprinting. They also show that under increasing
EPP and paternal imprinting female choosiness for social partners
increases, due to elevated variance in overall male mating success.

21. Yeh DJ, Servedio MR: Reproductive isolation with a learned
trait in a structured population. Evolution 2015, 69:1938-1947.

22. Bonilla MM, Zeh JA, Zeh DW: An epigenetic resolution of the lek
paradox. Bloessays 2016, 38:355-366.

ThIS paper builds up on Bondurlansky and Day’s (2013) model for
epigenetic transmission and reviews recent evidence of for environmen-
tally mediated epigenetic inheritance of paternal effects via sperm. The
authors conclude that these epigenetic effects represent a vast resource
of variation in male quality. This adds another dimension to female
preference, which so far has only considered direct material or indirect
genetic benefits.

23. IwasaY, Pomiankowski A: Good parent and good genes models
of handicap evolution. J Theor Biol 1999, 200:97-109.

24. Price T, Schluter D, Heckman NE: Sexual selection when the
female directly benefits. Biol J Linn Soc 1993, 48:187-211.

25. Kirkpatrick M: Good genes and direct selection in the evolution
of mating preferences. Evolution 1996, 50:2125-2140.

26. Soubry A: Epigenetic inheritance and evolution: a paternal

e perspective on dietary influences. Prog Biophys Mol Biol 2015,
118:79-85.

This review examines in detail the role of paternal nutrition and dietary

status on sperm and offspring characteristics, highlighting the role of the

male germ line as a means to transfer information to the next generation.

The paper highlights the effects of paternal malnutrition on epigenetically

induced changes in sperm, fertilisation outcomes and the developing

offspring.

27. Qvarnstrom A, Price TD: Maternal effects, paternal effects and
sexual selection. Trends Ecol Evol 2001, 16:95-100.

28. Marshall DJ, Uller T: When is a maternal effect adaptive. Oikos
2007, 116:1957-1963.

29. English S, Pen |, Shea N, Uller T: The information value of non-

e genetic inheritance in plants and animals. PLOS ONE 2015:10.
Exploring the potential evolution of NGI, this study uses simulation
models to investigate the interplay of mechanism, rate of environmental
change and life history on the adaptive value of NGI. Even though it is
shown that NGI can be adaptive, this effect largely depends on the
absence of direct environmental cues.

30. Kuijper B, Hoyle RB: When to rely on maternal effects and when
on phenotypic plasticity? Evolution 2015, 69:950-968.

31. Leimar O, McNamara JM: The evolution of transgenerational
integration of information in heterogeneous environments. Am
Nat 2015, 185:E55-E69.

32. Badyaev AV: Maternal effects as generators of evolutionary
change: a reassessment. Ann N Y Acad Sci 2008, 1133:151-161.

33. Verziiden MN, ten Cate C, Servedio MR, Kozak GM,
Boughman JW, Svensson El: The impact of learning on sexual
selection and speciation. Trends Ecol Evol 2012, 27:511-519.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Beltman JB, Metz JAJ: Speciation: more likely through a
genetic or a learned habitat preference. Proc R Soc B: Biol Sci
2005, 272:1455-1463.

Najarro MA, Sumethasorn M, Lamoureux A, Turner TL: Choosing
mates based on the diet of your ancestors: replication of non-
genetic assortative mating in Drosophila melanogaster. PeerJ
2015.

Smith G, Ritchie MG: How might epigenetics contribute to
ecological speciation? Curr Zool 2013, 59:686-696.

Andersson M: Sexual Selection. Princeton, NJ, USA: Princeton
University Press; 1994.

Jones AG, N.L. R: Mate choice and sexual selection: what have
we learned since Darwin? Proc Natl Acad Sci U S Am 2009,
106:10001-10008.

Reynolds JD, Gross MR: Costs and benefits of female mate
choice: is there a lek paradox? Am Nat 1990, 136:230-243.

Kirkpatrick M: Evolution of female choice and male parental
investment in polygynous species: The demise of the “Sexy
Son”. Am Nat 1985, 125:788-810.

Kokko H, Booksmythe I, Jennions MD: Mate-sampling costs and
sexy sons. J Evol Biol 2015, 28:259-266.

Zahavi A: Mate selection — selection for a handicap. J Theor
Biol 1975, 53:205-214.

Kokko H, Brooks R, Jennions MD, Morley J: The evolution of
mate choice and mating biases. Proc R Soc B-Biol Sci 2003,
270:653-664.

Kotiaho JS, Lebas NR, Puurtinen M, Tomkins JL: On the
resolution of the lek paradox. Trends Ecol Evol 2008, 23:1-3.

Borgia G: Sexual selection and the evolution of mating
systems. In In Sexual Selection and Reproductive Competition in
InsectsPL New York. Edited by Blum MS, Blum NA. Academic
Press; 1979:19-80.

Radwan J: Maintenance of genetic variation in sexual
ornaments: a review of the mechanisms. Genetica 2008,
134:113-127.

Houle D, Kondrashov AS: Coevolution of costly mate choice
and condition-dependent display of good genes. Proc R Soc B:
Biol Sci 2002, 269:97-104.

Rowe L, Houle D: The lek paradox and the capture of genetic
variance by condition dependent traits. Proc R Soc B-Biol Sci
1996:263.

Day T: Sexual selection and the evolution of costly female
preferences: spatial effects. Evolution 2000, 54:715-730.

Proulx SR: Female choice via indicator traits easily evolves in
the face of recombination and migration. Evolution 2001,
55:2401-2411.

Reinhold K: Modeling a version of the good-genes hypothesis:
female choice of locally adapted males. Org Divers Evol 2004,
4:157-163.

Holman L, Kokko H: Local adaptation and the evolution of
female choice. In In Gene-by-Environment Interactions and
Sexual Selection. Edited by Hunt J, Hosken DJ. Wiley-Blackwell;
2014.

Ingleby FC, Hunt J, Hosken DJ: The role of genotype-by-
environment interactions in sexual selection. J Evol Biol 2010,
23:2031-2045.

www.sciencedirect.com

Current Opinion in Behavioral Sciences 2016, 12:129-137


http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0095
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0095
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0095
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0095
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0095
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0100
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0100
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0100
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0105
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0105
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0110
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0110
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0115
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0115
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0120
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0120
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0125
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0125
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0130
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0130
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0130
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0135
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0135
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0140
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0140
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0145
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0145
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0150
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0150
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0155
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0155
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0155
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0160
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0160
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0165
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0165
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0165
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0170
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0170
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0170
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0175
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0175
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0175
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0175
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0180
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0180
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0185
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0185
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0190
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0190
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0190
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0195
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0195
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0200
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0200
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0200
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0205
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0205
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0210
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0210
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0215
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0215
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0215
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0220
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0220
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0225
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0225
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0225
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0225
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0225
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0230
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0230
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0230
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0235
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0235
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0235
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0240
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0240
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0240
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0245
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0245
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0250
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0250
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0250
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0255
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0255
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0255
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0260
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0260
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0260
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0260
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0265
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0265
http://refhub.elsevier.com/S2352-1546(16)30223-6/sbref0265

	Sexual selection: incorporating non-genetic inheritance
	What is non-genetic inheritance?
	Why is non-genetic inheritance important?
	How does non-genetic inheritance influence sexual selection?
	NGI increases the heritable variation upon which selection can act
	NGI can provide an endless source of phenotypic variation: could ejaculate-borne effects resolve the lek paradox?
	Where to from here?
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


