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abstract: As an immediate consequence of sexual reproduction,
biphasic life cycles with alternating diploid and haploid phases are
a common characteristic of sexually reproducing eukaryotes. Much of
our focus in evolutionary biology has been directed toward dynamics
in diploid or haploid populations, but we rarely consider selection oc-
curring during both phases when studying evolutionary processes. One
of the reasons for this apparent omission is the fact that many flowering
plants and metazoans are predominantly diploid with a very short hap-
loid gametic phase. While this gametic phase may be short, it can play a
crucial role in fundamental processes including the rate of adaptation,
the load of mutation, and the evolution of features such as recombina-
tion. In addition, if selection acts in different directions between the
two phases, a genetic conflict will occur, impacting themaintenance of ge-
netic variation. Here we provide an overview of theoretical and empirical
studies investigating the importance of selection at the haploid gametic
phase in predominantly diploid organisms and discuss future directions
to improve our understanding of the underlying dynamics and the gen-
eral implications of haploid selection.

Keywords: biphasic life cycle, sexual reproduction, eukaryotes, hap-
loid selection.

Introduction

Sexual reproduction is the most common form of reproduc-
tion in eukaryotes. A basic consequence of sex is an alterna-
tion between a diploid phase (following syngamy) and a hap-
loid phase (following meiosis). The relative duration of these
phases varies substantially across taxonomic groups and ranges
from diplontic life cycles, where somatic growth and develop-
ment occurs in diploid cells, to haplontic life cycles, where
growth and development are limited to haploid cells (for re-
view, see Mable and Otto 1998). While the existence of two
* These articles originated as the 2017 Vice Presidential Symposium presented at
the annual meetings of the American Society of Naturalists in Portland, Oregon.
† Corresponding author; email: s.immler@uea.ac.uk.

ORCIDs: Immler, http://orcid.org/0000-0003-1234-935X; Otto, http://orcid.org
/0000-0003-3042-0818.

Am. Nat. 2018. Vol. 192, pp. 000–000. q 2018 by The University of Chicago.
0003-0147/2018/19202-58045$15.00. All rights reserved.
DOI: 10.1086/698483

This content downloaded from 139
All use subject to University of Chicago Press Term
alternating ploidy levels has been known for over a century
(Strasburger 1894), the actual consequences for evolutionary
processes are still relatively poorly understood. Much of the
past and present research in evolutionary genetics assumes
that a population is either haploid or diploid (e.g., Crow and
Kimura 1970; Ewens 1979); only rarely are the evolutionary
consequences of selection in both phases considered. Taking
both phases into account when studying evolutionary processes
may be particularly important when selection is acting in both
phases but not necessarily in the same direction (Ewing 1977;
Immler et al. 2012; Otto et al. 2015). While theoretical work
predicts such a genetic conflict across ploidy levels to have a sig-
nificant impact on major evolutionary dynamics, including the
maintenance of genetic variation (Ewing 1977; Immler et al.
2012; Otto et al. 2015) and the rate of adaptation (Orr andOtto
1994), empirical testing of these ideas is lacking far behind. In
the following sections, we present an overview of our current
understanding of the importance of haploid selection fromboth
a theoretical and an empirical point of view.
Part of the reason for the limited focus on alternating gen-

erations is that the haploid phase is substantially shorter in
both animals and plants, which can mislead us into assuming
that selection during this phase is weak. In addition, in an-
imals the general idea is that gene transcripts and proteins
are shared among cells during the development of sperm,
limiting the scope for selection on the haploid genome (but
see Joseph and Kirkpatrick 2004). However, empirical evi-
dence for selection at the haploid stage in plants and animals
ismounting, and it is therefore time to reconsider some of our
assumptions and investigate the role of alternating haploid
and diploid phases for evolutionary processes more carefully.
We here present an overview of the evidence for and role of
selection during both haploid and diploid phases of sexual life
cycles, discussing the wider implications for evolution, even
in predominantly diploid organisms.
The dynamics of selection acting on a haploid genome are

profoundly different from those acting on a diploid genome
(Crow and Kimura 1965). In a diploid genome, any allele
whose expression is less than perfectly dominant will experi-
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ence a masking effect, where its impact is altered by the ex-
pression of its sister allele. In terms of fitness, the masking
effect can reduce the selection experienced by an allele. In
contrast, any allele that is expressed in a haploid genome is
fully exposed to selection. This difference in exposure to selec-
tion affects the spread and fixation of newly occurring alleles.
In particular, deleterious de novo mutations are more effec-
tively purged if expressed in a haploid genome due to the lack
of masking (Crow and Kimura 1965), while beneficial alleles
are more likely to establish (Orr and Otto 1994). In addition,
haploids and diploids differ in their chance of carrying a new
allele, with the theoretical expectation that this rate is doubled
in diploids (but see Sharp et al. 2018). The net result of having
both haploid and diploid selection can thus impact a wide va-
riety of evolutionary processes, including mutation load, rates
of adaptation, and the evolution of life cycles.
Haploid Selection in Male Gametes

Most of the existing empirical work aimed at revealing selection
during the haploid phase has been performed in male gametes.
The reason for this is thatmale gametes are easier to collect,ma-
nipulate, and sequence. In flowering plants, although the dura-
tion of the haploid gametic phase is limited, many genes are
expressed in haploid male gametophytes (Haldane 1932; Mas-
carenhas 1990; Borg et al. 2009;Walbot and Evans 2003 esti-
mated that up to 60% of genes have haploid expression). In-
terestingly, while many of these genes are expressed in the
sporophytic stage as well as the gametophytic stage, about
10% of genes are pollen specific (e.g., Honys and Twell 2004;
Pina et al. 2005; Borges et al. 2008; Borg et al. 2009;Arunkumar
et al. 2013).Despite this,weknowrelatively little about the evo-
lutionary consequences of haploid gene expression in plants.

In diplontic animals, the presence of gene expression in the
haploid genome of gametes is much debated (Joseph andKirk-
patrick 2004). Several lines of evidence have led many to con-
clude that the scope for haploid selection in animals isminimal,
including the highly compact nucleus in sperm (e.g., Steger
1999), the existence of cytoplasmic bridges allowing RNA
and proteins to be shared among haploid spermatids aftermei-
osis (Dadoune et al. 2004), and the fact thatDNA-free sperm in
Drosophila can enter an egg (Lindsley and Grell 1969). How-
ever, even if haploid expression is suppressed for many genes,
those genes that are expressed in the haploid phasemay expe-
rience substantial selection (Joseph andKirkpatrick 2004; Im-
mler 2008). This idea is supported by the finding of unequal
sharing of the Spam gene in house mice (e.g., Zheng et al.
2001), the observation of de novo transcription in postmeiotic
spermatids inDrosophila (Vibranovski et al. 2010), andmore
recently by a study in zebrafish showing a link between sperm
genotype and sperm phenotype (Alavioon et al. 2017). Al-
though the exact extent of haploid-specific transcription re-
mains unclear, there are significant levels of mRNA in sperm
This content downloaded from 139
All use subject to University of Chicago Press Term
(Alcivar et al. 1989; Ostermeier et al. 2002; Yang et al. 2009;
Bonache et al. 2012), with evidence of transcription within
postmeiotic sperm (Naz 1998; Zheng et al. 2001; Welch
et al. 2006; Barreau et al. 2008). Translation also occurs, sur-
prisingly not by the standard nuclear ribosome but by a
mitochondrial-type ribosome (Gur and Breitbart 2006, 2008).
Furthermore, variation in the gene-expression profile among
haploid sperm from a single ejaculate has been shown to cor-
relate with motility and fertility in humans (Lambard et al.
2004), consistent with selection in the haploid phase. In addi-
tion, long-term sperm storage has led to a unique network of
sperm-specific genes in the proteome of honeybees Apis mel-
lifera (Zareie et al. 2013). These genes code not only for pro-
teins known to be involved in spermmetabolism andmotility
but also for genes involved in transcription, translation, and
enzyme regulation (Zareie et al. 2013), as well as for specialized
proteins for adenosine triphosphate production using acidify-
ing glycolytic metabolism (Paynter et al. 2017). This altered
proteomic network suggests long-term selection for haploid
sperm survival in the anaerobic spermatheca, a result that
would be valuable to replicate in other species with long-term
sperm storage.
Beyond haploid selection on gene expression, there is also

substantial scope for haploid selection on the process of DNA
condensation. DNA condensation in sperm involves a highly
organized repackaging of the genome, replacing histones with
transitional proteins and ultimately protamines, a process
that allows the nucleus to shrink by an order of magnitude
in sperm (Ioannou and Tempest 2018). Yet the haploid ge-
nome must also be primed to restore transcriptional activity
following fertilization, particularly at genes important in early
development. Consequently, condensation is not uniform
across the haploid genome, and histones plus a more open
chromatin configuration remain at several sites associatedwith
genes involved in early embryonic development as well as
zygotic origins of replication (Ward et al. 2010; Champroux
et al. 2016; Ioannou andTempest 2018). Thesefindings suggest
that haploid selection may act on the DNA sequence itself, al-
tering the degree towhich theDNA is locally compacted versus
remains open andprimed for reexpression in the diploid phase.
Future work is needed to shed light on how these patterns are
governed by the haploid genome itself and how they vary
among sperm.
Regardless of the mechanism, a recent study in the zebra-

fish Danio rerio suggests that haploid selection does play an
important role, with far-reaching implications (Alavioon
et al. 2017). In this study, selection on sperm phenotypes
(short- vs. long-lived sperm) showed a 7% difference in off-
spring fitness, and variation in sperm phenotype was clearly
linked to sperm genotype. Sequencing of sperm pools se-
lected by phenotype suggested that regions across the entire
genome were involved in determining genetic differences
between short- and long-lived sperm pools.
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Haploid Selection in Female Gametes

Much of the empirical evidence described in this review is
limited to male gametes such as pollen and sperm, whereas
evidence from female gametes is generally lacking. Three
main reasons can explain this discrepancy: (i) male gam-
etes are generally produced in abundance and are exposed
to extreme levels of selection due to the fact that only a few
out of potentially millions of male gametes succeed in fer-
tilizing an egg (Cruden 1976; Birkhead et al. 1993; Keller and
Reeve 1995); (ii) male gametes are generally released from
the male into environments that are often extremely differ-
ent, including exposure to aquatic environments of vary-
ing salinity, altered temperatures, ultraviolet light, and/or
acidic conditions inside the female reproductive tract, while
female gametes remain inside the female until shortly be-
fore or even after fertilization, reducing the exposure of fe-
male gametes to selection; (iii) while the timing and com-
pletion of meiotic divisions in female gametes vary strongly
across taxa (Gilbert 2013), in many vertebrates the comple-
tion of meiosis happens late (often during or after fertiliza-
tion), leaving the female gamete effectively diploid through-
out the life cycle.

Nevertheless, the female haploid genome may play a role
during fertilization and can actively cause nonrandom fu-
sions among male and female pronuclei. A striking example
has been described in the ctenophore Beroe ovata, where
polyspermy is the rule rather than the exception and female
pronuclei have been observed to actively migrate between
male pronuclei that impacted on the egg surface (Carré
and Sardet 1984). The mechanisms and scope underlying
this observation remain unknown, but such processes could
be more common than thought. A suggestive pattern has
been described in the housemouseMusmusculus, wherenon-
random fusion among gametes appears to be based on major
histocompatibility complex (MHC) loci (Wedekind et al.
1996). Whether this is the result of egg choice among differ-
ent sperm or a mechanism involving the second meiotic di-
vision (i.e., after fertilization) is currently unclear. Similar
studies in whitefish Coregonus sp. and Atlantic salmon Salmo
salar, however, failed to provide evidence for nonrandom fu-
sion based on MHC haplotypes in male and female gametes
(Wedekind et al. 2004; Promerová et al. 2017). Nonrandom
fusion among gametes has also recently been discussed as a
possible explanation for the observation of non-Mendelian
inheritance in mouse mutants (Nadeau 2017). An interesting
idea mentioned in this context is the possibility that such
mechanisms could be condition dependent, making them
challenging to detect. A carefully planned genome-wide ap-
proach to study gamete fusion and the association of haploid
gametic genomes would be a great way to expand these stud-
ies beyond MHC to detect the extent of selection on haploid
gametes during the fertilization process.
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While the examples described above demonstrate the po-
tential for haploid gene expression and selection, more work
is needed to document variation among species in the extent
of haploid gene expression and its implications for evolu-
tion. In the following sections, we summarize the theoretical
predictions for the main evolutionary processes potentially
affected by selection at the haploid gametic stage in other-
wise diplontic organisms, discuss these predictions in the
light of empirical results, and make suggestions about how
such predictions could be tested.
Rate of Adaptation

The rate of adaptation depends to a large degree on the rate
at which beneficial mutations arise in a population. Benefi-
cial mutations are predicted to occur at twice the rate in
diploid organisms compared to haploid organisms, offering
a potential advantage in adaptive processes (e.g., Charles-
worth 1983; Paquin and Adams 1983; Valero et al. 1992).
However, because beneficial mutations are partially masked
in diploids, they can be lost more easily when they first arise
and spreadmore slowly than in haploids, slowing the rate of
adaptation in theoretical models of both sexual and asexual
populations (Orr and Otto 1994). In fact, an experimental
study in the budding yeast Saccharomyces cerevisiae, where
haploid and diploid lines were evolved over 2,000 genera-
tions, showed that in large, asexual populations, haploids
adapt faster than diploids (Zeyl et al. 2003). A follow-up
study confirmed this observation by showing that haploid
lines adapting for 187 generations across a variety of stress-
ful environments evolved faster than their isogenic diploid
sister lines (Gerstein et al. 2011). Interestingly, the mutation
rate has recently been shown to be higher per basepair in
haploid than in diploid yeast (Sharp et al. 2018), which
would also hasten the relative rate of haploid adaptation to
the extent that this result generalizes to other species and
conditions. Similarly, the effect size of beneficial mutations
in haploid strains appears to be much larger than in homozy-
gous diploid strains, which would further contribute to se-
lection being more efficient in haploids than in diploids
(Gerstein 2013). The relative advantage of haploid versus dip-
loid genotypes varies greatly among environments, how-
ever, as found across a variety of yeast strains (Zörgö et al.
2013), which may also shape the ability of haploid and dip-
loid organisms to proliferate and adapt to different condi-
tions.
But what about the rate of adaptation in genes expressed

at the haploid gametic stage compared to genes expressed
only in the diploid phase of diplontic species? Empirical ev-
idence for selection on the haploid phase is strongest in
flowering plants, coming from both experimental mating
trials and molecular sequence analysis. For example, ma-
nipulating the placement of pollen on stigmas, the number
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of pollen donors, or the amount of pollen deposited alters
the strength of pollen competition, often with measurable
effects on offspring fitness (Snow and Spira 1996; Skogsmyr
and Lankinen 1999; Aronen et al. 2002; Lankinen and
Skogsmyr 2002; Lankinen et al. 2009). Furthermore, directly
exposing pollen to selection (e.g., altered temperatures, her-
bicides, or other stressors) can hasten the breeding of plant
strains adapted to those conditions (Searcy and Mulcahy
1985; Frascaroli and Songstad 2001; Ravikumar et al. 2003,
2012; Clarke et al. 2004; Hedhly et al. 2004; Scott 2016).
At the sequence level, pollen-specific oleosin-like proteins
(Schein et al. 2004) and glycine-rich pollen surface proteins
(Fiebig et al. 2004) show signs of rapid evolution, supporting
the notion that selection on haploid-expressed genes can be
effective. Similarly, in Arabidopsis thaliana and the moss Fu-
naria hygrometrica, haploid-specific genes exhibited faster
evolution than diploid-specific genes (Szövényi et al. 2013).
By comparing to levels of polymorphism in Arabidopsis, the
authors suggest that relaxed purifying selection, rather than
more efficient positive selection, is responsible for the faster
rate of evolution at haploid-specific genes (Szövényi et al.
2013), but this may be a consequence of the high selfing
rate—and low degree of pollen competition—ofA. thaliana.
An explicit test for the extent of positive selection inCapsella
grandiflora convincingly showed that pollen-specific genes
exhibited higher proportions of adaptive substitutions and
a higher rate of adaptive nonsynonymous to synonymous
substitutions than genes expressed in sperm or seedling tis-
sues, and genes expressed in all three tissues showed signs of
elevated positive selection compared to genes expressed in ei-
ther of the diploid tissues (Arunkumar et al. 2013).

Empirical testing of such ideas in animals is lagging far be-
hind the research performed in plants.We currently know lit-
tle about which genes are expressed at the postmeiotic stages
and even less about the extent of positive selection. A study
comparing orthologous protein-encoding genes in humans
and rodents showed that proteins involved in reproduction,
and more specifically in sperm-egg interactions, are among
the most rapidly evolving of all studied proteins (Makalowski
and Boguski 1998). Similar patterns were described in a wide
range of species and taxa (reviewed extensively in Swanson
and Vacquier 2002a, 2002b; Clark et al. 2006). A plausible ex-
planation for the rapid evolution of these genes is that they are
under sexually antagonistic selection and the rapid evolution
is a good example for the arms race between the sexes. While
these findings support the idea that selection on these genes
must be strong, the question of the extent to which these
genes are expressed in a haploid fashion requires further in-
vestigation. If any of these genes were expressed in a haploid
manner in sperm, then an alternative to sexually antagonistic
selection is conflict between haploid and diploid phases. Yet
another alternative is conflict across both sexes and ploidy
levels, as discussed further below (Immler et al. 2012).
This content downloaded from 139
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Mutation Load and Mutation Rate

While de novo mutations are one of the key factors contrib-
uting to genetic variation, only a few are advantageous, and
most are effectively neutral or mildly deleterious (Simmons
and Crow 1977; Crow 1993; Eyre-Walker and Keightley
2007). Mutations that are deleterious to an organism’s fit-
ness (Muller 1932) cause a wide variety of diseases in humans
(Cavalli-Sforza and Bodmer 1971) and are thought to shape a
variety of features, from sex (Barton and Charlesworth 1998)
to genetic canalization (Wagner et al. 1997). Any mechanism
that purges suchmutations should thus be favored. One such
mechanism that has been explored theoretically is selection in
the haploid phase (Gordo and Charlesworth 2000; Hough
et al. 2013; Otto et al. 2015), because deleterious mutations
are better exposed to selection withoutmasking and are elim-
inated at a faster rate. Females in particular are selected to fa-
vor haploid selection among the gametes received, as this
raises the mean fitness of her offspring (Otto et al. 2015). In
addition, selection in the short-lived haploid phase of diplon-
tic organisms allows purging without the substantial risk of
somatic mutations and cancer that would plague multi-
cellular haploids and are thought to maintain diploidy in
multicellular organisms (Orr 1995). Similarly, haploid selec-
tion canmitigate the negative effects of inbreeding depression
(Charlesworth and Charlesworth 1987) through the efficient
removal of deleterious mutations even in small populations.
Empirical evidence for purifying selection in genes ex-

pressed during the haploid gametic phase is still scarce and
primarily limited to studies in flowering plants. Haploid pu-
rifying selection in Silene latofolia has slowed down the de-
generation of the Y chromosome (Chibalina and Filatov
2011), and in Capsella grandiflora, purifying selection was
most evident in genes that were exclusively expressed in pol-
len or in all tissues compared to genes exclusively expressed in
sperm or diploid seedling tissue (Arunkumar et al. 2013). In
the selfingArabidopsis thaliana a higher accumulation of del-
eterious mutations in pollen-specific genes has been reported
(Harrison et al. 2015), and the authors note that selfing in this
species increases homozygosity in the diploid sporophyte and
reduces competition among pollen and hence selection on
pollen-specific genes. It would be worthwhile to gather more
such data across a variety of species to look at the impact of
the mating system on haploid selection and vice versa.

Recombination Rate

Haploid selection is also a potentially important factor af-
fecting the evolution of recombination. First, haploid selec-
tion would influence the nature of epistasis and the degree
of selective interference among loci, both of which shape
the evolution of recombination rates (e.g., Barton 2009;
Otto 2009). Second, because haploid selection typically dif-
fers betweenmales and females, it can drive the evolution of
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reduced recombination on sex chromosomes (e.g., coupling
alleles favored in pollen with the Y chromosome; Scott and
Otto 2017).

Furthermore, theoretical models have also found that
haploid selection is key to sex differences in recombination
rates (heterochiasmy), a common phenomenon in both ani-
mals and plants (Burt et al. 1991). Lenormand (2003) rejected
several forms of diploid selection as explanations for hetero-
chiasmy but found that epistasis in the haploid phase can
drive differences in the rate of recombination between males
and females. Indeed, examining data fromplants, Lenormand
and Dutheil (2005) found lower recombination in females
than in males when selection is stronger in female gameto-
phytes and similarly when selection is weaker in male ga-
metophytes. Meiotic drive is similar in nature to haploid
selection, affecting the differential success of haploid chromo-
somes, and it too can drive sex differences in recombination
(Brandvain and Coop 2012), although the sex that will evolve
the higher rate of recombination depends on the location of
the modifier of recombination (linked or unlinked) and the
details of the drive (whether it acts in males or females and,
if in females, whether it acts during meiosis I or II). The in-
creasing availability of genomic sequence data promises to
improve our understanding of heterochiasmy and to allow di-
rect tests of whether organisms with stronger genomic evi-
dence of haploid selection display greater heterochiasmy.
Maintenance of Variation in the Haploid Phase

For selection to be effective in haploids, there must be var-
iation in haploid expressed genes. On average, gametes pro-
duced by one diploid individual share 50% of their genes,
but this genetic relatedness may vary from 0% to 100%
due to the processes of segregation and recombination.
These two processes reshuffle the chromosomes and the
alleles present in the diploid genome, allowing for an almost
unlimited number of haploid gametes (Cohen 1967, 1973).
But such reshuffling generates variation only if loci expressed
in the haploid phase are polymorphic in the first place. Below,
we discuss three nonmutually exclusive hypotheses for the
maintenance of genetic variation during the haploid phase.
De Novo Mutations

Ultimately, de novomutations are the source of genetic var-
iation and would also contribute to variation in performance
among haploid gametes.While mutations that reduce gamete
performance would be removed, recurrent mutation would
regenerate variation. Estimates of the deleterious mutation
rate are generally less than one per generation (Bataillon
2000), but many persist for several generations, making it
plausible that gametes carry several deleterious mutations.
These will be relevant to haploid selection, however, only if
This content downloaded from 139
All use subject to University of Chicago Press Term
expressed in the gamete via haploid transcripts or if they im-
pact the efficacy of DNA condensation. If only a small frac-
tion of genes are relevant in the haploid phase, as is thought
to be the case in animals (Dadoune et al. 2004), we might not
expect mutation-selection balance to contribute much phe-
notypic variation among sperm.
Balancing Selection

An alternative tomutation-selection balance that canmain-
tain higher levels of variation at a locus is balancing selec-
tion, where different alleles are favored in different life stages.
Loci expressed during the diploid and haploid phases are po-
tentially subject to differential or even antagonistic selection
where different alleles are favored in the two phases. Such
“ploidally antagonistic selection” can maintain stable genetic
polymorphisms (Ewing 1977) and ismore likely to do so than
sexually antagonistic selection when the dominance of an al-
lele is the same in the two sexes (Immler et al. 2012). The con-
ditions maintaining variation are evenmore readily met if se-
lection is antagonistic not only across ploidy levels but also
between sexes, for example, if an allele is beneficial when ex-
pressed in a haploid male gamete but deleterious when ex-
pressed in a diploid female offspring (Immler et al. 2012).
Empirical tests of these predictions do not currently exist,
but the increasing availability of genomic and transcriptomic
data sets that include haploid-specific expression data could
offer a perfect opportunity to fill this gap, particularly in
flowering plants where haploid expressed genes are known.
An alternative scenario of balancing selection maintaining

genetic variation may arise if male gametes experience differ-
ent environments prior to fertilization, similar to Levene’s
model with multiple ecological niches (Levene 1953). For
insect-pollinated plants, for example, there may be different
selective pressures acting on pollen transported by different
species of insect, depending on the insect’s foraging behavior,
pollen placement, and grooming (Hasegawa et al. 2015). A
similar scenario could be found in externally fertilizing or-
ganisms, where the locations and timing of sperm and egg
release may vary spatially, favoring different haplotypes (e.g.,
sometimes fast-swimming and sometimes long-lived sperm
win).
Frequency-Dependent Selection

Finally, selection based on the relative frequency of specific
gamete genotypes can maintain genetic variation when
types are more successful when rare than when common.
Frequency-dependent selection related to the detection of
pathogens is thought to maintain high levels of variation
at MHC loci (Takahata and Nei 1990). While it is unclear
whether MHC loci are expressed in the haploid phase, the
very nature of gamete competition—many compete but
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few succeed—makes it plausible that frequency- and/or
density-dependent selection act on genes expressed in the
haploid phase. In particular, gamete recognition proteins
(e.g., bindins) have been shown to experience frequency-
dependent selection, with rare types being favored when
sperm compete strongly (Levitan and Ferrell 2006). Although
the extent of haploid versus diploid expression of these pro-
teins in the sperm is not well understood (requiring single-
sperm phenotyping), polymorphism is observed in different
species of sea urchin and is predicted theoretically when
sperm are overabundant, using models with either haploid
or diploid expression (Tomaiuolo and Levitan 2010). In plants,
gametophytic self-incompatibility is a well-known form of
frequency dependence that maintains extensive polymor-
phism involving selection in the haploid phase, whereby
only pollen with a different genotype than the maternal plant
succeed in fertilization (Newbigin et al. 1993).
Genetic Interactions in the Haploid Phase

Beside themechanismsmaintaining genetic variation in the
haploid phase described above, the impact on gamete phe-
notype and selection may also depend on how genes in-
teract in the haploid phase and their additive effects and
possible epistatic interactions. Such a scenario currently
seems to be the most plausible explanation for the finding
of genome-wide differences in allele frequencies observed
among selected sperm pools in the zebrafish (Alavioon et al.
2017). However, whether these patterns are the result of
additive effects or epistatic interactions between genes is
currently unclear. In any case, the effects and possible in-
teractions between fundamental housekeeping and regula-
tory genes may contribute to the sperm phenotype being
favored by haploid selection and resulting in fitter offspring.

Epistatic interactions among alleles during the haploid
gametic phase can also provide a possible explanation for
the recent surprising observation that males and females
differ in allele frequency at numerous autosomal loci in
humans and Drosophila (Cheng and Kirkpatrick 2016;
Lucotte et al. 2016). This finding can be explained only by
selection within the generation, but this includes very early
selection—among the gametes. In particular, epistasis be-
tween loci on the sex chromosomes and autosomal loci,
where specific alleles on the sex chromosome combined
with alleles on autosomes yield favorable gamete pheno-
types, could drive observed differences in the resulting off-
spring. In other words, selection among gametes might
cause alleles on the Y chromosome to become genetically as-
sociated with a different set of autosomal alleles than alleles
on the X chromosome, generating differences in allele fre-
quency between daughters and sons. While speculative, se-
lection at the haploid stage might help alleviate the severe
segregation load that appears to be implied by these studies.
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Future Directions

Understanding the extent of selection at the haploid gam-
etic phase in predominantly diploid organisms may pro-
vide important insights into the dynamics of major evolu-
tionary processes. Despite the seemingly short amount of
time spent haploid, any selection occurring at that stage
may have a disproportionate effect on the speed of adap-
tation and, given the fundamental tie to mating, on the de-
velopment of reproductive isolation between species. Pre-
vious authors (e.g., Swanson and Vacquier 2002a, 2002b)
have suggested that both purifying selection and positive
selection can explain the rapid evolution of reproductive
proteins—but the extent to which this selection depends
on the diploid genome of the parent versus the haploid ge-
nome of the gamete remains unclear.
Also unclear is the extent towhich haploid selection purges

deleterious mutations from diplontic organisms. Certainly,
expression of fundamental housekeeping genes responsible
for the general fitness of an organism during the haploid
phase could offer a unique opportunity for “proofreading”
a genome and eliminating deleterious mutations. But the ex-
tent to which haploid selection is an effective selective sieve—
and in which organisms—is virtually unknown at present.
With the availability of ever more sophisticated sequenc-

ing tools and the opportunity to sequence even individual
cells, we expect that the extent of haploid selection among
diploid animals and plants will become better understood.
Experimentally, a promising approach in plants would be to
perform genomic sequencing of a paternal and distantly re-
lated maternal plant (distant enough that short-read se-
quences can be distinguished), alongside sequencing of
styles after fertilization (as distant from the stigma as pos-
sible); after distinguishing maternal and paternal reads,
analyses of the SNPs from the father that depart from a
50∶50 expectation would indicate haploid selection. In
animals, we recommend that more studies of sperm compe-
tition be conducted that focus on the gametic products of a
single individual, not just competing sperm from different
males. Studies of pollen or sperm from single males, such
as that conducted by Alavioon et al. (2017), are needed from
a much broader array of organisms—plants and animals—
to elucidate the functional importance of haploid selection.
The assumption that haploid selection is absent in primar-
ily diploid organisms has, in our opinion, prevented
scientists from investigating its importance. The genomic
tools and accumulating evidence indicate that it is time to
take a more serious look for haploid selection.
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