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ABSTRACT

It has long been recognized that natural selection during the haploid gametophytic phase of the plant life

cycle may have widespread importance for rates of evolution and the maintenance of genetic variation.

Recent theoretical advances have further highlighted the significance of gametophytic selection for diverse

evolutionary processes. Genomic approaches offer exciting opportunities to address key questions about

the extent and effects of gametophytic selection on plant evolution and adaptation. Here, we review the

progress and prospects for integrating functional and evolutionary genomics to test theoretical predic-

tions, and to examine the importance of gametophytic selection on genetic diversity and rates of evolution.

There is growing evidence that selection during the gametophyte phase of the plant life cycle has important

effects on both gene and genome evolution and is likely to have important pleiotropic effects on the sporo-

phyte. We discuss the opportunities to integrate comparative population genomics, genome-wide associ-

ation studies, and experimental approaches to further distinguish how differential selection in the two

phases of the plant life cycle contributes to genetic diversity and adaptive evolution.
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INTRODUCTION

The gametophytic phase of the plant life cycle is believed to have

important implications for genetic variation and plant evolution.

The absence of heterozygosity in the haploid phase removes

dominance effects, thereby increasing the efficacy of selection

on both beneficial and deleterious mutations (Immler, 2019).

Furthermore, a variety of selective pressures act only during the

gametophytic phase of the life cycle. Competition between

male gametophytes can cause variance in fertilization success,

creating the potential for strong directional selection (Haldane,

1932). Complex interactions between male gametophytes,

female gametophytes, and the sporophyte create opportunities

for sexual conflict and coevolution (Higashiyama and Takeuchi,

2015; Lankinen and Green, 2015). Finally, variants favored in

gametophytes may have positive or negative pleiotropic effects

on sporophyte fitness (Peters and Weis, 2018). A major goal of

this review is to explore the prevalence of gametophytic

selection and its effects on the sporophyte (Figure 1).

Despite nearly a century of research, quantifying the extent of

gametophytic selection and its fitness effects in sporophytes re-

mains challenging. Pollen has attracted the greatest research

effort, and early hypotheses focused on the potential for conflict
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between pollen and sporophytes (Haldane, 1932). Later

researchers proposed that selection during the gametophyte

stage in angiosperms could increase sporophyte fitness

(Mulcahy, 1979), and early evidence reporting differences in

offspring quality due to pollen competition created widespread

enthusiasm for this hypothesis (e.g., Stephenson et al., 1986;

Davis et al., 1987). The simple life cycle of pollen also attracted

the attention of artificial selection programs seeking increased

sporophyte yield in crops (Ottaviano et al., 1980). However,

convincing evidence for the pervasive genetic variation in

gametophyte performance necessary for gametophytic

selection was hotly debated, as was the nature of pleiotropic

effects of this variation (Charlesworth et al., 1987;

Charlesworth, 1988; Walsh and Charlesworth, 1992). The early

focus on pollen has continued, although removing dominance

effects is as likely in female as in male gametophytes, and

similar questions apply to both pollen and ovules regarding

pleiotropic expression, the evolutionary dynamics of pollen–

pistil interactions, and how these might vary with mating system
ations 1, 100115, November 9 2020 Crown Copyright ª 2020
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Two Key Questions Should Guide
Future Research on Gametophytic Selec-
tion.
Three approaches can be used to determine the

prevalence of gametophytic selection:

(A) Investigate gene-expression overlap between

the gametophyte and sporophyte.

(B) Reverse genetics: evaluate the impact of ge-

netic knockouts on gametophytes.

(C) Forward genetics: scan genome-wide for as-

sociations between alleles and gametophyte phe-

notypes (GWAS).

To evaluate the effects of gametophytic selection

on sporophytes, the following studies will be use-

ful:

(D) Use the allele frequency spectrum (AFS) to

compare the frequency of alleles with effects on

gametophyte fitness to neutral expectations.

(E) Conduct artificial selection on gametophytes to

evaluate the impact on the sporophyte (see,

e.g. Domı́nguez et al., 2005 on selection for cold

tolerance in tomatoes).

(F) Use linked neutral genetic diversity to infer

signals of past selection.
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(Willson and Burley, 1983). If, as comparative studies of pollen

limitation suggest (Larson and Barrett 2000; Knight et al., 2005),

the number of ovules per flower is often greater than the

amount of pollen delivered to stigmas, competition between

ovules may also be more prevalent than is generally assumed.

Thus, after a century of study, much remains unknown about

the evolutionary consequences of gametophytic selection.

Recent theoretical analyses on the consequences of differences

in selection during the diploid and haploid phase (Scott and Otto,

2017; Immler and Otto 2018), and a growing resurgence of

empirical research on the subject (Williams and Mazer, 2016;

Delph, 2019), have reopened discussion on the importance of

gametophytic selection for a variety of questions in plant

evolution. This, coupled with growing technological advances

in functional and evolutionary genomics, leads to novel

approaches to further understanding of the evolutionary

significance of gametophytic selection and its role in structuring

genome-wide diversity and the evolution of genes and genomes.

Here, we highlight key open questions and empirical evidence

concerning the evolutionary importance of gametophytic selec-

tion, with a particular focus on seed plants. We then identify

future directions for the field by integrating experimental func-

tional, evolutionary, and quantitative genomics studies of

gametophytes.
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WHAT IS THE GENOME-
WIDE SCOPE FOR
GAMETOPHYTIC
SELECTION?

The evolutionary importance of the haploid

gametophyte phase depends on what pro-

portion of the genome is subject to selection.

In addition, the impact of gametophytic se-

lection on evolutionary processes can be
constrained or accelerated by pleiotropic effects of gene function

shared between the gametophytic and sporophytic stages

(Lande and Arnold 1983; Keith and Mitchell-Olds, 2019; and

see below). Gene-expression studies, analyses of allelic

variation in gametophytic success, and quantitative genetic

analyses have all provided useful insights into the number of

genes and fraction of mutations that are expressed in

gametophytes, how their expression levels compare with

sporophytic expression, and which mutations affect the

success of both male and female gametophytes.

Gene Expression in the Gametophytic Phase

To characterize the evolutionary importance of the gametophytic

phase, it is first necessary to determine whether the phenotype of

gametophytes is a result of the genotype of the gametophyte or

the sporophyte. For example, if pollen-tube growth rate is deter-

mined entirely by the sporophyte that produced the pollen, the

phenotype of the gametophyte is a function of the sporophyte’s

genotype. Studies of gene expression in haploid gametophytes

can be used to infer the potential scope for gametophytic selec-

tion (Figure 1A). Although initially small in scale and/or of low

resolution, evidence from isozyme analysis and early mRNA

hybridization studies indicated that significant numbers of

genes are expressed in mature pollen in species including

Solanum (Lycopersicon) esculentum (Tanksley et al., 1981),
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A B Figure 2. Gene Expression Overlap between
Gametophyte and Sporophyte
The observed overlap in gene expression between

the sporophyte and female andmale gametophytes

in (A) Arabidopsis thaliana (data from Borges et al.,

2008 andWuest et al., 2010) and (B) Zeamays (data

from Chettoor et al., 2014). See Supplemental

Table 1 for numerical values.
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Tradescantia paludosa (Willing and Mascarenhas, 1984), Zea

mays (Sari-Gorla et al., 1986; Willing et al., 1988), and several

other systems (Pedersen et al., 1987). These studies also

indicated significant overlap in gene expression between the

gametophyte and sporophyte phases; pollen transcriptomes

consistently showed evidence for lower complexity (i.e., fewer

distinct transcripts) than sporophytic tissue, but the majority of

genes expressed in the gametophyte are also expressed in the

sporophyte (Figure 2).

Whole transcriptome-based approaches using microarrays and

mRNA sequencing have provided genome-wide confirmation

that in male gametophytes, a significant proportion of the

genome is transcriptionally active (Figure 2; reviewed in Rutley

and Twell, 2015). Male gametophytes grow, exchange nutrients

with their surroundings, export and receive signals, and orient

themselves in space (reviewed in Bedinger, 1992; Higashiyama

and Takeuchi, 2015). This extensive biological function is

reflected in transcription: studies across diverse species have

revealed thousands of genes transcribed and translated in

pollen (e.g., Rutley and Twell, 2015; Sandler et al., 2018;

Warman et al., 2020). Furthermore, the transcriptome of mature

pollen only represents a fraction of the genes likely to be under

selection in male gametophytes; expression varies considerably

during the pollen life cycle between growth stages (Honys and

Twell, 2004; Wei et al., 2010) and between pre- and post-

pollination (Qin et al., 2009; Boavida et al., 2011). Comparisons

with expression in sporophytic tissue have indicated a unique

transcriptional profile specialized to pollen but also a strong

overlap with genes expressed in the sporophyte (Honys and

Twell, 2004; Borges et al., 2008; Tang et al., 2010). Whereas

male gametophyte expression varies between the species that

have been investigated, approximately 40%–60% of genes

assayed showed evidence of expression in at least one stage

of male gametophyte development, with approximately 90% or

more of pollen-expressed transcripts also expressed in sporo-

phytic tissues (Honys and Twell, 2004; Borges et al., 2008;

Tang et al., 2010; Whittle et al., 2010; Anderson et al., 2013;

Chettoor et al., 2014). This general finding suggests that there

is considerable scope for pleiotropic fitness effects between

the two life-cycle phases.

Similarly, although it is more technically challenging to isolate fe-

male gametophyte tissue, expression studies of the female game-

tophyte also suggest widespread gene expression that overlaps
Plant Communications 1, 100115, No
considerably with the sporophytic phase

(Figure 2). Studies identifying genes specific

to the gametophyte through comparisons of

fertile and infertile ovules (Yu et al., 2005;

Yang et al., 2016; Yao et al., 2018),

or through directly sequencing female
gametophytes following laser microdissection (Wuest et al.,

2010; Schmidt et al., 2011; Kubo et al., 2013; Galla et al., 2019),

typically report extensive transcriptional activity across a wide

variety of systems. Comparisons of pollen and ovule

transcriptomes suggest that pollen transcriptomes exhibit the

most distinctive expression profiles, but there are some parallel

patterns of differential expression in both male and female

gametophyte tissue, such as increased expression of repetitive

sequences, likely due to regulation of transposable elements

(Chettoor et al., 2014).

Taken together, expression studies of gametophyte and sporo-

phyte tissue suggest that (1) a substantial portion of the genome

is expressed in the gametophyte and therefore genetic variation

is likely visible to selection, and (2) gene expression overlaps

incompletely but considerably between sporophyte and male

and female gametophytes, which could cause pleiotropic fitness

effects.

Experimental Assays of Gametophytic Selection

Although expression studies provide important support for the

prediction of widespread phenotypic effects of genes expressed

in the gametophyte, and significant overlap with the sporophyte,

the connection between gene expression and fitness effects is

not always clear. While highly expressed sequences are often un-

der stronger selection (Drummond et al., 2005), gene expression

alone does not guarantee a direct effect on fitness (Barrett and

Hoekstra, 2011). For example, widespread expression of

transposable elements in pollen vegetative cells is likely linked

to resetting of epigenetic silencing of transposable elements

(Slotkin et al., 2009), but mutations within these transcripts may

have little effect on pollen function and competitive ability. To

demonstrate fitness effects, experimental assays of differential

allelic transmission provide a necessary complement to studies

that only describe gene expression.

Early researchers inferred variation in fertilization success among

pollen grains from biased segregation patterns and termed this

phenomenon ‘‘certation’’ (Correns, 1907; Heribert-Nilsson,

1920; Brink, 1927; Jones, 1928). Non-Mendelian genotype fre-

quencies in the progeny of heterozygous crosses provided the

first evidence for heritable variation in pollen competitive ability,

suggesting the potential for gametophytic selection. More

recently, studies of transmission distortion of genes heterozy-

gous for knockout mutations have helped identify candidate
vember 9 2020 Crown Copyright ª 2020 3
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loci with significant effects on male and female gametophyte

function (Feldmann et al., 1997; Christensen et al., 1998;

Howden et al., 1998; Pagnussat et al., 2005; Boavida et al.,

2009). Backcrosses revealed lines where gene knockouts

specifically affected pollen transmission, ovule transmission,

and in some cases both (Pagnussat et al., 2005; Boavida et al.,

2009). Although these screens have revealed significant

numbers of genes affecting gametophytic transmission, the

percentage of gene knockouts (1%–2%) identified in such

screens is considerably smaller than the proportion of genes

expressed in gametophytes (Pagnussat et al., 2005). However,

these are stringent screens that are meant to survey near-lethal

effects on gametophytic fitness. As fitness is a quantitative trait,

we expect many more spontaneous mutations to have subtler

gametophytic fitness effects. Indeed, earlier studies of induced

deletion mutations (reviewed in Walsh and Charlesworth, 1992)

indicate a general pattern of biased pollen transmission,

suggesting that a high proportion of loci across the genome

affect gametophytic performance.

A recent study in maize that combines knockout mutations with

data on gene expression is consistent with the expectation that

genes overexpressed in pollen aremore likely to confer fitness ef-

fects on gametophyte transmission (Warman et al., 2020). These

authors demonstrated that knockout mutations of genes with

high expression in sporophytic tissues showed no evidence of

transmission distortion, but 10% of genes highly expressed in

sperm cells and 20% of genes highly expressed in pollen

vegetative cells caused significant transmission distortion when

knocked out. This connection between gene expression and

fitness effects provides confirmation that expression levels

represent a broadly accurate ‘‘search image’’ for genes with

functional effects in pollen. Future work should determine the

identity and impact of knockouts that affect transmission in

both pollen and ovules, and whether they are biased

toward genes that are also expressed in the sporophytes and,

thus, may have pleiotropic effects following gametophytic

selection.
Standing Variation in Gametophytic Success in Natural
Populations

While gene expression and knockout studies highlight the potential

for widespread gametophytic selection, they cannot directly

address the extent of standing genetic variation for gametophytic

fitness in the wild. The amount of heritable variation in gameto-

phyte success in natural populations informs our understanding

of the selective forces acting on gametophytic performance and

its evolutionary potential (Walsh and Charlesworth, 1992; Mazer

et al., 2010). Whether strong selection occurs may also depend

on the ecology of pollen deposition on stigmas, the variation in

pollen quality, and the intensity of pollen limitation. Variation in

ecological context may cause selection on gametophytes to

fluctuate and reduce our ability to detect it. Fluctuating selection,

in turn, can support the maintenance of genetic variation.

Accounting for ecological variation is therefore essential for

quantifying and comparing heritable variation in gametophytic

performance. Ecological and demographic variation also offers

abundant ‘‘natural experiments’’ to compare the effects of pollen

competition between populations. To this end, we first review

important ecological variables to consider for studies of
4 Plant Communications 1, 100115, November 9 2020 Crown Copy
gametophytes in wild populations, then describe patterns of

non-randommating among pollen, among ovules, and between in-

teracting genotypes.

Both the size and the genetic composition of open-pollinated pol-

len loads on stigmas vary considerably through time and space

(Knight et al., 2005; Harder et al., 2016; Ashman et al., 2020).

This variation creates heterogeneity in the scope and intensity of

selection on gametophyte competition. Genetic heterogeneity in

the pollen pool is often highly variable (Dyer and Sork, 2001) and

structured across landscapes (Smouse and Robledo-Arnuncio,

2005; Rosas et al., 2011), or even among flowers produced by a

single sporophyte (Herrera, 2002, 2004). The abiotic environment

also affects reproductive performance in both male and female

gametophytes. Poor nutrient conditions (Young and Stanton,

1990; Lau and Stephenson, 1993, 1994) and temperature

fluctuations (Hedhly et al., 2004) during sporophyte growth can

reduce the competitive ability of pollen, and although ovule

number is fixed in some species, in others it can be highly plastic

in response to resource availability (Greenway and Harder,

2007). Uniovulate flowers, which are likely to experience the

most intense pollen competition, are unevenly distributed across

angiosperms and are more common in wind-pollinated taxa

(Friedman and Barrett, 2011). Together, the ecological context of

mating should significantly influence realized gametophyte

competition. Nevertheless, evidence from a wide range of

species suggests considerable standing variation in the

competitive ability of pollen.

Controlled crosses in diverse angiosperm species have reported

variation in siring success in pollinations with mixtures of pollen

from different pollen donors. Some of the variation in siring suc-

cess within populations of angiosperm taxa has been shown to

be heritable and at least partially under male gametophytic con-

trol (reviewed in Table 1). One important result is that although

pollen-tube growth rate often correlates with siring success,

this is not a universal finding. For example, Jolivet and

Bernasconi (2007) found strong heritability of pollen-tube growth

rate based on parent–offspring regressions, but pollen-tube

growth rate did not predict fertilization success in a crossing

design. Variation in siring success related to pollen-tube growth

rate has been functionally linked to specific biological and genetic

processes only rarely, and these cases suggest that a complex

basis for differential siring success may be common. Further

investigation into genetic mechanisms underlying this variation

reveals complex patterns (Carlson et al., 2011) and should be

pursued in more systems.

Variation in fertilization success between ovules has been less

well documented. Two factors are likely at play in the bias

toward studies of pollen: the technical difficulty of accessing

developing ovules and the theoretical challenge of differentiating

between the activities of ovules, sporophytes, and zygotes. Fe-

male mate choice, a core component of sexual selection in ani-

mals, may also occur in plants (Willson and Burley, 1983;

Skogsmyr and Lankinen 2000, 2002; Gerald et al., 2014; Immler

and Otto, 2018) but empirical data remain limited. Several

aspects of seed plant reproduction suggest a possible role of

ovule genotype in securing cross-fertilization. Sporophytes may

selectively abort fertilized ovules in response to pollen limitation

(Rosenheim et al., 2016; Huang et al., 2020). Ovules are known
right ª 2020



Family Genus Species Method
SS
h2

PTGR
h2

PTGR
on SS

PTGR on
sporophyte

Interaction
with female
parent Reference

Betulaceae Betula pendula vv, vt Y Y Y – Mix Pasonen et al., 1999

Betula pendula vv – Y – Y Y Pasonen et al., 2001

Brassicaceae Arabidopsis thaliana vv Y – – – Y Carlson et al., 2011

Arabidopsis thaliana vv Y Y Y – – Swanson et al., 2016

Raphanus raphanistrum vv N – – – – Snow and Mazer,
1988

Raphanus sativus vv Y N N N Y Marshall and Diggle,
2001

Raphanus sativus vv Y – – – Y Marshall and Evans,

2016

Caryophyllaceae Silene latifolia vt Y Y N N Y Jolivet and Bernasconi,

2007

Silene latifolia vv N – – – Y Teixeira et al., 2008

Convolvulaceae Ipomoea purpurea vv Y – – – Y McCallum and Chang,
2016

Cucurbitaceae Cucurbita texana vt – Y – Y – Jóhannsson and
Stephenson, 1997

Cucurbita pepo vv Y – – – – Schlichting et al.,

1990

Fabaceae Chamaecrista fasciculata vv – – – – Y Fenster and Sork,

1988

Medicago sativa vt – Y – N – Rosellini et al., 1994

Lobeliaceae Lobelia cardinalis vv – – – – Y Johnston, 1993

Malvaceae Hibiscus moscheutos vv – – Y N N Snow and Spira,

1991a

Hibiscus moscheutos vv – – Y N N Snow and Spira,

1991b

Hibiscus moscheutos vv – – – – Y Snow and Spira,

1993

Onagraceae Oenothera organensis vt – N – – – Havens, 1994

Pedaliaceae Sesamum indicum vt – Y – – – Pfahler et al., 1997

Pinaceae Picea abies vt, vv Y Y Y – Y Aronen et al., 2002

Plantaginaceae Collinsia heterophylla vt N Y – N N Lankinen et al., 2009

Collinsia heterophylla vv Y – – – Y Lankinen et al., 2017

Poaceae Zea mays vv Y – – – – Sari-Gorla et al.,

1992

Zea mays vv, vt Y Y Y – N Sari-Gorla et al.,
1975

Zea mays vv, vt Y Y Y – – Sari-Gorla et al.,
1975

Zea mays vv – Y – Y – Landi et al., 1989

Zea mays vv Y – – – – Ottaviano et al., 1980

Rosaceae Prunus avium vv, vt – Y – – Y Hedhly et al., 2005

Violaceae Viola tricolor vv, vt Y Y Y Y – Skogsmyr and

Lankinen, 2000

Viola tricolor vt – Y – – – Lankinen, 2000

Table 1. Summary of Studies considering the Heritability (h2) of Siring Success (SS) and Pollen-TubeGrowth Rate (PTGR), the Effects of
PTGR on Traits of the Sporophyte, and whether the Genotype of the Female Parent Interacted with Male Rankings.
Heritability or other effects were measured as either in vivo (vv) or in vitro (vt). Y, yes; N, no.
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to produce signals involved in pollen-tube guidance

(Higashiyama and Takeuchi, 2015). Finally, seed size and

abortion are often under sporophyte control (Charlesworth,

1988), and it has been hypothesized that early-fertilized ovules

are less likely to be aborted (Willson and Burley, 1983).

Consistent with this, ovule development success and abortion

probability can be affected both by position in a fruit, which

affects fertilization timing, and by pollen genotype (Susko and

Clubb, 2008). This raises the possibility that ovules compete for

early fertilization, and research relating ovule genotype to

fertilization and abortion probabilities is likely to be a fertile area

of study.

Finally, interactions between male gametophytes and maternal

sporophytes may influence reproductive compatibility, leading to

variance in mating success. Crossing experiments frequently

observe an interaction between maternal and paternal individuals

or lines, suggesting that pollen–pistil interactionsandstyle signaling

play an important role in siring success (Table 1). Indeed,

interactions between pollen and pistil are essential in pollen-tube

growth and guidance (Higashiyama and Takeuchi, 2015), and

pistils often discriminate among pollen tubes (Swanson et al.,

2004). Quantitative trait loci (QTL) analyses of non-random mating

between lines in Arabidopsis thaliana (Carlson et al., 2011) and

hybrids of Mimulus guttatus and Mimulus nasutus (Fishman et al.,

2008) have identified roles for both male gametophytic and

female-specific factors and suggest variation in the genetic archi-

tecture of compatibility across systems. Interactions between pol-

len and pistil (whereby different pollen genotypes show differential

fertilization success on different pistil genotypes) affect reproduc-

tivesuccess inamanner thatmaynotbepredictable frompollenge-

notypes alone, and thus may further alter the selective landscape.

The present state of the field suggests that diverse factors

contribute to variation in the fitness of gametophytes. Environ-

mental and ecological context can introduce population structure

and reduce heritable variation and signals of selection. Many in-

teractions between gametophytes and sporophytes, including

style–pollen mismatches and maternal provisioning, can influ-

ence fertilization and subsequent survival of ovule and pollen ge-

notypes. In spite of these complications, evidence has accumu-

lated that the conditions necessary for gametophyte

competition are regularly met in natural populations of flowering

plants. Moreover, gametophytes express their own genotypes

and phenotypes, and, under some circumstances, male gameto-

phytic traits show heritable variation influencing siring success.

Female gametophytes often face pollen limitation and signal

extensively to growing pollen tubes, and these circumstances

suggest competition among ovules for mating opportunities.

More thoroughly describing the role of sporophytic and female

gametophytic traits should offer further insights into these repro-

ductive processes.
DOES HAPLOID GAMETOPHYTIC
SELECTION STRENGTHEN THE
EFFICACY OF GENOME-WIDE
SELECTION?

If, as it appears, a large fraction of the genome is subject to

haploid gametophytic selection and standing variation is present
6 Plant Communications 1, 100115, November 9 2020 Crown Copy
in natural populations, this phase of the life cyclemay have impor-

tant effects on the strength and efficacy of both positive and pur-

ifying selection across the genome. This is particularly the case

for recessive mutations. Removing dominance effects increases

the efficacy of selection because selection depends jointly on se-

lection and dominance (s ・ h). Because there is no dominance

coefficient (h) in the effect of selection on haploids, the efficacy

of selection on both adaptive and deleterious mutations is

increased (Haldane, 1932, Haldane, 1933; Crow and Kimura,

1965). Because recessive mutations are not sheltered in

haploids, expression in the haploid phase of the life cycle

should lead to more effective purging of recessive deleterious

mutations and to a higher probability of fixing recessive

beneficial mutations (Charlesworth and Charlesworth, 1992a,

1992b; Immler and Otto, 2018; Immler, 2019).

The direct impacts of gametophytic selection on positive and pur-

ifying selection can be inferred experimentally as well as at the

population level using patterns of genomic variation and molecu-

lar evolution. In this section, we review evidence for the predicted

efficacy of selection on haploids, using both experimental and

population genomic evidence. Furthermore, as the strength and

direction of selection may differ between plant mating systems,

we also review the power of mating-system contrasts to further

disentangle the role of gametophytic selection and its differential

effects across species. Along with the power of directly associ-

ating genetic variation with phenotype, population-scale whole-

genome sequencing is one of the most promising avenues of

the genomics approach to understanding gametophytic

selection.
Experimental Tests of the ‘‘Unmasking Effect’’

Tests of changes in fitness effects caused by decreasing ploidy,

called ‘‘unmasking,’’ have been performed in some systems by

synthetically increasing ploidy in predominantly haploid species.

In synthetic diploids of the predominantly haploid algaChlamydo-

monas reinhardtii, most rare mutations with important fitness ef-

fects in the haploid phase are recessive in diploids (Orr, 1991).

However, in yeast new mutations are more detrimental to rates

of cell division in diploids than in haploids, which suggests that

the difference between haploids and diploids is more complex

than differences in dominance alone, and that differences in the

strength of selection may confound simple predictions about

differences in dominance (Sharp et al., 2018). Although these

results may be specific to systems with predominantly haploid

life cycles, they highlight that the role for ploidy differences in

selection efficacy varies and should be subject to empirical

tests. Additionally, these effects may be taxon specific, and

similar analyses in flowering plants may shed light on the

relations between ploidy and fitness.

Experimental comparisons of diploid and haploid pollen perfor-

mance provide onemeans of testing for a role of haploid selection

in flowering plants. Synthetic diploid pollen grows faster than

haploid pollen of the same or similar strains in Solanum (Van

Breukelen, 1982) and in natural rose hybrids (Gao et al., 2019).

Higher competitive ability of diploid pollen is consistent with

masking of deleterious recessive mutations, but other

mechanisms could be responsible. For example, in Ipomoea

diploid pollen is larger than haploid pollen, and larger pollen
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Figure 3. Ploidy andMating-SystemComparisons Offer Insight
into the Influence of Selection on Pollen Competition.
(A) Increased ploidy affects dominance expectations in both the sporo-

phyte and the gametophyte because ploidies greater than 2N can mask

deleterious alleles even in the gametophyte stage.

(B) The comparison between outcrossing and selfing mating systems

highlights that selfers should experience increased purging in the sporo-

phyte, resulting in more similar selection on recessive alleles between

gametophytes and sporophytes. Reduced competition may also

decrease investment in pollen compared with ovules.

(C) In dioecious plants, the linkage of pollen-beneficial alleles to the Y

chromosome may increase Y-bearing pollen competitive ability and skew

sex ratios to male (XY) bias. However, the long-term impact of large linked

regions of suppressed recombination can lead to degeneration of Y-linked

pollen genes and to an increased competitive ability of X-bearing pollen,

resulting in a skew to female-biased (XX) sex ratios.
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generally grows faster (McCallum and Chang, 2016). Recent

experimental work in Chamerion comparing inbreeding effects

on pollen-tube growth rates of diploid and haploid pollen was

able to distinguish the effects of ploidy alone on pollen-tube

growth rates (Figure 3A), with diploids more able to purge

deleterious recessive mutations than polyploids (Husband,

2016). Doubled haploids have been used in breeding for some

time and are increasingly important in evolutionary genetics
Plant Communic
(Ferrie and M€ollers 2011; Harkess et al., 2017), and, as they are

diploid but entirely homozygous, may offer another valuable

tool for distinguishing between effects of ploidy and

dominance. These developments highlight the selective

importance of exposure of recessive deleterious mutations in

the haploid gametophyte, and the power that ploidy variation

offers to identify the action of different forms of selection.
Genome Evolution and Population Genomic
Comparisons

If there is indeed considerable opportunity for selection to act on

a large proportion of the genome in the gametophyte phase, we

would predict that genes and species more likely to experience

gametophytic selection should exhibit signals of stronger purify-

ing selection and faster rates of adaptive evolution.

Recent studies on gene duplicates and on sex chromosomes

have highlighted the potential importance of efficient haploid pur-

ifying selection in the pollen phase on genome evolution. In the

maize genome, pollen-enriched genes throughout the genome

are more likely to have been retained as duplicates following

the last whole-genome duplication event than other gene-

expression categories (Chettoor et al., 2014). Because the

retention of gene duplicates is thought to reflect, in part,

selection for balanced gene dosage, this is consistent with

more efficient purifying selection in the haploid phase, when the

effect of a loss of one copy will have a disproportionately

greater effect on expression than in the diploid phase. This

study did not find similar evidence of differential retention of

duplicate genes expressed in the female gametophyte. This

may be due to the importance of strong pollen competition in

further increasing the efficacy of selection in addition to the

effects of haploidy, but could also be explained by ovule

function being more supplemented by surrounding sporophyte

tissue than pollen. However, research from other plant groups

highlights the importance of male-specific evolution and compe-

tition. For example, in the predominantly haploid liverworts

Marchantia polymorpha andMarchantia inflexa, more rapid diver-

gence on sex chromosomes appears to be driven by male-

expressed genes on the sex chromosomes despite the lack of

an unmasking effect (Marks et al., 2019).

We expect similar patterns for gene degeneration on Y chromo-

somes (Haldane, 1932). Genes with pollen-biased expression

are less likely to be silenced or deleted from the Y chromosome

in Silene latifolia (Chibalina and Filatov, 2011; Krasovec et al.,

2018) and in two Rumex species (Crowson et al., 2017; Sandler

et al., 2018), presumably because pollen expression unmasks

deleterious recessive alleles on the Y chromosome. These lines

of evidence suggest that pollen expression influences selection

through dosage effects.

Population genomic approaches can allow for model-based

comparisons of the efficacy of both positive and purifying selec-

tion of genes that function in the gametophyte versus the sporo-

phyte. Several studies in the Brassicaceae involve such compar-

isons, using gene-expression profiles and the properties of plant

systems to predict the scope for gametophytic selection

(Arunkumar et al., 2013; Sz€ovényi et al., 2013; Gossmann et al.,

2014, 2016; Harrison et al., 2019). Interpreting such
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comparisons can be challenging because a number of

confounding factors also influence evolutionary rates, including

the levels and breadth of gene expression across tissues. Thus,

controlling for covariates of the distribution of fitness effects

can be important when interpreting differences in the strength

and direction of selection.

In self-incompatible, outcrossingCapsella grandiflora, population

genomic comparisons of genes expressed specifically in the pol-

len vegetative cell with those expressed only in the sperm and

seedlings provided evidence for both more effective purifying

and positive selection in pollen-specific genes (Arunkumar

et al., 2013). These results are consistent with predictions of an

important role for haploid selection and/or gametophytic

competition. However, a similar study in A. thaliana (Harrison

et al., 2019) showed contrasting results; although rates of

adaptive evolution were significantly elevated in pollen-specific

genes, there was evidence of weaker purifying selection on

pollen-specific compared with sporophyte-specific genes.

Furthermore, analyses of polymorphism data indicated a higher

burden of deleterious mutations in pollen-specific genes, in

contrast to predictions from haploid selection. Similarly, a study

identifying pollen-expressed genes in the pistil of A. thaliana

showed elevated sequence diversity compared with random

genes (Leydon et al., 2017). Thus, comparable studies in

related species of Brassicaceae have revealed important

differences in their conclusions, with no evidence for greater

efficacy of purifying selection in A. thaliana. Expanding these

approaches beyond the Brassicaceae and to include female

gametophytes as well as male will help determine which

patterns predominate and what aspects of plant biology are

associated with particular patterns of selection.
Mating-System Contrasts

Although the grounds for generalization are currently limited, a

notable aspect of the unexpected findings described above in

Arabidopsis and Capsella is the difference in mating system.

Self-fertilization is common in flowering plants, with over 70%

of angiosperms able to self to some extent (Mable, 2004) and

20% predominantly selfing (Barrett, 2002). Increasing selfing

reduces heterozygosity and therefore reduces the impact of

unmasking mutations in the haploid stage (Figure 3B).

Furthermore, increased rates of self-fertilization will reduce the

potential for male–male competition (Mazer et al., 2010; Peters

and Weis, 2018), as pollen competes with other pollen of

increasingly similar genotypes. This decrease in pollen

competition should increase relative investment through female

fitness components because less is gained by investing in male

components of fitness (Charlesworth and Charlesworth, 1978a,

1978b). Indeed, theoretical studies suggest that the increasing

asymmetry between sex-specific fitness gains involving a shift

toward female investment should result in decreased mainte-

nance of sexually antagonistic alleles in selfing populations

(Jordan and Connallon, 2014; Tazzyman and Abbott, 2015),

and this has been explicitly modeled for ploidally antagonistic

alleles (Peters and Weis, 2018). Thus, shifts toward high rates

of self-fertilization predict relaxed purifying selection on pollen

competitive ability (Mazer et al., 2010) or, if gametophytic

selection has antagonistic effects on the sporophytic phase

(see the next section), directional selection for reduced pollen
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competitive ability. Therefore, shifts toward increased selfing

should influence pollen competition by (1) reducing the benefits

of unmasking, (2) lowering standing genetic variation in

competitive ability, and (3) decreasing investment in male-

fitness components by the hermaphroditic sporophyte. This is re-

flected in the pattern of self-pollinating plants generally investing

less in pollen than outcrossing relatives (Sicard and Lenhard

2011).

Preliminary results from Arabidopsis are consistent with these

possibilities (Harrison et al., 2019). A. thaliana has experienced

a recent transition to high rates of self-fertilization, so patterns

of within-species polymorphism may reflect a recent relaxation

of purifying selection or directional selection for reduced invest-

ment in pollen. In contrast, estimates of positive selection from

between-species divergence may be due to historically higher

outcrossing rates because of a signal of high rates of adaptive

evolution over longer time scales. Indeed, a recent study report-

ing evidence of standing genetic variation and recent positive se-

lection on allelic variants reducing pollen number in this species

(Tsuchimatsu et al., 2020) highlights the potential for positive

directional selection on reduced pollen competitive ability,

which may also affect the gametophytic stage. Thus, patterns

of polymorphism and divergence in A. thaliana may reflect an

important role for mating-system shifts in driving relaxed

selection and/or directional selection on pollen competitive

ability. As this is the only selfer–outcrosser comparison inte-

grating results on genetic variation of pollen-expressed genes,

extending these findings beyond a single comparison is an

exciting future research priority. Some of these effects are pre-

dicted to be specific to pollen, so comparisons of the evolutionary

rates of ovule-expressed genes between species with contrast-

ing mating systems will likely also reveal interesting contrasts.

Phenotypic comparisons and experimental tests on the role of

mating-system differences in pollen competition can also test

the prediction that pollen competitive ability should be greater

in outcrossing species, but empirical results so far have been

mixed. In Clarkia tembloriensis, outcrossing populations showed

faster pollen-tube growth rates than selfing populations of the

same species (Smith-Huerta, 1996; Mazer et al., 2018),

whereas there was no pattern of differential siring success

between selfing and outcrossing populations of Lobelia

cardinalis (Johnston, 1993). In self-compatible Dalechampia

scandens, Armbruster and Rogers (2004) manipulated the

intensity of competition without varying parent identity or the

total number of pollen grains on stigmas by taking advantage of

the elongated stigmas of that species. A fixed amount of pollen

was either concentrated or dispersed along the elongated

stigmatic surface. With pollen identity and quantity held

constant, pollen spatial distribution was shown to reliably

increase seed mass and offspring growth rate. These results

suggest that pollen competition could play a role in

compensating for the cost of the reduced efficacy of selection

in self-pollinating species, and demonstrate that gametophyte

competition alonemay be an important selective force. In Turnera

ulmifolia, self-pollen showed higher siring success than outcross

pollen from other populations, but there was no difference be-

tween self and outcross pollen within populations (Baker and

Shore, 1995). Combined with the studies of molecular variation,

there is growing evidence from comparisons between selfers
right ª 2020



Pleiotropic effects of gametophytic selection on sporophyte

Negative Positive/Neutral

Balancing selection Recurrent positive selection,
Mutation-selection balance

Recurrent positive selection,
Mutation-selection balance
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  in selection experiments 
High neutral diversity
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Excess of common alleles

Negative fitness covariance
  in selection experiments
Rapid adaptation 
Low standing variation
Reduced neutral diversity
Excess of rare alleles

Positive fitness covariance
  in selection experiments
Rapid adaptation 
Low standing variation
Reduced neutral diversity
Excess of rare alleles

Figure 4. Pleiotropic Effects of Gameto-
phytic Selection on Sporophyte.
Summary of the population genetic effects of

negative/antagonistic and positive or neutral ef-

fects of gametophytic selection on sporophyte

fitness. Positive covariances can accelerate evo-

lution and give signals of elevated rates of adaptive

evolution, and are expected to reduce the amount

of standing variation in natural populations. In

contrast, negative covariances can have a variety

of effects, and may lead to balancing selection,

showing population genetic signals of high di-

versity and an excess of common alleles, or posi-

tive and purifying selection, if the conditions for the

maintenance of variation are not met.
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and outcrossers of relaxed selection on pollen competitive ability

and/or directional selection for reduced competitive ability.
DOES GAMETOPHYTIC SELECTION
HAVE POSITIVE, NEGATIVE, OR
NEUTRAL EFFECTS ON SPOROPHYTIC
FITNESS?

The genomic and experimental studies described above suggest

that gametophytic selection may play an important role in the ef-

ficacy of purifying and positive selection, with implications for

rates of molecular evolution and the evolution of genome struc-

ture. A central question then concerns how gametophyte selec-

tion affects fitness in the sporophyte stage, since overlap be-

tween the sporophyte and gametophyte determines the role of

gametophyte selection in evolutionary rates and themaintenance

of standing genetic variation (Walsh and Charlesworth, 1992).

Genetic covariances can both facilitate and constrain adaptive

evolution (Lande and Arnold, 1983), leading to complex

patterns of genetic variation in populations (Figure 4). A positive

covariance in fitness would enhance rates of adaptive evolution

on both life-cycle phases, potentially driving a rapid response

to selection. Given positive covariance, we predict low levels of

standing variation in gametophyte performance within natural

populations, since its maintenance would mostly arise from a

balance between deleterious mutation and selection, and the

exposure of these mutations to haploid selection should reduce

genetic variation (Walsh and Charlesworth, 1992). In contrast, a

negative covariance in fitness, representing conflict between

the two phases of the life cycle, could play an important role in

maintaining standing genetic variation in fitness in natural

outcrossing populations, particularly if the deleterious effects of

haploid-beneficial mutations are recessive in the sporophyte

(Immler et al., 2012; Peters and Weis, 2018). A recent analytical

study modeled the invasion potential of an allele that increased

pollen performance at the expense of sporophyte fitness (a

negative covariance for fitness), and found that the fitness cost,

dominance of the allele, and the selfing rate of the population

all affected invasion probability (Peters and Weis, 2018).

Furthermore, a wide range of conditions allows the alleles to

coexist in a stable polymorphism, particularly when outcrossing

rates are high (Peters and Weis, 2018). These results suggest

that standing variation in populations is possible due to
Plant Communic
negative fitness covariances between gametophyte and

sporophyte even without the fluctuating environmental

conditions that plant gametophytes likely experience (see

Standing Variation in Gametophytic Success in Natural

Populations). Thus, investigations into the pleiotropic effects of

genetic variation for gametophytic fitness on the sporophyte

are critical for inferring the effect of the gametophytic phase on

genetic variation and rates of evolution.

Shared Genetic Architecture

The possibility of strong covariances in fitness between gameto-

phytes and sporophytes has led to interest in whether selection

on pollen competitive ability has effects on sporophytic traits

influencing fitness (Mulcahy, 1979). Whereas some aspects of

gametophyte performance are unique to the gametophytic life

stage, others depend strongly on interaction with the

sporophyte, and some depend on traits that covary between

gametophytes and sporophytes. Because of complex

interactions between sporophytes and gametophytes, neither

pollen-tube growth nor the extent of pollen competition is consis-

tently associated with seed quality (reviewed in Baskin and

Baskin, 2015). This finding argues against a universally positive

covariance in fitness between the life stages. However, some

traits shared between sporophyte and gametophyte have a

common genetic basis and support the idea that selection on

pollen can influence sporophytes.

Artificial selection on specific traits during pollen-tube growth has

successfully changed sporophyte trait values under different

environmental conditions, including salinity tolerance, toxin toler-

ance, and metal tolerance (Hormaza and Herrero, 1992). These

positive responses suggest a joint genetic basis. More recent

investigations involving gametophytic selection have produced

novel varieties tolerant to two stressors across three

domesticated species: cold tolerance in tomato and chickpea

(Clarke et al., 2004; Domı́nguez et al., 2005), and Alternaria leaf

blight resistance in cultivated sunflower (Shobha and

Ravikumar, 2006). In cultivated varieties of chickpeas, a

combination of genome-wide association study (GWAS) and

QTL identified variant haplotypes of a cellulose synthase gene

that were strongly associated with increases in pod and seed

number and faster pollen-tube growth (Kujur et al., 2015).

These chickpea gametophyte QTL had significant effects on

sporophyte female fitness, not because the faster

gametophytes are generally superior but because the gene is
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expressed in both pollen and seed pods. Similarly, a major

regulator of ovule number, a sporophyte trait identified in a

GWAS among A. thaliana accessions, exhibited significant

overlap with male gametophyte development loci (Yuan and

Kessler, 2019). Evidence for pleiotropy between vegetative and

reproductive tissue also appears outside of the seed plants. In

the moss Ceratodon purpureus, both negative correlations

between vegetative and reproductive traits and weak between-

sex trait correlations are consistent with specialized sexual func-

tion constrained by antagonistic pleiotropy (McDaniel, 2005).

Thus, there is growing evidence for the existence of standing

genetic variation with overlapping gametophytic and

sporophytic effects.

Combined with the evidence for an intersection in gene expres-

sion (see Introduction and Figure 2), pleiotropic effects of

alleles in the two phases of the life cycle and between male and

female gametophytes seem highly likely. However, the strength

and direction of this pleiotropy remains poorly understood, and

in Evolutionary Genomics of Gametophytic Selection: The Next

Steps we highlight important future directions integrating

genomics and experimental approaches to better resolve this

question.
Antagonistic Pleiotropy: Evidence from Sex
Chromosomes and Sex-Ratio Bias

One of the most well-documented theoretical predictions for

negative pleiotropic fitness effects of haploid selection involves

plant sex chromosomes (Figure 3C). Recent theory indicates

that haploid-specific selection should favor the linkage of pol-

len-beneficial alleles with the Y chromosome, leading to a

male-biased sex ratio in offspring (Scott and Otto, 2017).

However, theory also indicates that the accumulation of

deleterious mutations on the Y chromosome due to restricted

recombination could reduce the haploid competitive ability of

the Y chromosome, leading to female-biased sex ratios (Hough

et al., 2013; Scott and Otto, 2017).

Recent research in dioecious Rumex species is consistent with

these contradictory expectations. Genes with pollen-biased

expression are more likely to occur on the Y chromosome, and

allele-specific expression of Y alleles is prevalent in pollen-

expressed genes (Sandler et al., 2018). The evidence for

increased pollen expression following Y linkage is analogous to

the ‘‘masculinization’’ effect reported in animal Y chromosomes

(e.g., Zhou and Bachtrog, 2012), and accords with the

prediction that antagonistic pleiotropy between the

gametophytic and sporophytic phases is relaxed following Y

linkage, enabling specialization in pollen function.

The combination of selection favoring pollen-beneficial alleles

on the Y chromosome and the longer-term degeneration of

this chromosome due to inefficient selection may lead to a

time-dependent shift in the outcomes of haploid selection be-

tween the sex chromosomes, with consequences for the sex

ratio of populations (Figure 3C). Initially, the accumulation of

pollen-beneficial alleles on the Y may lead to male-biased

sex ratios because Y-bearing pollen has enhanced function

and can outcompete X-bearing pollen (Scott and Otto, 2017).

Indeed, a comparative study of dioecious populations
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indicated that angiosperm species with less degenerated

(homomorphic) sex chromosomes had slightly male-biased

sex ratios whereas species with more degenerated (heteromor-

phic) sex chromosomes exhibited female-biased sex ratios

(Stehlik and Barrett, 2005; Field et al., 2013). This apparent

incongruity is resolved by the observation that female-biased

sex ratios appear to be the result of the inferior competitive

ability of Y-bearing pollen (Smith, 1963; Lloyd, 1974; Stehlik

and Barrett, 2005; Lenormand et al., 2020), potentially

caused by the degeneration of large non-recombining Y chro-

mosomes (Hough et al., 2014; Beaudry et al., 2017). New

deleterious mutations can drive evolutionary change to a new

stable sex ratio that departs from the expectation of a 1:1

sex ratio (Hough et al., 2013).

Studies in which pollen loads on stigmas of Rumex were experi-

mentally manipulated provided evidence supporting the early

proposal by Correns (1907, 1922) that certation favoring X-

bearing pollen over Y-bearing pollen through gametophytic

competition was the basis of female-biased sex ratios (Field

et al., 2012). This pattern of sex-chromosome degeneration

causing sex-ratio bias may be unique to angiosperms, because

of the combination of a transcriptionally activemale gametophyte

and a predominantly diploid life cycle. A comparative study of sex

ratios in bryophytes and angiosperms found that while population

sex ratios vary in both taxa, angiosperms were more likely to

exhibit primary sex ratios that deviated significantly from 1:1

(De Jong et al., 2018). As the bryophytes studied also had

degenerated sex chromosomes, this suggests that the

evolutionary trajectory of sex chromosomes causing first an

increase and then a decrease in the proportion of males

(Figure 3C) may be specific to angiosperms.

Overall, the results from sex-chromosome evolution and compar-

ative patterns of sex-ratio bias provide evidence of antagonistic

pleiotropy between the gametophytic and sporophytic phases.

The relative contributions to biased sex ratio of an increased effi-

cacy of selection compared with a high variance in fertilization

success of male gametophytes could be further addressed by

comparative studies of the effects of pollen expression on W

chromosome degeneration in female-heterogametic species

such as strawberry (Tennessen et al., 2018) or Datisca (Liston

et al., 1990; Wolf et al., 1997, 2001).
EVOLUTIONARY GENOMICS OF
GAMETOPHYTIC SELECTION: THE NEXT
STEPS

There is clearly considerable scope for future research into the

evolutionary genomics of gametophytic selection. First, the

mutational variation of the gametophyte stage has yet to be char-

acterized directly. With the growing availability of mutation accu-

mulation lines (e.g., Ossowski et al., 2010), experimental crosses

and the tracking of paternal and maternal transmission could be

used to infer the distribution of fitness effects of new mutations

during the gametophyte stage. Similar experimental

approaches were employed to infer the distribution of fitness

effects in the primarily haploid C. reinhardtii (B€ondel et al.,

2019). Such analyses would allow for further understanding of

the effects of mutations on gametophytic fitness, especially the
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proportion and effect sizes of beneficial and deleterious

mutations on both phases of the life cycle.

Although studies to date highlight the widespread potential for

gametophytic selection, there are a number of specific directions

that require further resolution. First, it would be useful to conduct

additional QTL mapping and fine-scale characterization of loci

influencing gametophytic performance, as conducted by

Carlson et al. (2009, 2011), Gerald et al. (2014), and Swanson

et al. (2016). These should be conducted on larger population

samples and in more species to help clarify the number of loci,

their effect sizes, and their population frequencies. By crossing

multiple independent accessions, it should be possible to

estimate how many genes influence segregating variation in

gametophytic competition and the selective forces acting on

this variation. With sufficient between-population crosses, this

could be scaled up to enable a GWAS of both pollen and ovule

fitness. Similarly, GWAS for traits associated with pollen compe-

tition (e.g., pollen-tube growth rates, timing of germination) and

further exploration of the extent and genetic basis of ovule

competition should enable indirect insights into the genetic archi-

tecture of standing variation in gametophyte competition. An ex-

amination of the overlap between the two sets of GWAS analyses

may provide insights into the extent to which gametophyte fitness

is determined by known phenotypic effects.

Further population genomic analyses will also be important for

providing indirect tests of the relative importance of antagonistic

pleiotropy and positive fitness covariance between the gameto-

phytic and sporophytic phases (Figure 4). In particular, ploidally

antagonistic selection can more often lead to the maintenance of

genetic variation, particularly in outcrossing species (Peters and

Weis, 2018). If such alleles are maintained in populations over the

long term, they should exhibit signatures of balancing selection

on patterns of neutral diversity (Charlesworth, 2006). In contrast,

positive fitness covariance is more likely to show molecular

signals of high rates of adaptive evolution and recurrent selective

sweeps. Although population genomic patterns in pollen-specific

genes have been examined in the highly outcrossingC. grandiflora

and indicate high rates of positive selection (Arunkumar et al.,

2013), no explicit examination of neutral diversity was conducted

to test for the action of balancing selection. Furthermore, genes

showing pollen-specific expression are unlikely to experience

antagonistic pleiotropy (Peters and Weis, 2018); we expect such

signals to be more prominent in genes with overlapping

expression in the two phases of the life cycle. Indeed, pollen-

biased genes with broader expression appear to show different

patterns of diversity and molecular evolution compared with

pollen-specific genes, suggesting that selective pressures may

differ in important ways between these gene sets (Sz€ovényi et al.,

2013; Gossmann et al., 2014; Harrison et al., 2019).

Future work examining patterns of neutral diversity in genes with

varying levels of overlap in expression between the two phases

should provide an important test of the possibility of widespread

ploidally antagonistic selection maintaining genetic variation.

Similarly, analysis of the population genetic signals of selection

surrounding QTL affecting gametophyte expression and perfor-

mance traits would help distinguish the importance of mutation-

selection balance and balancing selection in maintaining genetic

variation for these traits (Josephs et al., 2017). Studies that
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focus on standing variation within single outcrossing

populations would be important for disentangling the effects of

local directional selection from standing variation within

populations. The integration of GWAS and population genomics

can provide important connections between gametophytic

competition, sporophyte fitness, and the evolutionary forces

acting on standing variation.

The genomic location of alleles conferring gametophytic advan-

tage can have a major influence on the chance that they will

spread, particularly in the face of deleterious pleiotropic effects

on the sporophyte. Regions of recombination suppression can

be important in both local adaptation and the development of

reproductive barriers between species (Fishman et al., 2013),

and the concentration of genes with gametophyte-specific func-

tions on sex chromosomes is both empirically and theoretically

supported (Scott and Otto 2017; Sandler et al., 2018). As such,

genome assemblies will be useful in further understanding the

genomic distribution of gametophyte-expressed genes, and in

providing additional tests of the importance of antagonistic plei-

otropy between gametophyte and sporophyte and/or between

male and female gametophytes.

More extensive research is also necessary to characterize the

role of mating-system shifts in changing the selective dynamics

of genes expressed during the gametophytic and sporophytic

stages of the plant life history. Although the contrast between

C. grandiflora and A. thaliana is encouraging and suggests an

important role for mating-system differences in the efficacy of se-

lection on gametophyte-expressed genes, large-scale replicate

population genomic comparisons across repeated transitions

between selfing and outcrossing species will be essential to

test whether multiple evolutionary transitions to high selfing rates

drive repeated shifts in the efficacy of gametophytic selection on

pollen-specific genes. Further analysis of nucleotide diversity of

pollen-specialized genes in A. thaliana coupled with GWAS of

loci influencing pollen competitive ability would help clarify the

potential role of relaxed purifying and positive selection on game-

tophytic competition in this highly selfing species. In particular,

tests examining neutral diversity patterns can help identify signals

of recent selective sweeps (Tsuchimatsu et al., 2020).

Another avenue for further exploration is the evolution of female

gametophytes. While pollen-tube growth rate has been shown

to be a heritable trait in some systems (Table 1), heritable

variance in fertilization success for female gametophytes

remains underexplored, although mutant screens and between-

accession crosses in A. thaliana suggest it is likely to be wide-

spread (Pagnussat et al., 2005; Carlson et al., 2011). One

option may be targeted studies of specific genes or gene

families, aided by increased understanding of the genes and

molecules involved in signaling during fertilization (Higashiyama

and Takeuchi, 2015). For example, the reduced competition

among gametophytes expected in highly selfing species may

also reduce the strength of selection in the signaling peptides

used by ovules to communicate with pollen. Similarly, the

effects of responses to selection on the female gametophyte on

the male gametophyte or the sporophyte are also mostly

unknown. Our understanding of pleiotropy can be expanded

with more expression (Wuest et al., 2010; Chettoor et al., 2014)

and mutation accumulation (Pagnussat et al., 2005) studies.
ations 1, 100115, November 9 2020 Crown Copyright ª 2020 11
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Female gametophytes could also be used to investigate the roles

of unmasking compared with high variance in reproductive

success on male gametophyte selection. Comparisons of the

distribution of fitness effects and rates of adaptive evolution

should be made between genes expressed in the male and

female gametophyte phase (e.g., Gossmann et al., 2014). The

limited understanding of the evolutionary genetics of female

gametophytes is in large part due to technical challenges and

perhaps the biased assumption that their role in plant mating is

largely passive. Yet studies in animals have shown that

overlooking the female contribution to mating success can be a

major oversight (see Firman et al., 2017). Although mating in

plants is obviously fundamentally different from most animals,

future study of the evolutionary genomics of plant

gametophytes is likely to provide deeper insight by integrating

information from both partners in the sexual interaction.
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Table S1. Gene expression counts (percentage) for gametophytes and sporophytes from previous work  
Species Reference Pollen Ovule Seed. P+O P+S O+S All 
Zea mays Chettoor et al 2014 812 (.02) 3632 (.1) 2800 (.09) 755 (.02) 662 (.02) 11740 (.36) 12362 (.38) 
Arabidopsis 
thaliana 

Wuest et 2010; 
Borges et al 2008 1217 (.08) 566 (.04) 4705 (.3) 354 (.02) 2671 (.17) 2027 (.13) 4119 (.26) 
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