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Land plants possess a multicellular diploid stage (sporophyte) that begins development while
attached to a multicellular haploid progenitor (gametophyte). Although the closest algal relatives of
land plants lack a multicellular sporophyte, they do produce a zygote that grows while attached to
the maternal gametophyte. The diploid offspring shares one haploid set of genes with the haploid
mother that supplies it with resources and a paternal haploid complement that is not shared with the
mother. Sexual conflict can arise within the diploid offspring because the offspring’s maternal
genome will be transmitted in its entirety to all other sexual and asexual offspring that the mother
may produce, but the offspring’s paternally derived genes may be absent from these other offspring.
Thus, the selective forces favouring the evolution of genomic imprinting may have been present
from the origin of modern land plants. In bryophytes, where gametophytes are long-lived and
capable of multiple bouts of asexual and sexual reproduction, we predict strong sexual conflict over
allocation to sporophytes. Female gametophytes of pteridophytes produce a single sporophyte and
often lack means of asexual reproduction. Therefore, sexual conflict is predicted to be attenuated.
Finally, we explore similarities among models of mate choice, offspring choice and segregation
distortion.
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1. INTRODUCTION
In the evolutionary lineage of land plants, ‘maleness’

and ‘femaleness’ are properties of haploid, rather than

diploid, individuals. In this kind of life cycle, haploid
individuals, known as gametophytes (‘gamete-plants’),

produce genetically identical gametes by mitosis
(figure 1a). A distinctive feature of land plants is that

eggs are fertilized while still attached to the maternal
gametophyte and the resulting zygote undergoes a

series of mitotic divisions to produce a diploid embryo.

Hence, members of the clade that includes modern
land plants are known as embryophytes (Kenrick &

Crane 1997). The diploid plant that develops from the
zygote (via the embryo) produces haploid spores by

meiosis and is known as a sporophyte (‘spore-plant’).

In a genetic sense, the sporophyte is an intimate union
of the gametophytes that produced the egg and sperm

that fused to form the zygote. Thus, conflicts between
male and female haploid ‘interests’ may be played out

both before and after gamete fusion.
Embryophytes are derived from freshwater char-

ophycean algae. Among the extant members of this

assemblage, the charalean algae and embryophytes
appear to be each other’s closest relatives, with

Coleochaete and its relatives as a sister-group to the
charalean/embryophyte clade (Karol et al. 2001). An
implication of this phylogeny is that embryophytes were
ntribution of 13 to a Discussion Meeting Issue ‘Sexual
a new paradigm?’.

r for correspondence (dhaig@oeb.harvard.edu).

335
derived from algal ancestors with a multicellular
haploid phase but without a multicellular diploid
phase. If so, sporophytes must have originated early
in the evolution of land plants by the interpolation of
mitotic divisions between syngamy and meiosis to
produce a multicellular diploid individual. We do not
have details of ancestral life cycles but we can look at
modern forms, with similar life cycles, to make
inferences about selective forces, particularly those
arising from sexual conflict, that may have been
operating during the appearance of the earliest
sporophytes.

Among extant embryophytes, three broad classes of
life cycle can be recognized. These correspond to the
traditional botanical groupings of bryophytes, pterido-
phytes, and seed plants. Of these groupings, only seed
plants are monophyletic. Pteridophytes are derived
from within bryophytes and seed plants are derived
from within pteridophytes (Kenrick & Crane 1997).
We will address sexual conflicts in the life cycles of
Coleochaete (chosen as an outgroup), bryophytes and
pteridophytes. There is a great diversity of life history
traits within each of these groups. To pick just one
example, among mosses (a major group of bryophytes),
a mature sporophyte of Archidium alternifolium releases
16 spores, each 200 mm in diameter, whereas a mature
sporophyte of Dawsonia lativaginata releases about 50
million spores, each 8 mm in diameter (Kreulen 1972).
We do not have the space to review this fascinating
diversity so our discussion will be limited to broad
generalizations, with the understanding that for every
generalization there are many exceptions.
q 2006 The Royal Society



s

g

s

g

(c)(b)

(a) sporophyte
(2n)

gametophyte
(1n)

spores
(1n)

zygote
(2n)

sperm
(1n)

egg
(1n)

di
sp

er
sa

l

meiosis

disp
ers

al

Figure 1. Alternation of generations in plants. (a) Schematic
of the stages in the life cycle of plants showing the alternation
between haploid and diploid forms. (b) The haploid
gametophyte of the moss Polytrichum commune, a bryophyte,
with two dependent diploid sporophytes. (c) The haploid
gametophyte of the fern Osmunda claytonia, a pteridophyte,
showing its attached sporophytic offspring that has rooted
and begun its transition to an independent existence. g,
gametophyte; s, sporophyte. ((b) after Goebel (1905) and (c)
after Campbell (1905).)
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2. COLEOCHAETE
The multicellular haploid phase of the Coleochaete life
cycle is initiated when a flagellated cell (zoospore)
settles on a suitable substrate and commences mitotic
divisions to form a gametophyte. There is variation
among Coleochaete species with regard to sex
expression. For example, gametophytes of Coleochaete
scutata are dioicous; eggs and sperm are produced by
different haploid individuals (Wesley 1930). By con-
trast, gametophytes of Coleochaete nitellarum are
monoicous; a single individual produces both eggs
and sperm (Lewis 1907). In either case, eggs remain
attached to the maternal gametophyte. (Dioicy and
monoicy are used to describe sex expression of haploid
individuals in contrast to dioecy and monoecy, which
are properties of diploid individuals. Thus, all angios-
perm gametophytes are dioicous but angiosperm
sporophytes may be monoecious or dioecious (Zander
1985).)

A zygote of Coleochaete is formed when an egg is
fertilized by an antherozoid (sperm) released by a
paternal gametophyte. Zygotes undergo substantial
post-fertilization growth as they accumulate nutrients
supplied by the maternal gametophyte. In C. scutata
and its relatives, cells of the maternal gametophyte
grow around and completely surround the zygote to
Phil. Trans. R. Soc. B (2006)
produce a corticated zygospore that exhibits substantial
post-fertilization growth (Graham & Wilcox 1983;
Delwiche et al. 2002). Multiple zygospores may be
present simultaneously on a female gametophyte, but
not all eggs produce mature zygospores. Wesley (1930)
reported that disintegrating ‘eggs’ were common on
gametophytes of C. scutata (she assumed that fertiliza-
tion had not occurred although it is possible that these
were aborted zygotes). After a period of dormancy, the
zygospore undergoes a series of divisions to produce
8–32 cells, enclosed within the zygospore wall that is
still attached to the maternal gametophyte. All of these
cells are released as zoospores that disperse to initiate
new gametophytes.

The nature of the divisions of the zygospore is not
fully understood. Allen (1905) observed pronounced
differences in the compaction of chromosomes
between the first and second divisions of C. scutata
zygospores and identified these as the heterotypic
and homotypic divisions of chromosome reduction
(i.e. meioses I and II). According to this interpretation,
zygotic meiosis is followed by one or more mitotic
divisions to produce 8–32 zoospores. Hopkins &
McBride (1976) undertook a photometric analysis of
DNA content in C. scutata. Gametophytic nuclei
contained either the 1C or 2C amount of DNA (by
reference to the 1C amount of sperm); however,
zygotic nuclei contained from the 2C to 8C amount of
DNA. These data are compatible with a 2C zygote
undergoing two rounds of DNA replication without
cell division, followed by reduction from 8C to 1C over
the course of three divisions without DNA replication.
Whatever the nature of the postzygotic divisions,
the 8–32-celled ‘organism’ that forms within the
Coleochaete zygospore does not appear to be homo-
logous to the diploid sporophyte of embryophytes.

Sexual reproduction is not the only option available
to Coleochaete gametophytes. Vegetative cells can
escape their cell walls, develop flagellae, and become
zoospores that disperse to establish new gametophytes.
In some cases, almost all cells of a gametophyte can
transform into zoospores, leaving a skeleton of empty
cell walls (Wesley 1928). Thus, maternal gametophytes
can produce dispersing propagules through either
sexual or asexual means. This life cycle clearly
illustrates the ‘twofold cost of sex’ for the genes of a
maternal gametophyte. Each gene of the maternal
gametophyte is present in only half of the zoospores
released from the zygospore wall (sexual progeny) but
is present in every zoospore released from a vegetative
cell wall (asexual progeny). Thus, asexual reproduction
is twice as efficient as sexual reproduction at producing
zoospores carrying maternal genes under the assump-
tion that the two kinds of zoospore are equally costly.

Female gametophytes of Coleochaete are faced with
the adaptive problem of how much to invest in
vegetative growth and asexual reproduction versus
sexual reproduction. After fertilization, the additional
question arises of how to divide maternal care among
multiple zygospores. Male gametophytes are faced with
the somewhat simpler problem of allocating resources
among asexual reproduction, sexual reproduction
(sperm), and vegetative growth. What then is the
potential for sexual conflict in the Coleochaete life cycle?
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If male and female gametophytes are not direct
competitors for substrate-space, then their direct
interactions are limited to fertilization of eggs by
sperm. Females could perhaps exhibit some selectivity
in which sperm fertilize their eggs. If so, non-favoured
males might be selected to circumvent female barriers
to fertilization. However, the major potential for sexual
conflict is likely to occur after fertilization in relations
between zygospores and maternal gametophytes.

In a genetic sense, the zygospore nucleus contains an
intimate union of the haploid genomes of a male and
female gametophyte. The genetic interests of the
maternal genome are identical with those of the female
gametophyte that is providing nutrients to the zygos-
pore. Therefore, maternal genes of a zygospore should
favour that distribution of maternal resources among
vegetative growth, asexual reproduction, and invest-
ment in multiple zygospores that maximizes fitness of
the maternal gametophyte. By contrast, the paternal
genome of the zygospore will usually be unrelated to
the maternal gametophyte (in dioicous species) and
may also be unrelated to the paternal genomes of
competing zygospores. If so, paternal genomes should
favour maximizing the reproductive return from a
single fertilization event (their own).

There is potential for sexual conflict at two stages
during zygospore maturation. The first of these occurs
when a decision is made whether or not to provision a
particular zygote. Maternal gametophytes can practice
postzygotic ‘mate choice’ by the selective abortion of
zygotes (Willson & Burley 1983; Queller 1994).
Paternal genomes of zygotes clearly have an interest in
avoiding abortion, whereas maternal genomes would
concur with the choice of the maternal gametophyte. At
this stage, the interests of maternal and paternal
genomes coincide if their zygote is chosen, but not if
their zygote is aborted. The second stage at which there
is potential for sexual conflict is during provisioning of
the zygote. The paternal genome of the zygote will
favour a higher level of provisioning than the maternal
genome because it has less genetic interest in alternative
uses of resources by thematernal gametophyte, whether
these be investment in vegetative growth, asexual
reproduction, or in other zygotes (with an identical
maternal genome but, in some cases at least, with
different paternal genomes). The level of postzygotic
provisioning has clear consequences for paternal fitness:
small mature zygospores of Coleochaete pulvinata gave
rise to only eight zoospores, whereas larger zygospores
produced up to 32 zoospores (Oltmanns 1898).

The production of zygospores and of asexual
zoospores compete for limited maternal resources.
Therefore, conflict between the maternal and paternal
genomes of zygospores requires multiple haploid
paternity of the diploid offspring provisioned by a
haploid maternal genotype but does not require
multiple haploid paternity of the zygospores growing
on a particular haploid mother (although this would
accentuate the conflict). That is, conflict requires
multiple paternity at the level of the genet but not at
the level of the ramet. In species with extensive asexual
reproduction, this is not a trivial distinction. Conflict
between maternal and paternal genomes of zygospores
may be possible even when there is low genetic
Phil. Trans. R. Soc. B (2006)
variation at the small spatial scale available for mate
sampling by any single haploid ramet.
3. BRYOPHYTES
The ‘bryophytic’ life cycles of liverworts, mosses and
hornworts resemble that of Coleochaete in that the
dominant multicellular phase is the haploid gameto-
phyte and there is postzygotic provisioning of diploid
offspring. Fertilization in bryophytes is effected by
motile sperm swimming from paternal gametophytes to
eggs retained on maternal gametophytes, and typically
takes place over small distances (usually millimetres to
centimetres; Korpelainen et al. 2005). Unlike Coleo-
chaete, the zygote undergoes several rounds of mitotic
divisions to produce a diploid sporophyte that is
nutritionally dependent on the maternal gametophyte.
The sporophyte produces a single sporangium that is
raised above the substrate. Meiosis takes place within
the sporangium to produce large numbers of haploid
spores that are (in most cases) aerially dispersed. The
sporophyte dies after releasing its spores, but maternal
gametophytes usually survive the death of their diploid
offspring and may continue to reproduce both sexually
and asexually (see figure 1b). Spores germinate, either
immediately or after variable periods of dormancy, to
form new gametophytes.

The adaptive problem facing bryophyte gameto-
phytes is the optimal allocation of resources among
vegetative growth, asexual reproduction, and sexual
reproduction. Gametophytes of a substantial minority
of bryophyte species produce gemmae, specialized
structures for asexual dispersal. Other species undergo
asexual dispersal by fragmentation. A female gameto-
phyte may provision multiple sporophytes over the
course of her life, but not all sporophytes are provisioned
and abortion ratesmaybe high (e.g. Stark&Stephenson
1983; Stark et al. 2000; Stark 2001, 2002).

The basic features of sexual conflict in this life cycle
have already been delineated in our previous discussion
of Coleochaete. The diploid sporophyte is nutritionally
dependent on a maternal gametophyte that is geneti-
cally identical to the maternal haploid genome of the
sporophyte (figure 1a,b). By contrast, the paternal
haploid genome of an outcrossed sporophyte will be
genetically unrelated to the maternal gametophyte.
Therefore, paternal alleles will have been strongly
selected to avoid abortion and to increase the nutrients
acquired from the maternal gametophyte, even when
these actions do not maximize maternal fitness.

Somewhat more than half of all bryophytes are
dioicous, with eggs and sperm produced on separate
gametophytes, the remainder are monoicous (eggs and
sperm produced on the same gametophyte) or repro-
duce exclusively by asexualmeans (Longton & Schuster
1983).Themechanism of sex determination of dioicous
gametophytes (when known) is genetic: two spores in
each meiotic tetrad germinate to produce female
gametophytes and two spores germinate to produce
male gametophytes. Sex chromosomes have been
reported from several dioicous species: female gameto-
phytes carry an X chromosome; male gametophytes
carry a Y chromosome; all sporophytes have an XY
karyotype (Smith 1978; Ramsay & Berrie 1982).
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X chromosomes are restricted to female gameto-
phytes and are always maternally derived in sporo-
phytes. Conversely, Y chromosomes are restricted to
male gametophytes and are always paternally derived in
sporophytes. Therefore, sporophytically expressed
genes on the differential region of the X chromosome
are predicted to promote maternal interests, whereas
sporophytically expressed genes on the differential
region of the Y chromosome are predicted to promote
paternal interests. By contrast, autosomal genes
(including pseudoautosomal genes from the recombin-
ing portion of X and Y chromosomes, if such exist)
have spent half of their haploid history in female
gametophytes and half in male gametophytes, and have
spent half of their diploid history as maternally derived
genes and half as paternally derived genes. If autosomal
genes of different parental origin are to express
conflicting interests in sporophytes, this would require
genomic imprinting.

Sporophyte production is often rare in dioicous
bryophytes because of spatial segregation of the sexes
(e.g. Gemmell 1950). That is, male and female
gametophytes do not occur together within the limited
fertilization range of sperm. Spatial segregation is
probably, in large part, a consequence of the
population dynamics of sessile clonally reproducing
organisms. As one clone competitively excludes other
clones from a local area, it also excludes potential
mates (McLetchie et al. 2002). The rarity of spor-
ophytes in some dioicous species suggests that, when
sporophytes are produced, the local mating population
may often be small. If all available sperm are produced
by a single male gametophyte, all sporophytes formed
on a female gametophyte will have identical genotypes.
If the local mating population contains two haploid
males, a haploid female’s diploid offspring will have at
most two genotypes, and so on. Sporophytes are
considerably more common on monoicous gameto-
phytes than on dioicous gametophytes, suggesting that
the predominant mode of sexual reproduction in
monoicous species is by gametophytic self-fertilization
(Gemmell 1950). The diploid products of haploid self-
fertilization are homozygous at all loci, excepting new
mutations, and produce genetically uniform haploid
products after meiosis. The twofold cost of sex is
absent, but so too are most of the putative advantages
of sexual recombination.

Monoicous species are often derived from dioicous
species via polyploidy (Smith 1978). Although it has
been assumed that these are autopolyploids, more
recent data suggest that many, perhaps all, polyploid
bryophytes are allopolyploids (Boisselier-Dubayle &
Bischler 1998). A scenario suggests itself for the origin
of monoicous allopolyploids. If the dioicous haploid
species had sex chromosomes and produced XY
sporophytes, then a first-generation hybrid sporophyte
that underwent chromosome doubling would have two
X chromosomes from one species and two Y chromo-
somes from the other. If the X chromosomes paired
during meiosis, as did the Y chromosomes, then
segregation of an X and Y to each spore would result
in diploid XY gametophytes that expressed characters
of both sexes. This predicted pattern of sex chromo-
some segregation in allopolyploids could explain both
Phil. Trans. R. Soc. B (2006)
the transition from dioicy to monoicy upon chromo-
some doubling as well as the lack of male (YY) and
female (XX) diploid gametophytes within the newly
formed polyploid population (cf. Smith 1978 who
assumed monoicous species were autopolyploids).

A major difference between the life cycle of
Coleochaete and that of bryophytes is the intercalation
of several mitotic divisions between syngamy and
reduction to haploidy, resulting in a multicellular
diploid sporophyte. The effect is to amplify the products
of a single fertilization event. A Coleochaete zygospore
gives rise to up to 32 zoospores and perhaps eight
recombinant haploid genotypes (assuming reduction
from the 8C level in three divisions). The sporophyte of
a moss typically produces 100 000 or more spores and
(in dioicous species) many haploid recombinant
genotypes. In both groups, the paternal haploid genome
of diploid offspring would be selected to make the most
of each fertilization event, so the (four orders of
magnitude) difference in output can be conjectured to
be due to different degrees of acquiescence in diploid
expansion by maternal haploid genomes.

An appealing explanation for the elaboration of a
sporophyte by land plants is that this was an
evolutionary response to the relative rarity of fertiliza-
tion in terrestrial environments (Searles 1980) and to a
relatively small number of haploid males in local
mating populations when fertilization did occur. (If a
mating population contains multiple haploid males, a
female gametophyte would produce a greater diversity
of recombinant haploid offspring by spreading her
reproductive investment over multiple products of
fertilization, rather than investing the same amount in
a single sporophyte.)
4. PTERIDOPHYTES
The ‘pteridophytic’ life cycles of lycophytes, psilo-
phytes, horsetails, and ferns are characterized by a
sporophyte that is initially dependent on the maternal
gametophyte but that then attains nutritional indepen-
dence (figure 1c). Sporophytes are branched structures
that produce large numbers of spores in multiple
sporangia. These spores are typically larger than spores
of most bryophytes (D. Haig 1989, unpublished work).
Sporophytes are often long-lived perennials that, in
some species, are able to undergo extensive clonal
spread. In a reversal of ‘bryophytic’ life cycles, it is the
sporophyte that usually outlives its maternal gameto-
phyte. Competition for space largely occurs in the
sporophytic rather than in the gametophytic
generation.

Genetic determination of gametophytic sex is
unknown in pteridophytes. Gametophytes of homo-
sporous species have labile sex determination and may
produce eggs or sperm (or both) depending on
environmental conditions (Haig & Westoby 1988a).
Such gametophytes could be described as potentially
monoicous but often functionally dioicous. Hetero-
sporous species produce large megaspores that develop
into female gametophytes and small microspores that
develop into male gametophytes. Although these
gametophytes are strictly dioicous, sex determination
is not genotypic because the two kinds of spores are
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produced from different sporangia of a single spor-
ophyte (Haig & Westoby 1988b). Our focus will be on
the majority of species with homosporous life cycles.

Mature sporophytes are usually much larger, much
taller, and longer-lived than gametophytes. Moreover,
there are likely to be strong priority effects in
competition for space among sporophytes. That is,
once a region of space has been occupied by a
sporophyte, that individual is able to exclude younger
(and smaller) sporophytes from its space. As a
consequence, gametophytes compete in small local
populations, in temporarily available space, to become
the haploid parents of a successful sporophyte (Haig &
Westoby 1988a). By contrast, gametophytes are the
long-term occupiers of space for most bryophytes.

Competition among gametophytes to be the haploid
parents of a sporophyte that then dominates a local
area may help to explain the absence of (genetically)
dioicous gametophytes in pteridophytes. Within a local
population, one gametophyte is going to produce the
egg that gives rise to a successful sporophyte and one
gametophyte (sometimes the same gametophyte) is
going to produce the sperm. The successful maternal
gametophyte is likely to be the gametophyte with the
most resources to invest in a sporophyte either because
its spore arrived first, and it had a head-start in growth,
or because its spore germinated in a particularly
favourable microhabitat. Success as a paternal game-
tophyte means being in the right place at the right time
to produce the sperm that fertilizes a successful egg.
Labile sex determination allows gametophytes to keep
their sexual options open, to reproduce as a male or
female depending on local conditions. If a gameto-
phyte has a head-start in growth over its local
competitors, its best option is to attempt to be a
maternal parent. Other gametophytes should take their
chances in the fertilization lottery (Haig & Westoby
1988a).

Chemical signals are produced by ‘female’ gameto-
phytes of some ferns that signal their presence and
induce nearby gametophytes to develop as ‘males’
(reviewed by Haig &Westoby 1988a). The evolution of
such signalling systems raises some interesting evol-
utionary questions that remain largely unexplored.
What keeps the signalling system honest? Could a
gametophyte who aspires to be the mother of the
sporophyte that eventually occupies a site ‘bluff ’ her
potential competitors into reproducing as males?
Whether such games are considered an example of
sexual conflict, or of something else, is a question of
semantics.

Maternal gametophytes typically invest in a single
sporophyte, even though more than one egg may be
fertilized (Buchholz 1922). Considering the size and
longevity of the pteridophyte sporophyte, this strategy
makes sense from an evolutionary perspective. Only
one sporophyte is likely to become established at a site
and a haploid mother may be in competition with other
haploid mothers to produce this sporophyte. If a female
were to invest in more than one sporophyte, her
diploid offspring would compete with each other for
resources and would run the risk of losing the race for
local dominance with the offspring of another
female that invested everything in a single offspring
Phil. Trans. R. Soc. B (2006)
(Haig & Westoby 1988a). Once a maternal gameto-
phyte commits herself to investment in a particular
sporophyte, her interests are served by maximizing the
growth of this sporophyte and these interests are
identical with those of the paternal genome of the
sporophyte. Sexual conflict largely disappears. The
potential for postzygotic conflict between maternal and
paternal genomes in pteridophytes may be limited to
the choice of which sporophyte to provision if multiple
eggs are fertilized.

Most pteridophytes lack mechanisms of asexual
reproduction by gametophytes. This may be an indirect
consequence of sporophytes being more effective than
gametophytes as colonizers of new space. About 10% of
pteridophyte species, however, have gametophytes that
reproduce vegetatively via gemmae (Farrar 1974). In
these taxa, maternal gametophytes are faced with a
question of howmuch to invest in asexual versus sexual
reproduction. Thus, the maternal and paternal
genomes of sporophytes may ‘disagree’ over maternal
investment in asexual reproduction.Gemma-producing
species sometimes exist as populations that are domi-
nated by gametophytes rather than sporophytes (e.g.
Dassler & Farrar 1997) and have on multiple occasions
given rise to gametophyte-only populations that repro-
duce clonally (Farrar 1967, 1990).
5. GENOMIC IMPRINTING IN PLANT LIFE CYCLES
The conventional assumption in evolutionary biology
has been that maternal and paternal haploid genomes
have identical expression in diploid individuals. If this
were the case, genes would evolve levels of expression
(and phenotypic effects) that are a compromise
between maternal and paternal interests. Thus, genetic
expression in a zygospore of Coleochaete or the
sporophyte of a moss would be selected to favour
greater uptake of resources than the maternal gameto-
phyte would be selected to supply. This could be
considered an expression of conflict between the
haploid parent and its diploid offspring. However, it
is possible that a gene could show different patterns of
expression in the diploid offspring depending on its
parental origin (see Willson & Burley 1983, pp. 19-20,
for a prescient discussion of this possibility). In this
case, differential gene expression within a diploid
offspring could be considered an extension of conflict
between its male and female haploid parents. Parent-
specific gene expression (genomic imprinting) has been
described in the endosperm of flowering plants (Haig &
Westoby 1989, 1991; Gehring et al. 2004), but the
forces favouring imprinting are also present in any life
cycle in which diploid offspring are nourished by a
haploid mother. Therefore, we conjecture that genomic
imprinting may already have been expressed in zygotes
of the ancestors of land plants.

An intriguing, although difficult-to-test, possibility is
that imprinting played a role in the origin of
sporophytes, entailing (as this did) the intercalation of
extra mitotic divisions between syngamy and meiosis.
The paternal genome of a zygote would clearly have
benefited from increasing the number of sexual
propagules produced from a single fertilization event,
particularly if this increased the amount of resources



340 D. Haig & A. Wilczek Sexual conflict in cryptogams
committed to the diploid offspring by the maternal
gametophyte, whereas the maternal genome would
have had competing interests in the allocation of
resources to other zygotes and to asexual propagules.
Thus, paternally expressed genes might have been
responsible for the initiation of post-fertilization
mitosis (for a similar argument see Trivers & Burt
1999). From a macroevolutionary perspective, how-
ever, the evolutionary success of bryophytic life cycles
on land implies an evolutionary advantage to lineages
in which maternal haploid genomes acquiesced in the
elaboration of a multicellular sporophyte. As we have
argued above, the important selective factor may have
been the relative rarity of opportunities for fertilization
in terrestrial environments.

Imprinted genes employ a conditional strategy,
exhibiting one pattern of sporophytic expression when
derived from a female gametophyte and a different
pattern when derived from amale gametophyte. There-
fore, genomic imprinting in bryophytes (if present)
would be an autosomal phenomenon because X-linked
genes are never present in male gametophytes and
Y-linked genes are never present in female gameto-
phytes. All genes in pteridophytes are autosomal, but in
these plants the occurrence of genomic imprinting may
be limited by an absence of sexual conflict during the
provisioning of a sporophyte, because both haploid
genomes are committed to the production of a single
diploid offspring (see above). If imprinting is to be found
in pteridophytes, theory would suggest that this either
would affect early embryonic development when
maternal gametophytes ‘choose’ which sporophyte to
provision or would occur in species with well-developed
asexual reproduction by gametophytes.
6. INVESTMENT CHOICES IN PLANT LIFE CYCLES
We have identified two stages at which there is potential
for postzygotic sexual conflict during sporophyte
development. The first occurs when a choice is made
whether or not to provision a sporophyte. The second
occurs after this choice is made and concerns how
much to invest in the sporophyte. The nature of conflict
at each of these stages has distinctive features.

Maternal gametophytes regularly produce more
zygotes/embryos than ever develop into mature spor-
ophytes. The selective culling of surplus embryos
could, therefore, provide an opportunity for improving
the average quality of the subset of diploid offspring
that are provisioned (Buchholz 1922; Haig 1987;
Stearns 1987). The idea is attractive, but it raises the
questions of how the process of culling could be
designed to select for superior quality offspring (good
genes); of whether the selective process is vulnerable to
genotypes that are merely good at being chosen,
independent of their intrinsic quality (manipulation);
and of whether genes in mothers would benefit from
being associated with genes that are merely good at
being chosen (run-away). The similarity between mate
choice and offspring choice has been noted before
(Willson & Burley 1983; Queller 1994). In both
situations, genes in females are choosing which set of
male-derived genes to recombine with at meiosis in the
next diploid generation.
Phil. Trans. R. Soc. B (2006)
Non-random ‘choice’ of males can result in either
sexual conflict (in which one sex presumably benefits at
the expense of the other) or benefits to both sexes, and
the relative importance of these two processes is the
centre of an ongoing debate (e.g. Pizzari & Snook 2003;
Eberhard 2005). We have found an analogy from
everyday experience to be useful in thinking about this
question. In situations of choice, the relationship
between the sexes (or between maternal and paternal
genomes in sporophytes) is analogous to that between
examiner and examinee in a competitive examination
or between employer and potential employee in a job
interview (Haig 1987). The challenge for the examiner
is to design a test that provides useful information
about the qualities of examinees. The challenge for
examinees is to perform as well as possible, regardless
of their intrinsic quality. So, is the relationship between
examiner and examinee one of conflict or one of mutual
interest? It depends on the qualities of the examinee. If
the examinee is the ‘best person for the job’, both
parties have a mutual interest in the test providing an
accurate measure of quality, but otherwise the interests
of examiners and examinees diverge (cheating in exams
is not unknown).

One of the risks of any testing process is that one
merely selects for individuals who are good at taking
exams. Another problem arises if some members of an
examining committee have a self-interest (not shared
by all members of the committee) in favouring one
candidate over another. Fisherian models of sexual
selection depend on genetic covariance between genes
for male traits (examinees) and genes for female
preferences (examiners) but, if there are multiple loci
for preference, alleles at different loci will have different
degrees of linkage disequilibrium with a trait locus and
may, therefore, experience different costs and benefits
from the expression of a preference. Testing entails
‘discrimination’ and discrimination is a word with both
positive (in the sense of choosing the best) and negative
connotations (in the sense of choosing on some basis
other than quality). Models of mate choice share many
similarities with models of segregation distortion, and
these analogies are further explored in the Appendix.

Once a candidate is chosen, even if the candidate is
the best for the job, conflict may reappear in
negotiations over salary. The analogy here is to how
much a female gametophyte should invest in a
sporophyte once it is chosen for provisioning. Among
bryophytes, a female gametophyte usually has multiple
investment options in addition to investment in a
particular sporophyte. As a consequence, maternal and
paternal genomes of a sporophyte may disagree over
how resources should be allocated. By contrast, female
gametophytes of many pteridophytes invest all in a
single sporophyte. In these cases, the maternal and
paternal genomes of the sporophyte are predicted to
have entered into a full, and equal, partnership in which
what is good for one is also good for the other.
7. CONCLUSION
In the life cycles of bryophytes and pteridophytes,
multicellular haploid ‘females’ nourish diploid off-
spring. We have argued that the maternal and paternal
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genomes of the diploid offspring may have conflicting
interests because the maternal genome of the offspring
is shared, in its entirety, with the haploid mother but
the paternal genome of the offspring may be genetically
unrelated to the mother. These conflicts should be
particularly pronounced in bryophytes, because hap-
loid females may invest in multiple offspring produced
both sexually and asexually, but conflict should be
attenuated in pteridophytes, because haploid females
typically invest in a single diploid offspring.

As yet, there are relatively few data available to
directly test these predictions. In the future, two areas
of research should be particularly fruitful in under-
standing postzygotic sexual conflicts in these plants.
The first would be a search for imprinted gene
expression in sporophytes of bryophytes. If imprinted
expression is detected, this should be strong prima facie
evidence for the existence of sexual conflicts. The
second would be the study of the anatomy and
physiology of the gametophyte–sporophyte junction,
across which resources are transferred from haploid
mother to diploid offspring. Systematists have already
noted a great variety of cellular organizations at this
junction (Ligrone et al. 1993). We suggest that much of
this variation may be explained by variation among taxa
in the intensity of parent–offspring (or maternal–
paternal) conflict. For example, Ligrone et al. (1993)
report the presence of dead and collapsed cells at the
gametophyte–sporophyte junction in bryophytes but
not in pteridophytes. This observation is concordant
with our prediction of greater sexual conflict in
bryophytes. However, definitive tests of these ideas
will come from correlating variation at the gameto-
phyte–sporophyte junction with variation in life cycles
within these broad groups.

The manuscript benefited from two anonymous reviews and
the helpful comments of Yaniv Brandvain and Jon Seger.
APPENDIX
Consider a large panmictic population in which haploid
males are paired at random and then one is chosen to
be the father of a zygote. ‘Choice’ in this model refers to
any non-random process by which one of the males is
selected to be a father. It could be the expression of a
female preference, of different abilities of males to
coerce females, or of pre-mating competition between
males.

Let there be two alleles A and a with frequencies
(1Kq) and q before mate choice and zygotic selection.
Suppose that anAmale is always chosen if a pair ofmales
contains an Amale. There will be p2 A/A pairs, 2pq A/a
pairs and q2 a/a pairs. The frequency ofA fathers will be
1Kq2, and the frequency of a fathers q2. Note that the
‘choice’ of haploid male can be conceptualized as
segregation distortion in a diploid Aa male.

AA Aa aa

zygotic
frequencies

(1Kq)(1Kq2) (1Kq)q2Cq(1Kq2) q3

zygotic
fitnesses

1 1 w
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If w!1, allele A has higher fitness than a in both
males and females and there is no sexual conflict.
A fathers confer higher fitness on zygotes than a
fathers. Therefore, the process of choice enhances
female fitness. However, allele A would also go rapidly
to fixation in a simpler model with random choice of
fathers.

IfwO1, the process of choice reduces average female
fitness. That is, a females have higher fitness than
A females because only the former can produce high
fitness aa zygotes. However, this advantage becomes
vanishingly small as a becomes rare. Sexual conflict is
present because a enhances female fitness but
decreases male fitness. If 2OwO1, Amales have higher
fitness than a males at all gene frequencies. If wO2,
A males have higher fitness than a males above some
threshold frequency of allele A.

A trivial calculation shows that the change in allele
frequency from one generation to the next is given by

DqZ qð1KqÞ
2ðwK1Þq2K1

2ðwK1Þq3 C2

� �
:

This system has a non-trivial equilibrium at

qZ
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ðwK1Þ
p :

The equilibrium is unstable and exists in the interval
0!q!1 if wO1.5. If w!1.5, A alleles (if present) will
go to fixation. If wO1.5, A alleles cannot invade a
population fixed for a alleles, but neither can a alleles
invade a population fixed for A alleles. (Seger (1985)
presents a more sophisticated two-locus model in
which females choose one of n haploid males, with a
female’s allele at the second locus determining whether
she chooses males with a particular allele (if available)
or mates at random.)

The principal purpose of this appendix is to
emphasize the analogy between models of mate choice
and models of segregation distortion. Haig (1996)
identified a similar analogy between segregation
distortion and parent–offspring conflict. In all these
models, there is a departure from a random distri-
bution of genetic goods and the potential for intrage-
nomic conflict because, given meiotic segregation, not
all genes share equally in benefits. Segregation
distortion can either enhance or reduce population
mean fitness at genetic equilibrium, depending on
details of the model (Úbeda & Haig 2004), and the
same is true of models of mate choice. Our haploid
model is simple, but the analogy can be extended to
more complex models: a choice between two diploid
males can be interpreted as segregation distortion in
the gametic output of a ‘tetraploid male’, and so on.
From this perspective, preference alleles are analogous
to modifiers of segregation distortion. The fates of
preference alleles and modifiers of distortion become
coupled through linkage disequilibrium to alleles at the
locus they modify. Interlocus conflict within the
genome is possible because modifiers with different
degrees of linkage to the primary locus are subject to
different selective forces (i.e. the genetic covariance
between preference and trait depends on the recombi-
nation fraction).
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The analogy between mate choice and meiotic drive
is, of course, not exact. In particular, the effect of
female preference alleles on the ‘segregation ratio’ of
alleles at a male trait locus is less direct than the effect
of distorter alleles on the segregation of alleles at a
responder locus in systems of meiotic drive. A distorter
allele usually acts within a meiotic cell to create an
advantage after segregation for gametes that inherit a
resistant allele at a responder locus. The distorter allele
shares in the advantage of the resistant allele by hitch-
hiking, because linkage disequilibrium ensures that it is
preferentially transmitted to gametes carrying the
resistant allele (Haig & Grafen 1991). When a
distorterCresistant haplotype is rare, the frequency of
segregation distortion is proportional to the haplotype
frequency. In Fisherian models of mate choice,
preference alleles expressed in females favour male
gametes carrying particular trait alleles. The hitch-
hiking effect requires that a preferenceCtrait haplotype
in females confers an advantage on a similar prefer-
enceCtrait haplotype in males. If the haplotype were
rare and the population well mixed, such interactions
would occur in proportion to the square of the
haplotype frequency.
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