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|. Sexual versus asexual reproduction

“We do not even in the least know the final cause of sexuality;
why new beings should be produced by the union of the two sexual elements,
instead of by a process of parthenogenesis”

Charles Darwin (1862)

Reproduction is a fundamental and universal biological process by which new individuals are
produced from their parent(s). Organisms may adopt two strategies to reproduce, either using
sexual or asexual reproduction. Many organisms combine both strategies, alternating
between asexual cycles and occasional sexual reproduction. The maintenance of sex is one of
the most debated topics in evolutionary biology, as sex is costly in terms of investment per
offspring but at the same time widespread among eukaryotes. A large number of hypotheses
have been put forward to explain this evolutionary paradox. In the first section of the
introduction, | will review studies that have focused on the origin and maintenance of sexual
reproduction, including the costs and benefits of meiotic sex, but also the evolution of the
sexes. | will then describe the different modes of asexual reproduction, their advantages and

costs and finish by focusing on parthenogenesis, a specific mode of asexuality.
1. Evolution of sexual reproduction

1.1. Definition of sex

How do we define sex? There are at least two commonly used definitions of sex. Sex may be
defined as the process leading to exchange of genetic material between individuals or simply
as the occurrence of meiosis (Maynard Smith, 1978; Levin, 1988). Sex defined as an exchange
of genetic material between individuals can be found in both eukaryotic and prokaryotic
organisms (Maynard Smith, 1978; Levin, 1988). However, there are fundamental differences
between eukaryotic sex and bacterial sex. In bacteria, sex involves the unidirectional transfer

of genetic material from a donor cell to a recipient cell through conjugation or transformation.
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Figure 1: Simplified life cycle of organisms reproducing through meiotic sex.
Organisms reproducing via meiotic sex exhibit life cycles involving two key event,
meiosis and syngamy resulting in an alternation between haploid and diploid stage.
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Eukaryotic sex, in contrast, involves alternation between a haploid phase resulting from
meiosis and a diploid phase following the fusion of two gametes. When defined as a
reproductive process associated with meiosis, sex does not include virus reproduction or
bacterial conjugation (Maynard Smith et al., 1991; Maynard Smith, 1990). | will refer to sex
under this definition as meiotic sex. Meiotic sex is nearly universal in eukaryotes and ensures
the production of new genetic combinations via two highly conserved mechanisms: meiosis
(a specialized type of cell division that reduces the chromosome number by half) and syngamy
(the fusion of haploid cells or gametes). Syngamy allows the admixture of two genomes while

meiosis reduces ploidy and ensures recombination between the parental genomes (Figure 1).

As far as the evolution of sexual reproduction is concerned, two main questions have been
raised: 1) what is the origin of sex and 2) why is sex the predominant mode of reproduction
among eukaryotes? If the function of reproduction is to increase the number of individuals in
a population, then “How do we explain the origin of cell fusion, which halves cell numbers,

contrary to the fundamental evolutionary drive to increase them?” (Cavalier-smith, 2002).

1.2. The origin of sex

Dacks and Roger (Dacks and Roger, 1999; Speijer et al., 2015) suggested that the Last
Eukaryotic Common Ancestor (LECA) was probably a facultative sexual unicellular species and
therefore that meiotic sex has a single evolutionary origin. This conclusion is supported by the
observation that meiosis genes have been found in all major eukaryotic supergroups and in
basal eukaryotes such as Trichomonas, Giarda (Excavata) and Ostreoccocus (Chlorophyta; e.g.
Ramesh et al., 2005; Derelle et al., 2007; Schurko et al., 2009; Halary et al., 2011; Malik et al.,
2008). These observations support the idea that sex originated in basal eukaryotes more than
1.5 billion years ago (Javaux et al., 2001). Along with evidence suggesting a single evolutionary
origin of sex in eukaryotes came several theories to explain what mechanisms could have

driven the appearance of this reproductive strategy.

Sex as a DNA repair mechanism

Meiotic sex was already present in the last common eukaryotic ancestor, and probably
evolved from bacterial transformation, which also involves pairing of DNA strands,

recombination and the transmission of the recombined information to progeny (Bernstein,

13



2013). The primary evolutionary function of transformation may be the use of homologous
DNA molecules for recombinational repair of double strand DNA breaks caused by oxidative
stress (Michod et al., 2008; Mirzaghaderi and Horandl, 2016). The existence of homologues of
core meiosis genes in prokaryotes is a strong argument for this hypothesis (Malik et al., 2008;
Ramesh et al., 2005). Moreover, in a broad range of facultative sexual eukaryotes, the
expression of meiotic genes is triggered by oxidative stress (Bernstein and Johns, 1989;
Nedelcu and Michod, 2003; Nedelcu et al., 2004). Oxidative stress causes physical damage to
DNA (Slupphaug et al., 2003) and it has been suggested that sex could be an adaptive response
and could have evolved to repair DNA damage (Bernstein et al.,, 2011). Homologous
recombination allows damaged DNA to be repaired using a sister chromatid (available in G2
phase after DNA replication) or a homologous chromosome as a template. Mutation of some
of the genes involved in DNA repair has revealed that these genes are also involved in
recombination during meiosis (Joyce et al., 2009; Klovstad et al., 2008; Staeva-Vieira et al.,
2003). Indeed, in a system where these genes are shut down and DNA repair is no longer
active, harmful DNA damage can accumulate and be transmitted to subsequent generations.
Therefore, during meiotic sex, syngamy results in diploidisation, which brings together
homologous chromosomes in a single cell allowing the repair of damaged DNA using
undamaged copies as a template. As discussed in Bernstein (2011), this DNA repair mechanism
is particularly efficient for double strand DNA damage. However, the proposed role for
recombination in the repair of damaged DNA is not sufficient to explain why sex evolved and
was maintained because there are populations of asexual, diploid eukaryotes where
homologous chromosomes are present allowing homologous recombination repair of DNA

damage (Otto and Lenormand, 2002).

Sex and selfish DNA elements

It has been suggested that ‘selfish DNA elements’ may have driven the initial evolution of sex.
On the whole, such elements, which include transposable elements, some genes and parasitic
genetic elements, will tend to have a damaging effect on their host (Hurst and Werren, 2001).
However, this negative effect will have limited consequences on the survival of the elements
provided they are rapidly transmitted to a new host before the effects of the damage are felt
by their existing host. Sex could therefore have evolved as a mechanism to promote the

transmission of selfish elements to new hosts (Hartfield and Keightley, 2012; Otto and
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Lenormand, 2002). Moreover, transposable elements that carry genetic information
specifying sexual reproduction would spread more efficiently. Indeed, if transposable
elements carrying such genetic information arise and compel their host to reproduce sexually
with partners that would normally reproduce asexually, such sex drivers would spread through
population as long as the driving element was represented more often among sexual offspring
than among the parents (Hickey, 1982; Otto and Lenormand, 2002). This argument provides
a possible explanation for why sex evolved in the first place and for why it was maintained in
the short-term but it does not explain why sex persisted over the long duration of eukaryote

evolution.

1.3. Maintenance of sex

The widespread occurrence of sex in eukaryotes suggests that there is a significant fitness
advantage to reproducing sexually. However, the costs of sex are much easier to identify than
the benefits and, consequently, the maintenance of sex is a debated topic in evolutionary
biology. Because sex is costly in evolutionary terms, but at the same time widespread among
eukaryotes, it presents an evolutionary paradox (Maynard Smith, 1978). Biologists struggle to
explain why sex is advantageous, despite these costs. During the 1970s and 1980s, theoretical
evolutionary biologists proposed more than twenty five hypotheses to explain the
evolutionary advantage of sex (Schon et al., 2009). The majority of these hypotheses can be
divided into two major groups. The first group is based on the fact that sex is a source of novel
genetic variation in offspring because it remodels genome content and structure through
recombination and meiotic segregation. Such variation could produce new adaptations, for
example to a changing environment, that could be acted upon by natural selection. The
second group of hypotheses focus on the capacity of meiosis and recombination to remove
negative and deleterious mutations. Each group of hypotheses will be developed in the

following sections.
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1.3.1. The benefits of sex

Sex generates variation

One of the major hypothesis to explain the maintenance of sex among eukaryotes is that
meiosis and recombination efficiently generate variation on which natural selection can act
(Weissmann, 1889). In accordance with Darwin, Weismann argued that genetic variability
provides the basis for adaptation and therefore that sex exists because it creates variation.
The generation of novel genotypes through recombination and segregation provides a means
to fix beneficial mutations and eliminate deleterious mutations. This hypothesis was later
elaborated by Fisher (1930) and Muller (1932) (Figure 2). The advantage of recombination is
illustrated by the fact that if two different advantageous alleles arise at different loci on a
chromosome in distinct individuals within a sexually reproducing population, a chromosome
containing both alleles can be produced in a very limited number of generations by
chromosomal segregation and recombination. However, should the same two alleles arise in
individuals within an asexually reproducing population, they cannot be combined by
recombination. In such a population, the only way that these two alleles could end up on the
same chromosome would be if both alleles were to arise sequentially by mutation in the same

genome as it is passed through subsequent generations.
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B. Sexual

Allele frequency

Time

Figure 2: The Fisher-Muller argument. (A) Favourable mutations must be established
sequentially in an asexual population. For example, if allele a is destined to be
replaced by A in the population, then any other favourable allele that occurs at other
loci (e.g. allele B) can be fixed only if it appears in the same genome as A. Different
colours represent genotype frequencies in a population over time. (B) In sexual
populations, beneficial mutations arising at different loci can be combined into one
genome through recombination. This leads to an advantage for modifiers that
control sex and recombination. As an example, favourable allele B associates with
favourable allele A by recombination (circle). A modifier allele M, which is required
in the process, increases its frequency by hitchhiking.

The ability to generate genetic variation is expected to be particularly important is some
contexts. For example, host-parasite co-evolution is thought to lead to a situation in which the
host and the parasite engage in a continuous arms race, with each partner continually evolving
new innovations that give them a selective advantage. This idea is known as the Red Queen
hypothesis (Bell, 1982; Van Valen, 1973). Evidence for the Red Queen hypothesis has been
provided by observing the long-term dynamics of parasitism in sexual and asexual populations
of the snail Potamopyrgus antipodarum (Jokela et al., 2009). Asexual female snails were
abundant at the beginning of this study but became more susceptible to parasite infection
over-time. The increase of the rate of parasite infections caused most of the common asexual
clones to disappear entirely or to be replaced by rare clones and the entire population
decreased dramatically in number within a few years of observation. In contrast, sexually

reproducing snail populations persisted and remained much more stable over time.
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Sex and molecular advantages of recombination

The recombination process that is associated with sexual reproduction has three main
advantages. First, as mentioned above, recombination allows the repair of damaged DNA
using intact, homologous chromosomes (see above). Second, recombination and outcrossing
allow the masking of deleterious mutations by creating heterozygosity. The third advantage
associated with recombination is the avoidance of the Muller’s ratchet. Most DNA mutations
are deleterious and the probability that subsequent mutations will cause reversion to the
original state is low. In 1964, Muller proposed a ratchet process whereby deleterious
mutations accumulate in an irreversible manner in the genomes of asexually reproducing
individuals (Muller, 1964 ; Figure 3). If we consider a finite asexual population where
mutations are accumulating at different rates in different individuals, the stochastic
disappearance of the least mutated individuals due to drift is predicted to lead to an
accumulation of deleterious mutations over time. Muller proposed that sexual reproduction
may be favoured over asexual reproduction because it provides a means to prevent this
ratchet process from operating. Recombination allows natural selection to act more efficiently
on deleterious mutations by uncoupling their inheritance from those of other loci in the
genome. Hence, sexual reproduction both allows the avoidance of Muller’s ratchet by
generating offspring with a reduced mutation load and provides the means to escape the
effects of recessive deleterious mutations through dominance (Chasnov, 2000) or epistasis

(Kimura and Maruyama, 1966; Kondrashov, 1982; Kondrashov, 1988; Charlesworth, 1990).
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Figure 3: Principles of Muller’s ratchet. (A) Scheme of distributions (p) of
mutations in a sexual population. Before mutation, distribution in the
population is (p), after mutation, distribution shifts upward to p*. After
recombination and selection against mutants, individuals in the gray part
remain sterile and die, and the distribution goes backward to p**. At
equilibrium the means of p and p** are equal. (B) Scheme of mutational load
distributions in an asexual population. Initially, genotypes with zero mutations
exist in the population, but are lost over time by drift. Without recombination,
the class with zero or few mutations cannot be restored, and consequently
mutations accumulate until a threshold level of extinction (arrow) is reached.

(extracted from Hojsgaard and Hoérandl, 2015: (A) (redrawn after Kondrashov, 1988) (B)
redrawn after Maynard Smith, 1988)).
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1.3.2. Cost of sex

As mentioned above, the evolutionary advantages of sexual reproduction have been largely
debated because sex appears to be less efficient than asexual reproduction but its widespread
occurrence among eukaryotes indicates that it has evolutionary benefits and advantages. The
paradox of sex is amplified by the fact that several different factors make sexual reproduction

costly.

Two fold cost of sex

The “two fold cost of sex” was underlined by John Maynard Smith in 1971 when he pointed
out that most sexual eukaryotes have two different sexes, with only one (the female) involved
in bearing offspring. In most cases, males contribute to the next generation only by providing
genetic information. Consequently, females allocate much more care and resources to their
offspring than males (Maynard Smith, 1978) and the number of new individuals that can be
created by a population depends essentially on the number of females in that population.
Therefore, because females invest half of their reproductive potential in the production of
males whose only role is to transmit their genetic information to the next generation, sexual
populations are expected to produce progeny half as efficiently as asexual populations

(assuming a 1:1 sex ratio; Figure 4).
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Another component of the cost of sex is the decreased efficiency of transmission of genes to
the next generation. Half of the genes of the female partner and half of the genes of the male
partner are transferred to each offspring in a sexual population. In contrast, in an asexual
population, offspring inherit the entire genome of their parent (Maynard Smith, 1978;
Maynard Smith, 1971). The cost of sex can increase in situations where there is sexual conflict,
particularly when female reproductive success is decreased by male competitiveness. For
example, in Drosophila melanogaster male seminal fluids promote egg-laying, destroy sperm
from other mates, reduce female receptivity to further mating and are toxic, increasing the
death rate of females that mate multiple times (Chapman et al., 1995). Another example is
the beetle Callosobruchus maculatus, where the spiky genitalia of the male damage the

female reproductive tract resulting in reduced female longevity (Eady et al., 2007).

Hence, competition between males can heighten the cost of sex for females. On the other

hand, the cost of sex can be reduced when males invest resources in their offspring, especially
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in monogamous populations where males evolve traits that maximize the female's
reproductive success. Isogamous organisms can also partially escape the two-fold cost of sex
since the two mating-types invest the same resources in the offspring by producing gametes
of equal size. Therefore, the production of isogametes results in the same output as asexual

populations in the sense that the cost of producing males is avoided (Lehtonen et al., 2012).

The costs of mate detection and mate choice

Sex requires the encounter of two compatible gametes and, therefore, a compatible mate
needs to be found, unless the organism is capable of selfing. Mate finding can be very costly
in low density populations. Eppley and Jesson showed that mate-finding efficiency is strongly
correlated with breeding strategy, in particular that it is implicated in the evolution of
hermaphroditism (Eppley and Jesson, 2008). The mate-finding problem probably explains the
widespread occurrence of hermaphrodites, which correspond to approximately one-third of
animal species excluding insects. Moreover, mate finding and attraction can also increase the
risk of predation (associated with having attractive ornaments) and disease (i.e. sexually

transmitted diseases), which lead to a reduction in fecundity (Daly, 1978).

The cost of meiosis

Despite the advantages of meiosis in terms of recombination and DNA repair, it also
represents a cost since in many unicellular organisms, for example, the time required to effect
meiosis is 5-100 times greater than for mitosis (Otto, 2009). In multicellular organisms, the
cost is reduced because the relative time spent carrying out meiotic divisions is usually small
compared to total life expectancy and gamete production can occur in parallel with growth

and development (Lehtonen et al., 2012).

The cost of recombination

Recombination has been proposed to be one of the main benefits of sex because it creates
new associations of beneficial mutations more efficiently than in asexual populations (see
section ‘Sex and molecular advantages of recombination’). Over the course of evolution,
recombination, combined with natural selection, can permit the assembly of multiple

advantageous alleles in the same genome and, at the same time, the removal of harmful
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mutations from that genome. However, in the short-term, recombination will also tend to
break up advantageous combinations of genes that have already been selected for in the past.
This process can lead to a decrease in the fitness of the progeny compare to the parents
because epistasis (interaction between genes that affect the phenotype or fitness) is
widespread among eukaryotes (Maynard Smith, 1978; Otto, 2009; Lehtonen et al., 2012). This
effect of recombination, which is probably the most general cost of sex, is also referred to as
‘recombination load’ (defined as "loss of fitness because recombination breaks up
associations between beneficial combinations of interacting alleles" by Charlesworth and
Charlesworth, 1975). Note that recombination load can affect any sexually reproducing
organism, including isogamous species that do not have sexes and is independent of sexual
conflict or the efficiency of mate-finding. The effects of recombination load will depend on the
degree to which the direction of selection fluctuates over time and space (Lehtonen et al.,
2012). In a stable environment, reshuffled genotypes are more likely to exhibit reduced fitness
(recombination load) compared with the parental genotypes than in a fluctuating

environment.

1.4. The evolution of separate sexes

Efforts to find evolutionary benefits to sex that could balance its costs have focused on the
consequences of sex in terms of genetic variations generated by meiosis (recombination)
during the transition from diploid to the haploid phase of the sexual life cycle. Syngamy, the
counter-part of meiosis that restores the diploid phase, is as important as meiosis and its
regulation is central to the evolution of sexual eukaryotes. Syngamy is the process by which
genomes are mixed by the fusion of compatible gametes (haploid cells resulting from meiosis).
For many species, compatible gametes means gametes of different mating-type or sexes. This
section will focus on the evolution of mating-types and sexes, and will briefly describe theories
aimed at explaining the origin of two gamete classes. Some of the questions that will be
explored include: why do systems with different gamete classes (i.e. systems with either
anisogamy or mating types or both) exist despite the fact that they restrict the probability of
finding a compatible mating partner (i.e. why is it not possible to mix genomes with all possible
partners)? and why does the number of gamete classes vary from zero to thousands, with

most often only two classes?
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1.4.1. From mating-types to sexes: evolution of anisogamy

Species are generally considered to exhibit one of three classes of gamete dimorphism based
principally on the difference in size between male and female gametes: isogamy, anisogamy
and oogamy. In isogamous species, where the gametes are of equal size and morphologically
identical, it is not usually possible to assign female and male functions and mating types (for
example “+” or “—“ mating type) are assigned to compatible strains. Anisogamous species
produce female gametes that are larger than male gametes. Oogamy is a special type
anisogamy where the female gametes are large and immobile whereas the male gametes are
small and motile. In all classes (isogamy, anisogamy and oogamy) there is a specific recognition
of one gamete type by another (a specific interaction of either male and female or plus and
minus gametes) leading to cell fusion. Studies on the evolution of mating types in isogamous
species are useful to understand the forces shaping the evolution of sexes, as it is widely

accepted that the differentiation of two morphologically indistinguishable mating types

preceded the evolution of anisogamy (Lehtonen et al., 2016; Togashi and Cox, 2011).

The origin of mating types

At least seven different hypotheses have been proposed to explain the emergence of mating
types (Billiard et al., 2011). Among these theories we can underline the “by-product” model,
which suggests that mating types have evolved from a bipolar recognition system (for example
a pheromone and pheromone receptor) that played a key role in gamete syngamy (Hoekstra,
1982); the “selfish element” model, which suggests that such elements could promote cell
fusion in order to move to new host cells (Bell, 1993; Hoekstra, 1990); the “inbreeding
avoidance” model, which proposes that two class of gametes evolved to avoid the cost of
mutation load due to mating between genetically related individuals (Charlesworth and
Charlesworth, 1978; Uyenoyama, 1988a; Uyenoyama, 1988b); and the “developmental
switch” model which proposes that mating types evolved because they provide
complementary signals from the two mating-types that trigger the diploid program after
gamete fusion (Perrin, 2012). Finally, the “organelle inheritance” model hypothesises that
mating-types are required to control potential conflicts between cytoplasmic organelles
(Hurst and Hamilton, 1992; Hoekstra, 1987). Heteroplasmy (mixing of cytoplasmic genetic

elements from both gametes in the zygote) potentially leads to competition between
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organelles which can have deleterious effects for the progeny. Under this hypothesis, mating-
types would have evolved in ancestrally isogamous species because it was advantageous for
the nuclear genome to limit genetic conflicts between mitochondrial or chloroplastic genomes
by enforcing uniparental inheritance. Whenever mating involves cytoplasmic fusion, mating-
types or sexes would be expected not only to determine who is a potential mating partner but
also to determine which parent will transmit its organelles (Hurst and Hamilton, 1992; Billiard
et al., 2011). There is support for this hypothesis across a diversity of phyla as organelle
inheritance is strongly associated with gender in plants, animals and other anisogamic groups.
Organellar transmission is uniparental in the vast majority of species, and the organelles that
are transmitted are usually those of the mother in sexual species (i.e. the parent with the
largest gamete). There are, however, some examples of paternal inheritance, for example in

gymnosperms and chytridiomycetes (Reboud and Zeyl, 1994; Xu, 2005).

There is genetic evidence that the mating type loci of some species play a role in determining
the pattern of organelle inheritance. For example, in the isogamous green alga
Chlamydomonas reinhardtii the chloroplast genome is transmitted through the mating type +
gamete whereas the mitochondrial genome is transmitted through the mating type - gamete
(Gillham et al., 1987; Nishimura et al., 2012). Similarly, in some fungi, the locus that
determines mating-type (MAT) has been found to harbour genes that actively control

organelle transmission (Moriyama and Kawano, 2010).

Whilst there is a considerable amount of evidence indicating that organelle inheritance could
have favoured the evolution of mating types and sexes, there are a number of species where
the pattern of organelle inheritance is not consistent with a role for the mating type locus and
these exceptions need to be taken into account. For example, the slime mould Dydimium
irridis (Silliker et al., 2002; Scheer and Silliker, 2006) is an interesting case because, although
it exhibits uniparental transmission of mitochondria, the transmission is random with respect
to mating types. It seems unlikely, therefore, at least in this species that the primary role of
the mating type locus is to control organelle inheritance. Biparental inheritance has been
observed in some rare cases but this pattern of inheritance is usually associated with
mechanisms that limit conflict. In mussels that exhibit biparental inheritance of mitochondria,
the paternal haplotype is sequestered in the male germ line, preventing inter-organellar

conflict (Cao et al., 2004; Breton et al., 2007). Heteroplasmic inheritance (i.e. transmission
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from both mating-types) occurs in the yeast Saccharomyces cerevisiae but potential
cytoplasmic conflicts are resolved by mitochondrial fusion and mitochondrial DNA
recombination (Takano et al., 2010). In the brown alga Ectocarpus mitochondria have been
reported to be transmitted maternally but chloroplasts are transmitted by both the male and
female parents. However, the plastids segregate into different parts of the developing
sporophyte, leading to a diploid organism that is mosaic for the two parental chloroplasts but
with only one parental chloroplast type being present in any given cell (Peters et al., 2004).
The diatom Pseudo-niszchia also exhibits a form of biparental plastid inheritance (Levialdi
Ghiron et al., 2008). In this case, laboratory crosses showed heteroplastidic inheritance in 60
out 96 zygotes. However, analyses of field-collected strains from the same species did not
detect any heteroplastidic transmission, suggesting that heteroplasmy may lead to reduced
fitness. In the social amoeba Physarum polycephalum mitochondrial inheritance is controlled
by a different locus to that which controls gamete compatibility and cell fusion (Moriyama and
Kawano, 2010). Finally, many lineages have maintained mating-types despite an absence of
cytoplasmic fusion. In ciliates and filamentous ascomycetes, for example, the male parent
provides only the nucleus, but the mating type complementarity is essential for mating. Taken
together it appears that mating-types have functions other than regulating organelle
inheritance and it is possible that these other functions are more fundamental and primary.
Billiard (Billiard et al., 2011) pointed out that a correlation is not indicative of cause and effect.
It might well be that the role of mating types in organelle inheritance was superimposed on
pre-existing functions and therefore that mating types evolved for another reason. A similar
argument was earlier proposed by Maynard-Smith and Szathmary, based on the observation
of uniparental inheritance of mitochondria from the smaller gamete in gymnosperms and

chytridiomycetes (Maynard Smith and Szathmary, 1997).
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The evolution of anisogamy

Syngamy involves the fusion of compatible gametes, i.e. haploid cells specialised in mating,
that can be identical to each other (isomorphic) or strongly dissimilar (heteromorphic). This
similarity or dissimilarity between compatible gametes is a continuous trait, often with
progressive differentiation from isomorphic gametes towards highly specialised sperm and
egg cells found, for example, in metazoans. Gamete size dimorphism is a fundamental trait
that defines the basis for maleness and femaleness. It is found in most multicellular organisms
including plants, animals, fungi, brown algae, red algae, and green algae. However, such
dimorphism is not reported in many unicellular species which produce isogametes. Anisogamy
is thought to have emerged independently from isogamous ancestors in various eukaryotic
lineages (Bell, 1978). Theoretical studies suggested that the evolution from isogamy towards
of anisogamy resulted from disruptive selection (Parker et al., 1972; Bell, 1978; Charlesworth
and Charlesworth, 1978; Hoekstra, 1982; Bulmer and Parker, 2002; Lehtonen and Kokko,
2011). For anisogamy to emerge, models considered opposing selective pressures to
simultaneously maximize the number of gametes, their encounter rate, and the size (and
subsequent survival) of resulting zygotes. Models show that under a wide set of
circumstances, the fitness of both partners is maximised when one interacting gamete is small
and motile while its large and immobile partner provides the resources for zygotic
development. In contrast, intermediate gametes would do worse than small ones in terms of
motility and numbers, and worse than large ones in terms of provisioning. Using game theory,
Bulmer and Parker (2002) showed that both anisogamy and zygote size are expected to
increase with organism size and complexity. Lehoten and Kokko (2011) confirmed this
expectation and showed that the evolution of anisogamy also requires either some gametic
competition (the system is expected to return to isogamy in the absence of local competition)
or gamete limitation (e.g. due to low production rate, high gamete mortality, or low encounter
rate). In addition, Charlesworth (1978) predicted that anisogamy could evolve from isogamous
genetic sex-determination system with two haploid mating types if a gamete cell-size gene
with dimorphic alleles is loosely linked to the mating type locus. However, recent empirical
studies on volvocine green algae show that anisogamy may evolve from isogamy without the
addition of a gamete-size-control gene and without increased mating type locus size and

complexity (Hamaji et al., 2018).
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Figure 5: Main sexual life cycles. Depending on the dominant stage, haploid, diploid or both, sexual cycles can be

defined as haploid, diploid, haploid-diploid life cycles respectively. (n= haploid, 2n= diploid).

(Adapted from Coelho et al., 2007).
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1.4.2. Evolution of sex determination systems

Meiotic sex has a single evolutionary origin whereas male and female sexes have emerged
multiple times in several eukaryotic lineages via a striking diversity of mechanisms. Before
describing the different mechanisms of sex determination in eukaryotes, it is necessary to
present the main types of sexual life cycle. Meiotic sex is defined as the alternation of haploid
and diploid phases resulting from meiosis and syngamy, respectively. Eukaryotes exhibit a
broad variety of life cycles, which vary in the relative lengths of each of the two phases
(haploid or diploid) and the amount of mitotic division or somatic development that occurs in
each phase (Figure 5). Life cycles range from haploid-dominant to diploid-dominant, with a
continuum of intermediate cases where the haploid and diploid phases are more or less

dominant.

Given the diversity and complexity of eukaryotic sexual life cycles, it is not surprising that there
is also a great diversity of sex determination mechanisms. Sex can be expressed in either the
haploid or the diploid phase. The phase in which the sex is expressed has important
consequences for the mechanisms and the evolution of sex determination. Sexes can be
determined genetically, environmentally, or by a genotype-environment interaction (Pannell,
1997). For example, both abiotic or social factors have been shown to influence sex
determination in several eukaryote species. The temperature of incubation of embryos
influences sex determination in crocodiles, turtles and some fish (Bull and Vogt, 1979; Ospina-
Alvarez and Piferrer, 2008; Woodward and Murray, 1993). In such systems, the different sexes
have the same genotype and both sex determination and differentiation are therefore
epigenetic. Environmental and genetic sex determination systems represent the two extremes
of a continuum and between these two extremes there are systems where sex is determined
by both genetic and epigenetic factors. For example, in the sea bass, both temperature and
genetic factors influence the level of methylation of the gene triggering sex determination
(Navarro-Martin et al., 2011). The following section focuses on genetic sex determination

systems.
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1800's

1900-1950

1950-2000

2000-2015

Empirical advances

1845 - haplodiploidy in honeybees proposed by Dzierzon
1891 - "odd" chromosomes discovered by Henking

1905 - confrmation that the X is associated with sex by Stevens
1905 - Discovery of the Y by Stevens

1909 - Morgan observes ZW and XO systems and demonstrates
that variation in sex determination mechanisms is possible

1910 - Morgan demonstrates sex linkage of white eyes in Drosophila
1914 - Bridges discovers X0 males in Dresophila

1925 - Bridges discovers XXY females in Drosophila

1926 - Morgan shows that XO Drosophila males are sterile

1934 - Koller and Darlington discover restricted recombination
between X and Y

1939 - Bridges shows that sex in Drosophila is determined by ratio
of Xs to autosomes

1945 - first description of UV chromosomes by Allen

1946 - rapid turnover of sex chromosome systems

documented in playfish by Gordon

1949 - first observation of inactivated X in mammals (Barr body)
by Barr and Bertram

1949 - homomorphic sex chromosomes discussed by Matthley

1952 - Patterson and Stones find degeneration of

autosomal fragments translocated to the Drosophita Y

1957 - Drodzhansky observes that the male X is twice

as wide as the female X in Drosophila, consistent with

dosage compensation via male hyperexpression

1959 - male determining factor on Y discovered in humans

1961 - Lyon demonstrates that females are genetic mosaic for the X
in mice

1964 - different stages of sec chromosome evolution discovered

in snakes by Becak et al.

1965 - X-Y-W system of sex determination found in Xiphophorus
maculatus by Kallman

1970 - first evidence of sexually antagonistic fitness effects of an
allele (colour genes Poeciliids) by Kallman

1978 - dosage compensation in Drosophila is not via X inactivation,
by Lucchesi

1979 - evidence of dosage compensation in Caenorhabditis elegans
discovered by Duckett

1982 - homology between autosomal genes and Y linked

genes found (in humans, by Kunkel and Smith, in Drosophila

by Steinemann)

1990 - SRY discovered, proposed male ‘master gene' in humans
1992 - first genetic map of human Y chromosome

1994 - Rice demonstrates degeneration of a

non-recombining chromosome in real time

1997 - number of functional genes in non-recombining

region of human Y increased from 8 to 20, Lahn and Page

2003 - full sequence of non-recombining region of the Y
published

2005 - complete sequence of human X chromosome
published

2010 - Lemos et al. find that ¥ polymerisation has

functional consequences in Drosophila

2012 - Muyle et al. show that dosage compensation

evolved rapidly in the young sex chromosome of Silene

2013 - Vicoso and Bachtrag find reversal of a sex
chromosome to an autosome in Drosophila

2014 - Amhed et al. describe the U and V sex chromosomes in
the brown alga Fctocarpus

2015 - Luthringer et al. investigate the PAR of the U and V sex
chromosomes in Ectocarpus

Theoretical advances

1880's - nutritional/metabolic theory of sex determination popular

1802-1903 - chromosomal theory of inheritance developed by Sutton

1902 - "odd" chromosomes suggested to be associated with sex by McClung
1905 - Wilson suggests that XO systems arise from XY systems

1306 - competing theories of sex determination: dose-dependance versus
specific sex-linked factors

1909 - Castle suggests male-specific traits are located on the Y

1914 - Muller suggests restricted recombination between X and Y

1922 - Haldane suggests that sex chromosomes evolve by the accumulation
of many sex factors in tight linkage

1931 - sexual antagonism first proposed by Fisher

1932 - Muller and Pinter point out that XY systems can be recessive X

or dominant Y

1933 - Haldane argues that plants should have less Y cdlegeneration than animals
1935 - Fisher calculates that X and Y should have similar numbers of lethals,
but this is not consistent with data

1947 - existence of dosage compensation proposed by Muller,

based on results in Drosophila

1958 - Westergaard suggests that the evolution of dioecy in plants occurs

by the evolution of tightly linked male and female sterility factors in concert

with cessation of recombination between these factors

1965 - Bowen suggests inversions can contribute to cessation of recombination
on sex chromosomes

1967 - X and ¥ first proposed to have evolved from identical autosomes by Ohno
1967 - Hamilton develops selfish genetic element theory of Y degenration

1968 - Frota-Pessoa and Aratangy develop inbreeding theory of Y degeneration
1969 - first model of suppression of recombination between sex chromosomes
via sexual antagonism ceveloped by Nei

1970 - Nei develops low population size model of degeneration of the Y

1978 - evolution of heteromorphic sex chromosomes modelled by Charlesworth
1979 - Bull develops theory for the origin of systems with uniparental males
theplodiploidy and paternal genome loss)

1984 - sex chromosomes proposed to be hotspots for sexual antagonism by Rice
1987 - model by Rice shows that sexual antagonism selects forcessation of
recombination on sex chromosome

1990s - debate over wether loss of the Y is inevitable in XY systems begins

1999 - 'evolutionary strata' coined by Lanh and Page, first described on the
human X

2003 - 'gene conversion' proposed as mechanism preventing degenration of Y
by mimicking recombination

2005 - models of transitions between XY and ZW systems

2009 - Perrin models maintenade of homommorphic sex chromosomes via
occasional recombination

2012 - Jordan and Charlesworth find that sexual antagonism more likely in
pseudo-autosomal region than on autosomes

2014 - hot potato model of sex chromosome turnover presented by Blaser et al.
2014 - Ubeda et al. show that meiotic drive can help the spread of primitive
sex chromosomes

2015 - Immler and Otto model evolution of UV systems

Figure 6: A historical timeline of major theoretical and empirical advances in the study of sex chromosome

evolution.

(Adapted from Abbott et al., 2017).
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History of the discovery of genetic sex determination systems

In 1891, the German biologist Henking (Henking, 1891), was the first to notice that one
element, which he named ‘X’, was transmitted to only half of the sperm after meiosis in the
firebug (Pyrrhocoris apterus). Ten years later, three biologists (McClung, Stutton and Stevens,
(McClung, 1902; Sutton, 1902; Stevens, 1905) postulated that this ‘X’ element could be a
chromosome involved in sex determination. At the same time, E. B. Wilson, observed that,
although males and females of several insect species had the same number of chromosomes,
one pair was heteromorphic in males. The work of Bridges (Bridges, 1916; Bridges, 1925) on
Drosophila supported the involvement of X and Y sex chromosomes in sex determination.
After the discovery of XY sex chromosomes and their potential role in sex determination (by
the 1920’s), studies on the evolution of sex chromosome were carried out and observations
of other sex determination systems were published. The first observations of ZW systems in
chicken date back to 1959 (Kosin and Ishizaki, 1959) whereas the first UV system was reported
by Allen (Allen, 1945) in 1945 in bryophytes (Figure 6).

Major types of genetic sex determination system

Three main types of chromosomal sex determination systems have been described in
eukaryotes. Two sex determination systems (XY and ZW) are found in diploid organisms and
one (the UV system) has been reported in bryophytes and algae. In organisms with XY sex
determination systems, individuals carrying the heteromorphic pair of chromosomes (XY) will
develop into males whereas in organisms with ZW sex determination systems individuals
carrying the heteromorphic pair of chromosomes will become females. In UV systems, sex is
expressed during the haploid phase of the life cycle. Females correspond to individuals
carrying the U chromosome whereas individuals that inherit the V chromosome are male
(Figure 7, Bachtrog et al., 2011). Studies of the genetic determination of sex, mediated by sex
chromosomes, have also highlighted specific features of sex chromosomes compared to
autosomes. Sexual development is determined by a sex-determining factor(s) encoded by a
gene within the sex-determining region (SDR) of the sex chromosome. In many species
recombination is suppressed within the SDR (Beukeboom and Perrin, 2014). The SDR can be

as small as a single locus or as large as a whole chromosome.
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Figure 7: Diversity of types of sexual systems (XY, ZW and UV). In organisms with diploid life cycles, sex is determined
in the diploid phase of the life cycle, after fertilisation. In XY systems, the sex of the embryo depends on the
chromosome carried by the sperm cell, X or Y. In ZW systems, it is the female egg that determines the sex of the
individual. In organisms such as some algae and mosses, that alternate between gametophyte and sporophyte
generations (haploid-diploid life cycles), sex is expressed during the haploid (gametophyte) phase of the life cycle.
The sexual system in this case is called UV systems. In contrast to XY and ZW systems, sex | UV systems depends on
whether the spores receive a U or a V chromosome after meiosis (not at fertilisation stage).

(Extracted from (Mignerot and Coelho, 2016) (adapted from Bacthrog et al., 2011)).
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Theories on sex chromosomes evolution

Over the last century, theoretical and experimental work on sex chromosomes has
considerably furthered our understanding of the evolution of these unusual chromosomes.
The classical model for the evolution of sex chromosomes proposes that the process starts
with a pair of homologous autosomes that acquire a major sex-determining locus (Beukeboom
and Perrin, 2014; Bachtrog et al., 2011; Charlesworth et al., 2005), for example a male sex-
determining gene. In a hermaphrodite population, two mutations are needed in order to
generate two separate sexes from a hermaphrodite ancestor: one mutation to suppress male
fertility (recessive in X/Y systems and dominant in Z/W systems) and one mutation to suppress
female fertility (dominant in X/Y systems and recessive in Z/W systems) (Figure 8 A). In UV
systems, the dominance of mutations is of no consequence as sex is expressed during the
haploid phase (Charlesworth and Charlesworth, 1978). At this stage, if recombination occurs
between the two loci, sterile and hermaphrodite individuals will be produced because both
sterility mutations will be located on one proto-sex-chromosome and both sex-determining
genes on the other (e.g. Fragaria virginiana plant, Spigler et al., 2008). Consequently, there
will be a strong selective pressure to suppress recombination between the two loci
(Beukeboom and Perrin, 2014). As a result of this arrest of recombination in the male-specific
region of a neo-Y chromosome (in X/Y systems) or in the female-specific region of a neo-W
chromosome (in Z/W systems), the region containing the sex-determining gene(s) becomes a
sex-determining region (SDR) (Figure 8 B). In UV systems, both male-specific and female-
specific regions do not recombine. Theoretical models predict that the non-recombining
region may then expand due to the effect of sexually antagonistic selection acting on alleles
of genes linked to the SDR that have different fitness effects in males and females
(Charlesworth et al., 2014; Otto et al., 2011). If a sexually antagonistic (SA) gene arises near
the non-recombining sex-determining region (SDR), extension of the non-recombining region
to include this gene will allow it to be fixed in the sex for which it is advantageous and removed
from the sex where it is disadvantageous ((Rice, 1996; Figure 8 C). However, the SDR does not
usually expand to include the whole chromosome and a recombining region (or regions) called

the pseudo-autosomal region (PAR) usually persists.
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Figure 8: Sex chromosome evolution in a XY system. In a hermaphrodite population, a pair of homologous chromosomes
carries the “M” and “f” alleles. (A) “M” mutates into a recessive male-sterility allele (m) which causes the emergence of
females and the dichotomy of proto-x and proto-Y chromosomes. On the proto-Y, “f” mutates into a dominant “Su™ allele,
causing female-sterility and the appearance of males. (B) Between the proto-Y chromosome and its homologue the proto-
X chromosome, suppression of recombination around male alleles (M and Suf) is favoured creating a non-recombining sex
determining region. The “s” gene undergoes mutation on the proto-Y chromosome to create a sexual antagonistic allele
(S?) that benefits the male but harms the female. (C) On the male proto-Y chromosome expansion of the non-recombining
region to include S? is favoured. (D) The lack of recombination on the Y chromosome induces accumulation of deleterious
mutations, genetic degeneration and genes loss resulting in a smaller male Y chromosome. The non-recombining region is
not spread throughout the Y chromosome, the pseudoautosomal region (PAR) can still recombine with the corresponding
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(Adapted from Charlesworth et al., 2005).
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The PAR is thought to be important for sex chromosome pairing during mitosis and meiosis
and a PAR is therefore present on most sex chromosomes (Otto et al., 2011). Nonetheless, the
expansion of the non-recombining region may result in strongly differentiated sex
chromosomes, where the sex-specific, non-recombining chromosome (Y in males or W in
females) experiences genetic degeneration over the long term as a consequence of the
accumulation of deleterious mutations and decreased adaptation (Figure 8 D). The
homogametic sex (XX females or ZZ males) possesses two copies of X- or Z-linked genes
whereas there are only single copies in the heteromorphic sex (XY males or ZW females),
creating the potential problem of unequal expression between sexes. Dosage compensation,
which can provide a solution to this problem, can be achieved in multiple ways such as for
example inactivation of one X chromosome in female mammals or hyper-expression of the X

chromosome in male Drosophila (Graves, 2016; Lucchesi, 1978).

However, these theories are still evolving and, for example, it is currently unclear to what
extent sexual antagonism is necessarily to drive expansion of the SDR. There is no clear
evidence that links sexually-antagonistic alleles to the emergence of reduced recombination
of Y, W, U and V chromosomes. If sex antagonistic polymorphisms do occur on the PAR, they
could be maintained for long evolutionary times as a result of partial linkage to the SDR (Muyle
etal., 2017). Also, it is important to note that sex chromosomes do not necessarily exhibit loss
of recombination leading to heteromorphic sex chromosomes. For example, the sex
chromosomes of ratite birds and Boridae snakes have remained undifferentiated despite
being ancient (Vicoso, Emerson, et al., 2013; Vicoso, Kaiser, et al., 2013). Several possible
mechanisms have been proposed to explain this lack of sex chromosome degeneration,
including low levels of sexual dimorphism and sexual selection limiting scope for the
emergence of sexually antagonistic genes (Rice, 1984), occasional X-Y recombination, which
can eliminate accumulated deleterious alleles (Stock et al., 2011), and resolution of sexual
antagonism not by incorporating the sexually antagonistic allele into the SDR but through sex-
biased gene expression (Vicoso, Kaiser, et al., 2013). Note that the purifying selection may
delay degeneration of sex chromosomes in organisms that have haploid-diploid life cycles (e.g.
plants) and particularly in organisms with UV sex chromosomes. Indeed, Immler and Otto
(Immler and Otto, 2015a) suggested that the SDR should degenerate more slowly in haploid

compared to diploid sex determination systems because deleterious mutations are not
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masked in haploid males and females. Empirical data in the brown alga Ectocarpus tend to
support this hypothesis because degeneration of the SDR is relatively modest, presumably due
to selection acting on the U and V SDR haplotypes during the gametophyte generation

(Ahmed, Cock, Pessia, Luthringer, Cormier, Robuchon, Sterck, Akira F. Peters, et al., 2014).

2. Asexual reproduction: reproducing without sex

Explaining the paradox of sex has been the queen of problems for evolutionary biologists. In
addition to the question: why do eukaryotes reproduce through sex?, a second question has
been asked: why do asexual species exist? If sex has so many advantages then, what special
adaptations would allow long-term survival without it? An alternative approach to
understanding the paradox of sex is to study asexual reproduction systems in an effort to
understand how these systems are able to function without the proposed advantages of

sexual reproduction.
2.1. Amyriad of types of asexual reproduction

Definitions of asexuality

Asexual reproduction is difficult to define because this term can refer to multiple mechanisms
that may or may not involve meiosis or meiosis-like processes. The definition of asexual
reproduction is, sensu stricto, the production of offspring from a single organism where the
offspring are genetically identical to that single parent at all loci (excluding sites that have
been mutated between the two generations). This definition therefore includes organisms
that (1) reproduce clonally through mitotic division and/or (2) no longer implement meiotic
divisions. In the first category, organisms reproduce clonally through vegetative reproduction,
fission or budding. Clonal reproduction is found in bacteria and archebacteria that do not
reproduce through meiotic sex (although sexual reproduction exists) but it also occurs in many
eukaryotes such as animals or plants. Clonal reproduction in animals is referred to as ‘agametic
reproduction’, while the term ‘vegetative reproduction’ is used for plants. Both processes
involve mitosis rather than meiosis, and involve the production of new individuals from
somatic cells or somatic structures (i.e. structures not related to reproductive organs or

gametes). Agametic asexual reproduction involving budding or fission mechanisms can be
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found in unicellular organisms such as yeasts (e.g. the budding yeast Saccharomyces cerevisiae
or the fission yeast Schizosaccharomyces pombe Herskowitz, 1988; Gutz et al., 1974) and in
multicellular organisms such as annelids (Zattara and Bely, 2016) or starfish (Achituv and Sher,

1991).

The broad definition of asexuality given above also includes organisms that produce gametes
but with an altered meiosis, and where offspring develop without fertilisation. This process is
commonly referred to as parthenogenesis and occurs in both plants and animals. In these
organisms, asexual reproduction involves a variant form of meiosis in the sense that
chromosomes are no longer segregated, or are segregated in a very specific way that leads to
the transmission of only one particular set of chromosomes, rather than random allocation
into different oocytes (Dawley and Bogart, 1989). Asexuality of this type can be considered to
be an alternative mode of reproduction to normal sexual reproduction. Importantly asexuality
occurs both in organisms that have separate sexes and organisms that do not. Based on these
definitions a wide range of eukaryotes can be consider to be asexual and the mechanisms and

causes of asexual reproduction are various.

2.2. Advantages of asexual reproduction

Compared to sexually reproducing females which present a twofold cost of sex, clonally
reproducing females gain a twofold advantage. Asexual females produce only daughters and
do not waste effort on sons therefore they are twice as much efficient as sexually reproducing
females (Maynard Smith, 1978; Butlin, 2002). Asexually reproducing organisms is also
economise the costs of producing haploid cells (meiosis) and mate finding (syngamy). Meiosis
generates genetic variability through recombination but it is costly in term of the time
required to complete meiosis, which is 5-100 times longer than for mitosis (Otto, 2009).
Moreover, asexuals economise the time spent finding a compatible gamete and the risk of
predation during the search is avoided (Daly, 1978). Note that parthenogenetic organisms do

not economise on meiosis but do make the economy of not having to find a mate.
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2.3. Costs of asexual reproduction

Lack of recombination and genetic variation

Asexual reproduction can have severe genetic costs for offspring, the most obvious being their
genotypic uniformity and the accumulation of deleterious mutations (Kondrashov, 1993;
Hurst and Peck, 1996; Barton and Charlesworth, 1998). As mentioned above, sexual
reproduction involves recombination and segregation during meiosis, which generate
variability by randomly shuffling alleles. With selection acting on these variants,
recombination speeds up adaptation to directional selection and slows down maladaptation
(Otto and Lenormand, 2002; de Visser and Elena, 2007). Recombination also allows the spread
of beneficial mutations in populations because they do not carry the load of deleterious
mutations at linked loci (Rice and Chippindale, 2001; de Visser and Elena, 2007)Consequently,
clonal organisms are expected to be slower to adapt to changing environmental conditions. In
addition, the accumulation of deleterious mutations poses a threat to survival in clonally
reproducing organisms. Deleterious mutations cannot be purged via recombination in asexual
organisms and accumulate due to Muller’s ratchet (H. J. Muller, 1932). This accumulation of
deleterious mutations should lead to rapid extinction of clonal lineages and the ones found
today should consequently be of recent origin (Lynch and Gabriel, 1990). For example, in the
clonally reproducing freshwater fish the Amazon molly (Poecilia Formosa, gynogenesis), it has
been estimated that Muller’s ratchet should pose a threat of extinction within approximately
50,000 years (Loewe and Lamatsch, 2008) assuming a realistic mutation rate (Drake et al.,
1998; Baer et al., 2007). Surprisingly, this freshwater fish is much older than expected from
theoretical assumptions (Lampert and Schartl, 2008; Schartl, Wilde, et al., 1995). Thus, other
mechanisms may exist to avoid Muller’s ratchet in parthenogenetic lineages (Schartl, Nanda,
et al., 1995; Loewe and Lamatsch, 2008). Asexual organisms are expected to have a low
capacity to produce evolutionary novelty because no recombination occurs, and any
advantages may therefore be short-term and thus these species are expected to be short-lived
compared to sexual organisms. Asexual lineages are thought to be evolutionary dead-ends
and their positions on the tree of life is consistent with this expectation. Almost all of these
asexual lineages occupy terminal nodes of the tree of life (Simon et al., 2003) with very rare

cases of entirely asexual groups. Very few lineages have been reported to have persisted and
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diversified over millions of years in the absence of sex, for example oribatid mites (Heethoff
et al., 2009), darwinulid ostracods (a group of freshwater crustaceans) (Schon et al., 2009) and
the bdelloid rotifers (Welch et al., 2009). However, a recent study has shown that bdelloid
rotifers have persisted and diversified in the absence of sex because they engage in an unusual
form of ‘parasex’ that allows horizontal genetic exchange between individuals in the absence

of meiosis and gamete production (Debortoli et al., 2016).
Il. Parthenogenesis in eukaryotes

1. Evolution of parthenogenesis

Parthenogenesis is the development of a gamete without fertilisation (i.e. without any genetic
contribution of a compatible gamete). Because parthenogenesis has been reported in
vertebrates, invertebrates and plants, and encompasses various mechanisms and definitions
depending on which phylum is studied, | will define and describe parthenogenesis first in

vertebrates and invertebrates and then in plants.

1.1. Definition and mechanisms underlying parthenogenesis in vertebrates and

invertebrates

Parthenogenetic modes of reproduction in vertebrates and invertebrates

Asexual reproduction in vertebrates and invertebrates is characterised by population of
female-only organisms. Various modes of asexual reproduction can lead to female-only

organisms, also called unisexual organisms.

Unisexuality can be achieved through parthenogenesis or through other asexual modes of
reproduction such as hybridogenesis or gynogenesis, which are not parthenogenetic
development sensus stricto because they require fertilisation. It is important to describe these
different modes of asexual reproduction to understand how parthenogenesis might have
arisen in some lineages. In unisexual organisms, reproduction involve fertilisation of the egg
by sperm of a close related species. Unisexuals organisms can be generated by two distinct
processes either hybridogenesis or gynogenesis. In hybridogenetic species, fertilisation occurs

with a male of a close species and meiosis is altered so that only the maternal genome is
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Figure 9: Modes of unisexual and parthenogenetic reproduction in vertebrates. In parthenogenesis and gynogenesis
the two haploid genomes A and B inherited from the two parental species are transmitted via a diploid oocyte to the
next generation. Unlike parthenogenesis, gynogenesis requires sperm (B’) to stimulate development; however, male
DNA does not contribute genetic information. In hybridogenesis only one ancestral genome (A) is transmitted into the
oocyte and the other (B) is discarded. Diploidy is restored with a new (B’) from a related sexual male. The somatic cells
of the new generation contain the ancestral A genome and the new B’ genome, but only the A genome will again be
transmitted to the next generation. The mode of inheritance in hybridogenesis is hemiclonal in that only the maternal
genome is clonally transmitted from generation to generation. In apomictic parthenogenesis, meiosis is omitted and
oocytes are produced by mitosis generating offspring genetically identical to the mother. In automictic parthenogenesis
with premeiotic doubling, chromosomes are doubled before meiosis and then segregated in regular meiosis. In
automictic parthenogenesis without premeiotic doubling, products from the same meiosis fuse to restore diploidy. In
terminal fusion, the oocyte fuses with the second polar body leading to homozygous diploid offspring. In central fusion,
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(Adapted from (Neaves and Baumann, 2011; Lampert, 2008).
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transferred to oocytes while the male genome is lost during meiosis. Consequently, even if
the oocyte is fertilised by a closely related species, male genetic material is only present for a

single generation (Figure 9).

No recombination take place during meiosis between male and female genomes and the
maternal genome is transferred unaltered to the next generation (hemiclonal) (Schultz, 1969;
Dawley and Bogart, 1989). Hybridogenesis is not considered to be parthenogenetic because
fertilisation occurs despite the fact that only female genetic material is transmitted to the next
generation. This kind of reproduction is found in various fish, salamanders and frogs (Avise,
2008; Avise, 2015; Schon et al., 2009). Gynogenesis is a form of asexuality that is more similar
to parthenogenesis because, although male sperm from a close related species is required to
initiate the cleavage of the egg, there is no fertilisation. The male genetic material is
inactivated and does not contribute to the offspring (Hubbs and Hubbs, 1932; Turner et al.,
1990; Schartl et al., 1990). Gynogenesis occurs in many vertebrates and is especially common
in fish (Schon et al., 2009) and certain salamanders (Avise, 2015). While hybridogenesis and
gynogenesis still depend on male sperm, there is nomore contribution of males in
parthenogenetic species. Hybridogenesis, gynogenesis and parthenogenesis can be seen as a
continuum where male contribution is less and less required for the next generation, up to

the extreme point where it is not needed at all wich correspond to parthenogenesis.

Apomictic parthenogenesis (or apomixis) involves the suppression of meiosis so that offspring
are produced from diploid unfertilised eggs by a mitotic-like cell division resulting in genetic
identity with the mother (except for mutations that occur between the two generation)
(Lushai and Loxdale, 2002; Schon et al., 2009). Apomixis is commonly found in invertebrates
such as rotifers and all major groups of arthropods and plants. In contrast with apomixis,
automictic parthenogenesis (or automixis) retains meiosis with restoration of diploidy by
duplication or fusion of the gametes produced by the female parent. Automixis can lead to
variable offspring because recombination and segregation take place between non-identical
homologous chromosomes (Mogie, 1986; Suomalainen et al., 1987). Automixis occurs in many
parthenogenetic stick insects and some weevils. In general, it rapidly leads to complete
homozygosity. In addition to these different ways to achieve asexual reproduction,
parthenogenesis can be obligate or facultative during the life history of organisms.

Tychoparthenogenesis or facultative parthenogenesis occurs in organisms that are able to
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switch between sexual and parthenogenetic development. The cytological mechanisms of
facultative parthenogenesis are diverse and include both apomixis and automixis. Facultative
parthenogenesis, which combines the advantages of asexual reproduction with the
advantages of sexual reproduction, has been studied thoroughly in invertebrates. Facultative
parthenogenesis is quite rare among animals. Accidental parthenogenesis, often incorrectly
referred to as tychoparthenogenesis, has been observed in several vertebrates. Accidental
parthenogenesis involves the parthenogenetic development of a very small portion of
unfertilised eggs in a sexually reproducing species (van der Kooi and Schwander, 2015).
Examples of rare parthenogenesis in vertebrates are often classified as facultative
parthenogenesis when the phenomenon was observed in species kept solitary in captivity. For
example, accidental parthenogenesis has been reported in sharks (Chapman et al., 2007;
Feldheim et al., 2010), snakes (Booth et al., 2011) and Komodo dragons (Watts et al., 2006).
Daphnia and aphids are the most commonly known examples of ‘true’ facultative
parthenogenesis, in the sense that parthenogenesis has been observed in natural populations
and not just in the laboratory or in captivity (Banta and Brown, 1929; Zaffagnini, 1987). Some
obligate parthenogenetic species are thought to have evolved from facultative
parthenogenetic species in environments in which sexual reproduction is difficult or

impossible (Kramer and Templeton, 2001).

Distribution of parthenogenesis in vertebrates and invertebrates

Approximately one in every 1000 multicellular eukaryotic taxa is either unisexual or asexual
(Simon et al., 2003). In vertebrates, sexual reproduction predominates (Dawley and Bogart,
1989) but approximately 100 species have been reported to consist only of females who
produce daughters that are genetically identical (excluding de novo mutations) to one another
and to their mother (Avise, 2015). Obligate parthenogenesis in vertebrates is found in the
order Squamata (lizards, snakes and allies). Examples of obligate parthenogenesis include
several rock lizards (especially in the genus Darevskia) of the family Lacertidae (Murphy and
Curry, 2000), various geckos of the family Gekkonidae (Moritz, 1991), whiptail lizards
(especially in the genus Aspidoscelis) of the family Teiidae (Sites et al., 1990), shinks in the
family Scincidae (Adams et al., 2003), and a blind snake in the family Typhlopidae (Wynn et
al., 1987).
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In contrast to vertebrates, the frequency of obligate parthenogenesis is much higher in some
invertebrate groups. Studies that focused on specific invertebrate groups found high
frequencies of parthenogenesis, for example 15% of Megastigmus species (Boivin et al., 2014)
and 30% of Aphytis wasp species (DeBach, 1969; Rosen and DeBach, 1979). In species with
haplodiploid sex determination such as hymenopterans (ants, bees and wasps) and
thysanopterans (thrips), haploid males are produced from unfertilised eggs, a form of
parthenogenesis called arrnhenotoky. In contrast, thelytoky is a form of parthenogenesis in
which all unfertilised eggs develop into females. Facultative or obligate thelytoky occurs
sporadically but is found in over 80 families of the superclass Hexapoda, and is also scattered
throughout the mites. There are several families of mites (in the suborder Oribatida) that are
strictly thelytokous. Although thelytoky is found in most orders of hexapods, the highest
frequency of strictly thelytokous species are Thysanoptera, Psocoptera, Hemiptera (especially
in the suborder Sternorrhyncha), and Phasmatodea. Thelytoky can be restricted to some
families of an order, such as in weevils (Coleoptera, Curculionidae), bagworm moths
(Lepidoptera, Psychidae), and chironomid midges (Diptera, Chironomidae) (Normark and

Kirkendall, 2009).

1.2. Evolutionary causes and origins of parthenogenesis in vertebrate and

invertebrates

Four theories have emerged to explain the possible causes and origins leading species to

evolve to asexuality.

Spontaneous origin of parthenogenesis

Parthenogenesis could evolve because species lose the capacity to reproduce sexually.
Spontaneous loss of sex may occur through mutations in genes involved in the production of
sexual forms or required for meiosis. Emergence of parthenogenesis in such a situation would
restore the capacity to reproduce but would also result in reproductive isolation of the new
parthenogenetic lineage from the sexual ancestor. In an extreme case, a mutation might fix a
single genotype into a strict parthenogenetic lineage. Alternatively, a less extreme mutation
could generate a lineage that produces both sexual and parthenogenetic offspring, or a

lineage that produces males and parthenogenetic females (Butlin, 2002; Simon et al., 2002).
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In many animal species, facultative parthenogenesis, which allows a small portion of
unfertilised eggs to develop spontaneously into zygotes, provides a starting point for the
emergence of parthenogenesis (Kramer and Templeton, 2001). Selection experiments using
several sexual Drosophila species have shown that, in some strains, up to 6% of the eggs
produced can undergo parthenogenesis (Stalker, 1954; Carson, 1967). Spontaneous origins of
parthenogenesis have been demonstrated in a wide range of invertebrates including
ostracods (Cyprinotus taxa, (Turgeon and Hebert, 1994), snails (Campeloma and antipodarum,
(Johnson and Leefe, 1999; Dybdahl and Lively, 1995), aphids (Rhopalosiphum padi, (Delmotte,
2001) and moths (Alsophila pometaria, (Harshman and Futuyma, 1985). In cyclically
parthenogenetic invertebrates, parthenogenesis and sexual generations alternate regularly
during the life cycle. However, transitions to obligate parthenogenesis occur frequently in
such organisms and these can occur via several mechanisms. In these organisms, a single loss-
of-function mutation can be sufficient to suppress the sexual cycle and generate new,
obligately parthenogenetic lineages (e.g. (Stelzer, 2008; Stelzer et al., 2010). For example, in
Daphnia, parthenogenesis is thought to have emerged through the action of genes that
supress meiosis (Hebert, 1981; Innes and Hebert, 1988). In aphids, gene modifications that
alter the responsiveness to sex-inducing environmental conditions might account for the
spontaneous origin of some parthenogenetic lineages. These modifications may involve

periodicity genes or genes that regulate hormonal expression (Simon et al., 2002).

Hybrid origin of parthenogenesis

Asexuality has also been correlated with hybridity. Interspecific hybridisation can disrupt
meiosis and create opportunities for the selection of cytological processes that rescue egg
production (Vrijenhoek, 1998). In animals and plants hybridisation often favours the
emergence of parthenogenetic lineages. For example, most, if not all, unisexual vertebrates
have a hybrid origin (Avise et al., 1992). Parthenogenesis has more diverse origins in
invertebrates, but hybridisation is also a frequent factor, as has been demonstrated for snails
(Potamopyrgus, (Johnson and Leefe, 1999), crustaceans (Lassaea, (Foighil and Smith, 1995)
and many insects such as weevils (Otiorhynchus saber, (Tomiuk et al., 1994), stick insects
(Bacillus lyceorum, (Mantovani, 1998) and grasshoppers (Warramaba virgo, (Honeycutt and
Wilkinson, 1989). The cytogenetic processes that disrupt meiosis in hybrid parthenogenetic

lineages may sometimes lead to an incomplete loss of sex, for example in the fish genus
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Poeciliopsis which contains six unisexual taxa that result from crosses between P. monacha
Miller and four other bisexual species. Among these six unisexual hybrids, three are
gynogenetic triploids while the remaining are hybridogenetic diploids (Vrijenhoek, 1998). As
a result, unisexual Poeciliopsis species still require insemination from sexual relatives, which
consequently constrains their habitat range (Beukeboom and Vrijenhoek, 1998). Similarly,
many hybrid parthenogenetic lineages retain the potential to produce males. Hybridity and
polyploidy often occur simultaneously since they both result from the fusion of non-standard
gametic cells (Mogie, 1986; Dawley and Bogart, 1989) and it has been established that both
plant and animal polyploids often have a hybrid ancestry (Dufresne and Hebert, 1994).
Similarly, the majority of unisexual vertebrates (64% according to (Avise et al., 1992) and
invertebrates that have arisen via hybridization are polyploids. Polyploidy, which is common

in plants, will be further described in the section "Origin of parthenogenesis in plants".

Contagious origin of parthenogenesis

A contagious origin of parthenogenesis occurs when incomplete isolation between sexual and
parthenogenetic individuals generates a new parthenogenetic lineage from a pre-existing one.
Parthenogenetically produced males represent one mechanism by which an asexually
reproducing species can exchange genes with closely related sexually reproducing species. For
example, in Daphnia pulex, males are commonly produced through obligate parthenogenesis,
although they seem to play no known role in the life cycle. However, such parthenogenetic
males can fertilise cyclically parthenogenetic females to give rise to viable hybrids (Innes and
Hebert, 1988). These hybrids show that genes that supress meiosis can be transmitted to
progeny because the progeny exhibit obligate parthenogenesis. Parthenogenetically
produced males have also been reported in freshwater flatworms (Pongratz et al., 1998),
earthworms (Jaenike and Selander, 1979), ostracods (Turgeon and Hebert, 1994; Butlin, 2002;
Butlin et al., 1998), brine shrimp (Browne, 1992), snails (Samadi et al., 1997), wasps (Plantard
et al., 1998; Belshaw et al., 1999) and aphids (Blackman, 1972; Simon et al., 1991).

The first theoretical model of contagious origin of parthenogenesis simulated the spread of a
dominant gene in sexual populations that causes parthenogenetic development of eggs while
allowing normal spermatogenesis (Jaenike and Selander, 1979). Such genes were predicted to

spread to fixation, while there would be concomitant selection for a reduction in male
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allocation. These theoretical results were validated by an experimental study of
parthenogenesis in the earthworm. Studies on Daphnia (Hebert, 1981; Innes and Hebert,
1988) and aphids (Rispe and Pierre, 1998; Rispe et al., 1998; Dedryver et al., 2001) provided
insights into the consequences of the spread of unisexuality genes. This contagious
mechanism has a high potential for generating parthenogenetic lineages but the incidence
that it has in the field is largely unknown and could be limited by several factors. First,
parthenogenetically produced males must be functional. For example, many parthenogenetic
populations of Artemia can produced a small number of males but experimental crosses with
sexual females in the laboratory revealed that no offspring were obtained despite the capacity
of these males to produce sperm (Browne, 1992). Some species of apomictic ascid mites
occasionally produce males but these males are also non-functional (Norton and Palmer,
1991). Second, if parthenogenetic males are functional they must successfully mate with
sexual females from a conspecific species. Parthenogenetically produced males might be less
adept at seeking out females or may be out-competed by sexually-produced males. Third, for
a contagious mechanism to be effective, parthenogenetically produced males must transmit
their parthenogenesis genes to their offspring, leading to the production of parthenogenetic
lineages. With Daphnia and aphids, when parthenogenetically produced males are mated with
sexual females, these crosses generate both sexual and parthenogenetic lineages, but this
phenomenon has so far only been observed in the laboratory (for Daphnia (Innes and Hebert,
1988); for aphids (Blackman, 1972). In conclusion, there is good evidence that contagious
parthenogenesis occurs in invertebrates, but these observations need to be confirmed in the

field.

Infectious origin of parthenogenesis

Another possible mode of origin of parthenogenesis is through an infectious mechanism
involving vertically inherited microorganisms. In many animals, parthenogenesis is caused by
parasites that are transmitted in the cytoplasm. A member of the Proteobacteria, Wolbachia
pipientis, induces parthenogenesis in a wide range of insects, arthropods and nematodes
(Stouthamer et al., 1999). Wolbachia induces parthenogenesis in parasitoid wasps such as
Trichogramma but also in thrips and mites (Werren, 1997; Stouthamer et al., 1993; Weeks et
al., 2002). Females infected with this bacteria reproduce parthenogenetically and sometimes

sexuality can be restored by antibiotic treatment. Though Wolbachia does not directly prevent
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fertilisation and sexual reproduction, in populations fixed for infection, females have lost the
ability to fertilize eggs and reproduce sexually (Pannebakker et al.,, 2005). Other
Proteobacteria, like Rickettsia sp., can also trigger parthenogenetic development, for example
in eulophid wasps (Neochrysocharis formosa (Hagimori et al., 2006); Pnigalio soemius (Giorgini
et al., 2010). Additional bacteria, unrelated to Proteobacteria, have been shown to induce
parthenogenesis in Encarsia, a genus of parasitoid wasp (Zchori-Fein et al., 2001) and in a mite
species (Weeks and Breeuwer, 2001). These studies suggest that bacteria may frequently have
the ability to induce parthenogenesis, although this phenomenon has only been
demonstrated so far in arthropods with haplodiploid sex determination (Werren et al., 2008).
In these systems, unfertilised infected eggs, which would normally develop into haploid males,
develop into diploid females. Parthenogenesis is caused by disruption of the cell cycle during
early embryonic development, resulting in the production of diploid eggs. In both
Trichogramma and Leptopilina clavipes, anaphase is abortive during the first embryonic
division, resulting in one diploid nucleus rather than two haploid nuclei (Pannebakker et al.,
2004; Stouthamer and Kazmer, 1994). In the wasp Muscidifurax uniraptor, after meiosis and
the first mitotic division are completed, the diploidy is restored in females by the fusion of two
cell nuclei (Gottlieb et al., 2002). In contrast, in the mite Bryobia praetiosa meiosis is altered
and an apomictic parthenogenesis mechanism results in the production of diploid gametes

(Weeks and Breeuwer, 2001).
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Figure 10 : Main modes of origin of parthenogenetic lineages in animals.
Parthenogenetic lineages can arise from spontaneous mutation of meiotic
genes in a sexual lineage. Hybridity between close species can generate
parthenogenetic hybrids. Parthenogenesis can have a contagious origin
where parthenogenetic line can transfer gene through sperm in sexual
lineage generating new parthenogenetic lines (e.g. Daphnia pulex). Finally,
parthenogenesis can induced in sexual line by microorganisms like the
bacteria Wolbacchia.

(Adapted from Simon et al., 2003).
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Multiple mechanisms for the origin of parthenogenesis

Parthenogenetic lineages can be generated by single mechanisms in some species such as
hybrid origins in unisexual vertebrates (Figure 10), however in other species, parthenogenetic
lineages can arise via multiple mechanisms. In ostracods for examples, it has been showed
that diploid clones arose as a result of spontaneous loss of sex whereas polyploid clones arose
following hybridisation between parthenogenetic females and males from the same or closely
related species (Chaplin et al., 1994). Similarly, in the freshwater snail Campeloma, diploid
parthenogenetic lineages originated following spontaneous loss of sex while triploid
parthenogenetic lineages arose from hybridisation (Johnson and Leefe, 1999). Another
example, is the aphid R. padi, where both phenotypic (reproductive mode) and phylogenetic
evidence indicate that parthenogenetic lineages arose by three different mechanisms:
spontaneous, hybrid and contagious parthenogenesis (Simon et al., 1999; Delmotte, 2001;
Delmotte et al.,, 2003). These are extreme examples, but they indicate that sexual
reproduction is not necessarily stable, at least in the short term, and there are many situations
were sexual populations can coexist with polyphyletic and diverse parthenogenetic lineages.
Consequently, short-term advantages of sex are likely to be higher than its ‘two-fold’ cost in

order to compensate for such intense competition with parthenogenesis.

1.3. Definition and mechanisms underlying parthenogenesis in plants

Parthenogenetic modes of reproduction in plants

The terminology for asexual reproduction in plants is different from that of vertebrates and
invertebrates. For example, in animals, apomixis is a form of parthenogenesis, whereas
parthenogenesis is an element of apomixis in plants. Apomixis in plants is defined as asexual
reproduction through seeds leading to the production of clonal progeny that is genetically
identical to the mother plant (Nogler, 1984). Apomixis require three developmental
components to produce viable seed. First, meiosis must be modified or absent to prevent a
reduction in ploidy, allowing the generation of a cell that is directly capable of forming an
embryo (apomeiosis). Second, the egg cell must be activated to develop into an embryo in the

absence of fertilisation (parthenogenesis).
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flower. This diagram compares the major differences in the seed development parthway for sexual seed formation and the apomictic
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Finally, the development of the endosperm must be initiated either autonomously or
pseudogamously (i.e. by fertilisation of the central cell) in order to support the developing
embryo (Koltunow, 1993). In apomictic plants, offspring are produced from an unreduced cell
that is either of sporophytic (sporophytic apomixis) or gametophytic (gametophytic apomixis)
origin. Thus, the alternation of gametophytic and sporophytic generations of the plant life
cycle is either bypassed, or occurs without the meiotic reduction of the somatic chromosome
number. Apomixis is divided into two basic types depending on whether the unreduced cell
gave rise to a megagametophyte (gametophytic apomixis) or directly to an embryo
(sporophytic apomixis or adventitious embryony) (Koltunow, 1993; Savidan, 2000).
Gametophytic apomixis is further subdivided on whether the megagametophyte develops
from an unreduced megaspore (diplospory) or from a sporophytic cell in the nucellus
(apospory) (Figure 11). These different types of apomixis can occur through various
mechanisms leading to further subdivision (Crane, 2001) and can coexist within individual
plants (Nogler, 1984; Savidan, 2000). For example, in Paspalum minus, both apospory and

diplospory can occur in the same plant (Bonilla and Quarin, 1997).

Distribution of parthenogenesis in plants

Apomixis occurs in approximately 400 genera from about 40 plant families and is thought to
have evolved multiple times in flowering plants given the various mechanism (Carman, 1997).
Apomixis sensu stricto applies only to spermaphytes as it requires the production of seeds
through asexual reproduction. The term applies mainly to angiosperms, because
gymnosperms have rarely, if ever, been found to perform apomixis. Plants with sporophytic
apomixis are generally diploid and include many tropical and sub-tropical fruit trees such as
the lemon tree or the mango. In contrast, gametophytic apomicts are generally polyploid (van
Dijk and Vijverberg, 2005). Apospory is found in tropical and sub-tropical grasses, including
couch grass (Cynodon), millet (Panicum), Kentucky bluegrass (Brachiaria, Pennisetum and Poa
patentis), caterpillar grass (Hrpochloa falx) and in some Asteracea (Compositae) such as
Hieracium. Cases of diplospory have been described in allium (Liliacea), Asteracea (e.g.
dandelion Taraxacum, Antennaria), Brassicae (Boechera holboellii) and also weed and forage
grasses (Eragrostis, Tripsacum). Some forms of asexual reproduction in bryophytes or
pteridophytes, as well as in algae, may be considered to be sporophytic or gametophytic

apomixis, although these organisms do not produce any seeds.
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Genetic control of apomixis in plants

The various mechanisms of apomixis and the phylogenetic positioning of apomictic species
throughout many angiosperm families indicate that apomixis has evolved independently
multiple times (Carman, 1997; van Dijk and Vijverberg, 2005). Evidence that apomixis can be
inherited as a dominant trait was proved by genetic analyses using apomicts as pollen donors
in crosses with sexual individuals as the maternal parent. Early genetic studies proposed that
a single dominant locus controlled apomixis in most of the studied apomictic species. For
example, in Taraxacum and Erigeon species, two independent loci have been identified that
control diplospory and parthenogenesis (van Dijk et al., 1999; Noyes and Rieseberg, 2000).
Similarly, in Hypericum, Poa, Hieracium and Cenchrus species two independent loci control
apospory and parthenogenesis (Albertini et al., 2001; Catanach et al., 2006; Schallau et al.,
2010; Conner et al., 2013). In Hieracium, genetic studies have also demonstrated that
fertilization-independent endosperm formation is a trait that segregates independently of
apospory and parthenogenesis (Ogawa et al., 2013). Characterisation of gamma ray deletion
mutants has shown that sexual reproduction is the default pathway in apomictic Hieracium
praealtum. Several deletion mutants were generated lacking either the apospory locus (called
LOSS OF APOMEIOSIS or LOA) or a locus responsible for fertilisation-independent seed
development (called LOSS OF PARTHENOGENESIS or LOP). Deletion of only one of these loci
resulted in a return to the sexual pathway for that component. Plants with the LOA locus
deleted no longer produce diploid embryo sacs via apospory as they lack the apomeiosis
function. Instead, the megaspore mother cell undergoes meiosis, and as aposporous initial
cells are not formed, a functional haploid embryo sac develops and in the absence of
fertilisation the egg and central cell develop parthenogenetically into a haploid embryo and
haploid endosperm, respectively. Deletion of both the LOA and the LOP loci results in
complete reversion to sexuality (Catanach et al., 2006; Koltunow et al., 2011). Hence, apomixis
in aposporous Hieracium, seems to be superimposed on the sexual developmental pathway,
suggesting that apomixis may redirect the fate of cells with gametic potential, rather than
being a completely independent pathway (Koltunow et al., 2011). Genetic analyses of other
angiosperms have demonstrated the existence of chromosomal determinants for asexuality
(Dijk and Bakx-Schotman, 2004; Matzk et al., 2005), some of which are thought to be

“supergenes”, i.e. discrete chromosomal regions carrying a number of genes under close
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linkage (Grossniklaus, 2001). In the plant Boechera holboelli a B chromosome is suspected to
be the cause of asexuality (Sharbel et al., 2005). Loci genetically linked to components of
apomixis have been identified in various species, and sequencing of these loci has revealed a
number a candidate genes that potentially have critical roles in apomixis. Sequencing of the
apospory-specific genomic region (ASGR) identified in apomictic Pennisetum (Akiyama et al.,
2004) identified 40 putative protein-coding genes, two of which had sequence similarity to
the rice BABY BOOM (BBM) gene (Conner et al., 2008). BBM was originally identified in
Brassica napus as an AP2-domain transcription factor, and its overexpression in Arabidopsis
results in the development of embryos from vegetative tissue (Boutilier et al., 2002). The
ASPGR-BBM-like genes are therefore strong candidates for genes with a potential role in the

induction and/or maintenance of apomixis events (Conner et al., 2008).

1.4. The origin and maintenance of parthenogenesis in plants

Several evolutionary features are linked with apomictic reproduction. The most prominent
being that gametophytic apomixis is tightly correlated with hybridisation and polyploidisation
(Asker and Jerling, 1992; Carman, 1997; Whitton et al., 2008). Reduced fertility due to meiotic
disfunction, especially in the F1 generation, has led traditionally to a general perception of
hybridisation as maladaptive (e.g. (Arnold et al., 2001). Polyploidisation of hybrids
(allopolyploidy) can potentially stabilise meiosis via homologous pairing of chromosomes
(Comai, 2005). Polyploids are organisms that possess more than two homologous sets of
chromosomes. Hybridisation seems to be the main factor responsible for triggering apomictic
developmental pathways (e.g (Delgado et al., 2014; Hojsgaard et al., 2014) due to conflicts in
gene expression (Carman, 1997), and subsequent polyploidisation stabilises apomictic rather
than sexual reproduction, for example by allowing modifications to the contribution of
paternal and maternal genomes during seed formation (Hojsgaard et al., 2014). Most
apomictic taxa are found within genera with extensive reticulate evolution and frequent
polyploidisation, especially species belonging to the Asteracea, Poaceae, and Rosaceae
(Carman, 1997; Whitton et al., 2008; Talent, 2009). Meiosis often fails in polyploids,
particularly in those with an odd number of sets of chromosomes, due to problems during the
pairing of homologous chromosomes during meiosis. Apomictic reproduction therefore
provides an alternative means for polyploids to reproduce. Shifts to apomixis via asexual seed

formation in plants (agamospermy) have long been claimed as a possible mechanism to
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escape from hybrid sterility and to stabilise polyploidy hybrid biotypes (e.g. (Stebbins, 1950;
Grant, 1981; Asker and Jerling, 1992). In apomicts, the bypassing of meiosis for embryo sac
production preserves the female genetic constitution, and allows for the maintenance of
highly heterozygous hybrid biotypes. Evidence for a hybrid origin of natural apomictic taxa is
being provided by an increasing number of molecular studies (e.g. (Koch et al., 2003; Paun et
al., 2006; Fehrer et al.,, 2007; Kantama et al., 2007). Nevertheless, it remains poorly
understood how hybridisation and/or polyploidisation actually trigger and establish apomictic

reproduction in natural populations.

2. Parthenogenesis in algae

Parthenogenesis has been reported in many species of algae but the genetic mechanisms have
not been studied. Parthenogenesis occurs in both micro- and macroalgae and can be common
in some alga groups. Macroalgal parthenogenesis has been reported in Chlorophyta,
Rhodophyta and Phaeophyceae. For example, in the red alga Mastocarpus papillatus
(Rhodophyta), asexual reproduction involves female gametophytes producing another
generation of female gametophyte offspring without fertilisation (Fierst et al., 2010). In the
Chlorophyta, parthenogenetic development of gametes into either the
parthenogametophytes or parthenosporophytes has been observed in several species of Ulva
and in Percursaria percursa (Doust and Doust, 1990; Lgvlie and Bryhni, 2009). In the red alga
Caloglossa monosticha, a recent study indicated that hybridisation could be an underlying
cause of parthenogenetic development (Kamiya and West, 2008). The spatial distribution of
sexual and asexual populations of Mastocarpus papillatus are consistent with an effect of the
topography on the dispersal dynamic and on colonisation (Fierst et al., 2010). Geographic
parthenogenesis, which involves the coexistence of both sexual and asexual populations,
needs to be taken into account when studying the evolution of parthenogenesis. Brown algae,
which are multicellular eukaryotes that have been independently evolving from animals and

plants for more than a billion years, also exhibit parthenogenetic development.
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2.1. Parthenogenesis in brown algae

Brown algae are particularly interesting multicellular organisms because they have an
extraordinary diversity of types of life cycle, sexual systems and modes of reproduction. In
oogamous brown algae species, parthenogenesis has been reported to be rare. In the Fucales
for example, parthenogenesis is absent in most species, or only observed under very particular
experimental conditions. However, some reports indicate that parthenogenetic development
can be triggered in Hormosira banksii (Clayton et al., 1998) and in Fucus distichus (Nagasato
et al., 2000) under laboratory conditions but the parthenotes do not develop into viable
organisms. The limited potential for parthenogenesis in the Fucales suggests that the process
has no ecological significance. In contrast, in the Laminariales, another oogamous brown algal
species, female parthenogenesis is a relatively common phenomenon (Nakahara and
Nakamura, 1973; Le Gall et al., 1996; Oppliger et al., 2007; Miiller et al., 2018). For example,
parthenogenesis has been reported in two species of Lessonia (Lessonia nigrescens (Oppliger
et al., 2007); Lessonia berteroana (Miller et al., 2018), two species of Laminaria (Laminaria
japonica (Lewis et al., 1993); Laminaria angustata, (Motomura, 1991) and one species of
Alaria (Alaria crassifolia, (Nakahara and Nakamura, 1973). Recent work aimed at describing
evolutionary traits such as parthenogenetic capacity, life cycle diversity, sexual system
differences and gamete size categories in brown algae (Luthringer et al., 2014), suggests an
inverse correlation between gamete size and parthenogenetic capacity. Gamete size is likely
to be one of the factors that determines whether a gamete is capable of developping through
parthenogenesis should it fail to encounter a gamete of the opposite sex. In anisogamous and
oogamous species this has led to differences between parthenogenetic capacities of male and
female gametes (Figure 12). In many oogamous species, parthenogenetic capacity is absent in
both male and female gamete. Notable exceptions to this trend exist (e.g. some Laminariales)
but parthenogenesis is limited to the female gamete. The case of Laminariales capable of
undergoing parthenogenesis was debated and evidence suggested that the gametes of
parthenogenetic Laminarailes species (e.g. Laminaria angustata) may be considered to
represent an intermediate state between anisogamy and oogamy (Motomura and Sakai, 1988;
Luthringer et al., 2014). In anisogamous species, parthenogenesis is widespread and occurs

only in female gametes.
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These trends suggests that in oogamous species the large female gamete is specialised for
zygote production and is incapable of initiating parthenogenetic development (as in the
Fucales). In anisogamous species though, parthenogenesis is perversive but tightly associated
with large female gametes. However, exceptions exist like Sphacelaria rigidula or Desmerestia
ligulata (Ramirez et al., 1986) which are anisogamous species with both male and female
gametes able to undergo parthenogenesis. In near-isogamous brown algae species,
parthenogenetic capacity has been observed in both male and female gametes (Figure 12). In
the near-isogamous species Scytosiphon lomentaria, parthenogenesis occurs in both male and
female gametes (Nakamura and Tatewaki, 1975) but is prevalent in female (Han et al., 2014).
A recent study indicates that some populations of S. lomentaria from Northern Japan could

be facultative asexuals, derived from sexually reproducing populations (Kogame et al., 2005).

2.2. Parthenogenesis and mitochondria

Further analysis of fertilisation and parthenogenetic development in Scytosiphon lomentaria
identified three proteins predicted to be genes involved in the mitochondria metabolic
pathways suggesting that male and female gametes regulate mitochondrial metabolic
pathways differentially during fertilisation and may be the reason for their physiological and
behavioural differences (Han et al., 2014). An interesting hypothesis was put forward in this
study suggesting a possible a link between mitochondria inheritance and parthenogenetic
development. In S. lomentaria most male gametes exhibit arrested parthenogenetic
development at the 4-cell stage whereas about 95% of female gametes grow into
parthenosprophyte (asexual organisms). Mitochondrial inheritance is strictly maternal in
Scytosiphon lomentaria and Kimura et al. (Kimura et al., 2010) have shown that male
mitochondrial DNA gradually and selectively disappear after the 4-cell stage of germling
development. Han et al (2014) therefore hypothesised that the mechanism that mediates
uniparental inheritance of mitochondria could also control parthenogenetic capacity in males.
When a non-parthenogenetic male gamete does not find a partner to fuse with,
parthenogenetic development may be initiated but if the mechanism for selective degradation
of mitochondria is also triggered, then the young partheno-sporophyte would lose its
mitochondria resulting in an arrest of parthenogenetic development. Correlations between

mitochondrial inheritance and parthenogenetic development have not been assessed in
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plants or animals because most of the studied models exhibit parthenogenetic development
from female cells and mitochondrial inheritance is maternal. Apomixis has not been described

in the rare species that exhibit paternal inheritance (for example in gymnosperms).

3. Ectocarpus as a model to study parthenogenesis

The brown algae are key players in the intertidal ecosystems, and are very important in terms
of phylogenetic position because they are one of the few eukaryotic groups that have evolved
complex multicellularity. Moreover, these organisms are increasingly used in various domains
such as the food-processing and pharmaceutical industry. In the last decade, a growing
interest in brown algal research resulted in the development of a model for these organismes.
In 2004, Peters and colleagues (Peters et al., 2004) proposed Ectocarpus as a model organism

for brown algae studies.

3.1. Ectocarpus: a genetic model for brown algae

Ectocarpus is a small filamentous brown alga, that has several advantages for genetic and
genomic analyses including a short life cycle and its small size compared to the kelps, which
make it easy to cultivate in the laboratory. Under laboratory conditions, Ectocarpus can
become fertile within 1 or 2 months and usually reaches about 2 cm in length. In the wild it
can reach 30 cm in length. Ectocarpus species are distributed throughout the temperate
regions of both hemispheres but are not found in the Antarctic region. Ectocarpus usually
grow on rocks or other substrates and can be epiphytic on other brown or red algae (Charrier
et al., 2008). Crosses and other genetic tools are available offering the opportunity to carry
out genetic analysis. Moreover, Ectocarpus was the first brown alga to be sequenced (Cock et
al., 2010). A number of genomic tools are available for this model in addition to the well-
annotated genome (Cock et al., 2010; Cormier et al., 2017), including transcriptomic data
based on microarrays (Dittami et al., 2009) and RNA-seq technologies (Ahmed, Cock, Pessia,
Luthringer, Cormier, Robuchon, Sterck, Akira F. Peters, et al., 2014; Luthringer et al., 2015;
Macaisne et al., 2017), catalogues of small and long non-coding RNAs (Tarver et al., 2015;
Cormier et al., 2017), genetic maps based on classic genetic markers (Heesch et al., 2010) and
on RAD sequencing (Avia et al., 2017), a collection of mutants generated with ultraviolet light

(Godfroy et al., 2015), RNA interference (Macaisne et al.,, 2017) and a chromatin
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immunoprecipitation protocol (Bourdareau, 2018). Some genetic tools are still under
development such as TILLING methodology and genetic transformation. Furthermore,
Ectocarpus has the advantage of having a haploid-diploid life cycle, where both sporophyte
and gametophyte generations are multicellular, and this feature opens the possibility to use
Ectocarpus as a model to shed light into the molecular basis of developmental patterns during

the life cycle of brown algae.

The alternation between gametophyte and sporophyte generations in Ectocarpus were
therefore the focus of several studies providing new insights on the molecular mechanisms
involved in the switch between the gametophyte and sporophyte programs of development
(Coelho et al., 2011; Peters et al., 2008). Ectocarpus has also been more recently used as a
model system to study UV sex-determination systems (Ahmed, Cock, Pessia, Luthringer,
Cormier, Robuchon, Sterck, Akira F. Peters, et al., 2014; Luthringer et al., 2015; Avia et al.,
2018).

3.2. Ectocarpus exhibits parthenogenesis as part of its complex life cycle

The Ectocarpus life cycle consist of two independent multicellular heteromorphic generations:
a diploid sporophyte generation and a haploid gametophyte generation (Figure 13.1). The
sporophyte has prostrate (basal) filaments composed of round cells (Figure 13.2A and 2E) and
upright (apical) filaments that grow from the basal ones, while gametophytes have highly
branched upright filaments composed of cylindrical cells (Figure 13.2B and 2.F). The prostrate
filaments of the sporophyte are attached to the substrate. Two types of spore-containing
reproductive structure are produced on these upright filaments: plurilocular and unilocular
sporangia. Plurilocular sporangia produce spores via mitosis (i.e. mito-spores), which, after
germination, develop into genetically identical sporophytes. Asexual reproduction via these
reproductive structures is similar to vegetative reproduction in plants. Unilocular sporangia
produce haploid spore via meiosis (i.e. meio-spores) (Figure 13.2D). In each unilocular
sporangium, a single meiotic event takes place producing four daughter cells that, after
several mitotic divisions, produce 50 to 100 meio-spores. After release, these meio-spores
germinate and develop into either male or female haploid gametophytes depending on which

sex chromosome (U or V) they inherited during meiosis.
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Figure 13 : Ectocarpus life cycle and morphological differences between sporophyte and gametophyte generations.
(1) Ectocarpus life cycle combines a sexual life cycle and a parthenogenetic cycle. In the sexual life cycle the diploid
sporophyte undergo meiosis and produce meio-spores that develop into multicellular male and female
gametophytes. The gametophytes produce gamete that fuse and reform a diploid sporophyte. The sporophyte can
also produce spores by mitosis (mito-spores) that develop into a sporophyte clone (asexual reproduction). When
gametes fail to find a gamete of the opposite sex they can grow spontaneously through parthenogenetic
devlepoment into parthenosporophyte. This parthenosporophyte can also produce mito-spores and undergo asexual
reproduction (not on the figure) or produce meiospores and produce gametophytes. (2A) Mature sporophyte. (2B
Gametophyte. (2C) Plurilocular gametangia containing gametes (reproductive struture). (2D) Unilocular sporangia
containing meio-spores (reproductive structure). (2E) Young sporophyte exhibiting round cells of the prostrate

filament. (2F) Young gametophyte exhibiting upright filament and rhizoid (arrow).
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Gametophytes carrying the U chromosome are female while those with a V are male (Ahmed,
Cock, Pessia, Luthringer, Cormier, Robuchon, Sterck, Akira F. Peters, et al., 2014). Male and

female gametes are produced by mitosis in plurilocular gametangia (Figure 13.2C).

After release, swimming (flagellated) male and female gametes can fuse and give rise to a new

diploid sporophyte, completing the sexual life cycle.

In addition to this complex life cycle involving sexual and clonal reproduction another mode
of reproduction (i.e. parthenogenesis) has been observed (Figure 13.1). When gametes fail to
find a compatible gamete to fuse with, they can spontaneously germinate through
parthenogenesis and develop into fully functional partheno-sporophytes (Peters et al., 2008).
Partheno-sporophytes are genetically identical to the gametophyte from which the gamete is
derived, and they are morphologically and functionally indistinguishable from diploid
sporophytes. Thus, they have the capacity to produce plurilocular sporangia and undergo
clonal reproduction but they can also produce unilocular sporangia. Two different processes,
either endoreduplication or apomeiosis, have been suggested to be involved in the transition

to the gametophyte stage (Bothwell et al., 2010).

Several mutants affected in life cycle transitions have been identified and characterised in
Ectocarpus, including for example the ouroboros (oro) mutant (Coelho et al., 2011; Arun et al.,
2018). These mutants exhibit conversion of the sporophyte into a functional gametophyte.
oro gametes are able to undergo parthenogenesis but instead of developing into partheno-
sporophytes they produce partheno-gametophytes. Note that this mutant is not affected in
its capacity to develop parthenogenetically but rather in the triggering of the diploid,
sporophytic program. The molecular mechanisms underlying parthenogenesis in Ectocarpus

remain unknown.
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Objectives

The general aim of this thesis was to gain insights into the molecular, genetic and evolutionary

mechanisms underlying parthenogenesis in the model brown alga Ectocarpus, specifically

focusing on the genetic architecture of parthenogenesis and on the characterisation of the

cellular mechanisms involved in this mode of asexual reproduction. The thesis also involved a

study of mitochondria inheritance in Ectocarpus. More precisely the objectives of my thesis

were:

To characterise the genetic architecture of parthenogenesis in the brown alga
Ectocarpus, in particular to identify candidate genes that could be responsible for
the phenotype (Chapter 2).

To characterise the phenotypic effect of parthenogenetic capacity on other cellular
mechanisms such as zygotic growth, fusion success or mitochondria inheritance
(Chapter 2 and 3).

To investigate the putative implication of mitochondrial inheritance on the
decreased zygotic fitness delayed observed when a parthenogenetic male was
used as the parental strain (Chapter 3).

To compare the genetic rearrangements between two close related species of
Ectocarpus that exhibit differences in terms of parthenogenetic capacity (Chapter

4).
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Chapter |l

A key role for UV sex

chromosomes in the regulation
of parthenogenesis in the
brown alga Ectocarpus

The brown algae have been evolving independently of animals and land plants for more than
a billion years (Cock et al., 2010). During that time, they independently acquired
multicellularity and have become the third most complex multicellular lineage on the planet,
with some species growing to more than 50 meters in length. In addition, the brown algae
exhibit a remarkable diversity of growth habits, life cycles and sex determination systems.
Surprisingly, whereas an enormous effort has been expended to understand the
developmental and reproductive biology of animals and land plants, the brown algae have
been almost completely ignored and very little is known about how these organisms function
at the molecular level. Brown algae are also extremely interesting organisms because they
exhibit a variety of reproductive systems, life cycles and types of sex chromosome systems.
This diversity is found in a single group (brown algae), and also there appears to have been
considerable switching between variants of these different features on a relatively short

evolutionary timescale.
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Parthenogenesis has been reported in many brown algae (Luthringer et al., 2014) adding
considerable interest to investigation of the origin and evolution of asexual reproduction in
these organisms. Ectocarpus sp. is a model organism for the brown algae, for which various
genetic tools have been developed (chapter 1 section 11.3.1). Its complex life cycle includes a
sexual and a parthenogenetic cycle with both haploid and diploid generations being
multicellular (chapter 1 section 11.3.2). The haploid-diploid life cycle provides experimental
advantages compared to plant models (angiosperms) where the gametophyte (the pollen
grain or the embryo sac) is reduced to a few cells, which, for the female, are deeply embedded
in the parental sporophyte tissue. More importantly, while parthenogenesis is a component
of apomixis in plants, and therefore requires other processes such as apomeiosis and
spontaneous development of the endosperm, in Ectocarpus parthenogenesis can be studied

as an isolated mechanism.

This chapter presents an investigation of the genetic architecture of parthenogenesis using a
‘all-or-none’ quantitative trait locus (QTL) approach. The chapter, which has been prepared in
the form of a manuscript that has been submitted for publication, describes the main research
project carried out in the context of this thesis. My contribution to this work consisted of
cultivation of the different lines of Ectocarpus, generation of RAD sequencing libraries,
analysis of the RAD-sequencing data, generation of the genetic map and use of JoinMap and
R/qtl to detect QTLs involved in parthenogenesis in Ectocarpus. | also performed the GO-term
enrichment analysis with the topGO package of the software R and epistasis and the statistical
analyses. | provided the vcf files for the analysis of variants in the QTL intervals for the
detection of polymorphisms potentially affecting gene expression or function. | carried out
crosses to evaluate the growth of zygotes depending on the parthenogenetic capacity of the
paternal strain and analysed the images. | participated in the writing of the manuscript and

the production of figures and tables.
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Abstract

Although evolutionary transitions from sexual to asexual reproduction are frequent in
eukaryotes, the genetic bases of these shifts remain largely elusive. Here, we used classic
guantitative trait analysis, combined with genomic and transcriptomic information to dissect
the genetic basis of asexual, parthenogenetic reproduction in the brown alga Ectocarpus. We
found that parthenogenesis is controlled by the sex determining region on the sex
chromosome, together with two additional autosomal loci, highlight the key role of the sex
chromosome as a major regulator of asexual reproduction. Importantly, we identify several
negative effects of parthenogenesis on male fitness, but also different fitness effects between
parthenogenesis and life cycle generations, supporting the idea that parthenogenesis may be
under both sexual selection and generation/ploidally-antagonistic selection. Overall, our data
provide the first empirical illustration, to our knowledge, of a trade-off between the haploid
and diploid stages of the life cycle, where distinct parthenogenesis alleles have opposing
effects on sexual and asexual reproduction and may contribute to the maintenance of genetic
variation. These type of fitness trade-offs have profound evolutionary implications in natural
populations and may structure life history evolution in organisms with haploid-diploid life

cycles.
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Introduction

Although sexual reproduction, involving fusion of two gametes, is almost ubiquitous across
eukaryotes, transitions to asexual reproduction have arisen remarkably frequently [1]. One
type of asexual reproduction is parthenogenesis, defined as the development of an embryo
from an unfertilized gamete. Parthenogenesis, which is widespread in all major eukaryotic
lineages [2—7], involves the development of an embryo from an unfertilized gamete, without
contribution from males [1]. In plants, parthenogenesis is a component of apomixis, which is
the asexual formation of seeds, resulting in progeny that are genetically identical to the
mother plant. In gametophytic apomixis, the embryo sac develops either from a megaspore
mother cell without a reduction in ploidy (diplospory) or from a nearby nucellar cell (apospory)
in a process termed apomeiosis. Apomeiosis is then followed by parthenogenesis, which leads
to the development of the diploid egg cell into an embryo, in the absence of fertilization

(reviewed in [8]).

The molecular mechanisms underlying parthenogenesis in plants and animals remain largely
elusive, although the factors triggering the transition to asexual reproduction have been more
intensively studied in plants than in animals, motivated by the potential use of asexual
multiplication in the production of crop plants for agriculture (e.g. [9—10]). In some apomictic
plants, inheritance of parthenogenesis is strictly linked to an apomeiosis locus (reviewed in
[11]). In other species the parthenogenesis locus segregates independently of apomeiosis [12—
14]. For example, apomixis in Hieracium is controlled by two loci termed LOSS OF APOMEIOSIS
(LOA) and LOSS OF PARTHENOGENESIS (LOP), involved respectively in apomeiosis and
parthenogenesis, respectively [15]. A third locus (AutE) involved in autonomous endosperm
formation, was shown to be tightly linked to the LOP locus [16]. In Pennisetum squamulatum,
apomixis segregates as a single dominant locus, the apospory-specific genomic region (ASGR),
and recent work has highlighted a role for PsASGR-BABY BOOM-like, a member of the BBM-
like subgroup of APETALA 2 transcription factors residing in the ASGR, in controlling

parthenogenesis [17].
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Parthenogenesis is also a relevant reproductive process in the brown algae, a group of
multicellular eukaryotes that has been evolving independently from animals and plants for
more than a billion years [18]. Once released into the surrounding seawater, gametes of
brown algae may fuse with a gamete of the opposite sex, to produce a zygote which will
develop into a diploid heterozygous sporophyte. Alternatively, in some brown algae, gametes
that do not find a partner will develop parthenogenically, as haploid (partheno-) sporophytes
(e.g. [19]). Parthenogenesis in brown algae can therefore be equated with gametophytic
embryogenesis in plants, where embryos are produced from gametes [20], but in the case of
brown algae the parthenogenetic gamete is haploid. The brown algae are therefore excellent
models to study the molecular basis of parthenogenesis because gametes are produced
directly by mitosis from the multicellular haploid gametophyte, allowing parthenogenesis to
be disentangled from apomeiosis. Although parthenogenesis has been described in several
species of brown algae (e.g.[21-23]), the genetic basis, the underlying mechanisms and the

evolutionary drivers and consequences of this process remain obscure.

The haploid-diploid life cycles of brown algae of the genus Ectocarpus involve alternation
between a haploid gametophyte and a diploid sporophyte, both of which consist of branched
multicellular filaments (Figure 1A). Superimposed on this sexual cycle, an asexual,
parthenogenetic cycle has been described for some Ectocarpus strains [19,21]. In this
parthenogenetic cycle, gametes that fail to meet a partner of the opposite sex develop into
haploid partheno-sporophytes. These partheno-sporophytes are indistinguishable
morphologically from diploid sporophytes [21]. Partheno-sporophytes can produce
gametophyte progeny to return to the sexual cycle through two mechanisms: 1)
endoreduplication during development to produce diploid cells that can undergo meiosis or

2) individuals that remain haploid can initiate apomeiosis [21].

Here, we used a quantitative trait loci (QTL) approach to investigate the genetic basis of
parthenogenesis in the brown alga Ectocarpus siliculosus. We show that parthenogenesis is a
complex genetic trait under the control of three QTLs, one major QTL located on the sex
chromosome, another on chromosome 18, with one additional minor QTL also on
chromosome 18. We used genomic and transcriptomic analysis to establish a list of 89
candidate genes within the QTL intervals. Importantly, our work detected significant sex by

genotype interactions for the parthenogenetic capacity, highlighting the critical role of the sex
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chromosome in the control of asexual reproduction. Moreover, we identify different fitness
effects between male sex and parthenogenesis and we reveal strong evidence for trade-offs
between sexual and asexual reproduction during the life cycle of Ectocarpus. Overall, our
results support the idea that parthenogenesis is a trait under sexual selection and ploidally-

antagonistic selection in Ectocarpus.

Results

Parthenogenesis is controlled genetically

To precisely quantify the parthenogenetic capacity of two strains of E. siliculosus, clonal
cultures of male (RB1) and female (EA1) E. siliculosus gametophytes were induced to release
gametes under strong light (see methods) and pools of male and female gametes were
allowed to settle separately, without mixing of the two sexes, on coverslips. Development of
the gametes was then followed for 16 days (Figure 1B, Table S1). After 5 days, both male and
female gametes had started to germinate and went through the first cell divisions. After 16
days, 94% of the female gametes had grown into >10 cell filaments, whereas 96% of the male
gametes remained at the 3-4 cell stage and cell death was observed after about 20 days.
Strains were therefore scored as parthenogenetic (P+) when more than 90% of the gametes
have developed beyond the 10-cell stage at 16-days post release and as non-parthenogenic
(P-), when less than 4% of the gametes had developed at 16d after release (Figure 1B, Table
S1). In several brown algal species, unfused male and female gametes show different
parthenogenetic capacity, and it is usually the female gametes that are capable of
parthenogenesis whereas male gametes are non-parthenogenic (e.g. [23—-24]). To investigate
if there was a link between parthenogenetic capacity and sex, we crossed the female (EA1) P+
strain with the male (RB1) P- strain described above (Figure S1, Table S1). The diploid
heterozygous zygote resulting from this cross (strain Ec236) was used to generate a
segregating family of 272 haploid gametophytes. These 272 siblings were sexed using
molecular markers [25] and their gametes phenotyped for parthenogenetic capacity (see
above). The segregating population was composed of 144 females and 128 males, consistent

with a 1:1 segregation pattern (chi2 test; p-value=0.33, Table S2).
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Figure 1: Life cycle of Ectocarpus siliculosus and phenotypes of parthenogenetic and non-parthenogenetic
strains. A. Schematic representation of the life cycle of Ectocarpus siliculosus. E. siliculosus alternates
between a gametophyte (haploid) and sporophyte (diploid generation). Meiosis is carried out in unilocular
sporangia on the sporophyte, producing male and female meio-spores. Meio-spores develop by mitosis into
male or female gametophytes, which at maturity produce male or female gametes. Syngamy reconstitutes
the diploid genome. The parthenogenetic cycle involves parthenogenesis of a gamete when it fails to
encounter a gamete of the opposite sex. The parthenogenetic cycle can be completed either via an
apomeiosis to produce meio-spores from a haploid partheno-sporophyte (as shown) or via
endoreduplication during partheno-sporophyte development, allowing meiosis to occur (not shown). B.
Photographs of the parthenogenetic growth of gametes of non-parthenogenetic male (RB1, top) and
parthenogenetic female (EA1, bottom) strains of Ectocarpus siliculosus after one day, 5 days and 16 days of
development. Scale bar = 25 um. The right panel shows the percentage of 1-5 cell and >10 cell partheno-
sporophytes after 16 days of development for P- male gametes (Ec08, Ec398, Ec400, Ec409, Ec414, n=2632)
and P+ female gametes (Ec399, Ec402, Ec404, Ec406, Ec410, Ec412, Ec415, n=3950).
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Phenotypic assessment of the parthenogenetic capacity of the gametes released by each
gametophyte revealed a significant bias in the inheritance pattern, with 84 individuals
presenting a P- phenotype and 188 a P+ phenotype (Chi2 test; p-value=2.86x10719) (Table S2,
S3). Strikingly, all female strains exhibited a P+ phenotype whereas 30% of the male strains
were recombinants, i.e. had a P+ phenotype (Table S2). This result indicated the presence of
a parthenogenesis locus or loci that was not fully linked to the sex locus, and suggested a

complex relationship between gender and parthenogenetic capacity.

Stability of the parthenogenetic phenotype

A subset of the segregating family derived from the EA1 x RB1 cross was tested for phenotype
stability. We cultivated two male P+ gametophytes, two male P- gametophytes and two
female P+ gametophytes under different environmental conditions, varying light levels and
temperature. After two weeks in culture, fertility was induced, and the parthenogenetic
capacity of the gametes was scored (Table S4). The parthenogenetic phenotype of all strains

was stably maintained regardless the culture conditions.

We also tested the stability of the parthenogenetic phenotype across generations: gametes
of each of the three types (male P+, male P- and female P+) were allowed to develop into
partheno-sporophytes. Note that this experiment is possible with P- males because a small
proportion of male P- gametes (less than 4%) does not exhibit growth arrest and is able to
grow to maturity. After two weeks in culture, gamete-derived partheno-sporophytes
produced unilocular sporangia and released spores that developed into gametophytes. This
second generation of gametophytes was again phenotyped for parthenogenetic capacity, and
the results showed without exception that the parthenogenetic phenotype was stably

maintained across generations (Table S4).

To further investigate the inheritance of parthenogenetic capacity, a male P+ individual was
crossed with a P+ female (Figure S1). A total of 23 gametophyte lines were produced from two
heterozygous sporophytes resulting from this cross. Phenotyping for sex and parthenogenesis
revealed that all gametophyte lines exhibited a P+ phenotype, regardless of the sex (Table S5).

We concluded that parthenogenesis is controlled by a genetic factor(s).
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Generation of a genetic map for E. siliculosus

To produce a genetic map based on the EA1 x RB1 cross, a ddRAD-seq library was generated
using 152 lines of the segregating progeny (Figure S1) and sequenced on an Illumina HiSeq
2500 platform. A total of 595 million raw reads were obtained, of which 508 million reads
passed the quality filters with a Q30 of 74.1%. A catalogue of 8648 SNP loci was generated
using filtered reads from the parental strains and the STACKS pipeline (version 1.44) [26].
Twenty-eight individuals were removed due to excessive missing genotypes (see Methods)
and highly distorted markers were also removed. The final map constructed with 124
individuals contained 5594 markers distributed across 31 linkage groups (LGs) and spanning
2947.5 centimorgans (cM). The average spacing between two adjacent markers was 0.5 cM
and the largest gap was 17.6 cM (on LG23). The lengths of the 31 LGs ranged from 174 cM
with 397 markers to 13 cM with 31 markers (Figure 2A, Table S6).
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Figure 2: Quantitative trait loci identified for parthenogenetic capacity in Ectocarpus siliculosus. A. The 31 Ectocarpus
siliculosus linkage groups showing the localization of QTLs for parthenogenesis. The position of the SDR is represented by a
mauve arrow. B. QTLs intervals were detected using the Kruskal Wallis test (blue). C. Intra-chromosomal Linkage disequilibrium
(LD)-decay between all pairs of markers for the sex chromosome and LG18. LD between markers (r2) is a function of marker
distances (bp). D. Candidate parthenogenesis genes in each QTL interval. Genes in QTL intervals were selected based on
differential expression of their orthologs in P+ versus P- in gametes, their differential expression between generation
(gametophyte/partheno-sporophyte) and polymorphisms exhibited in exons and predicted to modify the protein product. *SDR
gametologue; X, sex-specific gene.
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Note that the Peruvian Ectocarpus strain that was used to generate the reference genome
sequence [27] was originally taxonomically classified as Ectocarpus siliculosus but subsequent
analysis has demonstrated that this strain actually belongs to a distinct species within the
Ectocarpus siliculosi group [28]. The genetic map generated here using bona fide Ectocarpus
siliculosus strains is therefore for a novel species relative to the genetic maps generated for

the Peruvian strain [29,30].

QTL mapping approach to identify loci involved in parthenogenesis

To decipher the genetic architecture of parthenogenesis in E. siliculosus, we applied an “all-
or-none” phenotyping and a quantitative trait loci (QTL) mapping approach, by considering P+
and P- as the two most ‘extreme’ phenotypes. We used the high-resolution genetic map to
statistically associate markers with the P+ and P- phenotypes in the segregating family

described above.

QTL mapping and association analysis identified three QTLs for parthenogenesis: two large-
effect QTLs (r? > 15%) and one smaller-effect QTL (r’=11.9%) (Figure 2A). Together, these three
QTL explained 44.8% of the phenotypic variance. The QTLs were located on two different LGs,
LG2 and LG18 (Figure 2A). LG2 was identified as the sex chromosome (Figure 2) and one of the
large effect QTLs (P1) co-localized with the sex-determining region (SDR) of the sex
chromosome. The P1 locus was detected at the highest significance level (p-value <0.0001)
with the Kruskal-Wallis statistical test (K*¥=20.392). The other major effect locus, which we
refer to as the P2 locus, was located on LG18, and was also detected at the highest significance
level with a Kruskal-Wallis statistical test (p-value<0.0001,K*=19.993)(Table S7). A non-
parametric interval mapping (IM) method also detected both P1 and P2 loci, and indicated a
proportion of variance explained (PVE) of 16.6% for the P1 and 16.3% for the P2 QTLs. The P1
locus spanned 13.36 cM from 37.53 to 50.89 cM with a peak position at 47.66 cM whereas
the P2 locus spanned 2.82 cM, from 92.77 to 95.59 cM with a peak position at 93.98 cM.

The third QTL (P3) was detected only with the Kruskal-Wallis statistical test (K*=14.634, p-
value<0.0005) and was also located on LG18. The P3 QTL had a smaller effect than P1 and P2,

and explained 11.9% of the phenotypic variance (Figure 2A, 2B; Table S7).
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Note that the QTL mapping described above was implemented using all 152 progeny (Figure
S1), which included both male and female strains. To investigate the contribution of the sex-
specific, non-recombining region of the sex chromosome, we performed the same analysis
using a subset of 93 male strains. The result showed that when females were excluded, the P1
and the P3 QTLs were not detected, and only the QTL located on LG18 (P2) was significantly
detected (Table S7). The absence of detection of the P1 QTL was not due to reduced statistical
power due to the small sample size, because the QTL was detected when a sub-sample of 93
male and female individuals with the same sex ratio as the full 124 samples was used (Table
S7). The minor P3 QTL was at the limit of significance when the 93 sub-sampled individuals
were used, suggesting that the reduced sample size prevented the detection of this minor

QTL. Taken together, our results indicate that the P1 QTL is linked to the SDR.

To more precisely locate the three QTL intervals detected using the whole dataset, the decay
of pairwise linkage disequilibrium (r?) was estimated for each linkage group (Figure 2C). An r?
threshold of 0.2 was used to determine approximate windows at the QTL positions to search
for putative candidate genes. Based on these windows we determined the number of genes
present in each QTL interval using both the reference genome of the closely related species
Ectocarpus species 7 (strain Ec32) [18,31] and an assembly of the genome of the male parent
(RB1; [32] (Table S10). The two main QTL intervals contained between 96 and 98 genes
(depending on whether the female U or male V chromosome, which have slightly different
gene numbers in the SDR, is considered, respectively). In total, 201/203 genes were located in

the intervals corresponding to the three parthenogenesis QTLs (Figure 2D, Table S7).

Gene Ontology enrichment tools were used to test if some functional categories were over-
represented in QTL regions. BLAST2GO analysis showed that the genes in the QTL intervals
were significantly enriched in processes related to signalling and cell communication (p-value

< 0.0001) (Figure S2, Table S8).
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Epistasis analysis

An epistasis analysis was carried out to detect potential interactions between the
parthenogenesis QTLs. Two analyses were performed, using either all 152 male and female

progeny (‘full dataset’) or the subset of all the 93 male individuals.

We observed significant sex by genotype interactions for parthenogenetic capacity. The
analysis of the full dataset identified an epistatic interaction between the P2 QTL and the P1
QTL (Figure 3). When the same analysis was carried out with only the males, this epistatic
interaction was not detected (Table S9). This result indicated that the epistasis was driven by
the female-specific region. In Figure 3, the B allele was inherited from the female parent, and
the A allele from the male parent. All females were parthenogenetic (B allele on the P1 locus
in Figure 3) and therefore their parthenogenetic phenotype was independent of the allele
carried at the P2 locus. In contrast, the phenotype of males depended on the allele carried at

the P2 locus.
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Figure 3: Epistatic interactions between parthenogenetic loci. A. Epistatic interactions detected between the
sex-determining region (SDR) and the P2 QTL. Females can undergo parthenogenesis independently of the
allele carried at the P2 locus whereas males are only parthenogenetic if they carried the B allele at the P2 locus.
B. Epistatic interaction between the P3 and P2 loci. Individuals carrying the B allele at both loci have a higher
parthenogenetic capacity than those with any other combination.
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An additional interaction was detected between the P2 QTL and the P3 QTL. In this case, the
frequency of P+ individuals was higher when the maternal B allele was present at the P2 locus

and the effect was strongest when the P3 locus carried the maternal B allele (Figure 3B).

Several additional interactions were detected between the P2 QTL and markers on several

autosomes when the male-only dataset was analysed (Table S9).

Identification of candidate genes within the parthenogenesis QTL intervals

We used several approaches to identify candidate parthenogenesis genes within the three
QTL intervals. First, we reasoned that genes involved in parthenogenesis should be expressed
at least in one of the gamete types, P+ or P-, where parthenogenesis is initiated. Strains EAl
and RB1 did not produce enough gametes for RNA extraction. We therefore generated RNA-
seq data from P+ female and P- male strains from another species within the E. siliculosi group,
Ectocarpus species 1 [31] (see methods). We analysed the abundance of the transcripts of
orthologs of the 201-203 genes within the three QTL intervals. Based on this analysis, 133/139
genes (depending on whether we consider the U or the V, respectively) were classed as being

expressed in at least one of the gamete types (Table S11).

Second, we looked for genes that were significantly differentially expressed between P+ and
P- gametes, again using the data for Ectocarpus species 1 orthologues. Overall, 4902
orthologues were differentially expressed in P+ versus P- strains across the genome, of which
64 corresponded to genes located within the QTL intervals (Figure 2D, Table S10). The QTL
intervals were therefore significantly enriched in genes that we classed as being differentially

expressed between P+ and P- strains (Fisher exact test; p-value=0.0165).

Third, we looked for polymorphisms with potential effects on the functions of the candidate
genes. Comparison of the parental genomic sequences identified 10961 indels and 32682
SNPs within the three QTL intervals (Table S11, S12). In total, 67 genes within the QTL intervals
carried SNPs or indels that corresponded to non-synonymous modifications of the coding
sequence and were therefore predicted to affect protein function. The male and female SDRs
do not recombine [33] and have therefore diverged considerably over evolutionary time. This

has included loss and gain of genes but also strong divergence of the genes that have been
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retained in both regions (gametologs). All SDR genes were therefore retained as candidates

(Table S11).

We then combined the three approaches. The criteria we used were that genes involved in
parthenogenesis must be expressed in gametes and they should have either differential
expression in P+ versus P- gametes or carry a non-synonymous polymorphism. This reduced
the number of candidates to 17/22 (U/V chromosome) genes in the P1, 11 genes in the P2 and
56 genes in the P3 QTL (Figure 2D, Table S11). Taking genes that were both differential
expressed in P+ versus P- gametes and carried a non-synonymous polymorphism (Table S11,
Figure 2D) further reduced the list of candidate genes to 9/14 (U/V), 1 and 16 candidates (in
P1, P2 and P3 respectively).

Parthenogenetic male gametes exhibit reduced fitness in sexual crosses

It is not clear why some strains of Ectocarpus exhibit male gamete parthenogenesis whilst
others do not. More specifically, bearing in mind that all strains tested so far exhibit
parthenogenesis of female gametes, why are male gametes not parthenogenetic in some
lineages? To address this question, we investigated if there were differences in fitness
between P- and P+ male gametes for parameters other than parthenogenetic growth.
Specifically, we examined fertilisation success (capacity to fuse with a female gamete) and

growth of the resulting diploid sporophyte.

We tested several combinations of crosses between P- or P+ males and several females (Table
S$13). Overall, male P- gametes tended to fuse more efficiently with female gametes compared
to P+ male gametes, even if the difference was not significant (Figure 4A, Student’s t-test
p=0.059). Importantly, embryos arising from a P- male gamete grew significantly faster than
embryos derived from fusion with a male P+ gamete (Figure 4B, 4C, Mann-Whitney u-test

p<0.05).
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The overall size of zygotes is expected to be correlated with zygotic and diploid fitness [34—
36]. We therefore hypothesised that if P- male gametes are larger, fusion with a female
gamete would generate larger (and therefore fitter) zygotes. Measurements of gamete size of
P+ and P- strains revealed significant differences in gamete size between different strains
(Kruskal-Wallis test, Chi2=3452.395, P<2.2e-16, Table S14, Figure 4D, Figure S2). However,
there was no correlation between the parthenogenetic capacity of male gametes and their
size, suggesting that the increased fitness of the zygotes was unlikely to be related to the size

of the male gametes.
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Figure 4: Fitness of parthenogenetic (P+) and non-parthenogenetic (P-) males. A. Fertilisation success was
assessed by counting the proportion of zygotes obtained after crossing either parthenogenetic (Ec236-34,
Ec236-245) or non-parthenogenetic (Ec236-10, Ec236-298) males with parthenogenetic females (Ec236-284,
Ec236-39, Ec236-203, Ec560) (n=1252). Fusion success tended to be higher when the male parent was P- (Mann
Whitney P=0.058; represented by grey letters). B. Growth of zygotes (from 5 hours to 4 days after fertilisation,
AF) derived from crosses performed between female P+ and male P+ or male P- strains (*p-value<0.01;***p-
value<0.0001). Thirteen to fourteen zygotes were scored per cross at each time point. The experiment is
representative of three independent experiments performed with several parental lines (see also Figure S2). C.
Representative images of zygotes at different developmental stages, from a male P- (RB1) x female P+ (Ec236-
105) cross and from a male P+ (Ec236-154) x female P+ (Ec236-105) cross. Scale bar=10 um. D. Sizes of gametes
from a parthenogenetic female, a parthenogenetic male and non-parthenogenetic male. The mean diameter of
female P+ (Ec236-203, n=1066), a male P+ (Ec236-210, n=9755) and two P- males (Ec236-276, n=45294 and
Ec236-10 n=361) lines were measured by cytometry. The values of gamete size shown represent the mean + s.e.
for each individual.
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Taken together, these analyses indicate that P+ male gametes exhibit overall reduced fitness
in sexual crosses, both at the level of success of fusion with a female gamete and growth of
the resulting embryo. We found no link between the size of the male gamete and the capacity
to perform parthenogenesis, which excludes the possibility that the fitness decrease is due to

the size of the male gamete.

Discussion

A key role for the sex chromosome in parthenogenesis

In this study, we uncover the genetic architecture of parthenogenesis in the brown alga E.
siliculosus and demonstrate that this trait is controlled by two major and one minor QTL loci
that, together, account for 44.8% of the phenotypic variation. The two main QTL loci were
located in the SDR on the sex chromosome and on LG18 respectively, and the minor QTL was
also located in LG18. Analysis of differential expression pattern and polymorphism for genes
within the QTL intervals allowed the establishment of a list of a total of 89 candidate
parthenogenesis genes: 17/22 genes within the sex chromosome QTL interval (in the U and V
respectively), 11 genes within the P2 locus and 56 within the interval of the minor P3 locus.
Interestingly, within the major P2 QTL a strong candidate gene coded for a membrane-
localized ankyrin repeat-domain palmitoyltransferase (Ec-20_004890). In S. cerevisiae, genes
belonging to the same family are involved in the gamete pheromone response pathway,

regulating the switching between vegetative and mating states [37,38].

Our results reveal a critical role for the sex chromosome in the control of parthenogenesis,
with a major effect QTL being located within (or very tightly linked to) the SDR. Interactions
between the SDR and the major P2 QTL locus were detected only when the female SDR was
present and parthenogenesis was triggered in females regardless of the allele carried at the
P2 or P3 locus. The observed effects could be due to a conditional repressor of
parthenogenesis in the male V-specific region or an activator of parthenogenesis in the female
U-specific region. However, a recent paper on another brown alga Undaria pinnatifida

described genetically male individuals that were capable of producing oogonia and whose
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eggs were parthenogenic [39]. Similarly, several male L. pallida lines from a South African
population had unusual reproductive structures resembling small eggs, which are also capable
of parthenogenesis (Ingo Maier, pers. commun.). These results would therefore be consistent
with a repressor of parthenogenesis being present on the V-specific region in these brown
algae, that appears to be impaired in variant strains. Alternatively, it is also possible that
parthenogenesis is switched on downstream of the female pathway, in this case these variant

strains would automatically trigger parthenogenesis when becoming ‘female’.

Male fitness effects of parthenogenetic capacity

Our results indicate that parthenogenetic capacity has a dramatic impact on the fitness of
male gametes. Specifically, P- male gametes are fitter than P+ male gametes for sexual
reproduction and this is reflected in significantly higher fertilisation success and higher growth
rate of the resulting zygote. Considering that P+ males would be expected to exhibit reduced
fitness in sexually reproducing populations, and the fact that females are phenotypically P+
regardless of the allele at the P2 and P3 QTL, how can the P+ allele be preserved in the

population? In other words, how is the parthenogenesis polymorphism maintained?

Heterozygous advantage can maintain polymorphism in diploid organisms. For instance, most
obligate parthenogenetic vertebrates arise from hybridization between closely related
species, resulting in elevated individual heterozygosity relative to the parental genotypes [40—
42]. This is considered adaptive for colonizing new areas where high genetic diversity may
provide the necessary genetic tools to adjust to new conditions. In the case of Ectocarpus,
fixing the P+ allele in the female SDR and the P- allele in the male SDR would be a way to
maintain the alleles polymorphic in the sporophyte. Note however that this process would be
applicable to the SDR QTL, and would not necessarily explain the polymorphism maintained

at the autosomal QTLs.

One interesting possibility is that parthenogenesis is a sexually antagonistic trait (or at least
differentially selected in males versus females), i.e., P+ alleles would be advantageous for
females because they would be capable of reproducing even in absence of gametes of the
opposite sex, so that P+ would be selected for in females, whereas P- increases male fithess
because sporophytes sired by a P- male can grow more rapidly. Polymorphism could therefore

be maintained by balancing selection [43—45]). Although we could not measure the effect of
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parthenogenetic capacity on female gamete fitness, because all females were phenotypically
P+, sexual antagonism would be consistent with the pervasiveness of the female P+ phenotype
and the differences in fitness between P+ and P- males. This phenomenon would be
particularly relevant in spatially heterogeneous environments, where the P+ or P- allele(s) in

males would alternatively selected for, depending on female density.

Temporal or spatial changes in population density are extremely common (e.g. [56-58]), and
this will probably cause strong fluctuating selection on sex-specific traits [59,60], contributing
to maintaining genetic polymorphism in populations [46]. A polymorphism can be maintained
by fluctuating selection when selection varies in both space and time [47] or when some
genotypes are shielded from selection as in a seed bank [48-50]. This effect of sex limitation
on the stability of a polymorphism is caused by a storage effect that automatically occurs when
traits are expressed in only one sex. In the other sex, these alleles are sheltered from selection,
because they are not expressed [50]. In the specific case of E. siliculosus, the P- allele would
be shielded from selection because it is never expressed in females. In other words, if
expression of P- allele(s) is limited to males, fluctuating selection of this sex-limited trait could
therefore lead to the existence of a protected polymorphism, and contribute to explain the
maintenance of genetic variance at the autosomal QTLs. The P+ allele would be maintained
because it is advantageous in males when females are rare or when populations have low

density.

Another potential mechanism for the maintenance of genetic variation is opposing selection
during the diploid and haploid stages of biphasic life cycles, also known as ploidally-
antagonistic selection [51]. Parthenogenesis could be considered an example of a trait under
ploidally/generation antagonistic selection because the P- allele transmitted by the male
gamete is advantageous to the diploid (sporophyte) generation (because zygotes grow faster
if the father is a P-) but detrimental to the haploid (partheno-sporophyte) generation (because
if they do not find a female gamete, males that carry a P- allele die). Ploidally-antagonistic
selection has been proposed to have a significant impact on major evolutionary dynamics,
including the maintenance of genetic variation ([51-53] and the rate of adaptation [54].
Moreover, it appears that P+ and P- are under differential selective pressures in males (when
populations reproduce sexually, P- should be beneficial to males and P+ detrimental).

Mathematical modelling [55] predicts that when selection differs between the sexes (and in
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particular when the gametophyte-deleterious allele is neutral or slightly beneficial in one of
the sexes), being close or within the SDR expands the range of parameters allowing
generation-antagonistic mutations to spread. Note that conflict arising from generation-
antagonism or from differences in selection in gametophytes versus sporophyte generation is

best resolved by complete linkage to the SDR [55].

Is parthenogenesis adaptive?

In the brown algae, the ancestral state appears to have been sexual reproduction
through fusion of strongly dimorphic gametes (oogamy) [56], that were incapable of
parthenogenesis (reviewed in [24]). This suggests that gamete parthenogenesis was
superimposed on a sexual cycle, having evolved secondarily possibly to ensure reproduction
in conditions where populations have, for instance, low population density. In this scenario,
parthenogenesis capacity could be considered a bet-hedging strategy for males, with a
tradeoff between higher sexual fitness when non-parthenogenetic and lower sexual fitness

(but asexual, clonal reproduction) when parthenogenetic.

A challenge for understanding the adaptive nature of gamete parthenogenesis in these
organisms would be to identify the conditions under which it occurs in nature. Brown algae
exhibit a remarkable degree of reproductive plasticity during their life cycle [21,57] and it is
possible that this plasticity is related to capacity to adapt to new conditions, in particular low
population density or very fragmented habitats where finding a partner may be problematic.
It has been predicted that in marginal populations, or other situations where mates are
limited, parthenogenesis could be adaptive and thus selectively favored [58]. In animals (fish,
Drosophila) rapid transition between reproductive strategies were observed following the
removal of the mate, supporting the hypothesis that parthenogenesis has a reproductive
advantage under conditions of isolation from potential mates [59]. A recent study of
Ectocarpus siliculosus populations in NW of France has shown that asexual populations are
prevalent in the field, but gamete parthenogenesis does not appear to play a critical role in
this population, and instead, asexual sporophytes are produced mainly from the development
of diploid, asexual spores [60]. Additional population data are required, specifically for natural

populations where individuals are found at different densities, for marginal versus central
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populations and for different types of habitat, to further investigate whether there is an

adaptive benefit to parthenogenesis.

Material and methods

E. siliculosus cultures

Gametophytes of E. siliculosus (Table S1) were maintained in culture as previously described
[61]. E. siliculosus strains can be maintained in the gametophyte generation indefinitely, with
weekly changes in culture media [61]. Clonal cultures of male and female gametophytes were
subjected to strong light (100 pm photons/m?/s) and low temperatures (10°C) to induce
fertility resulting in the release of large numbers of gametes (>10e5). Gametes were allowed
to settle on coverslips and their development was monitored under an inverted microscope

(Olympus BX50).
Evaluation of parthenogenetic capacity and sex

The sex of the gametophytes was assessed using SDR-specific PCR markers [25], and
parthenogenetic capacity was evaluated by scoring the capacity of released gametes to
develop into adult filaments of more than 10 cells after 16 days in the absence of fusion with

gametes of the opposite sex (single sex gamete cultures).
Cross design, culturing and phenotyping

A cross between a parthenogenetic female (strain EA1) and a non-parthenogenetic male
(strain RB1) was carried out using a standard genetic cross protocols [62] and a diploid
heterozygous sporophyte was isolated (Ec236) (Figure 1; Table S1). At maturity, the
sporophyte (strain Ec236) produced unilocular sporangia, i.e, reproductive structures where
meiosis takes place (Figure 1). A total of 272 unilocular sporangia were isolated, and one

gametophyte was isolated from each unilocular sporangium.

The 272 strains of the EA1 x RB1 derived segregating population were cultivated in autoclaved

sea water supplemented with half strength Provasoli solution [63] at 13°C, with a light dark
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cycle of 12:12 (20 umol photon m2 s?) using daylight-type fluorescent tubes [61]. All
manipulations were performed in a laminar flow hood under sterile conditions. We
phenotyped the strains for parthenogenetic capacity (P+ or P-) and for sex (male or female).
Parthenogenetic capacity was assessed by scoring the capacity of the gametes to develop into
partheno-sporophytes in the absence of fertilization. In order to assess phenotype stability,
gametophytes were sub-cultivated in different conditions for two weeks and then exposed to
high intensity light to induce fertility. Parthenogenetic capacity was measured using the
released gametes (Table S3). We monitored gamete germination every two days. In P+ strains,
>96% of the gametes developed as partheno-sporophytes in the absence of fertilization
whereas in P- strains, less than 4% of the gametes were capable of parthenogenesis. To test
the stability of the phenotype across generations, we cultivated partheno-sporophytes and
induced them to produce unilocular sporangia and release meio-spores to obtain a new
generation of gametophytes. The parthenogenetic capacity of gametes derived from these
second-generation gametophytes was then tested (Table S3). Note that this experiment is
feasible in P- males because a very small proportion (less than 4%) of their gametes are

nevertheless able to develop into mature partheno-sporophytes.

Each of the 272 gametophytes of the EA1 x RB1 segregating family was frozen in liquid
nitrogen in a well of a 96 well plate. After lyophilization, tissues were disrupted by grinding.
DNA of each gametophyte was extracted using the NucleoSpin® 96 Plant Il kit (Macherey-
Nagel) according to the manufacturer’s instructions and stored at -80°C. Sexing of
gametophytes was carried out using two molecular sex markers for each sex (FeScaf06_ex03
forward: CGTGGTGGACTCATTGACTG; FeScaf06_ex03 reverse: AGCAGGAACATGTCCCAAAC;
68 56_ex02 forward: GGAACACCCTGCTGGAAC; 68 56_ex02 reverse:
CGCTTTGCGCTGCTCTAT) (Ahmed, Cock, Pessia, Luthringer, Cormier, Robuchon, Sterck, Akira F.
Peters, et al., 2014). PCR was performed with the following reaction temperatures: 94°C 2min;
30 cycles of 94°C 40s, 60°C 40s and 72°C 40s; 72°C 5min, and with the following PCR mixture
2 UL DNA, 100 nM of each primers, 200 uM of dNTP mix, 1X of Go Tag® green buffer, 2 mM of

MgCl2, 0.2 uL of powdered milk at 10% and 0.5 U of Taq polymerase (Promega).
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DNA extraction and library RAD sequencing

A double digest RAD sequencing (ddRAD-seq) library was generated using 152 individuals from
the EA1 x RB1 segregating population. Parthenogenetic individuals were selected (37 females
and 36 males) as well as non-parthenogenetic males (79 individuals). DNA extraction was
performed for each individual (Macherey-Nagel, NucleoSpin® Plant Il kit (GmbH & Co.KG,
Germany) and DNA quantity was measured and standardized at 100 ng using a PicoGreen®

(Fischer Scientific) method for quantification. The DNA quality was checked on agarose gels.

The ddRAD-seq library was constructed as in [64] using Hhal and Sphl restriction enzymes
(New England Biolabs, https://www.neb.com/). Those enzymes were selected based on an in
silico digestion simulation of the Ec32 reference genome [18] using the R package SimRAD
[65]. After digestion, samples were individually barcoded using unique adapters by ligation
with T4 DNA ligase (New England Biolabs, https://www.neb.com/). Then, samples were
cleaned with AMPure XP beads (Beckman Coulter Genomics), and PCR was performed with
the Q5® hot Start High-Fidelity DNA polymerase kit (New England Biolabs,
https://www.neb.com/) to increase the amount of DNA available for each individual and to
add Illumina flowcell annealing sequences, multiplexing indices and sequencing primer
annealing regions. After pooling the barcoded and indexed samples, PCR products of between
550 and 800 bp were selected using a Pippin-Prep kit (Sage Science, Beverly, MA, USA), and
the library was quantified using both an Agilent® 2100 Bioanalyzer (Agilent Technologies) and
gPCR. The library was sequenced on two Illumina HiSeq 2500 lanes (Rapid Run Mode) by UMR
8199 LIGAN-PM Genomics platform (Lille, France), with paired-end 250 bp reads.

Quality filtering and reference mapping

The ddRAD-seq sequencing data was analysed with the Stacks pipeline (version 1.44) [26]. The
raw sequence reads were filtered by removing reads lacking barcodes and restriction enzyme
sites. Sequence quality was checked using a sliding window of 25% of the length of a read and
reads with <90% base call accuracy were discarded. Using the program PEAR (version 0.9.10,
[66]) paired-end sequencing of short fragments generating overlapping reads were identified
and treated to build single consensus sequences. These single consensus sequences were

added to the singleton rem1 and rem2 sequences produced by Stacks forming a unique group
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of singleton sequences. For this study, paired-end reads and singleton sequences were then
trimmed to 100 bp with the program TRIMMOMATIC [67]. The genome of the male parent of
the population (strain RB1) was recently sequenced to generate an assembly [32] guided by
the Ectocarpus species 7 reference genome published in 2010 [68]. We performed a de novo
analysis running the denovo_map.pl program of Stacks. Firstly, this program assembles loci in
each individual de novo and calls SNPs in each assembled locus. In a second step, the program
builds a catalog with the parental loci and in a third step, loci from each individual are matched
against the catalogue to determine the allelic state at each locus in each individual. We then
used BWA (Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-
MEM.arXiv:1303.3997) to align the consensus sequence of the catalog loci to the reference
genome and used the Python script “integrate_alignments.py” of the Stacks pipeline to
integrate alignment information back into the original de novo map output files [69]. In a final

step, SNPs were re-called for all individuals at every locus and exported as a vcf file.

Genetic map construction and QTL mapping

The vcf file obtained with the Stacks pipeline was first filtered to keep only loci with maximum
of 10% of missing samples and samples with a maximum of 30% of missing data. The program
Lep-MAP3 (LP3) [70] was used to construct the genetic map. LP3 is suitable to analyse low-
coverage datasets and its algorithm reduces data filtering and curation on the data, yielding
more markers in the final maps with less manual work. In order to obtain the expected AxB
segregation type for this haploid population, the pedigree file was constructed by setting the
parents as haploid grand-parents and two dummy individuals were introduced for parents.
The module ParentCall2 of LP3 took as input the pedigree and the vcf files to call parental
genotypes. The module SeparateChromosomes2 used the genotype call file to assign markers
into linkage groups (LGs). Several LOD score limits were tested to obtain an optimal LOD score
of 8 giving a stable number of LGs. The module JoinSingles2All was then run to assign singular
markers to existing LGs by computing LOD scores between each single marker and markers
from the existing LGs. The module OrderMarkers2 then ordered the markers within each LG
by maximizing the likelihood of the data given the order. Sex averaged map distances were
computed and 10 runs were performed to select the best order for each LG, based on the best

likelihood. This module was run with the parameters grandparentPhase=1 and
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outputPhasedData=1 in order to obtain phased data for QTL mapping. This phased data was
converted to fully informative genotypic data using the script map2gentypes.awk distributed

with the LP3 program.

Identification and mapping of QTL were carried out using the R package R/qtl (version 1.39-5)
[71] and MapQTL version 5. Because parthenogenetic capacity was phenotyped as a binary
trait (either non-parthenogenetic 0 or parthenogenetic 1) non-parametrical statistics were
used to identify loci involved in parthenogenesis. In R/qtl, the scanone function was used with
the “binary” model to perform a non-parametrical interval mapping with the binary or Haley-
Knott regression methods. In MapQTL, the Kruskal-Wallis non-parametric method was used.
To determine the statistical significance of the major QTL signal, the LOD significant threshold

was determined by permutation.

Analysis of linkage disequilibrium

In order to determine an approximate interval around the QTL peaks for the candidate genes
search, linkage disequilibrium was calculated using vcftools [72] and the vcf file obtained from

the Stacks pipeline with a minor allele frequency of 0.05.

Transcriptome data

The small number of gametes released from Ectocarpus siliculosus strains did not allow RNA-
seq data to be obtained from this species. To analyse gene expression in P- (male) and P+
(female) gametes, we therefore used two Ectocarpus species 1 strains belonging to the same
Ectocarpus siliculosi group [31], a P- male (NZKU1_3) and a P+ female (NZKU32-22-21), which

produce sufficient numbers of gametes for RNA extraction.

Gametes of male and female Ectocarpus species 1 were concentrated after brief
centrifugation, flash frozen and stored at -80°C until RNA extraction. RNA was extracted from
duplicate samples using the Qiagen RNeasy plant mini kit (www.giagen.com) with an on-
column DNase | treatment. Between 69 and 80 million sequence reads were generated for
each sample using Illumina HiSeq 2000 paired-end technology with a read length of 125 bp
(Fasteris, Switzerland) (Table S10). Read quality was assessed with FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc), and low quality bases and
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adapter sequences were trimmed using Trimmomatic (leading and trailing bases with quality
below 3 and the first 12 bases were removed, minimum read length 50bp) [67]. High score
reads were used for transcriptome assembly generated with the Trinity de novo assembler
(ref) with default parameters and normalized mode. RNA-seq reads were mapped to the
assembled reference transcriptome using the Bowtie2 aligner [73] and the counts of mapped
reads were obtained with HTSeq [74]. Expression values were represented as TPM and TPM<1
was applied as a filter to remove noise if both replicates of both samples exhibit it. Differential
expression was analysed using the DESeq2 package (Bioconductor; [75]) using an adjusted p-
value cut-off of 0.05 and a minimal fold-change of two. The reference transcripts were blasted
to the reference genome Ec32 predicted proteins
(http://bioinformatics.psb.ugent.be/orcae/overview/EctsiV2) (e-value cut-off = 10e-5) and
the orthology relationship between Ectocarpus species 1 and Ec32 (Ectocarpus species 7) was

established based on the best reciprocal blast hits.

Identification of candidate genes in the QTL intervals

We used two methods to identify putative candidate genes located in the QTL intervals. First,
a marker-by-marker method, by mapping the sequences of the markers located within each
QTL interval to the reference genome of the closely reference species strain Ec32 (Cock et al.,
2010). When a sequence successfully mapped to the Ec32 genome, a coordinate was recorded
for the marker, relative to its position on the physical map of Ec32. The linkage disequilibrium
(see method above) estimated for each linkage group was used to refine the number of genes
non-randomly associated with these markers, giving a first list of candidate genes within each
QTL region. The second method used the same approach but was based on the reference
genome of the paternal strain of the population (strain RB1). There were some differences
between the two lists obtained by the two methods, which are due to the following factors:
(a) because the assembly of the RB1 genome was guided by the Ec32 reference genome and
its annotation was based on Ec32 transcriptomic data, the RB1 genome potentially lacks some
genes that would be due to loci such as genes that are unique to the species E. siliculosus (RB1
strain) being omitted during the guided assembly. Hence the list obtained with the first
method (using the Ec32 genome) contains genes that are absent from the RB1 genome; (b)

while the two species are closely related, they are not identical, and the E. siliculosus genetic
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map exhibited some rearrangements compared to Ec32 which placed some markers, along
with associated genes, into the QTL intervals (these missing markers were located elsewhere
on the Ec32 genome). In summary, the list obtained with Ec32 genome contained some genes
that are missing from the RB1 genome because of its imperfect guided assembly and the list
obtained with the RB1 genome contained some genes absent from the corresponding
intervals on Ec32 because of rearrangements. A final, conservative list of candidate genes was
obtained by merging the two lists in order not to omit any gene that were potentially located

within the intervals (Table S11).

SNP and indel detection method

Draft genomes sequences are available for the parent strains RB1 and EA1 (Lipinska et al.,
2017). Using Bowtie2, we aligned the EA1 genome against the RB1 genome and generated an
index with sorted positions. The program samtools mpileup [76] was used to extract the QTL
intervals and call variants between the two genomes. The positions of variants between the
two genomes were identified and filtered based on mapping and sequence quality using
bcftools [72]. The annotation file generated for the RB1 genome was then used to select SNPs
and indels located in exons of protein-coding genes for further study (bcftool closest
command). The effect of polymorphism on modification of protein products was assessed
manually using GenomeView [77], the RB1 genome annotation file (gff3) and the vcf file for

each QTL region.

GO term enrichment analysis

A Gene Ontology enrichment analysis was performed using two lists of genes: a predefined
list that corresponded to genes from all three QTL intervals and a reference list including all
putative genes in the mapped scaffolds based on the Ec32 reference genome and that had a
GO term annotation. The analysis was carried out with the package TopGO for R software
(Adrian Alexa, Jorg Rahnenfiihrer, 2016, version 2.24.0) by comparing the two lists using a

Fisher’s exact test based on gene counts.
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Epistasis analysis

Epistasis analysis was carried out with the R package R/qtl (version 3.3.1). Two analyses were
performed, one with the full data set (female and male genotypes generated with RAD-seq
method) and the second with only the male individuals. For both analyses, the scantwo
function from R/qtl were used with the model “binary” as the phenotypes of the individuals

is either 1 (P+) or O (P-).

Fitness measurements

Reproductive success was assessed in the segregating population by measuring the capacity
of male P+ and P- gametes to fuse with female gametes and by measuring the length of the
germinating sporophytes derived from these crosses. For this, we crossed males and females
as described in [62]. Briefly, we mixed the same amount of male and female gametes (app.
1x103 gametes) in a suspending drop, and the proportion of gametes that succeeded in fusing
was measured as in [78]. Two different P+ males (Ec236-34 and Ec236-245) and two different
P- males (Ec236-10 and Ec236-298) were crossed with five different females (Ec236-39; -203;
-233; -284 and Ec560) (Table S13). Between 50 and 150 cells (zygotes or unfertilised gametes)
were counted for each cross. The length of zygotes derived from a cross between the female
strain Ec236-105 and either the male P- strain Ec236-191 or the male P+ strain Ec236-154 was
measured after 5h, 24h, 48h, 3 days and 4 days of development using Image J 1.46r [79] (13
zygotes for the P- male parent and 14 zygotes for P+ male parent). For all datasets, the
assumption of normality (Shapiro test) and the homoscedasticity (Bartlett’s test) were
checked. The latter’s assumptions were not met for zygote length, and consequently statistical
significance differences at each time of development was tested with a non-parametrical test

(Mann Whitney U-test, a=5%).

Measurement of gamete size

Gamete size was measured for representative strains of each parthenogenetic phenotype
found in the segregating population (P+ and P-) (Table S3). Synchronous release of gametes
was induced by transferring each gametophyte to a humid chamber in the dark for

approximately 14 hours at 13°C followed by the addition of fresh PES-supplemented NSW
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medium under strong light irradiation. Gametes were concentrated by phototaxis using
unidirectional light, and collected in Eppendorf tubes. Gamete size was measured by
impedance-based flow cytometry (Cell Lab QuantaTM SC MPL, Beckman Coulter®). A Kruskal-
Wallis test (a=5%) followed by a posthoc Dunn’s test for pairwise comparisons were

performed using R software to compare female and male gamete size (Table S14).
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