
Chapter 15
Cyclical Parthenogenesis in Daphnia:
Sexual Versus Asexual Reproduction

Ellen Decaestecker, Luc De Meester and Joachim Mergeay

Abstract In the current chapter, we discuss the peculiar but successful reproduc-
tion mode of cyclical parthenogenesis, using the cladoceran genus Daphnia as a
model. We first focus on the cyclically parthenogenetic life cycle of Daphnia, the
phylogenetic backgrounds of this reproduction mode, and how cyclical partheno-
genesis impacts the genetic structure of Daphnia populations. Further, we discuss
the advantages of sex. Finally, we change perspective and discuss evolution from
cyclical parthenogenesis to strict asexuality in this genus, contrasting the advan-
tages and drawbacks of both strategies, starting from the selective environment of
obligate asexuals.

15.1 Introduction

Most animal taxa use sexual reproduction to produce offspring, while a minority
passes on their genes asexually. Both strategies have their advantages and weak-
nesses, and throughout evolution, a number of taxa have evolved independently
a mixed strategy that seems to combine the best of both worlds: phases of asex-
ual propagation are alternated with bouts of sexual reproduction, called cyclical
parthenogenesis, holocycly or heterogony. Cladocerans, monogonont rotifers (see
Chapter 14) and aphids (see Chapter 25) are the best-known cyclical parthenogens,
but life cycles combining sexual and asexual reproduction are common in protists,
cnidarians, bryozoans, and plants (De Meester et al. 2004). We here focus on recent
studies and reviews of cyclical parthenogenesis in Daphnia so as to identify future
avenues of research. Detailed reviews that also include older literature are given
by Hebert (1978, 1987), Lynch (1984), Carvalho (1994) and De Meester (1996).
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De Meester et al. (2004) focused on key ecological and evolutionary consequences
of cyclical parthenogenesis, comparing cladocerans, monogonont rotifers and
aphids.

15.2 Cyclical Parthenogenesis and Its Effect on the Genetic
Structure of Daphnia Populations

Cyclical parthenogenesis arose within the Branchiopoda during the Permian (Taylor
et al. 1999) when the Cladocera evolved as a taxon. Apart from a few strictly asexual
derivates, all Cladocera are cyclical parthenogens. The success of this reproduction
mode is reflected in the known 620 species that radiated within this order, this is
more than half of the known Branchiopod species diversity and the estimated num-
ber of cladoceran species is even two to four times higher (Korovchinsky 1996;
Adamowicz and Purvis 2005; Forró et al. 2008). Cladocera are ubiquitous compo-
nents of inland aqueous habitats all around the world, but are rare in marine habitats.
Within the Cladocera, the genus Daphnia, approximately 150 species rich, has been
used as a key model to study ecological and evolutionary questions, including the
consequences of cyclical parthenogenesis.

Daphnia (Crustacea, Branchiopoda, Cladocera, Daphniidae) is an important
component of zooplankton in lakes and ponds. It has a short generation time (9–
11 days at 20◦C), but total life span is longer (> 60 days at 20◦C, up to one year at
colder temperatures; Gliwicz et al. 2001). Figure 15.1 shows the reproduction cycle
of cyclically parthenogenetic Daphnia. Under favourable conditions, they reproduce
by amictic parthenogenesis, producing genetically identical offspring that build up
a population consisting of only females. This can be continued for several gener-
ations, resulting in an exponential growth of clonal lineages (Carvalho 1994). The

Fig. 15.1 The cyclically parthenogenetic life cycle of Daphnia. During favourable conditions,
parthenogenetic reproduction takes place for one to several generations (green). Sexual reproduc-
tion (red) results in the production of long-lived dormant eggs, which can hatch once environmental
conditions become favourable again. Some taxa have omitted males from the cycle and produce
dormant eggs asexually



15 Cyclical Parthenogenesis in Daphnia 297

relative abundance of these clones reflects their relative success in the habitat. When
unfavourable conditions arise (e.g., food shortage, overcrowding, presence of preda-
tors, change in day-length or temperature, Pijanowska and Stolpe 1996), the animals
switch to sexual reproduction. Males are produced parthenogenetically, and females
switch to the production of sexual eggs. A single female may first produce diploid
amictic eggs and subsequently produce two meiotic haploid eggs that need to be
fertilized (De Meester et al. 2004). After fertilization of the haploid eggs, they are
encapsulated in an ephippium, a chitinuous membrane secreted around the brood
pouch of the female carapace (Schultz 1977). Development of the eggs is arrested at
the blastula stage, and the eggs go in diapause. At the next moult, the ephippium is
shed with the old carapace (Zaffagnini 1987). The enclosed dormant eggs are able
to withstand extreme conditions (drying, freezing, digestion, . . .) and can remain
viable for up to 150 years (Cáceres 1998; Brendonck and De Meester 2003).

Dormancy is therefore a strategy to bridge unfavourable periods (risk spreading
over time), while also maximizing the chances of survival during passive disper-
sal by wind, waterfowl or other means (risk spreading in space, Cohen and Levin
1987). The dormant eggs may hatch the next season when favourable conditions
are restored, but a significant portion will not hatch and remain in the sediment. As
such, a series of overlapping generations gradually builds up year after year, in what
is commonly called a persistent dormant egg bank (DeStasio 1989), analogous to
seed banks in plants (Templeton and Levin 1979). Depending on prevailing selec-
tion forces, these dormant egg pools can accelerate or delay evolutionary responses
to changing environments (Hairston and DeStasio 1988; Hedrick 1995; Hairston
1996). In addition to the evolutionary and ecological importance of the presence of
a dormant egg bank in the stratified sediments of lakes and ponds, it also represents
a unique archive of the history of the population over time (Hairston et al. 1999;
Cousyn et al. 2001; Limburg and Weider 2002; Mergeay et al. 2006, 2007).

The genetic structure of cyclically parthenogenetic Daphnia populations is deter-
mined by the consequences of combining sexual and asexual reproduction in the
same life cycle (Hebert 1987; Carvalho 1994; De Meester et al. 2006). At the
start of the growing season, hatching of sexually produced dormant eggs intro-
duces genetic variation in the population, with a one-to-one relationship between
the number of hatchlings and the number of unique clones (De Meester 1996; De
Meester et al. 2006). However, during the growing season, parthenogenetic repro-
duction results in the erosion of clonal diversity by natural selection and chance
extinctions of clones, leading to lower genetic variation and deviations from Hardy-
Weinberg equilibrium at the end of the growing season (clonal erosion, Tessier et al.
1992; De Meester 1996; Ortells et al. 2006; De Meester et al. 2006). The popula-
tion may, however, hold considerable amounts of hidden genetic variation that is
not genetically expressed as long as the animals reproduce clonally, but which may
become expressed after sexual recombination (Deng and Lynch 1996; Pfrender and
Lynch 2000). Natural selection acts differently during the two reproductive phases
(Pfrender and Lynch 2000; King and Schonfeld 2001). During the asexual phase,
all genes belong essentially to one linkage group, and selection thus acts upon the
whole linked genome. As a result, clonal selection also acts on the interaction of
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genetic variation. In contrast, sexual reproduction breaks up the associations of these
linked alleles.

De Meester et al. (2006) recently proposed a unifying conceptual framework
to understand the genetic structure of cyclically parthenogenetic zooplankton pop-
ulations. In this framework, the key factor that influences the genetic structure
of cyclical parthenogens is the relative importance of sexual recombination and
parthenogenetic reproduction. De Meester et al. (2006) list three main factors that
determine the degree to which clonal erosion affects the genetic structure of cyclical
parthenogens. A first factor is the population size as determined by the amount of
hatchlings from the dormant egg bank. Populations that have larger dormant egg
banks are expected to start the growing season with a higher number of hatch-
lings and thus a higher number of clones than populations with smaller dormant
egg banks (Vanoverbeke and De Meester 1997). A second factor is the length of
the growing season and the degree to which a population can persist in the habitat
in the active phase, as this determines the number of parthenogenetic generations
between sexual phases (Hebert 1987; Pfrender and Lynch 2000). Permanent popu-
lations and non-permanent populations that enjoy extended growing seasons show
higher propensities of chance extinctions of clones and experience longer lasting
selection that erodes clonal diversity. Furthermore, the impact of hatchlings in spring
is likely to be lower in permanent than in intermittent populations, as the presence of
a resident population often lowers the hatching response in Daphnia (Cáceres and
Tessier 2003) and the hatchlings have to compete with the already established popu-
lation (cf. priority effects; see De Meester et al. 2002). A third factor influencing the
degree of clonal erosion is the strength of clonal selection, which may vary among
populations and during the course of the growing season (De Meester et al. 2006).

15.3 Reasons to Maintain Sexual Reproduction in Daphnia

Sexual reproduction has costs relative to asexual reproduction (Lewis 1987), yet,
sexual reproduction prevails in nature. A main reason for the maintenance of sexual
reproduction is the improvement of fitness, despite the reduction in overall number
of offspring (“two-fold” cost of sexual reproduction, Maynard Smith 1978). Many
hypotheses focus on this issue, building on the notion that sexual recombination
accelerates the creation of genetic variation in offspring by the induction of new
gene combinations, the spread of advantageous mutations, and the removal of dele-
terious genes. As such, sexual reproduction leads to higher rates of adaptation and
inhibits the accumulation of deleterious mutations (West et al. 1999; Pound et al.
2002; see also Chapter 5).

15.3.1 Local Genetic Adaptation

Cyclical parthenogenesis allows for rapid local genetic adaptation, as it com-
bines effective selection on the whole genetic component of variation during the
parthenogenetic phase with the release of hidden genetic variation during sexual
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recombination (Lynch and Gabriel 1983; De Meester 1996). Evolutionary poten-
tial is increased by the fact that sexual reproduction is coupled with the production
of dormant eggs, as this results in the build-up of dormant egg banks integrat-
ing genetic variation that accumulates over different growing seasons (Hedrick
1995). One can thus predict that cyclical parthenogens are likely to adapt rapidly
to local conditions through selection for genotypes with an adaptive combination
of phenotypic plasticity responses (De Meester et al. 2004). Several studies have
indeed provided evidence for efficient tracking of environmental changes over time
in natural Daphnia populations (e.g., Hairston et al. 1999, 2001; Cousyn et al.
2001). Striking examples of adaptation through changes in phenotypic plasticity in
Daphnia come from studies that show genetic differences in adaptive and inducible
shifts in trait values in response to predators, including behavioural, morphologi-
cal and life history traits (Spitze 1992; De Meester 1993a, 1996; Boersma et al.
1998; Tollrian and Harvell 1999; Cousyn et al. 2001). Adaptations to local con-
ditions may, however, involve complex interactions between multiple antagonists,
such as predators and parasites, leading to trade-offs between different response
mechanisms (Decaestecker et al. 2002).

15.3.2 Red Queen Dynamics

When an environment changes, previously neutral or deleterious alleles can become
favourable. If the environment changes sufficiently rapidly over time (i.e., between
different generations), sexual reproduction reintroducing these alleles can be advan-
tageous. This is especially so in systems in which parasites continuously track
specific and common host genotypes, resulting in parasite driven time-lagged neg-
ative frequency dependent selection. The production of genetic variation among
offspring provided by sexual recombination is thus important in confrontation with
the fast and specific genetic adaptation of parasites to their hosts (“Red Queen”
hypothesis, Van Valen 1973; Hamilton 1980; Stearns 1987; Maynard Smith 1989;
Ebert and Hamilton 1996; Hurst and Peck 1996; see also Chapter 7).

In Daphnia, it has been shown that parasites are important selective forces. Many
natural populations are infected by parasites, some of which induce severe virulence
effects, resulting in fitness decline in the host (Green 1974; Stirnadel and Ebert
1997; Decaestecker et al. 2005; Ebert 2005; Johnson et al. 2006; Lass and Ebert
2006). Furthermore, there is evidence for local genetic adaptation of the parasite
along spatial distance gradients (Ebert 1994) as well as for short-term parasite medi-
ated selection in Daphnia (Capaul and Ebert 2003; Haag and Ebert 2004; Duncan
et al. 2006; Zbinden et al. 2008), which affects host-parasite dynamics (Duffy and
Sivars-Becker 2007). It has also been shown that parasite epidemics can select for
resistance in Daphnia (Duncan and Little 2007).

Several lines of evidence suggest that Daphnia-parasite coevolution follows “Red
Queen” dynamics with no directional increase in fitness of both antagonists over
time (Hamilton et al. 1990; Woolhouse et al. 2002; Ebert 2008). It has been shown
that there is ample genetic variation in Daphnia resistance against parasites (Little
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and Ebert 1999). Host clones within and between populations vary strongly in
their resistance to parasites, but also parasites differ strongly in fitness compo-
nents between host genotypes and populations (Carius et al. 2001; Decaestecker
et al. 2003; Haag et al. 2003; Refardt and Ebert 2007; Ebert 2008). Host-parasite
interactions are genotype-specific with no parasite isolates being able to infect all
host genotypes, and no host genotypes that are able to resist all parasite genotypes
(Carius et al. 2001). It has also been shown in the D. galeata x D. hyalina hybrid
system that an under-infected taxon can become over-infected after an increase in
frequency, and that this over-infection has a genetic basis (Wolinska et al. 2006).

The observation that both Daphnia and its microparasites can be “resurrected”
from dormant propagule banks opened the possibility for a historical reconstruc-
tion of the coevolutionary dynamics of Daphnia and its parasite Pasteuria ramosa
from layered sediment cores (Decaestecker et al. 2004). A time shift experiment,
in which host clones from each sediment layer were exposed to parasite isolates
from the same, the previous and the following sediment layer showed evidence for
temporal adaptation with the contemporary parasites showing a higher infectivity
than parasite isolates from the past and the future, resulting in temporal variation
in parasite infectivity that changed little over time. This analysis revealed that the
parasite fast tracks its host over a time period of only a few years, in line with spe-
cific antagonistic host-parasite coevolution based on negative frequency dependent
selection (Decaestecker et al. 2007; Gandon et al. 2008; Ebert 2008).

Little and Ebert (2001) found in one of the studied host populations temporal
adaptation to parasites showing higher infectivity in Daphnia from the same grow-
ing season than in hosts of a later growing season. However, this pattern could not
be confirmed in other populations. The expected pattern of host-parasite coevolution
depends, among other things, on the time lag between the host and parasite coevo-
lutionary dynamics, on the time scale separating the various samples of the host
populations and on the number of generations of hosts and parasites considered
(Decaestecker et al. 2007; Gandon et al. 2008). Moreover, it has been suggested that
parasite selection must be unrealistically severe to create rapid parasite mediated
dynamics or that genotype-environment interactions impede detection of selection
against environmental noise (Little and Ebert 2001; Duncan et al. 2006). Seasonal
changes in temperature and predation alter the interaction between Daphnia and
parasites such that differences in temperature and predation pressure will change
parasite mediated selection, resulting in the maintenance of genetic variation of the
traits involved (Mitchell et al. 2004, 2005; Duffy et al. 2005; Hall et al. 2006; Vale
et al. 2008).

However, sex and immuno-competence do not necessarily go hand in hand, for
example, when sexual reproduction is a byproduct of temporal parasite-avoidance
(Duncan et al. 2006), in a similar way that sexual reproduction can be induced
when Daphnia are confronted with predators (Sluzarczýk 1995). In such cases, the
main goal of sexual reproduction is not genetic recombination in order to increase
immuno-competence, as the sexual phase precedes parasitism (Duncan et al. 2006),
but the formation of dormant stages to ensure persistence in the habitat.
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15.3.3 Deleterious Mutations

Sexual reproduction can reduce the mutational load in offspring, as it enhances
the removal of deleterious mutations. Sexual reproduction allows to reconstruct
mutation-free individuals by recombination and by doing so inhibits the random
loss of individuals without deleterious mutations. It was Muller (1932), who sug-
gested that this stochastic process can lead to an inexorable decline in the fitness of
clones in finite asexual populations (“Muller’s ratchet”; Muller 1932; Felsenstein
1974; see also Chapter 5). In later studies, Muller’s basic idea was extended
by including cases in which mutation accumulation is decoupled from stochastic
processes, such that an advantage to sex can accrue even in infinite populations
(“Mutational Deterministic” hypothesis, Kondrashov 1982, 1988; Charlesworth
1990; Howard and Lively 1998). As selection against mutations of weak to interme-
diate deleterious effect is small, these mutations can accumulate to high frequencies
(Whitlock et al. 2000; Ebert et al. 2002). There is evidence for high genetic loads
in Daphnia (Innes 1989; De Meester 1993b; Lynch and Deng 1994). Further,
Paland and Lynch (2006) showed that, because of permanent linkage of the whole
genome, asexual D. pulex clones may be prone to the accumulation of deleterious
mutations, leading to a higher ratio of the rate of amino acid to silent substi-
tution (Ka/Ks) in mitochondrial protein coding genes in asexual lineages than
in cyclically parthenogenetic (“sexual”) lineages. This result suggests that sexual
reproduction in the cyclically parthenogenetic Daphnia has the power to indeed
reduce the accumulation of deleterious mutations, and obligately parthenogenetic
Daphnia face a decline in fitness over time. Nevertheless, there are indictations
that sufficient amounts of variation (relative to mutation rate) are generated in
Daphnia by ameiotic recombination. Although this recombination is internal and
does not allow genetic exchange across lineages as in outcrossing sex, it shows
that asexual lineages do not only acquire variation through mutations (Omilian
et al. 2006).

Evidence is growing that a pluralistic approach may be required to explain the
maintenance of sexual reproduction (West et al. 1999). Support for this approach
in Daphnia comes from an experimental study, in which fitness consequences
of deleterious mutations were stronger when associated with parasite infection
(Killick et al. 2006). As shown for parasite mediated selection in Daphnia (Mitchell
et al. 2005; Vale et al. 2008), the fitness cost of deleterious mutations depends on
environmental conditions as well (Killick et al. 2006).

Another explanation for the advantage of sexual reproduction in Daphnia may
relate to the direct advantage caused by hybrid vigour or heterosis. Inbreeding
depression has consequences at the Daphnia metapopulation level, as shown by
Ebert et al. (2002) and Haag et al. (2002). In a Daphnia metapopulation inhabit-
ing small coastal rockpools in Finland, crossing between immigrants and inbred
residents leads to hybrid offspring that are superior competitors. This increases
gene flow between populations and the spread of favourable alleles across the
metapopulation (Ebert et al. 2002; Haag et al. 2002).
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15.4 Evolution to Asexuality in Daphnia
and Other Cladocerans

Although cyclical parthenogenesis is the rule in Cladocera (Taylor et al. 1999), a
few taxa have modified this life cycle, and have shunted away from sexual repro-
duction, while retaining the possibility to produce resistant dormant stages. For
instance, asexuality has been observed in allopolyploid lineages of Sinobosmina
(Little et al. 1997), while an asexual or possibly pseudo-sexual life cycle was sug-
gested for several Holopedium lineages (Korovchinsky 2005; Hebert et al. 2007).
Within the genus Daphnia, evolution to obligate asexuality has evolved in at least
four independent occasions by to three different mechanisms (Table 15.1).

In the animal kingdom, hybridization is probably one of the most used routes to
asexuality, often in combination with genome duplication (allopolyploidy) (Kearney
2005). Obligate parthenogenesis of hybrid origin in Daphnia is known from the sub-
genera Daphniopsis (D. truncata x pusilla; Hebert and Wilson 2000), Ctenodaphnia
(allopolyploid alpine populations of D. thomsoni; Hebert and Wilson 1994) and in
various related species of the subgenus Daphnia (D. pulex complex; Hebert et al.
1989; Dufresne and Hebert 1994, 1997; Hebert 1995; Aguilera et al. 2007; Mergeay
et al. 2008).

Apart from obligate parthenogenesis through hybridisation with or without poly-
ploidy, asexuality has been acquired de novo in some populations of D. cephalata
(Hebert 1981; Hebert and Wilson 1994), an Australian species of the D. carinata
complex (Colbourne et al. 2006).

Thirdly, in certain lineages of panarctic D. “pulex” (a different species from the
typical European D. pulex; see Mergeay et al. 2008, for an account on taxonomic
issues in this group) females reproduce by obligate parthenogenesis, whereas the
clonally propagated males produce functional haploid sperm that allows them to
breed with sexual females of normal cyclically parthenogenetic lineages (conta-
gious asexuality; Innes and Hebert 1988; Paland et al. 2005). On average half of
the offspring will also consist of obligate parthenogens, although offspring viabil-
ity is much reduced (Innes and Hebert 1988). Paradoxically, contagiously asexual
lineages thus spread asexuality through sex. The genetic structure of contagiously
asexual populations is undistinguishable from that of strictly asexual lineages.
Although asexual lineages are bound to accumulate deleterious mutations (Paland
and Lynch 2006) and face an evolutionary dead end, contagious asexuality allows
the recurrent creation of genetically diverse asexual lineages with lower genetic
loads and high micro-evolutionary potential (Innes and Hebert 1988; Simon et al.
2003). This interaction between asexual and sexual strains means that the maternal
lineage actually partially escapes Muller′s ratchet by creating new asexual lineages
that carry half of its genes and have a reduced mutational load. As long as the
cyclically parthenogenetic sister taxon is present, there is an opportunity to con-
tinuously rejuvenate part of the genome. Metapopulations of contagiously asexual
lineages can thus be expected to be genetically diverse (Innes and Hebert 1988;
Crease et al. 1989). Remarkably, however, there seems to be a certain degree of
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longitudinal geographic segregation between cyclically parthenogenetic and conta-
giously asexual lineages of D. “pulex” in North America, with few and relatively
narrow contact zones (Hebert and Finston 2001). Most likely, asexuality in conta-
giously asexual lineages is determined by a sex-limited meiosis suppressor gene that
is thought to have spread to at least some other species in the complex by hybridisa-
tion and introgression (Innes and Hebert 1988). Eight of eleven taxa of the D. pulex
complex are known to include lineages that reproduce by obligate parthenogenesis
(Table 15.1), but many of these are hybrids and even polyploids. It is therefore not
clear whether the same meiosis suppressor mechanism is active in these lineages, or
whether asexuality results directly from hybridization and meiotic incompatibility
between the parents (for an overview, see Simon et al. 2003).

In addition to these three cases of asexuality, which are characterised by the dis-
ruption or suppression of meiosis at some stage (“fundamental asexuality”), there
are Daphnia populations that are theoretically cyclically parthenogenetic, but whose
genetic structure is undistinguishable from that of obligately parthenogenetic popu-
lations. These populations remain all year round in the lakes they inhabit, and seem
to use solely the parthenogenetic phase of the life cycle (Fig. 15.1). An example
is given by a D. galeata population studied by Gliwicz et al. (2001; identified as
D. longispina) and several D. pulicaria populations studied by Cáceres and Tessier
(2004a). Such populations can easily be mistaken for strictly asexual lineages, and
care should be taken in the interpretation of their breeding modes. First, it is not
certain whether these lineages have really lost the capacity to engage in sexual repro-
duction, and secondly, it is even not sure whether occasional sexual reproduction is
not occurring in nature in these populations. Indeed, lack of observation of sexual
stages does not preclude the very rare occurrence of sex. A special case of lineages
that may totally rely on asexual reproduction is provided by hybrid offspring of
members of the D. longispina complex that live in permanent habitats such as deep
lakes. This complex includes species whose ancestors diverged more than eight
million years ago, but which still hybridise readily, e.g., D. galeata, D. cucullata,
D. longispina. (Schwenk and Spaak 1995). Although their hybrids have a strongly
reduced fertility, they can survive and reproduce parthenogenetically for long peri-
ods and may in this sense behave as asexual strains that have lost the ability to
produce viable dormant eggs (Schwenk and Spaak 1995).

15.5 Why Switch to Asexual Reproduction
When You Can Be a Cyclical Parthenogen?

A large number of hypotheses have been proposed to explain the evolution of sex
and later reversals to asexuality, accompanied by numerous empirical and theoreti-
cal studies (Maynard Smith 1971, 1978; Vrijenhoek 1979; Kondrashov 1988; Crow
1994; Peck 1994; Doncaster et al. 2000; Peck and Waxman 2000; Pound et al. 2002,
2004; Paland and Lynch 2006). Most of these hypotheses have focused on the cost
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of males, effects of sex on the mutational load or on the rate of evolutionary adapta-
tion, or on ecological differences between sexual organisms and asexual derivates.
To cut a long story short, it is the balance between the costs and the benefits of
sex that determines whether sexual reproduction is more advantageous than asexual
reproduction.

Cyclical parthenogens generally start the growing season from sexual offspring,
and hence can start from a wide genetic array on which selection can act, just like in
obligately sexual organisms with a r-strategy of reproduction. In comparison to obli-
gately sexual organisms, however, this initial pool of sexually produced offspring
will grow much faster as a result of consecutive bouts of parthenogenetic repro-
duction. Males are produced only during the much shorter sexual phase (Fig. 15.1),
and will therefore represent an almost negligible cost, especially when seen in the
light of the benefit of recombination. Moreover, clonal selection is efficient dur-
ing the parthenogenetic phase as it acts on both the interactive and the additive
component of genetic variation. Evolutionary adaptation can indeed proceed very
rapidly in cyclical parthenogens, as witnessed by Hairston et al. (1999), Cousyn
et al. (2001) and Decaestecker et al. (2007). In addition, cyclical parthenogens have
a much higher mutational clearance than asexual relatives (Paland and Lynch 2006).
Cyclical parthenogenesis thus seems to combine all the advantages of sex, while
minimizing the drawbacks. In this light, the high prevalence and multiple origins
of asexuality, as in the D. pulex complex, is intriguing. To gain more insights into
the origin of obligate asexuality from cyclical parthenogenesis, we consider what
the drawbacks of the cyclically parthenogenetic reproduction mode are. Below,
we discuss existing hypotheses in the light of cyclical parthenogenesis, as well as
integrating new concepts that might provide better insights into the evolution of
asexuality in lineages of cyclical parthenogens. The first hypothesis is related to the
timing of sexual reproduction, the second and third relate to constraints imposed
by time stress during the growing season, and the fourth hypothesis is unrelated to
time, but sees obligate parthenogenesis as a side-product of selection for polyploidy
and/or hybrid vigour. Finally, we explore contagious asexuality in the light of selfish
gene phenomena.

15.5.1 Clonal Erosion and Inbreeding

Probably one of the major assets of cyclical parthenogenesis is that it initially mim-
ics an asexual life cycle for a number of generations before switching to a sexual
mode. The timing of the switch is important, however. Clonal selection erodes the
initial genetic diversity during the parthenogenetic phase, and in small and perma-
nent habitats this may lead to the coexistence of only a very limited number of
clones (Vanoverbeke and De Meester 1997; De Meester and Vanoverbeke 1999; De
Meester et al. 2006). If only one to a few genotypes remain due to clonal erosion,
sexual reproduction is disadvantageous as it results in inbreeding and concomitant
fitness losses (De Meester 1993b; Lynch and Deng 1994; Ebert et al. 2002). Asexual
genotypes do not suffer from inbreeding, and can be favoured over sexual lineages
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under such circumstances. In addition to time, habitat heterogeneity may also influ-
ence the degree of clonal erosion. The more clones can coexist in a given habitat, the
less important inbreeding will be. Whereas the tangled bank hypothesis (Bell 1982)
views sexual recombination as an adaptation to environmental diversity, we here
suggest that environmental diversity may also result in reduced levels of inbreeding
depression in cyclical parthenogenesiss as it allows more clones to coexist, reduc-
ing the scope for asexual lineages to dominate because of inbreeding depression
in sexual offspring. The high prevalence of asexual Daphnia at high latitudes and
altitudes (geographic parthenogenesis; see also Chapter 7), is associated with low
habitat complexity, which is a typical feature of extreme environments like arctic
ponds (disclimax habitats, Glesener and Tilman 1978).

15.5.2 Food Limitations and Time Stress

In the cyclical parthenogenetic life cycle, the first clutch usually consists of subita-
neous parthenogenetic eggs, and it is important to note that most species can only
produce dormant eggs from the second clutch, either sexually or ameiotically. (Only
two species are known to produce ephippial eggs in a single cycle; Cáceres and
Tessier 2004b; Aguilera et al. 2007). In extremely oligotrophic habitats, growth rates
of Daphnia are so low that the whole growing season may be needed to reach matu-
rity, which is the case in some alpine lakes (Gliwicz et al. 2001). Daphnia may suffer
from the same stress in very ephemeral or other briefly suitable habitats. If time and
food constraints are such that reproducing at least twice (once parthenogenetically,
once sexually) becomes unlikely, immediate investment in dormant eggs may be a
strategy to ensure persistence. So far, only one sexual species is known to bypass this
limitation. D. ephemeralis is a cold stenotherm pond species that hatches earlier than
any other species, but is rapidly outcompeted by D. pulex when temperatures rise
in spring (Schwartz and Hebert 1987; Cáceres and Tessier 2004b). Hatchlings from
dormant eggs of this species can consist of parthenogenetic females as well as sex-
ual females and males (Schwartz and Hebert 1987). D. ephemeralis can thus reduce
the cyclically parthenogenetic cycle to an entirely sexual cycle, in which the animals
immediately invest in the production of sexual dormant eggs. However, this strategy
of rapid investment in dormant eggs is easier to accomplish in obligately partheno-
genetic species, where no males are needed to fertilize the eggs. Indeed, Spanish
Pyrenees populations of D. pulicaria and Andean populations of an undescribed
D. pulex-like species (Pérez-Martínez et al. 2007; Aguilera et al. 2007; Mergeay
et al. 2008) are obligate asexuals that can produce ephippial dormant eggs from the
first clutch. Although both strategies are similar and the reproductive output is low
(only two eggs can be produced per ephippium), sexual species also suffer from
the twofold cost of males (Maynard Smith 1978). In general, the cost of males in
cyclically parthenogenetic Daphnia is highly diluted when many parthenogenetic
generations precede the sexual generation. However, when the parthenogenetic
phase is strongly reduced or even absent, cyclical parthenogenesis may become less
advantageous than obligate parthenogenesis.
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15.5.3 Genetic Slippage and Time Stress

Although sexual reproduction allows more rapid evolution than asexual reproduc-
tion, sexual reproduction can be disadvantageous as it disassembles previously
successful gene combinations due to genetic recombination during meiosis (Allen
and Lynch 2008). Especially in cyclical parthenogens, where clonal selection during
the preceding phase of parthenogenetic reproduction also selects on genetic interac-
tion effects, the result is that the initial average fitness of the sexual offspring (F1)
is lower than that of the parents (F0), a phenomenon known as genetic slippage
(Fig. 15.2a; Lynch and Deng 1994; Deng and Lynch 1996; Allen and Lynch 2008).
During the growing season, however, clonal selection will lead to a re-increase of
the average fitness up to or exceeding that of the previous generation (Fig. 15.3).
Although in sexual lineages genetic slippage will be less pronounced the shorter the
growing season is, the increase in average fitness will also be smaller due to a shorter
period of clonal selection. In asexual populations, all else being equal, the fitness of
F0 and F1 would remain the same (Fig. 15.2b). In very predictable, but time-stressed

Fig. 15.2 Genetic slippage in sexual organisms as compared to amictic parthenogenetic
organisms. F0: parental generation; F1: offspring generation

Fig. 15.3 The effect of
clonal selection on average
fitness in sexual populations
after genetic slippage, shown
at ten time intervals (t0–t9).
F0 represents the parental
generation (blue), while F1
represents the offspring
(green). Under time stress,
the final average fitness is
lower than when time stress is
relaxed
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Fig. 15.4 The effect of time stress and genetic slippage on average fitness of a population at the
time of sexual reproduction (S). a + b: Under time stress (S at t5), clonal selection may not be
strong enough to purge the population from less fit genotypes, so that the average fitness remains
well below the maximum achievable average fitness of a population that has abandoned sexual
reproduction. c + d: When time stress is relaxed (S at t9) and clonal selection can act long enough,
the average fitness of sexual populations can exceed that of asexuals. t5 and t9 refer to equal time
intervals as in Fig. 15.3

habitats (habitats in which the ambient conditions for growth and development
are short and which are thus characterized by a short growing season), asexuals
may take advantage of such a temporal sex-related fitness reduction (Fig. 15.4a, b).
Asexuals would be able to start the growing season with a population consisting
entirely of equally well-adapted individuals, while sexual populations start with an
on average lower fitness but also with greater variance in fitness over all individuals.
Although the increased genetic variation on which subsequent clonal selection can
act may compensate for this reduced fitness, this requires time for clonal selection
to purge the population from the less fit genotypes (Fig. 15.4c, d). In combination
with slow growth rates (e.g., in oligotrophic arctic or alpine systems), the advantage
of asexuality could therefore be quite high (Fig. 15.4a, b), at least in habitats that
show a similar selection regime over time (e.g., from year to year). Arctic or alpine
ponds and lakes are harsh but relatively predictable habitats, in which co-adapted
gene complexes are important to cope with the harsh conditions, but in which the
uncertainties introduced by biotic interactions are relatively low.

Genetic surveys of asexual Daphnia in the arctic have shown that in several
species a few common asexual genotypes have very wide geographic distributions,
spanning over a thousand kilometres (Weider et al. 1999). These common clones
may either be general-purpose genotypes (Lynch 1984; Weider et al. 1999) or their
widespread distribution might merely reflect the presence of a common habitat type
over large distances combined with an efficient screening of the best adapted geno-
type to that habitat (itself being a combination of high dispersal rates and local
selection; see De Meester et al. 2002).
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15.5.4 Polyploidy and Hybrid Vigour

Polyploidy, hybridization and asexuality are three phenomena that are firmly
entwined with each other. Cause and effect are therefore often hard to distinguish
(Simon et al. 2003; Kearney 2005). Most asexual Daphnia lineages are poly-
ploids of hybrid origin (Table 15.1), as most other secondary asexual organisms
(Kearney 2005). It is thought that polyploidy and the associated genetic redun-
dancy represent an adaptation to increased mutagenic stress (Zakharov et al. 1970).
It is thus conceivable that polyploidy and associated loss of sexual recombina-
tion have an adaptive value at high altitudes and latitudes. Asexuality in arctic or
alpine regions may therefore to a certain degree be an epiphenomenon of selec-
tion for hybrid vigour (Kearney 2005) and/or polyploidy (Beaton and Hebert 1988).
Circumstantial data support this hypothesis, by showing that polyploids occur more
in UV radiation-stressed environments like alpine and boreal regions (Bierzychudek
1985). More specifically, within the D. pulex complex, only polyploid Daphnia are
found in arctic settings (Beaton and Hebert 1988). The high incidence of cutic-
ular melanisation in Daphnia from arctic or alpine regions (Hebert 1995; Černý
and Hebert 1999) is indeed in line with the idea that UV radiation is an important
stressor in these habitats. In addition, polyploidy seems to be adaptive at low tem-
peratures. There is evidence that greater cell volumes, achieved through polyploidy,
are favoured in arctic and alpine habitats (Otto and Whitton 2000), but diploid
Daphnia can also achieve this through endopolyploidy (Gregory and Hebert 1999).
Dufresne and Hebert (1998) showed that polyploid strains of D. middendorffiana
performed better under cold conditions than diploid strains of the sister taxon D.
pulex. Although their results were not phylogenetically independent and may just
reflect species-specific differences not related to ploidy level, they fit the general
trend of polyploidy as an adaptation to cold temperature stress. A similar exam-
ple of geographic polyploidy accompanied by asexuality is found in alpine New
Zealand populations of D. thomsoni, a species of the D. carinata complex (Hebert
and Wilson 1994).

15.5.5 Contagious Asexuality: Selfish or Not?

One may argue that contagious asexuality is not an adaptive strategy per se, because
it may merely be a selfish gene phenomenon, and that the question of the reason
behind an asexual reproduction mode may thus be irrelevant. However, for a selfish
gene, the meiosis suppressor allele may not be very efficient, as on average only
one third of the offspring of contagiously asexual males and cyclically partheno-
genetic females are viable (Innes and Hebert 1988). As a result, there seems to be
an important net cost of male investment (see also Innes et al. 2000), as the fitness
of males will on average be only one sixth of the fitness of obligately partheno-
genetic females (one obligately parthenogenetic female that produces two dormant
eggs has a maximal fitness of two, whereas three contagiously asexual males are
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needed to contribute to the equivalent of one viable egg). The maintenance of conta-
gious asexuality is therefore more likely to be found in the advantages of occasional
recombination (cf. supra) than that it represents a selfish gene phenomenon.

15.6 Conclusions

We provided an overview of possible scenarios for the evolution of asexuality in
Daphnia that mostly involves either a contagious spread of a meiosis suppressor
gene or hybridisation. Intriguingly, this genus shows a wide range of degrees of
asexuality, from entirely sexual D. ephemeralis over normal cyclically partheno-
genetic lineages that end every growing season with a bout of sexual recombination
to effectively asexual populations of facultatively sexual species, contagiously obli-
gate parthenogens that occasionally engage in sexual reproduction through their
males, and strictly asexual lineages. Although asexuality is most abundant in
Daphnia in the D. pulex species complex, the common incidence of this repro-
duction mode within this group and their wide geographic distribution reflects the
success of this reproductive strategy under specific environmental conditions.
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