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Almost all eukaryotic organisms undergo sexual recombination at some stage of their life history. However, strictly asexual
organisms should have higher per capita rate of reproduction compared with those that have sex, so the latter must convey
some advantage which overrides the reproductive benefit of asexuality. For example, sexual reproduction and recombina-
tion may play an important role in allowing organisms to evolutionarily ‘keep up’ with parasites. Host—parasite coevolution
can operate via negative frequency-dependent selection whereby parasite genotypes adapt to infect host genotypes as they
become locally common. By producing more genetically diverse offspring with unique genotypes, sexual organisms have an
advantage over asexual counterparts. Essentially, sexual hosts are more difficult for coevolving parasites to ‘track’ over time.
This scenario has been named the “Red Queen hypothesis™. It refers to a passage in Lewis Carroll’s “Through the Looking
Glass” in which the Red Queen tells Alice: ‘it takes all the running you can do, to keep in the same place’; this statement
resembles the negative frequency-dependent dynamics of host—parasite coevolution.

Almost all eukaryotic organisms undergo sexual recombi-
nation at some stage of their life history. However, strictly
asexual organisms should have higher per capita rate of
reproduction compared with those that have sex, so the latter
must convey some advantage which overrides the reproduc-
tive benefit of asexuality (Maynard Smith 1978, Bell 1982).
For example, sexual reproduction and recombination may
play an important role in allowing organisms to evolution-
arily ‘keep up’ with parasites. Host—parasite coevolution can
operate via negative frequency-dependent selection whereby
parasite genotypes adapt to infect host genotypes as they
become locally common. By producing more genetically
diverse offspring with unique genotypes, sexual organisms
have an advantage over asexual counterparts. Essentially,
sexual hosts are more difficult for coevolving parasites to
‘track’ over time (Levin 1975, Jaenike 1978). This scenario
has been named the “Red Queen hypothesis” (Jacnike 1978,
Hamilton 1980, Bell 1982). It refers to a passage in Lewis
Carroll’s “Through the Looking Glass’ (1871) in which
the Red Queen tells Alice: ‘it takes all the running you can
do, to keep in the same place’; this statement resembles the
negative frequency-dependent dynamics of host—parasite
coevolution.

The Red Queen hypothesis may provide an explana-
tion for why sex is so common and asexual reproduction is
rare: asexual lineages are more vulnerable to extinction from
coevolving parasites (Morran et al. 2011). This hypothesis

is difficult to reconcile with the existence of various ancient
‘asexual scandals’ in nature (Judson and Normark 1996).
Such organisms have reproduced exclusively asexually over a
considerable period of evolutionary time. They are ‘scandal-
ous’ (Judson and Normark 1996) because most eukaryotic
lineages incorporate some form of sexual genetic recombi-
nation at a life-cycle stage, which prevents them from being
overwhelmed by harmful parasites coevolved to bypass host
defences. The persistence of these ‘asexual scandals” indicates
that they must have a means of escaping. For example, if hosts
can physically disperse away from an infectious environment
or have a parasite-free life history phase, these can be effec-
tive long-term strategies which allow for the maintenance of
asexuality despite the presence of parasites.

We will focus on two recent studies featuring host—
parasite systems in which there is empirical evidence of
such escape: rotifers (Wilson and Sherman 2010) and
microscopic algae (Frada et al. 2008). There are certain theo-
retical requirements for the ‘host escape’ scenario to become
an evolutionary stable strategy. The host population needs
a well-defined metapopulation structure, wherein host
migration surpasses parasite migration, and parasite migra-
tion is independent of host migration (Ladle et al. 1993,
Judson 1995). In essence, hosts can disperse or migrate
across space to parasite-free regions or escape across time
(Tooby 1982). With the asymmetry in host and parasite
migration rates, asexual organisms will not succumb to
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parasites and be able to outcompete sexual conspecifics

(Ladle et al. 1993, Judson 1995, 1997).

Empirical evidence of ‘host escape’

Across time and space

Bdelloid rotifers are a class of freshwater invertebrates
with over 350 species. The entire group is known for being
‘ancient asexuals’ (Judson and Normark 1996), and also
for their ability to survive extended periods of desiccation
through anhydrobiosis (Tunnacliffe and Lapinski 2003).
Wilson and Sherman (2010) tested the hypothesis that
the ability of the rotifer Habrotrocha elusa to survive long
periods of desiccation, combined with aerial dispersal,
allows this invertebrate to escape a deadly fungal parasite,
Rotiferophthora angustispora, an organism less tolerant to
desiccation. They exposed rotifer colonies to parasite spores
in culture dishes which then underwent desiccation over
different durations. Colonies exposed to longer period of
desiccation had lower levels of parasitism after rehydra-
tion. In addition, a wind chamber was used to examine the
role of aerial dispersal in allowing desiccated rotifers to
escape this parasite. Rotifer colonies that were established
by founders blown in from desiccated, infected popula-
tions were often parasite-free, whereas those established by
founders transferred without desiccation were wiped out by
parasites (Wilson and Sherman 2010). Thus, these ‘anciently
asexual’ rotifers are able to escape from their parasite across
time (by entering a dormant state) and across space (through
wind dispersal).

Across time

The single-celled, coccolithophore alga Emiliania huxleyi
is arguably the most common and widespread photosyn-
thetic plankton in the ocean (Holligan et al. 1983). These
algae have a life cycle which alternates between diploid and
haploid phases, and they are capable of asexual propagation
during both phases (Houdan et al. 2005). The observed
algal blooms are successively terminated over multi-annual
timescales by outbreaks of a group of viruses, but there is
litele sign of genotype turnover in the algal population as
each successive bloom was dominated by the same genotype
(Martinez et al. 2007). Frada et al. (2008) tested the hypoth-
esis that E. huxleyi enters a haploid phase to escape viruses
responsible for terminating blooms of diploid cells. Thus,
Frada et al. (2008) mimicked a bloom situation by infect-
ing a culture consisting of both cell types. While the diploid
cells crashed due to viral infections, individuals in the hap-
loid phase were able to evade the viruses, and consequently,
increased in frequency (Frada et al. 2008). Compared with
the diploid cells, the modified surface of the haploid cell
provides a barrier against virus attachment. Frada et al.
(2008) refers to this type of defence as a ‘Cheshire Cat’
strategy. In ‘Alice’s Adventures in Wonderland’ (Carroll
1865), the Cheshire Cat makes its body invisible so that
it becomes impossible to execute. Thus E. huxleyi, much
like the Cheshire Cat, escapes its antagonist by being unde-
tectable. Apart from the advantage of avoiding the cost
associated with infection, escaping coevolving parasites
may have additional benefits, such as reduced investment
into immune defence (Rigby et al. 2002, Schmid-Hempel
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and Ebert 2003). Escapees can thus invest more energy to
host reproduction and/or growth. For example, Frada et al.
(2008) suggested that because resources are not invested
into host defence, the Cheshire Cat strategy may lead to
increased productivity and is an advantage in the presence
of competitors.

More ‘escapees’ in nature?

There are also other planktonic algae that undergo ploidy
changes during their life cycle (Lewis 1985, Vaulot et al.
1994) which might lead to similar escape strategies. Although
most of the observed life-history shifts in planktonic algae
have been attributed to abiotic factors (Sgrosso et al. 2001,
Kremp et al. 2009), it has been shown that biotic factors
can also play a role (Rengefors et al. 1998, Fistarol et al.
2004). Thyrhaug et al. (2002) showed that, similar to the
Cheshire Cat strategy, part of the cell cycle of the prasino-
phyte algae Pyramimonas orientalis serves as a refuge from
attacking viruses. Since the life-history shifts were shown to
provide a refuge against parasites in at least two unrelated
algae host species, the Cheshire Cat strategy may be more
widespread. Unlike Red Queen host—parasite coevolution
which operates via negative frequency-dependent selection,
the cycle of susceptibility and resistance associated with
ploidy changes appears to result from the phenotypic
plasticity of the same reoccurring host genotype(s) (Thyrhaug
et al. 2003). Being susceptible only during certain stages of
the life-cycle may help phytoplankton populations recover
from viral outbreaks. Indeed, the same dominant host
genotype of coccolithophore algae continues to reappear
over each cycle (Martinez et al. 2007). However, this type
of long term dominance by a single genotype is not typical
among eukaryotic phytoplankton. For example, Rynearson
and Armbrust (2005) identified almost 500 different
clonal lineages during a bloom of the diatom Ditylum
brightwelli with evidence of past sexual reproduction and/
or recombination events. De Bruin et al. (2004) also found
great genetic variation in the population of the diatom
Asterionella formosa. In that system, the coevolutionary
dynamics of A. formosa with its chytrid fungus parasite
(Zygorhizidium planktonicum) follow that expected under the
Red Queen hypothesis (Ibelings et al. 2004) because there
is genotypic specificity in the host—parasite interactions
(De Bruin et al. 2004). Thus, although the Cheshire
Cat strategy has evolved in E. huxleyi and other algal
lineages, this is not typical among all species of eukaryotic
phytoplankton.

As is the case for bdelloid rotifers (Wilson and Sherman
2010), other desiccation-tolerant organisms might also
be able to escape from coevolving parasites. For example,
water and soil dwelling microscopic tardigrades, and some
nematodes, are capable of surviving complete desiccation
(reviewed by Alpert 2006) and are commonly infected
by virulent fungal parasites (Richards 1970, Barron 1978,
Jansson et al. 1984). However, the potentially adaptive
role of tardigrade or nematode desiccation in the host—
parasite coevolutionary race is unknown. Although such
escapees would experience less parasite-mediated selection,
there may be significant costs associated with desiccation.
For example, desiccation-tolerant organisms often have



certain physiological constraints on their size and growth,
reducing their productivity and competitive ability (Alpert
20006). Unlike rotifers, other animals capable of anhydrobio-
sis might escape their parasites across time, but their ability
to escape over space is limited at best. For example, nema-
todes rarely survive aerial dispersal during anhydrobiosis
(Nkem et al. 2006). In addition, although wind dispersal
has been documented in tardigrades from the Antarctic
region (Nkem et al. 2006), most tardigrade species enter
anhydrobiosis amidst moss cushions which limit their expo-
sure to air currents (Wright 1991). Thus, the combination
of desiccation tolerance and high mobilicy make bdelloid
rotifers unique (Wilson and Sherman 2010).

Propagules or eggs might also act as an avenue for tem-
poral and spatial escape, particularly if they are desiccation-
tolerant. Plant seeds have been specifically suggested to serve
such a role (Richards 1986, Burt and Bell 1991), and Ladle
etal. (1993) proposed that the green algae Protococcus, which
reproduces via vegetative spores, might also be an escapee.
The dormant eggs of some crustaceans can also tolerate
long periods of desiccation (Clegg 2005). Indeed, Ladle
et al. (1993) suggested asexual brine shrimps with their
desiccation-resistant eggs may be escapees from parasites
that cannot otherwise survive desiccation. Moreover, there
is field evidence that exposure to some parasites triggers
dormant egg production in crustacean waterfleas (Daphnia)
(Mitchell et al. 2004), and periods of diapause by resting
eggs lead to a decline in microsporidian parasite prevalence
(Lass and Ebert 2006). While propagules can play a role
in temporal escape, their potential for spatial escape obvi-
ously varies depending on the dispersal capability of the
organism. Wind dispersal seems to play a role in the aerial
transportation of brine shrimp eggs (Brendonck and Riddoch
1999), though the distances achieved by the eggs through
wind dispersal are not as pronounced as that reached by roti-
fer ‘tuns’ which can cover over 80 km (Jenkins and Under-

wood 1998).

Parasite response to host escape

Do the parasites of escapees have any adaptations for keep-
ing up with the host? Coevolution may still occur, but at a
different pace to Red Queen coevolution. The disappear-
ance of the host population and the lack of investment into
parasite resistance mechanisms may lead to differential
selection pressure on certain parasite traits, such as viru-
lence (Sasaki and Godfray 1999). Coevolutionary cycles
may progress from high parasite virulence and host invest-
ment into resistance mechanisms to reduced virulence once
hosts forego costly resistance (e.g. due to escape) (Sasaki and
Godfray 1999). This relationship between virulence and
host defence, however, may only be maintained as long as
the parasites have high dispersal rates and occur in multiple
genotype infections (Gandon 1998).

Survival of parasite propagules in the external environ-
ment would be an important trait to maintain when hosts
are unavailable. A strong positive correlation has been
demonstrated between parasite virulence and the durabil-
ity of parasite propagules in the environment (Walther
and Ewald 2004), although there are contrasting exam-
ples (Bonhoeffer et al. 1996). Also known as the ‘curse of

the pharaoh’ (Bonhoeffer et al. 1996, Gandon 1998), the
relationship between parasite virulence and longevity is
named after the incident during which Lord Carnarvon
mysteriously died after entering the tomb of Tutankhamen.
His death may have been caused by a highly virulent, long-
lived pathogen.

Conclusions

Life-history stages which could facilitate a hosts escape
from coevolving parasites are common in a wide range of
taxonomic groups. The mechanisms for escape might have
either evolved as a direct response to parasitism or as by-
products of other adaptations. While the rotifer’s escape
mechanism involves desiccation and the temporal and spa-
tial avoidance of parasites, organisms exhibiting the Cheshire
Cat strategy remain in sympatry with their parasites. More
examples may exist among organisms with similar life-
history traits to rotifers and E. huxleyi phytoplankton. These
traits include obligate asexuality, dominance by a single
or a few genotypes within a given population, life stages
protected from infection, and extended dispersal capabili-
ties. While not one escapee taxon would exhibit all those
suggested traits, escapees seem to all have a low or no reliance
on sexual recombination.

The escapees complement the mounting evidence in
favour of the Red Queen hypothesis (Lively et al. 1990,
Fischer and Schmid-Hempel 2005, Jokela et al. 2009,
King et al. 2009, Morran et al. 2011) as they indicate that
asexual reproduction is beneficial and can persist only when
coevolving parasites are not a threat. The next step may
be to investigate whether sexual recombination occurs less
often in potential escapee taxa compared with related taxa
which do not exhibit ecological escape and examine how
this is affected by coevolving parasites. Studying the link
between asexuality and ecological escape from parasites is
particularly applicable to cyclical parthenogens. Moreover,
future field studies may involve testing whether the lack
of recombination in hosts has reciprocally caused the par-
asites to abandon sex. Finally, since periods of escape can
interrupt or halt the coevolutionary arms race, it may prove
insightful to follow changes in genotype frequencies within
the populations of both hosts and parasites and compare
them to the pattern of coevolution with systems without
periodic episodes of escape.

Finally, an experimental approach should also be used
to investigate escape strategies. It will be worth testing
the Cheshire cat strategy further and look at how host
phenotypic plasticity in susceptibility to coevolved para-
sites can affect antagonistic coevolutionary dynamics. For
example, this can be achieved with a long term mesocosm
algal cultures such as those conducted by Thyraug et al.
(2003), but combined with elements of time-shift experi-
ments. One could do this by introducing batches of viruses
obtained from different period of viral lysis to the duplicate
cultures of the same algal genotype, and quantifying host
susceptibility and time to recovery. Another experiment is to
compare the infection success of fungal parasites on rotifers
which have undergone a series of desiccation and rehydra-
tion with those that have undergone fewer. In summary,
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we can gain further insight into what factors drive antago-
nistic coevolution by investigating the temporal pattern of
host—parasite population genetics, as well as by perform-
ing laboratory-based, multi-generational, and/or time-shift
infection experiments with coevolving parasites and hosts
that occasionally escape.
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