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Host–parasite coevolution: Insights from the
Daphnia–parasite model system
Dieter Ebert
Daphnia and its parasites have become recognized as a model
system for studying the epidemiological, evolutionary and
genetic interactions between hosts and parasites. The key
advantages of the Daphnia–parasite system are the
propagation of the host as iso-female lines, that is clonal, but at
the same time the possibility to cross lines. Furthermore,
Daphnia have diverse parasites, including bacteria, fungi,
microsporidia and helminths, which can be kept in culture with
the hosts. For two parasites of Daphnia magna, coevolution has
been demonstrated phenotypically. Coevolution in D. magna
and the bacterium Pasteuria ramosa is consistent with model
predictions of coevolution by negative frequency dependent
selection, the Red Queen hypothesis. The genetic mechanisms
have not yet been elucidated.
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Introduction
In 1908 Elya Mechnikoff received a Nobel prize for his
discovery of phagocytes, a milestone in immunology. The
experiment that led to this discovery was the insertion of a
thorn into the transparent larva of a starfish, which, upon
its withdrawal, was covered with phagocytes. To test if
the binding of phagocytes to a foreign object is also
effective against infectious disease agents, Mechnikoff
studied the crustacean, Daphnia magna, infected with a
pathogenic yeast [1]. While penetrating the gut wall of the
Daphnia, the large needle-like spores of this yeast sometimes became stuck and were rapidly covered by phagocytes. Although instrumental for Metchnikoff’s research,
and for biomedical research in general, Daphnia was not
used to study host–pathogen interactions in any further
detail for about a century. On the other hand, members of
the genus Daphnia became the best-understood organisms in the field of ecology. Furthermore, Daphnia, in
particular D. magna and D. pulex have also been widely
Current Opinion in Microbiology 2008, 11:290–301

used in the laboratory to address questions about phenotypic plasticity, toxicology, genetic recombination and
behavior. In the past 15 years, a new interest in the
numerous natural parasites and pathogens of Daphnia
has developed, with an emphasis on issues of antagonistic
coevolution. Here I will introduce the Daphnia–parasite
model system and outline recent advances in antagonistic
coevolution using this system.

The Daphnia–parasite system
Daphnia are small (1–5 mm), largely transparent crustaceans. Box 1 gives a summary of the life history of
Daphnia. The best-studied species in this large genus are
D. magna and D. pulex. Members of the genus Daphnia are
found in most still freshwater bodies around the world.
They are planktonic filter feeders, eating mainly planktonic algae and are themselves the food for planktivores,
such as fish and some invertebrates. In the laboratory they
can be kept in a freshwater medium on a diet of unicellular green algae. Most members of the genus Daphnia
are cyclic parthenogens, that is they can reproduce by
sexual reproduction as well as asexually. Under most
conditions, a female Daphnia will produce daughters that
are exact copies of herself (apomictic parthenogenesis).
Induced by changes in the external environment, the
same female can produce asexual sons or haploid eggs
that need fertilization by males. These eggs are also
resting stages (=ephippia) and can outlive harsh conditions for many decades. Certain Daphnia are able to
produce these resting eggs without meiosis and thus do
not need males (obligate parthenogenesis). Conditions for
sexual reproduction can be stimulated in the laboratory.
The main stimulating factors are crowding and short
photoperiod.
Relatively little is know about the genetics of Daphnia.
Most previous work has relied on quantitative genetic
comparisons (within vs. between clone studies), with
little molecular work done. This is about to change.
The genome of D. pulex has recently been completed
and genetic tools for D. pulex and D. magna are rapidly
being produced (see http://wfleabase.org/).

The parasites of Daphnia
Daphnia are host to numerous parasites [2,3] belonging to
diverse taxonomic groups (Table 1). The most commonly
encountered parasite taxa are bacteria and microsporidia
(Figure 1). While a number of microsporidia have been
described [3], only few of the bacteria have received
proper taxonomic treatment, the exceptions being Pasteuria ramosa [3] and Spirobacillus cienkowskii [4]. Other
www.sciencedirect.com

Author's personal copy

Antagonistic coevolution in Daphnia Ebert 291

Box 1 Daphnia life-history
Reproduction: At 208C Daphnia produce their first eggs after 7–15
days (depending on food quality and quantity). Well-fed females
produce up to 20 eggs in their first clutch. Thereafter, they produce
eggs every 3–4 days. A female D. magna may live for 2–3 months
and produces 20 or more clutches by means of parthenogenesis.
The first clutch is usually smaller than the following clutches. Under
good feeding conditions clutch size in the laboratory can be up to 50
eggs. Only very low food levels may result in skipped clutches.
Parasites tend to reduce clutch size and life span of their hosts.
Development and growth: The asexual eggs of Daphnia develop in
a brood pouch of the mother (see Figure 1), but normal development
is possible in vitro as well. Daphnia have direct development
(without metamorphosis) and indeterminate growth, that is they grow
until the end of their life, although growth slows down with age.
Growth is stepwise, with an increase in size after each moult.
Maturation occurs after 4–6 juvenile moults. Moulting of adult
females happens after the young leave the brood pouch and
before the next eggs are deposited into the pouch. Newborn D.
magna are 0.6–0.9 mm long. D. magna, the largest species
can reach a size of 5 mm, the smaller D. pulex rarely exceeds
3 mm. Growth rate is proportional to food quantity and quality.
Daphnia can grow between 2 and 308C, with the optimum being
around 20–258C.
Maintaining lines: Owing to parthenogenetic reproduction, it is
possible to keep female Daphnia isolated in 20–200 ml of culture
medium and to record phenotypic traits like fecundity, growth and
survival of infected and healthy individuals. Clonal reproduction
allows for the separation of genetic and nongenetic effects (as in twin
studies). Daphnia lines can be indefinitely maintained through
asexual reproduction and thus be kept in clonal state, with minimal
genetic changes for years. Likewise, some of the Daphnia parasites
can be kept for long time periods without genetic change.

parasites belong to the fungi, nematodes, cestodes or have
unknown taxonomic affiliation (Table 1). Daphnia parasites usually produce persistent (chronic) infections.
Unless the host clears the infection within the first 1 or
2 days after exposure, it will not recover from the infection.
Although neglected during decades of Daphnia ecological
research, parasites can have a profound impact on local
populations, often reaching average prevalences beyond
50%, with peaks of 100% [5,6,7], and suggesting that at
least in certain populations, the host’s evolution may be
strongly influenced by the need to defend against these
antagonists. Early field studies reported negative effects
of parasites on the presence of eggs in the brood pouch of
infected females in comparison to uninfected females
[2,5]. Experiments under controlled conditions confirmed
these effects and further pointed to the shortened lifespan of infected hosts [8–10]. The degree to which
parasites harm their Daphnia hosts varies greatly among
species. While some microsporidian parasites of the gut
epithelium reduce host lifespan and fecundity only marginally, other parasites cause severe harm [8,9]. A special
case is the bacterium P. ramosa, which sterilizes hosts
shortly after infection, but induces host death only much
later [11]. Prolonging the lifespan of the host allows the
parasite to monopolize more host resources and to complete its development. Hosts infected by P. ramosa also
grow large in size, a phenomena referred to as parasiteinduced gigantism.

Table 1
Frequently found parasites of Daphnia (updated from Ebert [3])
Parasite (taxon)
Pasteuria ramosa (bacteria)
White Fat Cell Disease (bacteria)
Spirobacillus cienkowskii (bacteria)
Aphanomyces daphniae (fungi)
Metschnikowia bicuspidata (fungi)
Flabelliforma magnivora (microsporidia)
Octosporea bayeri (microsporidia)
Gurleya vavrai (microsporidia)
Glugoides intestinalis (formerly
Pleistophora i.) (microsporidia)
Ordospora colligata (microsporidia)
Larssonia obtusa (= L. daphniae)
(microsporidia)
Pansporella perplexa (amoeba)
Caullerya mesnili (unknown)
Echinuria uncinata (nematoda)
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Recorded hosts

Infected tissue or
site of infection

Transmission

D. magna, D. pulex, D. longispina,
other Cladocera
D. magna, D. pulex, D. longispina
Many Daphnia species
D. hyalina, D. pulex
D. magna, D. pulex, D. longispina
D. magna
D. magna

Blood, extracellular

Horizontal, from dead host

Fat body, intracellular
Blood, extracellular
Body cavity, extracellular
Body cavity, extracellular
Fat body, ovaries, intracellular
Fat body, ovaries, intracellular

D. pulex, D. longispina
D. magna, D. pulex

Carapace, intracellular
Gut wall, intracellular

Horizontal, from dead host
Horizontal, from dead host
Horizontal, from dead host
Horizontal, from dead host
Vertical
Vertical and horizontal,
from dead host
?
Horizontal, from living host

D. magna
D. magna, D. pulex, D. longispina

Gut wall, intracellular
Fat body, intracellular

Horizontal, from living host
?

D. magna, D. pulex, D. obtusa,
D. longispina, D. hyalina,
D. pulex, D. longispina, D. magna,
D. galeata, D. obtusa, Daphnia hybrids
D. pulex, D. magna, D. obtusa
and other Cladocera

Gut wall, extracellular

Horizontal, from living host

Gut wall, intracellular

Horizontal, from living host

Body cavity, extracellular

Horizontal to second host
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Figure 1

Three common diseases of Daphnia. The left pictures show infected females, while the right pictures show the parasites, respectively.
(a) D. magna infected with the microsporidium Octosporea bayeri. The white, cloudy mass in the central body region are fat cells and ovaries loaded
with parasite spores. The female carries four asexual eggs in her brood pouch. (b) Phase contrast image of spores of O. bayeri. (c) D. magna
females uninfected (left) and Pasteuria ramosa infected (right). The bacterial parasite makes the host growing bigger and suppresses reproduction.
The left host carries a clutch of eggs in her brood pouch. (d) Various stages of P. ramosa in the hemolymph of D. magna. The spherical stages with the
light vacuole-like structure are the long-lasting endospores, the larger dark stage near the center of the picture is an early stage of the bacterium.
(e) D. magna females uninfected (right) and Spirobacillus cienkowskii infected (left) females of D. magna. This bacterium makes the hemolymph
pink to red in color. The infected female carries no eggs. (f) Scanning electron microscopic image on S. cienkowskii in D. dentifera with a broken
carapace. Photos and copyright of images: (a) Dita Vizoso, Basel University, (b–e) Dieter Ebert, Basel University, (f) Meghan Duffy, Georgia Tech.
Scale bars: (a, c, e) 1 mm; (b, d) 10 mm; (f) 5 mm.

Genetic variation for host resistance and
parasite virulence
A number of factors may influence how hosts and
parasite respond to each other. With regard to host–
parasite coevolution the most central aspect to be
addressed is genetic variation for disease related traits
Current Opinion in Microbiology 2008, 11:290–301

[12,13,14]. In the Daphnia system the factor with the
strongest effect is indeed the genetic compatibility
between host and parasite genotypes. Host clones
within and between populations vary strongly in their
resistance to parasites [15–18]. Figure 2 illustrates this
with examples of clones from four host populations
www.sciencedirect.com
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Table 2
Percentage of infected D. magna females from 14 clones after exposure to spores of five isolates from the bacterial pathogen Pasteuria
ramosa
D. magna population

D. magna clone

Hungary
Hungary
Hungary
Belgium
Belgium
Belgium
Belgium
S-Germany
S-Germany
S-Germany
Finland
Finland
Finland
N-Germany

HO1
HO2
HO3
T10
M5
B2
M1
Mu10
Mu11
Mu12
Al1-4-4
SP1-2-3
X-clone
DG-1
Column average

Pasteuria ramosa isolate
N-Germany
12.5
100
0
0
0
12.5
100
12.5
25
0
0
100
100
87.5
39.3

UK
0
100
12.5
12.5
25
25
87.5
62.5
0
50
87.5
100
100
100
54.5

Row average

Finland

Belgium

Russia

0
87.5
12.5
0
12.5
12.5
100
0
0
0
100
0
0
0
23.2

0
75
12.5
12.5
0
25
62.5
12.5
0
0
87.5
57
37.5
0
28.2

50
62.5
87.5
0
50
0
12.5
12.5
50
25
37.5
28.6
12.5
12.5
32.4

12.5
87.5
25
5
17.5
15
72.5
20
15
15
65
57
50
40

An isolate of P. ramosa is not a single genotype, but may include several clones. Each cell was replicated eight times. Methods are as in Carius et al.
[16] (data from D Ebert, unpublished).

exposed to four parasite species. Resistance is not only
quantitative; some clones appear totally resistant to a
given parasite. There seems to be no case of universal
resistance against several parasites (Figure 2) [18],
although, some populations may be generally less
susceptible than others (Figure 2) [19]. The same is
valid for the parasite. Nearly every study that tested for
variation among genotypes or populations of the same
parasite species found strong differences in parasite
fitness components, such as virulence, infectivity and
growth rate [15,16,20].
Given strong variation in hosts and parasites for diseaseassociated traits, it is not surprising that there are also
strong host genotype–parasite genotype interactions. The
hallmark of these interactions is that it is not possible to
predict if infection will result after exposure to a parasite
unless both the host and the parasite genotype are considered [15,16,20], that is the degree of infection is a unique
outcome of the particular combination of host and parasite
genotype. Table 2 shows an example of such interactions as
it typically occurs for infectivity of P. ramosa in D. magna.
The same picture, but with all host and parasite genotypes
from the same population, was reported by Carius et al. [16].
Typically, there are no Pasteuria isolates that are able to
infect all host genotypes, and no host genotypes that are
able to resist all parasite isolates [16]. This has important
implications for host–parasite coevolution.

Non-genetic factors determining parasite
success
Besides genetic effects, a number of non-genetic factors
influencing the success of parasites have been investigated, mainly in the D. magna–P. ramosa system. These
effects are important to consider when studying coevoluwww.sciencedirect.com

tion, as they may slow down coevolutionary dynamics, or,
in the case of complex genotype–genotype–environment
interactions, prevent such dynamics altogether. The bestinvestigated factors are the dose dependence of infections, the abiotic environment (in particular temperature),
and maternal effects.
Dose effects are common to many host–parasite systems,
with higher dosages of transmission stages generally
resulting in higher infection success. Dose effects can
be explained with the mass action model [21]. This works
on the assumption that during the encounter of a parasite
spore with a host, there is a fixed probability that infection
will result. With larger numbers of spores the combined
probability will result in higher infection rates. More
complex dose response curves can result if parasite spores
interact with each other or if there is some variability
among hosts. In the D. magna–P. ramosa system, most
variance is explained within host clones by the mass
action model [21], although some variance can be attributed to non-genetic host heterogeneity [22]. However,
genetic effects on resistance are much larger than nongenetic effects [22–24].
Relatively little is known about the effects of the abiotic
environment on infections. It has been suggested that
temperature plays a role in plankton epidemics [3,25]. P.
ramosa infections were found to be highly temperature
dependent [17,26], with higher virulence and infectivity
at higher temperatures. Mitchell et al. [17] reported on
host genotype–temperature–parasite interactions, including changes in rank order of host clone fitness across
temperatures. They point out that such interactions could
weaken selection by parasites on the host. To what
degree these interactions could indeed reduce the role
Current Opinion in Microbiology 2008, 11:290–301

Author's personal copy

294 Techniques

Figure 2

Variability in the infectivity and growth of four endoparasites in 33 clones of D. magna from four populations. Hosts were each exposed to one
bacterium (Pasteuria ramosa) and three microsporidian parasites (Octosporea bayeri, Ordospora colligata, Glugoides intestinalis). For
Octosporea bayeri, two different isolates were used. Six replicates were used per host-clone parasite isolate combination. The arrows indicate
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of parasite mediated selection in natural populations
needs be further investigated.
Interestingly, the environment in which the mother of
challenged offspring is raised has a significant effect on
susceptibility to P. ramosa. A recent study finds that the
offspring of mothers raised under poor environmental
conditions are considerably more resistant than offspring
of mothers raised under good environmental conditions
[27]. There was variation between two clones for this
finding, stressing the relevance of genetic effects here as
well. The authors suggest that this maternal effect may
influence disease epidemiology and the evolution of the
system. Another study on maternal effects found that
offspring experiencing the same P. ramosa challenge as
their mother do better than offspring experiencing a
challenge with a different genotype [28]. The difference
between the two treatments was not very strong, however. This finding has been termed maternal transfer of
strain-specific immunity, but it remains to be shown if it
also influences parasite performance. Maternal effects can
slow down selection, as they are a form of phenotypic
plastic response to the parasite.
Taking the results of these studies on dosage, temperature and maternal effects together, it becomes apparent
that under realistic conditions none of them produces as
strong an effect as those observed by genetic compatibility (Table 2, Figure 2) [16,22]. Only the application of
extreme treatments with these non-genetic factors may
produce similarly strong results. Furthermore, of all factors tested so far, only genetic effects have been shown to
explain variation in resistance under natural conditions
[24]. This suggests that selection by microparasites has
the strong potential to cause rapid evolutionary changes
in Daphnia populations.

Antagonistic coevolution
Coevolution describes the reciprocal evolutionary interactions between populations belonging to two antagonistic
species, such as host and parasite, or predator and prey. It is
a change in the genetic make-up of a population in response
to a genetic change in the antagonistic population. The
adaptive values of these changes depend critically on the
genetic composition of the antagonist population and are
therefore often very specific. Antagonistic interactions have
the potential to produce ongoing coevolutionary dynamics:
an evolutionary advantage gained by one antagonist is often
associated with a disadvantage for the other antagonist, and
may therefore prompt a counter adaptation. Here I concentrate entirely on such antagonistic interactions between
hosts and parasites.

In the past two decades, specific antagonistic coevolution
between hosts and parasites has been a leading theme in
evolutionary biology, parasitology, ecology, epidemiology,
and lately also in applied fields, such as human and veterinary medicine, agriculture and biocontrol [29–31]. It has
been suggested that antagonistic coevolution underlies a
large number of well known phenomena, some of which are
still poorly understood, such as genetic recombination (and
sexual reproduction), hypervariability loci, the extraordinary genetic diversity of genes related to immune function,
resistance and virulence (e.g. MHC in vertebrates, R-genes
in plants, avr genes in bacteria), spatial divergence and local
adaptation in host–parasite systems, and high rates of
amino-acid replacements in resistance and virulence genes
[32–37,38,39]. Some of these phenomena require coevolution to be very rapid and specific. To understand if
antagonistic coevolution does indeed play a leading role
in some of these above-mentioned phenomena (and if so in
which) we need to thoroughly understand the processes
and mechanisms at work.
Antagonistic host–parasite coevolution may progress in
different forms. The two most often discussed forms are
negative frequency dependent selection and selective
sweeps [31,40–42]. It is important to distinguish between
these models of coevolution because they strongly differ
in their mechanism, their underlying genetic architecture,
their consequences and the time scales on which one may
observe changes (Table 3). The Daphnia–parasite system
offers the possibility to distinguish between these
models.
Models of coevolution by negative frequency dependent
selection (=NFDS) are based on the idea that parasite
variants that infect the numerically dominant host genotypes are favored, and, similarly, that host genotypes that
resist the numerically dominant parasite genotypes are
favored [32,40,43]. This pattern results in selection
against common host and parasite genotypes in a time
lagged negative frequency dependent fashion, often
called Red Queen dynamics [44]. A consequence of this
form of fluctuating selection is that allele frequencies
cycle, and that genetic variants would be maintained in
the population for long periods (balanced selection). Red
Queen coevolution is not strictly based on negative
frequency dependent selection because of time lags in
the response to selection [45]. The frequency of a
genotype is not directly proportional to its fitness as is
the case for example in Fisherian sex-ratio evolution.
Rather, a frequent host genotype has a higher chance
to become the target of a specialized parasite in the near
future (and is selected against), than a rare genotype.

(Figure 2 Legend Continued ) cases where none of the six replicates became infected and may represent total resistance for the given
parasite. Infection to P. ramosa was scored as a binary response variable (infected yes/no), spores of O. bayeri were counted using phase
contrast microscopy and infection success of O. colligata and G. intestinalis was quantified with real time PCR. Populations 1, 2 and 4 are from
ponds in Germany; population 3 represents clones from a metapopulation in South-Western Finland. Data are redrawn from Mucklow et al. [19].
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Table 3
Comparison of the selective sweep and the negative frequency dependent selection models of antagonisitic coevolution
Characteristic

Selective sweep model

Negative frequency dependent
selection model (=Red Queen model)

Long-term maintenance of genetic
polymorphism for disease related traits
Tempo of evolution (relative to the other model)
Form of selection
Genetic system

No

Yes

Slow
Directional
Beneficial mutation at any locus may spread

Prediction for time shift experiments

During a parasite sweep, parasites from the
past are less able to infect current hosts and
parasites from the future will be more infective
No

Rapid
Fluctuating
Host–parasite interactions,
characterized by few loci
Parasites from the near future
will be most infective

Benefit to rare host genotype

Yes

The negative frequency dependent selection model is often referred to as fluctuating selection model or Red Queen model.

Therefore, during Red Queen dynamics, NFDS does not
generally predict a correlation between fitness and frequency of genotypes. It does predict however, that a
currently common genotype will loose its previously high
fitness in the near future.
One of the most fascinating aspects of coevolution by
NFDS is the remarkable speed with which genotypic
changes can occur. Considerable increase and decline of
allele frequencies can be observed over time periods of a
few generations [12,32,40]. This is because allele frequency changes are very slow at the extreme ends of the
frequency spectrums (smaller 0.01 and higher 0.99), but
are rapid at intermediate frequencies (e.g. between 0.1
and 0.9). NFDS has the potential to keep alleles away
from the extremes.
A second model for antagonistic coevolution is based on
selective sweeps. It describes the repeated incidence,
spread, and fixation of beneficial mutants in a population
[41]. Mutants are driven to fixation by directional selection.
Genetic polymorphism is transient unless the rate of new
beneficial mutants is high and selection is weak. The
remarkable speed of genotypic change during coevolution
by NFDS is in strong contrast to coevolution by selective
sweeps, which is slow for two reasons. First, mutations are
rare events. Thus large populations or rapidly mutating
species (like certain viruses) are necessary to produce
enough beneficial mutations per unit time. Second, a
mutant starts with a very low frequency (1/N, where N is
the number of wild-type alleles in the population). Unless
the selection coefficient of the mutant is large, it takes
hundreds of generations until the mutant becomes recognizable (e.g. 1%) on the population level [46].

Tempo and mode during experimental
coevolution
Antagonistic coevolution by selective sweeps is certainly
the dominant form of coevolution used to explain macroevolutionary patterns [47,48]. It may, however, also act on
Current Opinion in Microbiology 2008, 11:290–301

time periods of weeks or months, as was demonstrated in
time-shift experiments of experimental coevolution
where the evolving populations of both antagonists were
started from single clones under controlled laboratory
conditions [49–53]. Phenotypic changes in traits like
virulence, infectivity and resistance were demonstrated
using preserved host and parasite genotypes from different time points during experimental coevolution (e.g.
using frozen samples). These time-shift experiments
allowed one to test whether hosts or parasites were
temporally adapted to their antagonists and to see the
trajectories of evolutionary dynamics. Phenotypic change
was observable in time periods of days and weeks, and the
strength of the phenotypic effects indicated that mutants
arose that had very strong beneficial effects.
All the examples mentioned above are from viruses
evolving in unicellular host cultures. The question
emerges whether these studies can be a model for rapid
specific antagonistic coevolution in systems other than
bacteriophages or virus-cell culture coevolution. In most
multicellular-organism populations (like plants and
animals), which are small compared with virus and bacteria population sizes, the absolute number of mutations
at loci relevant for host parasite interactions is expected
to be small. Thus, evolution by recurrent mutations
sweeping to fixation occurs over a long evolutionary time
scale [54], making it unlikely that selective sweeps are a
mode of rapid coevolution for systems other than viruses
and unicellular hosts [31,53]. This does not exclude
sweeps from occurring in hosts with a small effective
population size [55], but they will not occur frequently.
In recombining species, sweeps and NFDS may happen
at the same time. Evidence from patterns of polymorphisms in disease-related loci in plants clearly indicate that
some genes are under balancing selection, while others
are under directional selection [34]. However, only
NFDS can produce visible phenotypic effects in plant
and animal populations on time scales of a few generations [12,45], making it, not surprisingly, the most often
www.sciencedirect.com
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discussed and modeled form of host–parasite coevolution
[56–59].

Antagonisitc coevolution in the Daphnia
system
Two parasites of D. magna have been studied in sufficient
detail to allow conclusions with regard to antagonistic
coevolution. These are the microsporidium Octosporea
bayeri and the bacterium P. ramosa. Table 4 summaries
the key features of these two systems. In the following
sections I summarize what we know so far about coevolution in these two systems. Particular emphasis will be
given on features that allow us to distinguish antagonistic
coevolution by selective sweeps and by negative frequency dependent selection (Table 3).

O. bayeri–D. magna
O. bayeri is by far the most common parasite in the
Daphnia rock pool metapopulation study system in Southwestern Finland. In this metapopulation three Daphnia
species coexist, but only D. magna is a host for O. bayeri. In
many D. magna populations, O. bayeri is the only parasite.
O. bayeri exhibits both vertical and horizontal transmission
and reduces host fecundity and survival. In spring, when
the host population hatches from the resting eggs,

O. bayeri usually has a low to intermediate prevalence
but often reaches 100% prevalence by midsummer [7]. A
number of evolution and epidemiology studies conducted
in the field and in the lab indicate ongoing antagonistic
coevolution. Experimental host populations evolved to
suffer less from the costs of parasitism by O. bayeri during
a two-year field experiment, than did unparasitized control populations [60]. This result cannot be explained by
mutations and selective sweeps, as evolution was too fast
and too consistent across replicated populations. Rather,
it is likely that selection acted on genetic polymorphisms
for disease-related traits. The observed adaptation was
specific to O. bayeri; the interaction with a different
parasite, not present during the experimental evolution,
did not differ among the treatment groups.
Standing genetic polymorphism for disease-related traits
was also evident in direct tests. Although we never found
a totally resistant host genotype within this D. magna
metapopulation, parasite within-host growth and virulence varies strongly from isolate to isolate and from host
clone to host clone (Figure 2, note the log10-scale for spore
counts in Figure 2). For the parasite, standing genetic
variation has important consequences. Experiments in
outdoor mesocosm populations revealed that O. bayeri

Table 4
Summary of results of the two parasite systems in D. magna that are proposed for the study of coevolution
Trait
Taxonomy
Pathology
Transmission
Occurrence
Abundance

Effect on host

Effect on population
Selection by parasite on hosts

Octosporea bayeri

Pasteuria ramosa

Microsporidia
Infects primarily fat cells and ovaries,
intracellular [3]
Vertical (transovarial) and horizontal
(after death of host) [3]
Described originally from Czech Republic,
but today only found in Sweden and Finland [3]
Most common microparasite in rock
pools in Southern-Finland. Locally often
the only parasite in a population.
Prevalences up to 100% in summer [3]
Reduces fecundity by about 20%
and shortens lifespan [3]

Gram-positive bacterium, Firmicutes
Reproduces in body cavity, extracellular [66]

Reduces host density at carrying
capacity (Lass and Ebert, in preparation)
Hosts evolve resistance/tolerance
during experimental evolution [60]

Host resistance is specific to this parasite
Selection by hosts on parasite

Yes [19]
Evidence for local parasite adaptation [62]

Host–parasite genetic interactions

Yes (evidence from reciprocal transplant
experiment) [62]
Outbreeding reduces parasite vertical
transmission through resting eggs
(relative to inbreeding) [63]
Not well understood

Effect of host recombination

Evolution of virulence

Horizontal (after death of host) [66]
All over Europe, North America [3]
Widespread, locally common (prevalence
up to 100% of adult hosts) [3]

Very strong fecundity reduction. Gigantism.
Shortens lifespan, but hosts can survive
several weeks after castration. [11]
Reduces host density and drives small
experimental populations to extinction [8]
Hosts evolve resistance during
experimental evolution (D. Brites and
D Ebert, in preparation)
Yes [18]
Different host clones select different
strains. Local parasite adaptation
(F Ben-Ami et al., unpublished data) [23]
Yes [16]
Outcrossed offspring are on average
more resistant than parent clones [67]
An intermediate time to kill results in
highest parasite spore production [68]

The two species are depicted in Figure 1.
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spreads more slowly in genetically diverse host populations than in genetically homogeneous (mono-clonal)
host populations [69]. This so-called ‘monoculture effect’
had previously been observed in agriculture and in social
insect colonies [35,61].
Genetic variation has also been found across populations
and shows a strong pattern of local parasite adaptation
[3,62]. Parasite isolates appear to be locally adapted,
indicating that they specialize on the local host clone
community. As a consequence, local hosts suffer more
from their parasite than host clones immigrating into the
population [62]. The immigrants’ advantage relative to
resident genotypes is connected with being rare, supporting an important assumption of NFDS. However, as this
advantage arises from migration between populations
rather than from processes within populations, it can only
be used to support the mechanisms of NFDS, not as
direct evidence for the presence of antagonistic coevolution within populations.
Breeding studies provide further support the mechanisms
of NFDS. Infected females usually pass O. bayeri to their
offspring with high fidelity. 100% of asexual eggs receive
the parasites, whereas this percentage is lower for passage
into sexually produced eggs. In a comparison of sexually
produced offspring resulting from either selfing (D. magna
females can mate with their asexually produced sons) or
from outcrossing (with females and males from different
rock pool populations) infected mothers, we found that
the proportion of uninfected offspring was much higher in
the outbreed group than in the selfed group [63]. A
mathematical model showed that this reduction in vertical transmission can give the outbreed offspring a strong
advantage over selfed offspring [63]. As outbreeding
results in the production of many unique genotypes,
the outbreeding advantage can also be interpreted as
evidence for the benefit of being rare.

[8]. The most striking feature of the Pasteuria–Daphnia
system is the already mentioned strong genetic interactions for infectivity [16] (Figure 2), which indicate the
potential of this system for antagonistic coevolution.
Another feature of the Daphnia–Pasteuria system also
proves helpful in studying coevolution. Both antagonists
are able to produce resting stages, which can remain viable
for a long time in the environment. Laminated pond
sediments can be used to reconstruct the evolution of
populations over the previous decades. This method has
revealed evolutionary changes in natural Daphnia populations in response to different environmental variables
[64]. The resting eggs of Daphnia, the ephippia, can survive
decades in pond and lake sediments, and hatchlings
emerge after proper stimulus. Pasteuria can be resurrected
from pond sediments by exposing Daphnia to suspensions
of sediments containing the endospores [65]. Using two
sediment cores from a pond in Belgium, it was possible to
obtain material spanning a continuous time period of about
30 years [65]. A time shift experiment, in which hosts from
each sediment layer were exposed to parasite isolates from
the same, the previous and the following layers, revealed a
very dynamic pattern, with rapid changes in the host and
pathogen population (Figure 3). Furthermore, there was a
pattern of temporal adaptation, that is parasites were
on average most infective on their contemporary hosts.
Figure 3

In summary, the work on the D. magna–O. bayeri system
revealed various aspects that are consistent with coevolution by NFDS. These include standing genetic variation
for disease-related traits, rapid evolution, and evidence
for a fitness advantage of rare genotypes, produced either
by immigration of by genetic recombination. What is
missing is direct evidence for coevolution within populations, evidence for fluctuating evolution and details
about the genetic mechanisms of resistance.

P. ramosa–D. magna
Pasteuria is a common parasite in central European D.
magna populations. It is often the most prominent parasite
in a population and has a very high virulence (Table 4).
Infected hosts are completely sterilized but may live for
several weeks with the infections. Because of its strong
effect on host fecundity and low effect on host mortality,
it has a very strong negative impact on the host population
Current Opinion in Microbiology 2008, 11:290–301

Average proportion infected D. magna from two sediment cores
when exposed to P. ramosa spores from ‘past’, ‘contemporary’
and ‘future’ time slices (based on sediment layers). The time
difference between past, contemporary and future is about 2–3 years
each. Each thin line is the combination of one set of host clones tested
with three sets (past, contemporary, future) of Pasteuria isolates. The red
thick line is the average across all data. Data from Decaestecker et al.
[65].
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Parasites from the past and the future were on average less
infective (Figure 3). This provided the first direct evidence
that hosts and parasites are engaged in continuous coevolution, with fluctuating selection. The results are consistent
with a mathematical model of specific antagonistic coevolution driven by NFDS [65].
The sediment core study stresses several important issues
that distinguish coevolution by selective sweeps from
coevolution by negative frequency dependent selection
(Table 3). It shows that coevolution is rapid and fluctuating. It further shows that coevolution is based on standing
genetic variation. Finally, the time shift experiment is consistent with expectation of NFDS. A sweep model would
produce time shift patterns in which parasites from the past
would generally be less infective and parasites from the
future would always be infective. Such a picture is clearly
not seen in this study (Figure 3) [65]. What is missing for
this system is a clear understanding of the interaction
matrix for host resistance and parasite infectivity.

Conclusions
The Daphnia–parasites system combines several features
that make it unique for the study of the evolutionary
process at work. For two parasites of D. magna, the
bacterium P. ramosa and the microsporidium O. bayeri,
evidence is accumulating that coevolution is driven by
negative frequency dependent selection. This evidence
is based on phenotypic changes revealed by combinations
of field and laboratory work, but still lacks understanding
of the mechanistic basis. In general, little is known about
the genetic mechanisms underlying Daphnia–parasite
interactions, and this is certainly a challenge for the next
decade. The arrival of the D. pulex genome is of extreme
value in this enterprise. Genetic data would also allow us
to shed light on the molecular evolution of host and
parasite genes under natural selection.
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