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Host–parasite coevolution is a dynamic process that can be studied at the phenotypic, genetic, and molecular levels. Although
much of what we currently know about coevolution has been learned through phenotypic measures, recent advances in molecular techniques have provided tools to greatly deepen this research. Both the availability of full-genome sequences and the
increasing feasibility of high-throughput gene expression profiling are leading to the discovery of genes that have a key role
in antagonistic interactions between naturally coevolving species. Identification of such genes can enable direct observation,
rather than inference, of the host–parasite coevolutionary dynamic. The Daphnia magna–Pasteuria ramosa host–parasite
model is a prime example of an interaction that has been well studied at the population and whole-organism levels, and much
is known about genotype- and environment-specific interactions from a phenotypic perspective. Now, with the recent completion of genome sequences for two Daphnia species, and a transcriptomics project under way, coevolution between these
two enemies is being investigated directly at the level of interacting genes.

Charles Darwin appears to have had little appreciation
for parasites. His neglect was probably symptomatic of the
mood of naturalists of his time: Parasites were viewed as
degenerate and generally unworthy of the attention of sensible Victorian naturalists. This is unfortunate, because the
field of parasitology offers some of the most striking and
elegant examples of adaptation that could no doubt have
aided Darwin’s efforts to have his theory of natural selection gain acceptance. Indeed, it is now clear that parasites
and pathogens offer paradigmatic examples of evolution in
action: Due to their often short generation time, they can
be observed evolving in the laboratory (Rainey 2004;
Morgan et al. 2005) and even in the real world, as evidenced by the evolution of drug resistance (Marchese et al.
2000), emerging diseases (Morse 1994), and vaccine
escape mutants (Bangham et al. 1999). Of course, parasite
adaptation is only half the story, and host defense systems
offer equally striking, indeed strikingly complex, examples of adaptation. Thus, the host–parasite interaction is a
dynamic coevolutionary relationship. Darwin was clearly
aware of the importance of some coevolutionary scenarios
(in particular, pollination), but the ramifications of host–
parasite coevolution were not among them. Today, there
remains considerable need to understand the nature and
full significance of antagonistic parasitic interactions.
For example, dynamic ongoing adaptation and counteradaptation between hosts and parasites may foster diversity
within species and influence their mode of reproduction.
Computer simulations have confirmed that parasitic interactions should promote diversity (Clarke 1979; Seger
1988; Hamilton et al. 1990; Frank 1993), and indeed,
immune system genes may show striking levels of polymorphism (Hill et al. 1992; Hedrick 1994, 1998; Bishop et
al. 2000; Obbard et al. 2008). Therefore, an explanation for
genetic differences in susceptibility, which are pervasive in

parasitic interactions (Little 2002; Woolhouse et al. 2002),
is that a dynamic coevolutionary process has promoted
these differences and will determine the fate of genetic
variants. These dynamics can be important on medically
relevant timescales (e.g., in vector control programs), but,
even in longer-lived hosts, genetic data need to be interpreted in terms of host–parasite coevolution (e.g., the
genetic polymorphism that underlies sickle cell anemia)
(Hill et al. 1991; Gilbert et al. 1998). They are also of broad
evolutionary importance: Frequency-dependent dynamics
of host and parasite genes may select for recombination,
and thus parasitism offers an explanation for why sexual
reproduction predominates in metazoan organisms (The
Red Queen Hypothesis) (Hamilton 1980; Lively 1993;
Salathé et al. 2008).
Despite our knowledge of the occurrence of genetic variation for disease-related traits, we lack a thorough understanding of the coevolutionary dynamic. For instance, the
predominant selective force during coevolutionary interactions could be selective sweeps, where genetic polymorphism is transient, observable only as one genotype rises to
fixation, leaving populations in a single state that remains
until the next mutation arises. Alternatively. there could be
frequency-dependent selection where common genotypes
are disfavored, such that no single genotype can go to fixation and rare genotypes never become extinct. An additional nuance is that the fixation of successful genotypes
may be prevented by trade-offs, for example, if a resistance
allele confers poor fitness in parasite-free environments. A
more general form of the trade-off hypothesis is that polymorphism might further be maintained by pervasive genotype-by-environment interactions, where alternative host
genotypes are favored under different environmental conditions. Without an understanding of these mechanisms,
we lack the capacity to determine the rate at which evolu-
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tion occurs in host–parasite interactions and the likely outcomes for the health of host populations.
Modern molecular approaches hold the key to unraveling the intricacies of the coevolutionary process. Molecular
techniques have successfully identified immune system
genes that control infection, and this explosion of genetic
information is fertile ground for advancing our understanding of coevolution. Much work in the molecular
study of immune systems has been confined to organisms
of obvious medical relevance (e.g., humans) or those that
are standard models for genetic study (e.g., mice and
Drosophila). However, these organisms are either too
long-lived to permit observations of genetic change within
reasonable time frames, there is a lack of suitable knowledge regarding their natural parasites, or they are not
amenable to experimentation. Thus, the study of evolution
at immune genes remains incomplete, and the contribution
of genomics to the understanding of coevolution is less
than it could be.
Study systems are required that can provide a comprehensive view on host–parasite interactions, i.e., systems
that are amenable to (1) gene discovery in both host and
parasite, (2) experimental manipulation including wholeorganism experimentation with parasites/pathogens, and
hence, measurement of fitness and phenotypes, and (3)
epidemiological or evolutionary studies in the field.
Ideally, all such studies will concern naturally coevolving
interactors as opposed to artificial interactions or the use
of pathogen mimics (although these methods certainly
have merits for some questions). Biology’s major metazoan models (e.g., Caenorhabditis and Drosophila) tend
to fulfill criterion 1 but fall short on 2 and 3, especially
with respect to the use of naturally coevolving interactors
(but see Bangham et al. 2008). In contrast, the crustacean
Daphnia has historically strong credentials in the second
two categories, and it is developing rapidly in terms of
gene discovery projects. This chapter briefly discusses the
development of molecular techniques that can be used to
elucidate the genetic underpinnings of host–parasite interactions and then describes how these tools can and have
been used in the context of Daphnia and its parasites, in
conjunction with more traditional phenomenologicalbased approaches, to provide a unique opportunity to
study host–parasite coevolution in a multifaceted way.
METHODS OF GENE DISCOVERY:
PHYLOGENETIC CANDIDATE GENE
APPROACHES
In the absence of any a priori information on immune
system genes in a particular species, the best available
option for locating genes of interest is de novo sequencing
using degenerative primers designed from genes in a
closely related species. Once the gene of interest is
sequenced, inference as to its associated function can be
made and phylogenetic comparisons with other closely
related species can elucidate the evolutionary context.
Depending on the genetic distance between the focal
species and the species used to design primers, this method
will have variable success. Moreover, it is constrained as to

the information that it can reveal about the immune system
of the focal species by the immune system of the related
species from which the original sequence information was
obtained; novel immune mechanisms will be overlooked.
Finally, this method is limited in its utility except for highly
conserved immune/infection-related pathways and may be
of little use for rapidly evolving genes, although even
highly conserved genes may have regions within them that
evolve rapidly (Little et al. 2004; Little and Cobbe 2005).
However, as the only option for gene discovery in some
species, this is often a useful first pass.
METHODS OF GENE DISCOVERY:
QUANTITATIVE TRAIT LOCI
Quantitative trait locus (QTL) or association mapping
is a means of identifying chromosomal regions containing genes underlying a phenotype of interest, such as
those produced during host–parasite interactions. This is
achieved via crossing, phenotyping, and genotyping
progeny in the laboratory. Specifically, this is a laborintensive method requiring a linkage map, mapping populations consisting of genetic crosses between highly
homozygous lines (often requiring generations of inbreeding or backcrosses) or a well-established pedigree.
Additionally, a large number of microsatellite or singlenucleotide polymorphism (SNP) markers are required in
order to have the statistical power to locate the genomic
regions conferring the phenotype. Although quite involved, and not suitable for all species (especially those
that reproduce poorly in the laboratory), QTL and association mapping have been a highly effective means of
identifying genes involved in host–parasite interactions
(see, e.g., Niaré et al. 2002; Lazzaro et al. 2004). QTL
analyses have been put to particularly good use in plants:
Due to their tractability to genetic crossing and the production of large sample sizes, the genetic bases of plant–
pathogen interactions have been widely elucidated through
this technique (for references, see Kover and Caicedo
2001; Wilfert and Schmid-Hempel 2008).
Fine-scale genetic mapping via the QTL approach is
useful for gene discovery even without the advantage of a
whole-genome sequence. If a chromosomal region can be
narrowed sufficiently, through sequential crosses or backcrosses, de novo sequencing can identify genes within the
region. This provides the material for comparison against
known sequences from other taxa and may lead to the
actual gene or genes responsible for the phenotype of
interest. Obviously, with the availability of a genome
sequence, identifying the genes within the QTL region
becomes simpler. Even in this case, however, the genes
within a located QTL region will not necessarily be identifiable as underlying the phenotype of interest, and it is
important to bear in mind that wholly novel (i.e., genes
that have not been characterized as immunity genes in any
organism) genes could be the key genes. To overcome
such limitations, it can be valuable to look at the expression pattern of all genes, and putative genes, located
within the identified region. Using microarray, quantitative polymerase chain reaction (Q-PCR), or next-genera-
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tion sequencing approaches (detailed below), any changes
in expression patterns during exposure to experimental
conditions can be monitored and the gene or genes responding to the challenge can be identified (Brown et al.
2005).
In addition to providing information on the location of
chromosomal regions, and potentially the actual genes
underlying a particular phenotype, QTL mapping can provide information on the way genes interact to produce a
phenotype. The field of quantitative genetics has wellestablished methods for determining the additive, dominance, and epistatic interactions of alleles and loci (Lynch
and Walsh 1998). Indeed, in a recent review of QTL studies of parasite/pathogen susceptibility, Wilfert and SchmidHempel (2008) were able to extract details about the
number and effect of genes involved, concluding that
resistance is based on few loci, and both additive and epistatic effects are important. These researchers also assessed
the implications for evolutionary puzzles such as the evolution of sex and suggest that epistasis in resistance may
have a major impact on the evolution and maintenance of
meiotic segregation and recombination.
METHODS OF GENE DISCOVERY:
GENE EXPRESSION
The development of microarrays, pyrosequencing technology, and next-generation massively parallel sequencing methods has introduced high-throughput means of
discovering genes and gene networks underlying host and
parasite traits and interactions (Hill et al. 2005; Keeler et
al. 2007; Baton et al. 2008). These technologies have
enabled the field to move from the previously described
steps of inferring gene involvement through phylogenetic
relationships or associating quantitative traits with
genetic regions to directly measuring transcriptional
changes in potentially hundreds of different genes during
the production of a particular phenotype. As with most
new molecular technology, these techniques were originally only cost-effective for well-established genetic systems. However, technology has now advanced to the point
where these techniques are readily available for essentially any organism of interest. The main difference in the
utility of transcriptional profiling compared to QTL
analyses is that the latter can locate genes that do not
show differential regulation during infection (e.g., vertebrate major histocompatibility genes are important, but
only constitutively expressed), whereas the former can
uncover up-regulation or down-regulation of a gene and
as such might overlook parts of the immune system.
Transcriptional profiling, either via microarray or
sequencing of cDNAs, can be used both to identify genes
or pathways underlying the trait of interest or to specifically look at transcriptional profiles of target genes.
Tissue-specific gene expression arrays are often preferred
in medical and veterinary research, but where little is
known about the genetic basis of the trait of interest,
whole-genome microarrays or cDNA sequencing can be
used. This process is effective for detecting the genetic
basis of both host immune responses and parasite infec-

3

tion strategies. Differential gene expression between
exposed and unexposed individuals has been used to
simultaneously identify hundreds of genes underlying
resistance phenotypes in a diverse range of organisms,
such as cattle responding to intestinal nematodes (Araujo
et al. 2009), Anopheles as a vector responding to Plasmodium (Vlachou et al. 2005), and shrimp exposed to white
spot syndrome virus (Lan et al. 2006). In a similar manner,
differential expression of genes underlying infection traits,
such as the fungal pathogen Metarhizium’s response to
different insect hosts’ cuticles (Freimoser et al. 2005), is
key to identifying genes determining a parasite’s coevolutionary trajectory.
In addition to its use in de novo gene identification,
transcriptional profiling can be used on a narrower range
of genes, such as those located within a QTL region or previously identified as underlying a phenotype of interest.
When used in combination with QTL mapping, not only
can gene expression changes be used to locate the specific
genes within these regions that are underlying the trait, but
the expression profile itself can subsequently be treated as
a quantitative trait and the heritability and genetic architecture of gene expression identified (Brem et al. 2002).
Once genes are identified via any of the described
methods, further gene expression measurement can be
used to verify their involvement in the phenotype of interest, and this is probably best done on individual genes
using quantitative reverse transcription PCR (qrtPCR) as
opposed to further use of large-scale methods. However,
the true power of transcriptional profiling for illuminating
host–parasite coevolution is that it can be used in an
experimental context, particularly once target genes are
identified. Understanding how specific genes respond to
genetic and environmental variation is fundamental to our
understanding of coevolution. Thus, using appropriately
designed experiments, questions can be asked of any system and the differential expression of genes can be measured, rather than the associated phenotype.
DAPHNIA
Large swathes of data are rarely of use unless they can
be contextualized. With the advent of technology
enabling the production of information such as wholegenome transcriptional profiling, the onus is on us to
develop ways to apply these data to questions of broader
relevance. Medical, veterinary, and agricultural areas of
research use these technologies for purposes such as the
development of vaccines and the breeding of animals or
plants more resistant to specific parasites or pathogens.
However, evolutionary biologists have a different agenda,
i.e., to elucidate the mechanisms underlying evolutionary
change. With our work on the crustacean Daphnia, we are
specifically interested in host–parasite coevolutionary
change, and thus our goal is to apply these molecular
techniques to questions more traditionally addressed
using phenomenological, whole-organism studies. By
integrating these two approaches in the Daphnia host–
parasite system, we can hope to address not only the
genetic basis of host–parasite interactions, but also the
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role of genetic and environmental variations underlying
coevolution in general.
Daphnia and the Potential for Coevolution
Daphnia are small (~2 mm) ubiquitous crustaceans that
have been the focus of more than a century of intense and
diverse study, including toxicology, life history, physiology, nutrition, and parasitology. Critically, the distribution
and virulence of the prevalent bacterial, microsporidian,
and fungal parasites of Daphnia have been characterized,
and easy to perform experimental manipulations on these
naturally coevolving parasites have revealed extensive
genetic variation for susceptibility (Ebert et al. 1998; Little
and Ebert 1999, 2000b, 2001; Carius et al. 2001).
Especially useful is the fact that Daphnia are facultative
parthenogens; thus, they can be maintained clonally in the
laboratory, enabling precise comparison of genetic backgrounds or the study of different environments on replicates of the same genetic background. They can also
reproduce sexually, which permits traditional crossing
experiments, with the caveat that sexual reproduction is
mediated by environmental conditions to which genotypes
vary in their sensitivities.
The short generation time of Daphnia (~10 d) enables
the study of real-time evolutionary responses to parasites
(Little and Ebert 1999). Gathering epidemiological data is
also straightforward: The clear carapace of Daphnia makes
infections easy to identify in the field, and infection
dynamics can be tracked. Epidemics are common and
severe but highly variable in space and time (see, e.g.,
Duncan et al. 2006; Lass and Ebert 2006; Duffy and SivarsBecker 2007; Duncan and Little 2007; Wolinska et al.
2007). Past work has shown that Daphnia genotype frequencies (identified by neutral molecular markers) fluctuate wildly (Hebert 1974) and that these dynamics are linked
to infection (Little and Ebert 1999; Mitchell et al. 2004;
Duncan and Little 2007). Such studies were a reasonable,
if rough, approximation of parasite-driven dynamics. In the
postgenomic era, however, we can do much better through
the identification and tracking of genes that specifically
influence infection outcomes.
Simultaneous comparison of both host and parasite
genetic backgrounds has lead to the discovery of genetic
specificity in the interaction between Daphnia magna and
its bacterial pathogen Pasteuria ramosa (Carius et al.
2001). Genetic specificity should not be confused with
immunological specificity of the sort that is commonly
generated by vertebrate immune systems and possibly by
some invertebrates as well (Little et al. 2003; Sadd and
Schmid-Hempel 2006). Immunological specificity is the
case where the immune system learns to recognize and
rapidly respond to a particular pathogen genotype (more
specifically, a particular antigen) and does not explicitly
take account of host genetic variation. Genetic specificity
is about simultaneous genetic variation in hosts and parasites and, in particular, when the ability to resist parasites
is tightly dependent on which parasite genotype is encountered (irrespective of previous encounters), whereas the
ability of a particular parasite genotype to establish infec-

tion is tightly dependent on which host genotype it
encounters (again, irrespective of infection history). Thus,
genetic specificity is defined as host genotype by parasite
genotype interactions (hereafter, referred to as GH x GP)
Genetic specificity indicates the potential for frequency-dependent coevolution. Many studies have determined genes that have a key role in resisting parasites or
pathogens (e.g., in Anopheles Gambiae; see, e.g., Osta et
al. 2004), whereas fewer studies have used variable hosts
as a starting point to detail genes that have a role in
genetic variability for infection. No studies that we are
aware of on animals (the plant literature is, however, comparatively rich; see, e.g., Thompson and Burdon 1992;
Stahl and Bishop 2000) have used host and parasite combinations that show tight patterns of genetic specificity as
a starting point for gene discovery. This, however, would
be the ideal scenario given the relationship between
genetic specificities and the coevolutionary process.
Daphnia Genomics: Characterizing the Immunome
Any gene discovery research program finds a strong
foundation on a full-genome sequencing project, with
Daphnia being no exception. The first crustacean genome
to be fully sequenced was that of Daphnia pulex. Using
sequence homology with the immune systems of other
arthropods, 82 genes and 21 gene families with putative
immune function were identified in D. pulex (McTaggart
et al. 2009). This study identified pathways such as the
TOLL pathway that are well conserved across invertebrate
taxa and characterized areas of the Daphnia immune system that may be missing or evolving rapidly relative to
other arthropods, such as antimicrobial peptides and
antiviral RNA interference (RNAi) genes, respectively.
Although D. pulex is not suited for experimental host–
parasite studies, its full-genome sequence has enabled the
characterization of its innate immune system and provided a first set of candidate genes for study in a species
well established for the study of host–parasite interactions, D. magna. Several genes identified from this
genome sequence have been used for subsequent analysis
in D. magna. Full cDNAs for one prophenyloxidase and
two nitric oxide synthetase genes were acquired for D.
magna (Labbé and Little 2009; Labbé et al. 2009). Using
qrtPCR, changes in host-gene expression levels were
measured in response to exposure to the bacterial parasite
P. ramosa. The host and parasite genotypes used in these
expression experiments have been studied previously
(Carius et al. 2001), with this particular parasite genotype
eliciting a high rate of infection in some genotypes but
not in others. Despite this, there was no significant upregulation of any of the three genes tested, suggesting that
they may not be directly involved in response to infection.
This result was somewhat surprising, given that the genes
studied almost invariably have a role in immunity in other
taxa (Soderhall and Cerenius 1998; Rivero 2006).
However, further testing is needed to draw conclusions
about their potential role in generating resistant phenotypes in Daphnia. In particular, given the large variation
typically observed among Daphnia genotypes (Little and
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Ebert 2000b; Carius et al. 2001), it will be crucial to compare expression levels of a larger number of genotypes
that vary in their resistance capabilities.
A major limitation of this type of gene discovery approach is that any immune system genes novel to the focal
species will not be identified. Although the full-genome
sequence of D. magna has now also been completed (see
http://wfleabase.org/), any genes identified via phylogenetic comparison will still be restricted to those already
known in other taxa. Furthermore, this approach assumes
that if a gene has an immune function in one species (typically a well-characterized species such as Drosophila
melanogaster), it will also be immunity related in the
focal species. Although this assumption may be reasonable for genes that appear to have a universal role in
immunity (e.g., prophenoloxidase, nitric oxide synthethase, α-2-macroglobulins), it is unlikely to always
hold true. Thus, our current research is directed toward
finding genes underlying coevolutionary traits specifically in D. magna. Toward this end, a transcriptomics
project designed to identify genes specifically involved in
the D. magna–P. ramosa interaction has been initiated.
Rather than sequencing a single genotype, an experimental design was used that enables both gene identification and
experimental comparison. Two host genotypes, one resistant and one susceptible, and a single parasite strain were
used in a 2 x 2 design whereby each of the two host genotypes were used to produce an unexposed control sample
and an exposed treatment sample. The gene expression profiles of these four samples will produce (1) a comparison
between the standing level of gene expression in susceptible
and resistant individuals, (2) a comparison between the susceptible and resistant individuals’ gene expression levels
during exposure to a parasite, and (3) changes in gene
expression between exposed and unexposed individuals of
the same genotype. The differential regulation of genes in
the two samples exposed to P. ramosa relative to their controls should provide a fairly comprehensive list of genes
potentially underlying the innate immune response of D.
magna. However, it will be desirable to expand this work to
include additional genotypes.
FROM GENE DISCOVERY
TO COEVOLUTION
Although identifying host genes that respond to parasite
exposure is a major advance in understanding the Daphnia
immune system, it is simply a first step toward our understanding of coevolutionary processes. Coevolution is
clearly a dynamic, ongoing process, and thus, the genes
involved must be characterized in terms of past selection
pressure, current standing variation, and interaction with
factors affecting their potential for evolutionary change.
To this end, we are interested in applying standard molecular evolution analyses (e.g., McDonald Kreitman tests;
McDonald and Kreitman 1991), laboratory experimental
manipulations, and field-based samples and experiments
to the set of genes identified from the transcriptome and to
the set identified via bioinformatics comparison (McTaggart et al. 2009).

5

MOLECULAR EVOLUTION
Once candidate genes have been identified through differential gene expression, they can be subject to standard
analyses of molecular evolution in order to examine the
evolutionary history and signatures of selection on these
genes. This information can be gained through the study of
DNA polymorphism and divergence. It is, for example,
possible to identify genes that are evolving rapidly, and
thus possibly engaged in a host–parasite arms race (Yang
and Bielawski 2000; Ford 2002). Strong directional selection, such as that which occurs during a host–parasite arms
race, is expected to increase the rate of amino acid substitution among species, and the concomitant spread of new
advantageous alleles will reduce the level of within-species
genetic diversity around the selected locus. If, on the other
hand, there is negative frequency-dependent selection,
where rare alleles are at a selective advantage, genetic
diversity will be maintained for extended periods of time
and divergence between haplotypes can become the extreme, as is seen, for example, at vertebrate major histocompatibility complex (MHC) loci (see, e.g., Hedrick
1998) and in plant resistance genes (Stahl et al. 1999).
The detection of arms races requires an outgroup
species that is neither too distantly related to the focal
species (such that there is saturation of nucleotide divergence) nor so closely related that nucleotide differences
are too scarce for analyses. This problem, for example, is
particularly acute in the study of mosquitoes, which tend
to form species flocks with little diversity within flocks
but substantial (too substantial for outgroup comparisons)
divergence between flocks (Obbard et al. 2007, 2009). The
number and average genetic distance separating Daphnia
species suggest that this is unlikely to be a problem in this
genus (Colbourne et al. 1998). Indeed, we have found D.
pulex–D. parvula comparisons to be effective for the
detection of arms races (S McTaggart and T Little, in
prep.), although similar efforts on D. magna have yet to be
undertaken. The detection of negative frequency-dependent selection or other forms of balancing selection faces
different but equally challenging issues. In particular, it
can be difficult to distinguish balancing selection from
relaxed constraint, because both forces can lead to very
high polymorphism. Data on linkage disequilibrium can to
a considerable degree resolve the issue, but even with this
in hand, other factors, such as gene conversion, can potentially derail interpretation (Obbard et al. 2008). Despite
these obstacles, there are many instances where analyses
of molecular evolution have yielded insight into the evolutionary and coevolutionary process (see, e.g., Hedrick
1998; Hurst and Smith 1999; Stahl et al. 1999; Lazzaro
and Clark 2001, 2003; Schlenke and Begun 2003; Lazzaro
et al. 2004; Jiggins and Kim 2006; Obbard et al. 2006)

EXPERIMENTAL GENOMICS
The utility of identifying genes underlying traits
involved in coevolution is not limited to elucidating historical patterns of natural selection via molecular evolution approaches but rather can be extended to actual
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laboratory and field experimental applications. Much of
our understanding of Daphnia coevolution has come
from whole-organism empirical work revealing the
impact of both host and parasite genotypes and various
aspects of the environment on this interaction. Now, with
candidate genes in hand, we can rework these experiments
and identify the genetic changes or dynamics that result
in phenotypic variation due to GH x GP or G x E interactions. For example, host by parasite genetic interactions
have been experimentally identified as being a key determinant of infection in the D. magna–P. ramosa system
(Carius et al. 2001). It is now possible to repeat this type
of laboratory interaction experiment and directly associate the phenotypic response with allelic or nucleotide
variation in genes previously identified as underlying
resistance or susceptibility. This information is key to
determining which genes may be ongoing targets of
selection during coevolution.
Extending this, a unique power of the Daphnia system
is the capacity to verify the “real world” relevance and
evolution of any genes highlighted by QTL or expression
studies. Comparing the genotype(s) of naturally infected
individuals to that of naturally uninfected individuals can
reveal whether these genetic variants determine which
individuals become infected and which do not in nature.
Normally, verification might be accomplished with
experimental knockout lines in the laboratory, but a disease association in natural populations, where the focal
gene is found within a huge range of genetic backgrounds, is a different but perhaps more relevant form of
verification. Moreover, these data are crucial because
they also check for the phenotypic consequence of a gene
when placed in a range of environments. Previous work
on Daphnia has shown the influence of environmental
variables that effect certain genotypes more than others,
i.e., there are strong genotype by environment (G x E)
interactions in the lab (Mitchell et al. 2005; Vale et al.
2008), as have studies on other parasitic interactions (see,
e.g., Blanford et al. 2003). Genotype by environment
effects are not limited to invertebrates. For example, the
widely used mouse strains BALB/c and C57BL/6 clearly
differ in susceptibility to parasites under tightly controlled conditions, but they may show no such differences
in a natural arena (Scott 1991). Thus, in any taxon, strong
G x E interactions could generate a gene infection association in one environment, such as the lab where the QTL
or expression work occurred, but no association in other
environments such as the field. We stress that the clearest
measure of a gene’s significance in the host–parasite
interaction is that its effects penetrate noisy natural environments in a range of genetic backgrounds.
In this sense, this information is interesting simply
from the point of view of understanding how immune
effector systems variably respond under genetic and environmental variation. We see a need for the field of
immunology to expand to systems tractable for the study
of variation or to incorporate variation into existing systems. The experimental designs traditionally used in the
field of immunology are simplified: Most experiments
are performed in the absence of pathogens, under ideal

laboratory conditions, and in homogeneous inbred genetic
backgrounds. Thus, although it provides the necessary
mechanistic backbone for studying infection, immunology has not typically addressed variation in natural populations, despite the observation that the impact of genetic
and environmental variation on infection is likely large
(Boulinier et al. 1997; Sorci et al. 1997; Coltman et al.
1999; Little 2002; Thomas and Blanford 2003; Bedhomme et al. 2004; Mitchell et al. 2005; Vale et al. 2008),
as are G x E effects (references above). It remains a salient
challenge for both immunologists and ecologists to link
variation in host–parasite outcomes (as determined by
genetic and environmental factors) to immunological
mechanisms.
Associations between an immune-related gene and
infection in field populations is valuable information,
but if possible should be confirmed with phenotypic
assays in the laboratory. Here, organisms, such as Daphnia, that reproduce clonally hold great promise because
individuals can be brought to the laboratory and maintained as clonal lineages for genotyping and experimentation. Even field-collected infected (and sterilized)
individuals can be cured (Little and Ebert 2000a) and
kept clonally in the laboratory. By taking a sample of
clones (potentially different genotypes) from natural
populations, it is possible to effectively establish a snapshot of the population at the time of collection that can
then be studied at leisure in the lab. Because many
Daphnia parasites can be frozen, snapshots of them can
also be taken. These sampling possibilities are relevant
because it is important not only to observe allele frequency differences, but ultimately to know how and why
they vary, and thus determine the evolutionary consequences for the population. For example, a change in
allele frequencies might be accompanied by a decline in
parasite prevalence, but that decline might also be the
consequence of a change in temperature. By bringing
samples of hosts from appropriate time points into the
laboratory and testing their phenotypic resistance under
controlled conditions, it is possible to verify the cause of
gene frequency changes observed in nature.
Such a complete level of information will be difficult
to obtain with other prominent host–parasite systems
(e.g., Anopheles–Plasmodium), but this level is required
when the goal is to elucidate general evolutionary principles. When complete, something specific about the
immune pathways of Daphnia will have been uncovered,
but more importantly, this research program should also
enhance general understanding about the impact of parasitism: How quickly do host genotype frequencies
change, how quickly can parasite populations respond,
and how will this affect parasite prevalence? The mechanisms by which this occurs are key: Are selective sweeps
and transient polymorphisms the norm or does frequency-dependent selection maintain polymorphism? Or
maybe it is neither of these. Perhaps polymorphism is
maintained by pervasive genotype by environment interactions or epistasis. These are salient questions if we are
to understand how coevolution influences the health of
populations.
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