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a b s t r a c t
Parasite evolution is increasingly being recognized as one of the most important issues in applied evolutionary biology. Understanding how parasites maximize ﬁtness whilst facing the diverse challenges of
living in cells, hosts, and vectors, is central to disease control and offers a novel testing ground for evolutionary theory. The Centre for Immunity, Infection, and Evolution at the University of Edinburgh
recently held a symposium to address the question ‘‘How do parasites maximise ﬁtness across a range
of biological scales?’’ The symposium brought together researchers whose work looks across scales
and environments to understand why and how parasites ‘do what they do’, tying together mechanism,
evolutionary explanations, and public health implications. With a broad range of speakers, our aim
was to deﬁne and encourage more holistic approaches to studying parasite evolution. Here, we present
a synthesis of the current state of affairs in parasite evolution, the research presented at the symposium,
and insights gained through our discussions. We demonstrate that such interdisciplinary approaches are
possible and identify key areas for future progress.
Ó 2012 Elsevier B.V.. Published by Elsevier B.V. All rights reserved.

1. Understanding parasite traits
The study of parasites has long been in the remit of biological
disciplines that seek proximate explanations of disease (e.g., parasitology and immunology), but interest in the evolutionary explanations has been increasing (e.g., Poulin, 2007; Restif, 2009;
Schmid-Hempel, 2011). An evolutionary approach asks: why do
parasites ‘do what they do’? Why is there so much diversity in parasite traits? What has shaped these phenotypes and why do they
lead to different levels of disease in hosts? Such questions are fascinating in their own right and offer novel opportunities to test the
generality of evolutionary theory. But ﬁnding their answers is also
important from an applied perspective. An understanding of what
exactly has shaped parasite traits – and the diseases they cause –
offers crucial insight into making public health interventions successful in the face of evolution.
Understanding the evolution of parasite phenotypes requires a
working deﬁnition of parasite ﬁtness and a way of quantifying
how traits inﬂuence ﬁtness. The standard metric of parasite ﬁtness
has long been the basic reproduction number, R0, (the number of
secondary infections produced from a single infected individual in
a wholly susceptible population; Anderson and May, 1982; Heesterbeek, 2002). But this ‘between-host transmission as ﬁtness’ paradigm overlooks the fact that transmission is a consequence of
processes acting on a number of different scales and, often, across
a number of vastly different environments. In other words, the simple assumption that evolution will maximize R0 will not hold in
many cases. Rather, understanding and predicting disease evolution
requires an understanding of the cellular and behavioural interactions between parasites and hosts; of host demography and
doi:http://dx.doi.org/10.1016/j.meegid.2012.03.016

epidemiology; of vector ecology and immunity; and, especially, of
the links between these scales and across environments. This notion
formed the basis of an interdisciplinary symposium on parasite
evolution hosted by the Centre for Immunity, Infection, and Evolution at the University of Edinburgh. Here, we use the main concepts
presented at the symposium as a guide for, ﬁrst, deﬁning the current
state of parasite evolution research and, second, providing suggestions for how the ﬁeld may progress in the future.
2. Integration across scales, environments, and approaches
2.1. From within to between hosts
Evolutionary theory for parasites has historically focused on
explaining ‘traits’ that are observed at the host population level
– virulence (typically, though not exclusively, deﬁned as diseaseinduced host mortality by theoretical biologists; see Alizon et al.,
2009 for discussion), transmission, and recovery – using an approach that relies on the R0 deﬁnition of ﬁtness (e.g., Anderson
and May, 1992; Frank, 1996). But these traits are at least in part
a consequence of processes that are ongoing within individual
hosts, so understanding their evolution may require an understanding of the precise mechanistic interactions within hosts. Likewise, processes occurring at the between-host level can have an
impact on within-host processes, for example by determining
who gets infected and with what. Despite occurring at different
biological scales, within- and between-host processes tend to
occur on the same timescales. Theory for parasite evolution has
thus begun linking models of within-host dynamics to models of
between-host dynamics (reviewed in Mideo et al., 2008).
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Experimental work has also demonstrated that explaining parasite traits with clear consequences at one level often requires considering the less conspicuous consequences at another. For
instance, biologists studying malaria parasites have long wondered
why they appear to invest remarkably little in producing gametocytes, the stages required for transmitting to new hosts and, thus,
responsible for ﬁtness (Taylor and Read, 1997). A recent experimental study showed that such ‘reproductive restraint’ may be a
consequence of multiple infections: malaria parasites reduce their
investment in gametocytes when faced with competing parasite
strains within a host (Pollitt et al., 2011). This corroborates theory
that predicts that shifting investment more heavily into withinhost survival maximizes ﬁtness across scales when mixed-genotype infections are common (Mideo and Day, 2008). In response
to competitors within a host, malaria parasites also adjust the ratio
of male to female gametocytes produced as this determines their
inbreeding rate once inside a mosquito vector and, ultimately,
their transmission success (Reece et al., 2008). Furthermore, gametocyte-density-dependent processes inside mosquitoes also shape
the consequences of investment strategies (Dawes et al., 2009; Pollitt et al., in preparation). These studies demonstrate that explaining malaria parasite strategies depends on an understanding of
how those strategies inﬂuence measures of success in both the
host and the vector, and reveal that parasite traits are highly sensitive to their within-host environment.
Such variation in within-host environments has been incorporated into theoretical studies of virulence evolution, where it has
also been shown to alter evolutionary predictions (e.g., Alizon
and van Baalen, 2008; Brown et al., 2002; Frank, 1996). However,
theory has really only scratched the surface of the ecological interactions within hosts that are likely to be shaping parasite traits. For
instance, studies that incorporate multiple infections tend to consider infections with two strains of the same parasite species. Despite receiving less theoretical attention, coinfections between
different parasite species are common (e.g., Pedersen and Fenton,
2007; Petney and Andrews, 1998; Rigaud et al., 2010) with variable
effects on host health – either exacerbating or alleviating the detrimental effects of a given parasite (Koukounari et al., 2010; Grifﬁths et al., 2011). Though the direct interactions between
parasites occur at the within-host level, these interactions can impact host population level processes, for example if infection with
one parasite alters susceptibility to, or recovery from, another
(Fenton, 2008). Given the ubiquity of infections with multiple species, considering the evolution of parasite traits of one species in
the context of coinfections with another is one area that is ripe
for further study.
2.2. Scaling down: cellular interactions
An emerging notion from the symposium was that cell and
molecular biology should be better integrated with evolutionary
ecology in the study of parasites. Indeed, the vast arsenal of tools
and large body of knowledge that cell and molecular parasitologists are generating about what parasites are doing has the potential to provide novel insights on why they are doing it. For instance,
a combination of imaging work and proteomic proﬁling of the
intracellular habitat of Leishmania mexicana parasites has shown
that cholesterol sequesters around parasites in infections due to
a speciﬁc lack of cholesterol chaperones, and that host cholesterol
synthesis is upregulated (Osorio y Fortéa et al., 2009; Barrios-Llerena, Paape & Aebischer, unpublished data). Although an explanation for these observations has yet to be fully elucidated, it is
interesting to speculate that parasites may be co-opting a natural
synthetic pathway of the host for their own protection. Consider
this: host defense against leishmania parasites is largely via
oxidative microbicidal mechanisms (Van Assche et al., 2011) and
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cholesterol synthesis is an oxygen-consuming process (Galea and
Brown, 2009). Upregulating cholesterol synthesis could therefore
inhibit the production of compounds that attack intracellular
parasites.
Integrating cell and molecular biology with evolutionary ecology at the outset of studies can lead to research that is greater than
the sum of its parts. Recent work on Salmonella enterica combined
experimental quantiﬁcation of bacterial growth with mathematical models describing the spread of S. enterica at multiple scales,
from single cells to whole host organisms. In addition to generating inferences about bacterial behaviour, demography, and
distributions within the host (Brown et al., 2006; Mastroeni
et al., 2009), this work inspired novel approaches for quantifying
within-host bacterial infection dynamics (Grant et al., 2008). Previous methods, based on tracking the decay of various markers (e.g.,
ﬂuorescent proteins, non-replicating plasmids) as bacteria divide,
pose substantial technical challenges for in vivo studies and can affect the normal cycle of bacteria. Instead, using a set of wild type
isogenic tagged strains of S. enterica, created by inserting short
DNA tags in a non-coding region of the bacterial chromosome that
can be identiﬁed by PCR, it is possible to estimate bacterial death
rates in host organs by monitoring the presence and proportion
of the tags (Grant et al., 2008).
2.3. Scaling up: community level processes
Studies of parasites in the wild reveal that the drivers of parasite traits may be constantly changing over time. Parasites capable
of infecting a number of host species may be faced with variable
relative abundances of host species across space, seasons, or years
(e.g., Ruiz-Gonzalez et al., in press). This means that the selection
pressures and constraints parasites face – driven by different within-host environments and transmission networks – are dynamic.
The traits that confer an advantage in a given season or year (or
host species) might not be equally successful the following year
(or in an alternative host species). Studying parasite traits at a
snapshot in time may therefore give poor insight into their evolutionary causes and consequences.
A corollary of this is that parasites have an incredible capacity
to deal with changes in their host communities. Despite their
highly complex life cycle, schistosomes seem capable of dealing
with the loss of one of their main deﬁnitive hosts – humans –
via drug treatment or other disease control programs. Field data
show that schistosomes are shifting the time of day at which they
release infective cercarial stages in different ways across environments, reﬂecting the identities and activity patterns of the most
abundant deﬁnitive hosts (Lu et al., 2009, 2010). Further, recent
evidence suggests that hybridization between a bovine- and a human-infecting species has resulted from increased cow–human
interactions (Huyse et al., 2009). What is clear from these case
studies is that whilst it is important to account for the actual ecology of parasites when studying parasite evolution, the reverse can
be equally informative: observing parasite evolution in action can
help us understand the (emerging) ecology and natural history of
parasites.
2.4. Multi-trophic interactions
Parasite traits are likely to be shaped by an incredibly complex
set of interspeciﬁc interactions. A parasite that is transmitted by a
vector may need to deal with host immune responses, vector immune responses, host-derived factors in vector bloodmeals, and
vector responses to these factors. From an evolutionary ecology
perspective, there has been a considerable amount of research on
how parasites deal with host immune responses whilst in a vertebrate host (e.g., antigenic variation; see for example Barbour et al.,
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2006; Lythgoe et al., 2007; Recker et al., 2011) and interest in the
extent and importance of vector immunity is increasing (e.g., Tripet et al., 2008). However, the importance of the latter two sets
of factors has received less attention. Host factors in a bloodmeal
remain damaging to parasites and in some cases, parasites become
even more susceptible once in the vector (e.g., Margos et al., 2001).
These same host factors can also be damaging to the vector itself.
In response, vectors have evolved mechanisms for inhibiting such
host responses (e.g., Barros et al., 2009) allowing for the fascinating
possibility that parasites may be able to co-opt these vector responses for their own beneﬁt (Ooi et al., in preparation). Similarly,
parasites are capable of exploiting host-derived factors to help
them invade and establish in the vector (e.g., Ghosh et al., 2011).
Such complex, tri-trophic interactions are likely to be more
important in parasite evolutionary ecology than is currently appreciated. Bacterial symbionts, for instance, have recently been shown
to affect both the susceptibility of hosts (e.g., Koch and SchmidHempel, 2011) and vectors (e.g., Cirimotich et al., 2011; Dale and
Welburn, 2001) to infection, raising hopes that bacteria can be
exploited for the control of other disease (e.g., Enserink, 2010;
Moreira et al., 2009; Turner et al., 2010). Further, in some cases,
these interactions will obscure what appear to be traits of parasites. For example, it is only via a mutualistic interaction with a
bacterium that entomopathogenic nematodes are parasitic at all
(Kaya and Gauger, 1993), and endosymbiontic bacteria have been
implicated in the pathology attributed to ﬁlarial nematodes (Saint
André et al., 2002).
2.5. A parasite by any other name
A ﬁnal lesson provided by the symposium was that evolutionary ecologists must keep in mind that some of the critters they
study as parasites may spend much of their life in a completely different ecological role. In fact, the traits that we think are important
from a host-centric perspective (e.g., virulence, drug resistance)
might actually be under selection in an entirely different environment for an entirely different purpose. This is especially likely to
be the case for opportunistic parasites that spend much of their
time living in soil, acting as commensals in another host tissue,
or living in a different species of host (Brown et al., in press).
A suite of impressive bacterial generalists and part-time parasites (Pseudomonas aeruginosa, Escherichia coli, Serratia marcensens)
provide a number of examples of the complex selective pressures
shaping clinically important traits. Resistance to antibiotics in bacteria appears to be subject to a delicate interplay between key
molecular parasites of the bacteria: plasmids, which carry resistance genes, and phages, which exploit the plasmids as a means
of entry into bacteria (Jalasvuori et al., 2011). The expression of
traits underpinning virulence has also been shown to be sensitive
to the presence of protist predators and viral parasites of bacteria
(Friman et al., 2009, 2011). Whilst host–parasite interactions form
the basis of theory for virulence (and other trait) evolution, these
studies make clear that entirely distinct interactions can modulate
the evolution of such important traits.
3. Conclusions
Parasite traits have causes and consequences at a number of
different scales and across environments. Taking a narrow view
of parasite evolution therefore risks missing important environmental constraints and selection pressures, and could lead to misascribing the adaptive function of those traits. The potential for
more holistic research on parasite evolution to fundamentally
change what we know about why parasites ‘do what they do’ is
exciting. We hope this report will encourage further studies that
look across scales and environments and integrate between

disciplines to understand the biology of these fascinating and
important organisms.
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