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Abstract

Examples of behavioural manipulation by parasites are numerous, but the processes underlying these changes are not well charactel
From an evolutionary point of view, behavioural changes in infected hosts have often been interpreted as illustrations of the extended pheno
concept, in which genes in one organism (the parasite) have phenotypic effects on another organism (the host). Here, we approach the pro
differently, suggesting that hosts, by cooperating with manipulative parasites rather than resisting them, might mitigate fitness costsatsociate
manipulation. By imposing extra fitness costs on their hosts in the absence of compliance, parasites theoretically have the potential to selec
cooperative behaviour by their hosts. Although this ‘mafia-like’ strategy remains poorly documented, we believe that it has substantiabpotentia
resolve issues specific to the evolution of behavioural alterations induced by parasites.
© 2005 Elsevier B.V. All rights reserved.
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Why do certain bird species accept cuckoo eggs and nestlings Parasite-induced alterations of host behavioural phenotypes
in their nest despite the dramatic cost such a behaviour has t@ave been reported in a wide range of protozoan and metazoan
their own fitness? From the relationship between the great spoparasites Combes, 1991; Poulin, 1998; Poulin and Thomas,
ted cuckoo Clamator glandarius) and its magpie hostP{ca 1999; Moore, 200R Because these changes frequently increase
pica), Soler et al. (19955uggested a fascinating explanation: the probability of infective stages encountering their next host,
cuckoos force the bird host to tolerate non-self eggs by makinthey are often thought to be the sophisticated products of para-
the consequences of rejection more damaging than acceptarsiée evolution aimed at host manipulation rather than accidental
(Fig. 1, see alsazahavi, 1979. In this host—parasite system, side effectsBarnard, 1990; Lafferty, 1999; Berdoy et al., 2000;
the host can raise at least some of its own young along witlPoulin, 1995. Despite the increasing evidence of such parasitic
those of the cucko@&oler et al. (19953howed that ejector mag- adaptations, underlying reasons as to why infected hosts capitu-
pies suffered from considerably higher levels of nest predatiotate and act in ways that benefit the parasite remain enigmatic in
by cuckoos than acceptors, i.e. the cuckoo retaliates, ‘punislmost cases. Although there is some evidence for parasite inter-
ing’ ejector hosts. As a result, the frequency of ‘acceptor genegerence with host neuroendocrine signaling systeiesigy and
is more likely to increase in the host population than ‘rejectorHolmes, 1990; De Jong-Brink, 1995; Adamo and Shoemaker,
genes’ are. Although conceptually appealing, there is currentl2000; Overli et al., 2001; Helluy and Thomas, 2p0i3 the
no example other than cuckoo—magpie interactions to supponhajority of cases, the mechanisms of behavioural change are
such a mafia strategy among host—parasite systems. Thus, tlleknown. The ‘manipulation hypothesignsu stricto stipulates
relevance of this scenario among typical parasites invites expldhat host behaviour is simply ‘under parasitic control’, with no
ration. reference to mechanism.

In contrast, parasitized hosts are also known to engage

in behavioural defenses. Self-medication, kin-selected suicide
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Fig. 1. Mafia behaviour in the cucka@@amator glandarius parasitizing the magpie hoBica pica (inspired fromSoler et al., 1996

expense of the parasit®pore, 2002. Lost in this dichotomy the host. Thus, a ‘mafia-like strategy’ could in theory force

of parasite manipulation and host defense is a third, seldonthe host to accede to manipulation in a large range of systems

explored, possibility: that hosts, by cooperating with manipula{Thomas et al., 2005; Wellnitz, 20D5

tive parasites rather than resisting them, might mitigate fithess

costs associated with that manipulation. In this scenario, the palt. Host—parasite interactions and state-dependent

asite might adjustiits strategy of host exploitation (i.e. facultativamodels

virulence, with virulence referring here to the trade-off between

host exploitation and successful parasite transmission) to the For a mafia-type manipulation mechanism to evolve, both

degree of compliance displayed by the host. the host and the parasite must be able to adjust their life his-
Why would the host be a compliant hostage? With few exceptory decisions (considered hes@su lato) in a state-dependent

tions, parasitic manipulation dramatically reduces host fitnessnanner. There is abundant evidence that free-living organisms

However, if the host opposes manipulation and does not behawae able to recognize fithess-related environmental cues, includ-

as ‘expected’ from the point of view of the parasite, parasitesng parasitic infection, and to adjust their strategic decisions

could phenotypically increase their virulence even more, thusccordingly. For instance, once infected by a harmful parasite

making any non-cooperative behaviour even less profitable fafi.e. killer or castrator), several host species have been shown to
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change their physiology or their behaviour in a way that maxthey partly compensate for the parasite-induced losses by adjust-
imizes immediate reproductive effoftl{nchella and Loverde, ing their life history traits (e.g. precocious reproduction). In
1981; Polak and Starmer, 1998; Adamo, 1999; Agnew et althe present context, we suggest that such hosts should also be
1999. Behavioural fevers or chills, certain cases of anorexiafavoured by selection if, by adopting particular phenotypes (e.g.
grooming, self-medication, the use of natural disinfectants andltered behaviours), they can reduce the virulence of their par-
repellents, and, in extreme case, adaptive ‘suicide’ in order tasite. Although these particular phenotype(s) may also consid-
reduce risk of parasitic infection for kin (sédoore, 2002 erably reduce the survival of the infected host (e.g. behavioural
for a synthesis) illustrate the large diversity of host responsealterations induced by trophically transmitted parasites), they
that have evolved because they reduce the detrimental fitheds not necessarily reduce host fithess in an equivalent fashion:
consequences of infection. If hosts can recognize that they agereduction in survival is not synonymous with a reduction in
parasitized and then change their behaviours in order to accorfithess. From an evolutionary point of view, the key parameter
modate their own defensive actions, they should also be able to consider is net fithess and not survival. In this way, a host
recognize that they are parasitized and behave in a cooperatitieat cooperates with the parasite, even to the point of displaying
fashion when warranted. suicidal (manipulated) behaviour, could be favoured if it only
There are recent suggestions that parasites are also ablehtad reduced fecundity compared to complete castration faced
perceive a large set of environmental variables and to resportay an uncooperative host.
in a state-dependent manner thereby maximizing their lifetime By imposing extra fithess costs in the absence of compli-
reproductive successgwis et al., 2002; Davies et al., 2002; ance, parasites have (in theory) the potential to select for coop-
Pfenning, 2001 For instance, parasites are expected to recogerative behaviour in their hosts. Of course, such cooperative
nize many physiological and biochemical conditions of theirbehaviours do not necessarily result from conscious choices
internal host environments that are of selective importance (e.@r appreciation of the computational structure underlying the
age and sex of the host and presence or absence of other papasblem to be solved. Over time, selection is expected to pro-
sites). There are also good reasons to believe that parasites alece population-specific phenotypic plasticity and to act on
able to perceive numerous cues about the external environmepatterns of condition-dependent expression of behaviour, caus-
of their hosts (e.g. host population density and the presence a@fg individuals to behave differently when infected. Moreover,
predators) by detecting changes that occur inside their hostis relatively long-lived hosts with sophisticated nervous systems
upon meeting conspecifics (sexual partners or competitors) de.g. vertebrates), the infected host might learn how to behave
predatorsThomas et al., 2002Poulin (2003yecently provided in ways that limit extra-parasitic costs.
empirical evidence that the environmental perception of para- There are undoubtedly many host—parasite systems in which
sites can be much more sophisticated than traditionally thoughthere is little opportunity for evolution of a mafia-type strat-
the trematod€oitocaecum parvum from New Zealand isableto egy of manipulation. For instance, numerous parasites induce
accelerate its development and rapidly reach precocious matbehavioural changes in their hosts by impairing the function-
rity inits crustacean intermediate host in the absence of chemicalg of particular organs, i.e. making the host ‘handicapped'.
cues emanating from its fish definitive host. Juvenile trematodeBecause in these cases, the link between parasite action (i.e.
can also mature precociously when the mortality rate of theiphysical damages) and host behavioural change most likely
intermediate hosts is increasedollin, 2003. These results is causal, there is a priori no need to invoke facultative viru-
show that growth decisions and developmental strategies in thlsence to understand why host behaviour was altered. Numerous
parasite are plastic, and conditional upon the opportunities foparasites traditionally considered as manipulators probably fall
transmission evaluated by the parasite itself. More generallyyithin this category (e.g. parasites increasing host vulnerabil-
these results suggest that parasites can exploit several sourdtgsto predators by encysting in eyes or in locomotor organs)
of information in their immediate and external environment. In(Combes, 1991, 1998; Moore, 200 the mafia-type strategy,
this manner, they may also be able to evaluate some of thide link between parasite presence and altered host behaviour is,
behavioural phenotypes displayed by the host they are infecby definition, indirect. The resultant virulence is expressed on
ing (e.g. photophilia and hyperactivity), and they may be able t@ continuum ranging from minor to severe effects on the host,

assess the extent to which the host is cooperative. including castration, offspring destruction and/or reduction of
its sexual attractiveness.
2. Mafia strategy Even if the host has some fithess compensations when col-

laborating, conflicts might exist between host and parasite con-
Hosts infected with debilitating parasites are under pressureerning the level of host compliance that is optimal for both
to evolve not only ways of eliminating the parasites (hostimmu-partners. A priori, the more the host complies, the more par-
nity in the broadest sense), but also ways of compensating fasite fitness is maximized. However, excessive levels of com-
parasite effects when elimination is impossible. For instancepliance are likely to be counter-selected in the host population.
it has been theoreticallyHpchberg et al., 1992and empiri- Imagine, for instance, a trophically transmitted parasite con-
cally (Minchella and Loverde, 1981; Polak and Starmer, 1998straining (e.g. through facultative castration) its host to behave
Adamo, 1999; Agnew et al., 199%lemonstrated that hosts in a way that increases its risk of predation by definitive hosts.
unable to resist infection by other means (immunological resisHosts displaying very high levels of compliance (e.g. always
tance and/or inducible defences) are favoured by selection Behaving aberrantly) also experience a high risk of being eaten
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before reproducing. Extreme cooperative behaviours are thusf parasite-induced behavioural alterations. Moreover, although
unlikely to be favoured by selection because individuals witha theoretical consideration encourages one to contemplate the
such extreme responses are less likely to transmit their genessts associated with manipulation, to date, such costs have
compared to individuals displaying intermediate levels of com+arely been measured. From an evolutionary point of view these
pliance. Even within intermediate ranges of compliance, conflictonsiderations are relevant as they suggest that behavioural
between the host and the parasite is likely to persist. Fromshanges in infected hosts, even when they result in clear fit-
the host perspective, the optimal compliance level should baess benefit for the parasite, are not necessarily an illustration of
the lowest possible (i.e. the minimum required to avoid extrathe extended phenotype of the parasite alone (sBasukins,
parasitic costs), while from the parasite perspective, the opti1982 i.e. parasite genes expressed in host phenotypes). They
mal host compliance level is expected to be higher, until thecan be the direct product of natural selection acting on the host
point at which the benefits of complying become so small thagenome as well. Until recently, the ability of parasites to assess
compliance behaviours are not favoured by selection. Whetheand respond to external stimuli has been greatly underestimated.
extra-parasitic costs are proportional to the host complianc&he recognition of such ability opens the door to an increasingly
level or respond to threshold values is a key parameter to undesophisticated approach to the behavioural interactions of hosts
standing the evolutionary compromise involved in adjusting theand parasites. Research on the mafia strategy of manipulation
behaviour of a host once it is infected. Further theoretical andhas significant potential to resolve issues specific to the evolution
empirical studies are needed to understand the nature of thig behavioural alterations induced by parasites, and the dynamic
compromise and which partner is primarily responsible for thénteraction of both parasites and hosts in the expression of such
level of compliance in such interactions. behaviour.
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