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A geographical perspective of virulence Michael E. Hochberg and Minus van Baalen UMR7625 Fonctionnement et Evolution des Systèmes Ecologiques, Université Pierre et Marie Curie, 7 quai St. Bernard, Case 237, 75252 Paris 05, France



1. INTRODUCTION The work of Anderson and May led the way in establishing that parasitic organisms had the potential to drive the population dynamics of their hosts. Since their seminal work in the late 1970s and early 1980s, there has been an explosion of research aimed at understanding and applying the diverse ecological and evolutionary dynamics produced by relatively simple models of infectious disease (Chapters in this book). The parasite flagship is the notion of ‘virulence’. Understanding variation in virulence has proved a rewarding intellectual endeavour, and will likely be valuable in the control of infectious disease (Dieckmann et al. 2000). This chapter is about virulence and its evolution. We have three goals. First, we wish to continue the ongoing discussion of the notion of ‘virulence’. We take an individual genotype approach distinguishing two types of virulence. We discuss some complexities and shortcomings of this simple classification. Much of this chapter is dedicated to our second objective, that being to discover how to expect the two types of virulence to vary over spatial gradients in host productivity. If environmental differences over geographical ranges do influence the adaptiveness of virulence, then it should come as little surprise that spatio-temporal variation in environments could lead to spatiotemporal variation in virulence. Host-parasite interactions may vary over (1) local scales, where population distributions may be heterogeneous, (2) regional scales, where the flow individuals from patch to patch may be restricted, and any spatial structure is likely to be influenced by a combination of local dynamics and regional movement, and (3) geographic scales, in which individual flows may be minute or non-existent, and the biotic and abiotic environments extrinsic to the hostparasite association are likely to play roles in pattern formation. This chapter will mostly concern the latter of these three scales, although we will make reference to studies best situated in the first two of these scales. Finally, we discuss our findings in relation to previous experimental studies. It transpires that it is much too early to confront theory with data, and so we make a series of predictions which we believe, if tested experimentally or expanded theoretically, should yield a wealth of insights into a geographic theory of host-parasite interactions.



2. FACETS OF VIRULENCE AND SELECTION 2.1. Type 1 and Type 2 Virulence ‘Virulence’ is used in a variety of ways in the literature, and can have (sometimes subtly) different meanings depending on the specific questions addressed and variables measured. For example, a plant pathologist often equates virulence with the capacity of a given parasite strain to infect an individual plant. A parasitoid biologist by contrast may refer to virulence as the capacity of a parasitoid larva to develop to maturity within its host. Finally, an epidemiologist equates virulence with morbidity (i.e., sickness) and/or mortality of infected hosts. In this chapter, we employ “Type 1 virulence” to mean the compatibility of a parasite genotype (or species) for a specific host genotype (or species) over the sequential steps of the interaction. The sequences can be roughly broken down into infection of, development within, and transmission from the host. Each sequential step involves evasion or manipulation of the host’s systems of reconnaissance and defence. Type 1 virulence is therefore a set of probability measures of parasite fitness whilst in contact with its host. Contrast this with “Type 2 virulence” which is used to mean genotype x genotype effects of an infection on host fitness. Effects may arise as an indirect or direct consequence of Type 1 virulence, that is the exploitation strategy employed by the parasite, or by mismatching of host and parasite genotypes. Fitness consequences for the host are usually measured as increased probabilities of mortality of potentially reproducing hosts (the classical view) and/or reduced levels of reproduction (Ebert 1998), but they may also entail more subtle changes in fitness via alterations in host life-histories (e.g., Agnew et al. 1999 and references therein) and host homeostasis (e.g. host physiology and/or behaviour). In this chapter, we will be mostly interested in Type 2 virulence. 2.2. A canonical model In much of what follows, consider the following modification of the standard susceptibleinfected model (Anderson and May 1981; Hochberg 1991): dS/dt = (a - b - θ N - βI - θS′{I,S}) S + ((1 - τ) (a - a′) + γ) I , dI/dt = [βS + τ (a - a′) - (b + α + γ) - θN - θI′{I,S}] I , dN/dt = (a-b-θN) N - [(a′+α+θI′{I,S})] I - θS′{I,S} S ,



(1a) (1b) (1c)



where S is susceptible density, I is infected density, and N is total density (S+I). a is the per capita birth rate and b the per capita death rate of hosts, β is the transmission constant, and γ is the recovery rate. The parameter a′ is the reduction in host birth rate, and α the added mortality, due to the parasite. τ is the efficiency of vertical transmission. The parameter θ describes intrinsic host density dependence, and the functions θi′{S,I} reflect aggravated effects of the parasite associated with host densities (Anderson and May 1981; Hochberg 1991). Any of the parameters in the second pair of square brackets of eqn. (1c) could be modified to include consequences of betweenhost distributions of parasite loads (Anderson and May 1978; Anderson 1979; Rousset et al. 1996).



2.3. Type 1 virulence The ecological model presented in equation (1) does not easily lend itself to interpretations regarding Type 1 virulence. What would be necessary is to expand the model to multiple host and parasite genotypes and consider the probabilities of infection, within-host development, and the liberation of infectious parasites for subsequent horizontal transmission (or mobilisation for vertical transmission). Each of these qualitatively different sequential steps may be broken down further into probability sequences (Hochberg 1998). The full sequence begins with the initiation of the infection process (step 1) and ends with the decoupling of host and parasite (step n). Symbolically, Type 1 virulence (or V1,k) of the kth step in the interaction between a particular host type and particular parasite type is V1,k = P{k} ,



(2)



where P{k} is the probability of the kth step occurring. Thus, Type 1 virulence is a set of interaction probabilities, which may or may not correlate with one another. 2.4. Type 2 virulence Type 2 virulence (denoted V2) is the negative effects of parasitism on per capita infected host growth rate. This is given by the terms in the second pair of brackets of equation (1) V2 = a′ + α + θI′{I,S} .



(3)



Like for Type 1 virulence, this index would be more complex if it were based on a more realistic model incorporating heterogeneous distributions of parasite numbers and genotypes over the infected host population. If V2rj, ci0). The simple result is that pairing i competitively eliminates pairing j for any habitat quality where persistence is possible. Type 2 virulence follows expression 8. 2. Pairing i is better at provision and protection, but pairing j dominates cross-transmission (ri>rj, ci 
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