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We suppose that parasites spend a proportion of their life

cycle parasitizing hosts, and the remaining proportion as

free-living organisms. A second locus (from here on referred

to as the M-locus, or the ‘modifier’ locus) determines how a

parasitic individual partitions its time between these two

strategies; individuals of genotype i spend a proportion fi
of their life cycle as parasites (see table 1 for a complete

list of parameters and their descriptions).

We consider here three models of host–parasite inter-

actions. The matching-alleles model (abbreviated MAM)

is based on a system of self/non-self recognition [24–27],

as typically occurs in immune systems that develop via

the elimination of self-compatible major histocompatibility

complex (MHC) molecules. In this model, hosts are sus-

ceptible to parasites carrying only alleles that mimic or

‘match’ their own cell signals and are resistant to parasites

possessing any non-matching alleles. The inverse-match-

ing-alleles model (abbreviated IMAM) is essentially the

opposite of the MAM: hosts can defend against parasites

carrying any matching alleles and are susceptible to

parasites carrying only non-matching alleles [25]. This

model describes components of the vertebrate MHC

system, where host alleles influence the array of antigen

molecules that can be detected. Hosts can only defend

against parasites whose antigens they can detect. In the

gene-for-gene model (abbreviated GFG), avirulent

parasite alleles produce signal molecules that bind to
cell surface receptors on resistant host cells, triggering

an immune response and thus unsuccessful invasion

[28,29



therefore assume that both the virulent parasite allele and

the resistant host allele are costly. In hosts we assume that

the resistant allele (AH) reduces the fitness of its carriers

by an amount cH. In parasites, we consider two types of

cost: a conditional cost (cP,c) that impacts only individuals



It is clear from the expressions in table 4 that the

fitness effects of matching versus not matching the geno-

type of the host, aP /bP, must be sufficiently beneficial for

parasites to adopt a less free-living life cycle in both MAM

and IMAM. However, where this threshold occurs

depends on both the model of genetic interactions and

the ploidy level of each species (figure 2). In general,

the MAM tends to favour parasitism more strongly than

the IMAM (compare figure 2a with b), mainly because

it is easier for a parasite to mimic hosts that are heterozy-

gous diploid (MAM) than to evade detection by them

(IMAM). In both MAM and IMAM, the transition to
parasitism occurs over a broader range of parameters

when the parasite is haploid, because such parasites

express only one antigen allele (compare solid with

dashed lines in figure 2). The role of host ploidy is

more complicated, however. Diploidy allows for the

appearance of heterozygous hosts that are infected by

any type of parasite in MAM, but resistant to every type

of parasite in IMAM. Thus, host diploidy favours (dis-

favours) the evolution of parasitism in MAM (IMAM;

compare thick to thin lines in figure 2).

Because cycles in the GFG model are not typically



of selection and cost parameters across all ploidy levels.

This contrasting result for GFG is a consequence of our

empirically motivated assumption of complete domi-

nance. With both the resistant allele in hosts and the

virulent allele in parasites completely dominant, the two

species are essentially composed of only two types, and

thus effectively interact as haploids.

In contrast to ploidy, the nature of costs of virulence is

critically important to the evolution of parasitism in the

GFG (figure 3). Consider setting cP,u equal to zero.

With just conditional costs (cP,c), we find

�wdiff ¼ aP � cP ;c; ð3:2Þ

and thus parasitism should evolve whenever the benefits to

successful invasion, aP , are greater than the conditional

cost of the virulent allele cP,c. In contrast, when cP,c

equals zero,

�wdiff ¼ aP � cP;u
cH

f 2aH

� �
: ð3:3Þ

Here the cost term is weighted by 1/f2. With lower resi-

dent parasitism levels (smaller f values), a larger selective
benefit to parasitism (aP) is required in order for selection

to favour further increases in parasitism. This makes

it exceedingly difficult for parasitism to evolve from initially

low levels when costs are unconditional. Intuitively,

because the unconditional cost is paid by all virulent indi-

viduals, it is unlikely that any fitness gains acquired through

parasitism will sufficiently compensate for the costs of

virulence when the chance of infecting a host is low.
4. SIMULATION MODEL SUMMARY
We ran computer simulations to investigate the robust-

ness of our model to violations of its assumptions, such

as small cycles (electronic supplementary material, figures
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