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Abstract.—Host organisms can respond to the threat of disease either through resistance defenses (which inhibit or
limit infection) or through tolerance strategies (which do not limit infection, but reduce or offset its fitness conse-
quences). Here we show that resistance and tolerance can have fundamentally different evolutionary outcomes, even
when they have equivalent short-term benefit for the host. As a gene conferring disease resistance spreads through a
population, the incidence of infection declines, reducing the fitness advantage of carrying the resistance gene. Thus
genes conferring complete resistance cannot become fixed (i.e., universal) by selection in a host population, and
diseases cannot be eliminated solely by natural selection for host resistance. By contrast, as a gene conferring disease
tolerance spreads through a population, disease incidence rises, increasing the evolutionary advantage of carrying the
tolerance gene. Therefore, any tolerance gene that can invade a host population will tend to be driven to fixation by
selection. As predicted, field studies of diverse plant species infected by rust fungi confirm that resistance traits tend
to be polymorphic and tolerance traits tend to be fixed. These observations suggest a new mechanism for the evolution

of mutualism from parasitism, and they help to explain the ubiquity of disease.
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Disease is ubiquitous in nature; by some estimates over
half the organisms on Earth are pathogens or parasites (Price
et al. 1986). Disease can structure natural communities (Dob-
son and Crawley 1994; Hiers and Evans 1997) and shape the
course of evolution (May and Anderson 1983); it also causes
immeasurable human suffering (Dobson and Carper 1996)
and huge financial losses to agriculture (Klinkowski 1970).
Hosts can cope with disease either through resistance de-
fenses or through various tolerance strategies that permit
them to survive and reproduce despite ongoing infection.

Resistance and tolerance are related but distinct concepts,
and care must be taken to preserve the distinction between
them. The terms ‘‘resistance’”’ and ‘‘tolerance’’ have been
used by different authors to refer to different things, and they
have often been measured (and thus operationally defined)
in ways that confuse the two concepts with each other. As a
result, the literature on pathogen resistance and tolerance has
become a semantic mine field (for a review of this problem
see Clarke 1986). In keeping with the emerging consensus
on resistance and tolerance (Clarke 1986; Fineblum and
Rausher 1995; Strauss and Agrawal 1999), we hold to the
following conceptual distinction: we use resistance to refer
to traits that prevent infection or limit its extent, and we use
tolerance to refer to traits that do not reduce or eliminate
infection, but instead reduce or offset its fitness consequenc-
es. Thus, resistance and tolerance can both improve host fit-
ness; resistance does so by reducing infection, whereas tol-
erance does so by reducing the fitness loss under infection.

Host resistance strategies include barriers to infection
(such as skin, mucus, surface chemicals, and leaf hairs),
mechanisms that rapidly clear infection (such as the immune
response), and processes that limit the spread of infection
within the host (such as localized cell death). All three types
of resistance strategies inhibit the spread of infection by re-
ducing the reproductive potential of the parasite. Barriers
reduce the number of infected hosts; rapidly cleared infec-

51

© 2000 The Society for the Study of Evolution. All rights reserved.

tions reduce the duration of infection, and thus limit the time
for pathogen reproduction; and mechanisms that limit spread
limit the resources available for the pathogen.

Thus we use ‘‘resistance’’ to refer to host strategies that
limit infection, and we note that any such strategies neces-
sarily limit the pathogen’ sfitness. By contrast, tolerancetraits
do not limit infection itself, but reduce its fitness conse-
guences for the host. Strategiesthat limit the extent of disease
in an infected host are sometimes interpreted as helping the
host ‘‘tolerate’’ infection, but these are normally termed re-
sistance strategies (Clarke 1986) because they combat the
pathogen by limiting its spread. This, in turn, reduces the
pathogen’s ability to reproduce.

Tolerance often involves some degree of compensation for
disease damage. For example, plants can tolerate infection
or herbivory by increasing the chlorophyll concentration in
leaves, increasing the size of new leaves or the number of
new branches, advancing the timing of bud break, delaying
the senescence of infected tissue, and increasing nutrient up-
take (Paige and Whitham 1987; Marquis 1992; Rosenthal and
Welter 1995; Strauss and Agrawal 1999). Because both tol-
erance and resistance traits require reallocation of host re-
sources, they tend to carry physiological costs (Simms and
Rausher 1987; Herms and Mattson 1992; Simms and Triplett
1994; Bergelson and Purrington 1996; Mauricio et al. 1997).

Because thefitness consequences of disease arethelifetime
exposure to infection (which resistance reduces) multiplied
by the fitness loss when infection occurs (which tolerance
reduces), resistance and tolerance can have similar direct ef-
fects on host fitness. Both strategies can be effective, but do
they evolve in similar ways? Here we explore their evolu-
tionary consequences by modeling the spread of resistance
and tolerance traits in a host population.

Consider the evolutionary dynamics of atrait that confers
complete resistance introduced into a host population (Fig.
1a,b,c). If the benefits of resistance outweigh its costs, the
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Feedback mechanisms that govern the spread of resistance and tolerance traits. Arrows in causal loop diagrams (a,d) indicate

causal linkages; signs of causal arrows indicate whether cause and effect move in the same (+) or opposite (=) directions. Net sign of
each feedback loop, shown in its center, is determined by multiplying the signs of its individual linkages. Disease incidence (dotted
lines) and fitness benefits of resistance or tolerance for the host (thin solid lines) decrease as resistant hosts become more prevalent (b),
but increase as tolerant hosts become more prevalent (€). Thus, progressive loss of fitness advantage limits the spread of resistance (c),
whereas a growing fitness advantage drives tolerance to fixation (f). Incidence of infection is |,,, from model equation (3), and fitness
advantages are (Wgr — W,)/w, (the percent difference in fitness between resistant/tolerant and reference hosts) is from model equations
(9) and (10). Calculations assume that infection halves life span, and is initially present in 30% of a uniformly nonresistant, nontolerant
population (L, = 0.5, l;,iy = 0.3). Host traits confer complete resistance (R = 1, T = 0) or complete tolerance (R = 0, T = 1), at afithess

cost of 5% (C = 0.05).

proportion of resistant hosts in the population will increase
through time. As more of the host population becomes re-
sistant to infection, the overall incidence of infection in the
population will decline, thus lowering the risk of infection
for nonresistant individuals as well. As the risk of infection
declines, resistant individuals will gradually lose their fithess
advantage over nonresistant individuals. At some point, the
risk of infection will be so low that the benefits of resistance
will no longer be worth its costs, and the resistance trait will

stop spreading. This steady state will be reached before re-
sistance has become fixed (i.e., universal in the host popu-
|ation) and before the risk of infection has been entirely elim-
inated. For the resistance trait to continue to spread, the risk
of infection must be great enough that the benefits of resis-
tance outweigh its costs. For this reason, disease cannot be
eliminated by natural selection for host resistance traits.
Now, by contrast, consider the evolutionary dynamics of
atrait that confers complete tolerance, introduced into a host
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population (Fig. 1d,e,f). If the benefits of tolerance outweigh
the costs, tolerant hosts will have a fitness advantage over
nontolerant hosts and the tolerance trait will become more
prevalent in the host population. As more of the host pop-
ulation becomes tolerant to infection, the overall incidence
of infection in the population will increase because tolerance
prolongs the survival of infected hosts, and thus of their
pathogens, heightening the risk of infection for tolerant and
nontolerant hosts alike. As the risk of infection grows, so
does the fitness advantage of tolerant hosts over nontolerant
hosts, and the tolerance trait will continue to spread in the
population until it becomes fixed.

Thus, even though resistance and tolerance may have
equivalent short-term benefits for individual hosts, their evo-
lutionary dynamics are fundamentally different because they
reshape the selection regime in opposite ways. The negative
feedback between the prevalence of resistant hosts and their
fitness advantage (Fig. 1a,b) impedes the spread of resistance
genes in the host population (Fig. 1c). By contrast, the pos-
itive feedback between the prevalence of tolerant hosts and
their fitness advantage (Fig. 1d,e) accelerates the spread of
tolerance genes (Fig. 1f). The resistance trait converges to-
ward a polymorphic equilibrium, whereas the tolerance trait
goes to fixation.

The negative feedback (Fig. 1a) that limits the spread of
resistance traits will occur whenever: (1) infection decreases
host fithess, which is the definition of disease itself; (2) re-
sistance decreases therisk of infection, which isthe definition
of resistance; and (3) the risk of infection increases with
increasing incidence of disease in the population. Given this
negative feedback, genes conferring compl ete resi stance can-
not become fixed by natural selection, as long as there is
some cost of resistance. The positive feedback (Fig. 1d) that
drives tolerance traits to fixation will occur whenever: (1)
infection decreases fitness in nontolerant hosts (the definition
of disease); (2) tolerance decreases the fitness consequences
of infection (the definition of tolerance); (3) the risk of in-
fection increases with increasing disease incidence in the
population; and (4) disease incidence increases with the
spread of tolerancein the host population. Thus, the behaviors
shown in Figure 1 should be observed under nonrestrictive
conditions.

In the rest of this paper we develop and explore the im-
plications of these concepts in quantitative terms. The feed-
back mechanisms driving the patterns of behavior shown in
Figure 1 do not depend on the particular mathematical model
outlined below. However, that model allows us to describe
how the evolutionary fate of resistance and tolerance traits
depend on properties of the host-pathogen system, such as
the pathogen’ s virulence and itsinitial incidence of infection.
Although the concepts that we develop here should broadly
apply to both plant and animal hosts, our examples will come
from the plant literature because we are more personally fa-
miliar with the biology of plant-pathogen systems, and be-
cause these systems present several clear examples of host
tolerance to widespread, persistent infection. Although we
explicitly model host responses to pathogens, our results also
apply to specialist herbivores, including many important ag-
ricultural pests (cf. Tiffin's [2000] recent work that draws,
in part, on the analysis presented here).
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MODELING THE FITNESsS CONSEQUENCES OF RESISTANCE
AND TOLERANCE TRAITS

Here we present a simple model describing the fitness im-
plications of resistance and tolerance to pathogens. This anal-
ysis is not meant to capture the biological details of any
particular host-pathogen system; it isinstead designed to pro-
vide ageneral framework for discussing resistance, tolerance,
and their evolutionary consequences in quantitative terms.
The results and discussion can be read without a mastery of
the mathematical details, which are presented here to doc-
ument our analysis. A complete list of symbols is given in
Table 1.

Incidence of Infection

We model an endemic pathogen that causes a permanent
systemic disease in a long-lived host. Examples of such in-
fections include syphilis and AIDS, as well as many fungal
pathogens, such as rusts and smuts, that afflict perennial
plants (Jarosz and Davelos 1995). Our analysis can be readily
extended to include host recovery from disease, with or with-
out acquired immunity. For simplicity of explanation, we
present the model as if the hosts resist disease by inhibiting
pathogen entry (or by rapidly clearing the pathogen before
disease is established). However, resistance that inhibits the
spread of infection within hosts should have functionally
equivalent consequences in our model; that is, resistance that
halves the number of infected hosts, and resistancethat halves
the extent to which each host is infected, should have equiv-
alent effects.

We assume the disease is transmitted only horizontally;
that is, all offspring are born healthy. In our analysis, infec-
tion shortens host life span (and thus decreases host fitness)
by a fraction L; (which may vary between the host strains,
depending on their degree of disease tolerance). We denote
the mean life span of an uninfected host by = and the mean
life span of an infected host by ¥ = 7(1 — L;).

In our analysis, the total size of the host population is
assumed to be fixed by external constraints, such asthe avail-
ability of light or essential nutrients. Asaresult, theincidence
of infection and the prevalence of resistance/tolerance can
be completely specified as fractions of the host population.
This is appropriate because we are concerned with changes
in host phenotype frequencies, not the host’s population dy-
namics. The pathogen cannot survive without hosts, so its
population need not be model ed independently of the infected
host population.

Our host population consists of only two strains (pheno-
types): a reference strain (denoted ‘*0’’) and a strain with
higher resistance and/or tolerance to pathogen infection (de-
noted ‘‘RT’"). Because both host strains can infect each other,
the rate of new infections is proportional to the average in-
cidence of infection across both host strains | 4 (representing
the supply of infectious propagules), the uninfected popu-
lation X (which supplies sites for new infections), and atrans-
mission coefficient B (which combines the effects of popu-
lation density, pathogen infectiousness, and host suscepti-
bility). We assume that over evolutionary time scales, the
rate of infection is in equilibrium with the death of infected
hosts (Y/7*, where Y is the infected population, and 7* is the
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TaBLE 1. Table of symbols.

Defining equation

Symbol Definition (or first use)
i Subscript placeholder for host strains o or RT 2
0 Subscript for reference strain (1)
RT Subscript for resistant/tolerant strain (1)
a Host reproduction rate 5)
B Pathogen transmission coefficient 1)
C Cost of host resistance/tolerance (fraction reduction in a) 8)
f, Fraction of hosts in ith strain 3)
| Incidence of infection (fraction of hosts infected) 1)
lavg Overall incidence of infection across both host strains (fraction infected) 1)
Linit Initial incidence of infection (in reference population) (15)
T Mean life span of uninfected hosts (4
T* Mean life span of infected hosts 1)
L Fraction decrease in mean life span when infected (5)
e Lifetime risk of infection 4)
R Host resistance to infection (fraction reduction in ) (6)
T Host tolerance of infection (fraction reduction in L) (7)
w Host fitness (5)
X Uninfected host population (1)
Y Infected host population 1)

life span of infected hosts). Thus, for the two host strains,
these equilibria are:

Boxolavg = Yo/§ and BRTXRTIavg = Yrr/TEms 1

where 0 and RT represent the reference strain and the resis-
tant/tolerant strain (we will also usei as a subscript that can
stand for either host strain). Defining the incidence of infec-
tion |; as the fraction of hostsin theit" strain that areinfected,
we rewrite (1) as:

Bi(l - @

BiTi* Iavg
IMNavg = lif¥ or |} = ————.
i) avg ilTi i 1+ BiTi*Iavg
If we define the fraction of hosts (both infected and unin-
fected) in strain i as f;, we can rewrite the overall incidence
of infection I,,4 in terms of the incidences of infection I; in
the individual strains:

Iavg = folo + frrlrr = 2 fil;. €)
The incidence of infection |; in each strain and the overall
incidence of infection I,,4 are interdependent, but they can
be jointly determined by solving equations (2) and (3) as a
quadratic. For more than two host strains, the equations can
be solved iteratively; they converge rapidly.
The lifetime risk of infection for an individual in the ith
host strain is determined by the relationship between the rate
of infection and the mortality rate of uninfected hosts:

Bi Ia\vg BiTIavg

1 T 1A Bl
; + Bilavg b

& = (4)

where 7 (here without the asterisk) denotes the uninfected
life span, which we assume is the same for both host strains.
Because infection shortens life span, the lifetime risk of in-
fection (g) will be higher than the incidence of infection (1),
which is the fraction of hosts that, at any given moment, are
sick but still alive to be counted (and to spread infection).
Equations (1-4) assume that the host population evolves
(in response to the prevailing incidence of disease) much

more slowly than the incidence of disease responds (to the
frequency of resistance or tolerance in the host population).
This makes sense for endemic diseases in long-lived hosts,
because hosts typically evolve over time scales of many gen-
erations, whereas the incidence of disease can adjust over
much shorter time scales. We have taken this natural decou-
pling of time scales to its theoretical limit by expressing the
incidence of infection as an implicit function of the host
phenotype frequencies.

The fitness benefit of resistance or tolerance depends on
the fitness consequences of infection. Here, we assume that
disease reduces host longevity (and thus decreases host fit-
ness) by a fraction L;. We denote the longevity of an unin-
fected host by 7, and thust* = 7(1 — L;) isthe longevity of
an infected host. The overall fitness of the ith host strain is
thus:

w = at(l — g) + atre = at(l — L), ®)

where g is the reproduction rate of the ith host strain and g
is the lifetime risk of infection (or exposure to infection) for
that host strain. Equation (5) shows (as intuition would sug-
gest) that the average fitness consequence of infection is the
lifetime risk of infection (g) multiplied by the fitness loss
when infection occurs (L;).

Resistance and Tolerance

This mathematical formalism provides anatural framework
for quantifying resistance and tolerance. As we explained
above, we use ‘‘resistance’’ to denote traits that inhibit in-
fection (thus reducing the risk of infection, g, in eq. 5), and
we use ‘‘tolerance’’ to denote traits that limit the fitness
consequences of infection if it occurs (thus reducing the fit-
ness loss under infection, L;, in eg. 5). Because the fitness
consequences of infection depend on both g and L ;, resistance
and tolerance can have equivalent short-term fitness benefits
for the host.

All measures of resistance and tolerance are necessarily
relative. Because rates of infection are jointly determined by
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pathogen infectiousness and host resistance, levels of host
resistance cannot be measured on an absolute scale. One can
only measurerelative levels of resistance, by comparing rates
of infection among different host strains under comparable
levels of pathogen attack. Likewise, because the fitness con-
sequences of infection (if it occurs) are jointly determined
by host tolerance and pathogen lethality, one can only mea-
sure relative levels of host tolerance by comparing the fitness
of different host strains under comparable levels of active
infection.

In our model, the reference host strain provides an obvious
zero-point for our relative resistance and tolerance scales
because we seek to compare the fitness of thisreferencestrain
and one with higher resistance and/or tolerance (the RT
strain). For the purposes of our model, we define resistance
(R) as the fraction by which the pathogen transmission co-
efficient B isreduced in the resistant/tol erant strain compared
to the reference host strain:

Brr = Bo(1 — R). (6)

R can reflect both the reduction of host-to-host transmission
and the inhibition of pathogen spread within individual hosts.
We define tolerance (T) as the fraction by which the fitness
impact of infection (L) is reduced in the resistant/tolerant
strain compared to the reference host strain:

Lrr = Lo(1 = T). (N

Both resistance and tolerance are therefore defined on ascale
from zero (B or L equal to the reference host strain) to one
(R = 1 implies no chance of infection, and T = 1 implies
that infected hosts have no loss of fitness).

Because the fitness consequence of infection is the risk of
infection multiplied by the fitness loss under infection (see
eg. 5), complete resistance makes tolerance unnecessary, and
complete tolerance makes resistance unnecessary. From the
host’s perspective, the fithess loss under infection is irrele-
vant if the risk of infection is zero, and conversely, the risk
of infection isirrelevant if the fitness loss under infection is
zero. If resistance and tolerance both have costs, their mutual
redundancy will give hosts with either high resistance or high
tolerance an advantage over hosts that exhibit both of these
traits together. Thus, one should expect to find a negative
correlation between levels of resistance and levels of toler-
ance, and empirical studies have shown that this is the case.
Although this pattern can arise from genetic or physiological
trade-offs between resistance and tolerance traits (Simms and
Triplett 1994; Fineblum and Rausher 1995; Stowe 1998), it
can also arise simply from their mutual redundancy (Van der
Meijden et al. 1988).

Note that we define our resistance and tol erance scal es such
that the reference host strain has resistance of zero and tol-
erance of zero. This does not mean that the reference strain
exhibits no resistance or tolerance. Instead, it means that its
level of resistance is already reflected in the pathogen trans-
mission coefficient, B, and its level of tolerance is already
reflected in thefitnessloss, L. To the extent that thereference
strain can resist infection, B, will be smaller than it would
have been otherwise, and to the extent that it can tolerate
infection, L, will be smaller than it would have been oth-
erwise. The reference strain serves to anchor the resistance
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and tolerance scales; thus, the biological significance of R
and T must be evaluated in comparison to the 3, and L, of
the reference strain.

We assume that resistant/tolerant hosts incur a fitness cost
(C) associated with their increased level of resistance and/or
tolerance. We model this cost as the fraction by which the
reproduction rate of resistant/tolerant hosts is reduced, com-
pared to the reference strain:

agr = a,(1 — C). (8)

Combining equations (4) and (5-8), we can writethefitness
of the reference strain as:

o - BoTlavg
W, = 8,7(1 — &Ly) = a0~r<1 1T BoTlang° 9

:

Lo(1 — T)). (10)

and the fitness of the resistant/tolerant strain as:

_ BRTTIavg
1+ BRTTIavg

a- R)BoTlavg
"1+ (1 - RBolag

The frequency of the resistance/tolerancetrait (fgr) will affect
the incidence of infection and, thus, the fitness of both host
strains. The relative fitnesses of the two host strains, in turn,
will determine how fgr will change through time. How fast
this change occurs will depend on the size of the fitness
difference and on the host genetics. However, the details of
the host genetics affect only the rate of convergence toward
steady state, not the direction of selection or the equilibrium
phenotype frequencies themselves, which are the main ob-
jective of our analysis. Evolutionary equilibrium will be
reached when the fitnesses of the ordinary and resistant/tol-
erant hosts are equal. The equilibrium phenotype frequencies
can be calculated without iterative search methods, as fol-
lows. First, set w, and wrr (egs. 9 and 10) equal to each other,
then solve the resulting (rather cluttered) quadratic for the
incidence of infection I,,4 a which the two host strainswould
have equal fitness. Next use equation (2) to calculate the
incidence of infection in thetwo host strains, and finally solve
equation (3) for the value of fzr at which equilibrium occurs.

The model is fully specified by five parameters: three de-
scribing the resistance/tolerance trait (the level of resistance
R, thelevel of tolerance T, and the fitness cost C of expressing
the trait), and two characterizing the host-pathogen system
(the fitness loss, L, under infection and the initial level of
infection, I, in the reference strain). In the Appendix we
describe how these parameters could potentially be measured,
and how they can be used to derive the other terms in equa-
tions (1-10).

= a,(1 - C)T(l

REsuLTS AND DiscussioN

The model outlined above yields several insights concern-
ing the evolution of resistance and tolerance in host popu-
lations. For brevity and clarity, we give these observations
individually in italics, followed by explanations.

Spread of Resistance and Tolerance Traits

The direct effects of resistance and tolerance on host fithess
can be comparable, and even redundant, but their evolutionary
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Fic. 2. Effect of the frequency of resistant hosts on their relative
fitness, and on disease incidence, for traits conferring incomplete
resistance. In (a), the resistant strain’s level of resistance is low
enough that the incidence of disease (and thus the fitness benefit
of resistance) remains significant, even if every host belongs to the
resistant strain. Thus, this resistance trait could become fixed by
selection. In (b), theresistant strain’ slevel of resistanceis somewhat
higher than in (a), and the incidence of disease (and the fitness
benefit of resistance) would vanish while the host population was
still polymorphic. Model parameters are I,y = 0.5, L, = 0.5, C =
0.05, T = 0, and either R = 0.4 (a) or R = 0.6 (b).

dynamics are fundamentally different because they alter the
incidence of infection in opposite ways. The spread of resis-
tance traits in a host population decreases the incidence of
disease and thus weakens selection for resistance (Figs. la—
¢, 2). By contrast, the spread of tolerancein ahost population
increases the incidence of disease and thus increases the fit-
ness value of tolerancetraits (Fig. 1d—f). Thus, negative feed-
back limits the spread of resistance traits, whereas positive
feedback reinforces the spread of tolerance traits.

As resistance traits spread in a host population, the fitness
advantage of resistance vanishes before the disease itself does

B. A. ROY AND J. W. KIRCHNER

(Figs. 1b, 2). Thus, infectious diseases cannot be eliminated
by natural selection for host resistance because infection must
be present for resistance to be advantageous (and thus favored
by selection). As the frequency of resistance in the host pop-
ulation increases, the overall incidence of infection declines
and so does the difference in infection rates between the two
host strains (Fig. 2). Can resistance become widespread
enough to extinguish infection? Extinguishing infection re-
quires that during its lifetime, the average infected host can
spread infection to less than one other host:

foBoTd + friBrrthr <1 (11

(Anderson and May 1991). This condition could be met if
resistant hosts were sufficiently resistant and sufficiently
prevalent in the host population. However, this cannot occur
through selection alone, because as the incidence of infection
nears the vanishing point, the difference between the two
host strains, and thus the fitness advantage of the resistant
strain, vanishes as well (Fig. 2).

Resistance will continue to spread through the host pop-
ulation only if it reduces the risk of infection enough to be
worth its cost. From equations (4, 9, 10) one can show that
this condition is met when:

(eo B eRT)LO
1- eRTI—o
If the incidence of infection is small, as it must be if it is

on the verge of being eliminated, ezrL, < 1, and equation
(12) becomes:

> C. (12)

eL,R> C. (13)

Equation (13) makes good intuitive sense; it says that when
the incidence of infection is small, the fitness benefit of re-
sistance is roughly proportional to the fitness loss due to
infection (L), the risk of infection (e,), and the degree of
resistance (R). Equation (13) clearly shows that before dis-
ease is eliminated from the host population (i.e., before e, is
driven to zero), the benefits of resistance will sink below the
costs (as long as those costs are nonzero) and selection will
no longer favor the resistant host strain. This mechanism is
sufficient to explain why disease is so widespread in nature,
even without coevolutionary ‘*Red Queen’’ processes (Clay
and Kover 1996; Lively 1996), although these may also be
present. Even if host resistance traits could potentially wipe
out adisease, selection cannot make them widespread enough
to do so.

Genes conferring complete resistance cannot become fixed
in a host population by selection alone (Fig. 3a), and genes
for partial resistance can only become fixed under particular
combinations of pathogen infectiousness and virulence (Fig.

—

Fic. 3. Equilibrium frequencies, frr, of traits conferring different levels of resistance or tolerance, as afunction of pathogen infecti ousness
and pathogen virulence. Hatched areas indicate conditions where the equilibrium frequency is 100% (fixation). Dashed contours show
resistance trait frequencies in polymorphic equilibria. No such polymorphic equilibria exist for tolerance traits; all conditions that permit
invasion lead to fixation. Solid lines indicate invasion thresholds, below which tolerant or resistant hosts have a net disadvantage.
Horizontal axis for all panels is the initial incidence of infection in a uniform population of the reference strain (I;,;; in model eq. Al);
vertical axis is the fitness loss caused by infection in nontolerant individuals (L, in model eq. 5). Levels of resistance and tolerance,
which are specified above each panel, are R and T in equations (6) and (7), respectively; all traits carry a fitness cost (C) of 5%.
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Gene for partial (75%) resistance
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Gene for partial (50%) resistance
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