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Genetic variation in resistance, but not
tolerance, to a protozoan parasite

in the monarch butterfly
Thierry Lefèvre*, Amanda Jo Williams and Jacobus C. de Roode
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Natural selection should strongly favour hosts that can protect themselves against parasites. Most studies

on animals so far have focused on resistance, a series of mechanisms through which hosts prevent infec-

tion, reduce parasite growth or clear infection. However, animals may instead evolve tolerance, a defence

mechanism by which hosts do not reduce parasite infection or growth, but instead alleviate the negative

fitness consequences of such infection and growth. Here, we studied genetic variation in resistance and

tolerance in the monarch butterfly (Danaus plexippus) to its naturally occurring protozoan parasite,

Ophryocystis elektroscirrha. We exposed 560 monarch larvae of 19 different family lines to one of five differ-

ent parasite inoculation doses (0, 1, 5, 10 and 100 infective spores) to create a range of parasite loads in

infected butterflies. We then used two proxies of host fitness (adult lifespan and body mass) to quantify:

(i) qualitative resistance (the ability to prevent infection; also known as avoidance or anti-infection resist-

ance); (ii) quantitative resistance (the ability to limit parasite growth upon infection; also known as control

or anti-growth resistance); and (iii) tolerance (the ability to maintain fitness with increasing parasite infec-

tion intensity). We found significant differences among host families in qualitative and quantitative

resistance, indicating genetic variation in resistance. However, we found no genetic variation in tolerance.

This may indicate that all butterflies in our studied population have evolved maximum tolerance, as

predicted by some theoretical models.
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Ophryocystis elektroscirrha
1. INTRODUCTION
All organisms serve as hosts to one or more parasite

species, and parasites can have large detrimental effects

on host fitness [1]. In response, hosts have evolved

many lines of behavioural, morphological and physio-

logical defence that reduce the risk of infection or

minimize parasite-induced fitness losses [2]. Hosts can

avoid encountering the parasite [3], ingest compounds

with anti-parasitic properties [4], mount an immune

response [5] and reduce or compensate for the parasite-

induced fitness loss [6]. These protective mechanisms

have generally been categorized into two types of defence

strategy: resistance and tolerance. Resistance includes

mechanisms that prevent infection, reduce infection, or

limit parasite growth upon infection, whereas tolerance

refers to the alleviation of fitness loss owing to infection

without reducing such infection [7].

Although these two defence strategies have the same

function from the individual host’s point of view—the pres-

ervation of fitness—their distinction is crucial as they can

have different consequences for the ecological and evol-

utionary dynamics of host–parasite interactions [7–12].

The critical difference between resistance and tolerance

is that resistance directly reduces parasite fitness, whereas

tolerance does not. As a result, theoretical models have

suggested that hosts may maintain genetic polymorphisms

in resistance, but not in tolerance [8,9,11]. This is because
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the evolution of resistance should result in a negative epi-

demiological feedback through which a higher frequency

of resistant hosts will reduce parasite transmission and

prevalence to below the level at which resistant hosts

are selected for (assuming that resistance is costly); once

susceptible hosts increase in frequency again, parasite

transmission and prevalence will increase, resulting in

selection for resistant hosts once more. In contrast, with

tolerance the epidemiological feedback is positive: when

the frequency of tolerant hosts increases in the population,

parasite transmission and prevalence increase, causing

further selection for tolerant hosts.

Plant researchers have long considered the relative roles

of resistance and tolerance to biotic and abiotic threats

[13]. To date, numerous empirical studies have quantified

the level of genetic variation in plant resistance and toler-

ance to herbivores (e.g. [14–17]; reviewed in [18,19]),

herbicides [20,21] or parasites (e.g. [22–24]). In these

studies, resistance is characterized as the plant’s ability to

decrease the intensity of damage or infection rate/intensity

and tolerance as the slope of a reaction norm of fitness

across a gradient of increasing damage/infection rate/

infection intensity. In terms of parasitism, highly resistant

plant genotypes then have lower infection rates or parasite

burdens compared with less resistant plant genotypes, while

highly tolerant plant genotypes suffer smaller reductions in

fitness with increases in parasite infection rates or intensity

compared with less tolerant plant genotypes.

The merit of these studies is not only that they have

emphasized that organisms can use tolerance mechanisms
This journal is q 2010 The Royal Society
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instead of resistance mechanisms to defend themselves

against parasites, but also that they have shown that gen-

etic variation in tolerance is common [14,15,17,22,23].

Because such polymorphism contradicts simple theoreti-

cal predictions (but see [25]), many researchers have

explored mechanisms that could maintain such variation,

including fitness costs and trade-offs with resistance

mechanisms [14,17,22,23]. More recently, theoretical

models have also indicated that variation in tolerance

may actually be expected to evolve when tolerance mech-

anisms act on maintaining host fecundity rather than host

survival [25]. The reason for this difference is that when

tolerance allows hosts to maintain their survival despite

heavy parasite infection, parasite fitness can be enhanced

by increasing the period over which transmission can

occur. This leads to a positive epidemiological feedback,

resulting in a fixation of tolerance. In contrast, when

hosts tolerate infection by maintaining their fecundity

instead, the effect on parasites may be neutral, and

variation in tolerance could evolve [25].

A better understanding of defence mechanisms against

pathogens in animals is of both fundamental and medical

importance [26]. However, despite the existence of the

straightforward statistical framework to test for tolerance,

there are still few empirical studies of the role of tolerance

in response to infectious diseases in animals [26–29]. In

addition, tolerance studies in animals have so far focused

on either non-natural host–parasite associations [30–32]

or wild-caught animals [33], for which estimates of toler-

ance can be biased by random environmental factors

affecting both host fitness and infection [28]. Despite

these limitations, these studies have clearly demonstrated

the existence of tolerance in animals. For example, exper-

imental infection of laboratory mice with the rodent

malaria parasite Plasmodium chabaudi showed that the

increase in disease severity with increasing parasite bur-

dens varied among five mouse strains [31]. This study

also found a negative relationship between resistance

and tolerance, suggesting a trade-off between these two

defence strategies. This finding is consistent with theor-

etical considerations ([14,22,34]; but see [35]) and also

supported by a recent study that showed that moderately

heterozygous dace were less resistant but more tolerant

to infection than highly heterozygous or homozygous

dace [33,36].

Here, we used the statistical framework developed by

plant biologists [18,37] and recently applied to animal

systems [31,33] to study genetic variation in resistance

and tolerance in a natural host–parasite interaction: the

monarch butterfly (Danaus plexippus) and its protozoan

parasite Ophryocystis elektroscirrha. A recent study [38]

suggested that monarch butterflies may vary in their

tolerance to these parasites based on the finding that

infected—but not uninfected—monarch families varied

in adult lifespan. However, this study was not specifically

designed to study tolerance, did not control parasite loads

and did not use the statistical framework as used in the

plant literature. Therefore, to rigorously test for variation

in tolerance in this system, we used 19 family lines of

the monarch butterfly obtained from a natural popu-

lation, and exposed these to a range of inoculation

doses of a natural isolate of the parasite O. elektroscirrha

obtained from the same population. In this system,

higher inoculation doses result in higher parasite loads
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[39], such that inoculation doses can be used to exper-

imentally control the parasite loads that monarchs will

experience. We specifically used different inoculation

doses to create a gradient of environments [18,37]

across which proxies of host fitness (lifespan and body

mass) could be measured. Experimentally manipulated

levels of parasite load are more relevant than using uncon-

trolled variation in parasite load following a single

inoculation dose or following infection with different

parasite genotypes, because such variation may be

caused by variation in host resistance or specific host–

parasite genetic interactions (e.g. [38]), violating the

independence of resistance and tolerance measures. To

better understand the maintenance of genetic variation

in defence mechanisms, we also studied fitness costs of

defence and potential trade-offs between the different

defence mechanisms.
2. MATERIAL AND METHODS
(a) Study system

Monarch butterflies (D. plexippus) occur worldwide and are

dependent on milkweeds as their larval host plants [40].

Monarchs are commonly infected with the apicomplexan

protozoan parasite O. elektroscirrha [41,42]. Infection with

this parasite occurs when caterpillars ingest parasite spores

scattered onto eggs or host plant leaves by infected female

monarchs during oviposition. In the larval midgut, spores

release sporozoites that pass through the larval gut to

invade the hypodermal tissues [43]. The parasites then

undergo asexual and sexual replication, giving rise to a

large number of spores on the outside of the body of the

emerging butterfly [39]. Parasites do not continue to repli-

cate on adults, and spores must be ingested by larvae to

cause new infections. Previous work has shown that

O. elektroscirrha strongly reduces monarch fitness, with

infected monarchs having reduced pre-adult survival, adult

lifespan, mating success and lifetime fecundity [38,39,44–47].

Monarchs used here were the laboratory-reared grand-

progeny of wild female monarchs caught in Pismo Beach,

CA, USA (35880 N, 1208380 W) in December 2008. They

were reared in the laboratory using cuttings of greenhouse-

raised tropical milkweed, Asclepias curassavica. Newly

emerged uninfected adults were selected to produce 19

non-inbred F2 family lines following previously established

procedures [38,39,45–47].

The parasite clone used was derived from an infected but-

terfly collected in Pismo Beach (CA, USA) in 2005. The use

of a single parasite clone avoids potential parasite genotype

main effects and genetic interactions with host genotypes

that would lead to variation in host fitness [38].

(b) Experimental design and procedures

Caterpillars were obtained by allowing female butterflies to

oviposit on greenhouse-grown A. curassavica plants. Two

days after hatching, when larvae had reached the second

instar, they were transferred to individual 10 cm Petri

dishes for parasite inoculation. These dishes contained

moist filter paper and one 0.8 cm diameter leaf disc of

A. curassavica on which we had deposited parasite spores

manually using a drawn-out glass capillary tube; uninfected

control larvae received leaf discs without spores. For each

monarch family, we exposed caterpillars to each of the

following inoculation doses: 0, 1, 5, 10 and 100 parasite
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spores. We used five replicate larvae per family per dose,

except in the case of the one-spore dose, where we used

5–10 larvae; more replicates were used for the one-spore

dose treatment to more accurately estimate the low pro-

portions of monarchs that become infected when given

this dose [39]. Overall, the experiment consisted of 25–30

caterpillars per family and 560 caterpillars in total.

Once larvae had completely eaten their milkweed leaf

disc—and hence ingested the full inoculum of parasites—

they were transferred to 1.34 l plastic tubes and reared indi-

vidually with cuttings of A. curassavica (greenhouse-grown

and parasite-free) at 268C and a 16L : 8D light cycle. The

containers were checked daily and larvae provided with

fresh milkweed cuttings as needed until pupation. Once

monarchs had been in the pupal stage for 6 days (an average

of 3 days before adult emergence), they were transferred to a

second laboratory, maintained at the same temperature and

light cycle. This was done to avoid risk of parasite contami-

nation of the larval rearing laboratory by emerging infected

adults. After eclosion, adult monarchs were sexed, weighed,

transferred to individual glassine envelopes held in a 148C
incubator and checked daily to record the date of host

death. We then measured lifespan as the difference in days

between the day of emergence and the day of death. This

measure provides a combined index of adult monarch life-

span and starvation resistance, which can be crucially

important for monarch survival during periods of food limit-

ation such as occur during the overwintering phase [48,49].

Following host death, parasite spore load was determined

by vortexing monarch bodies to shake off spores and

counting these spores using a haemocytometer [39,46].

(c) Measurements of host resistance and tolerance

Two types of host resistance were recorded, following

Gandon & Michalakis [50]. First, we measured qualitative

resistance (also referred to as avoidance or anti-infection

resistance) as the proportion of individuals that remain unin-

fected upon parasite exposure. Thus, qualitatively resistant

monarch families are those that display low levels of infec-

tion. We specifically defined qualitative resistance for a

family as the intercept of the regression line that described

the relationship between the proportion of individuals that

remained uninfected and inoculation dose for that family.

Second, quantitative resistance (also referred to as control

or anti-growth resistance) was determined by measuring

the parasite spore load of adult butterflies that became

infected; this measure corresponds to the infection intensity

(or parasite burden) and is positively related to the level of

within-host parasite replication for a given inoculation dose.

Quantitatively resistant monarch families are those that are

efficient at reducing parasite growth, and hence suffer low

parasite spore load. Specifically, we defined quantitative

resistance for a family as the intercept of the regression line

that described the relationship between parasite spore load

and inoculation dose for that family.

Tolerance is often characterized by the slope of a regression

of host fitness against parasite burden and/or level of parasite

exposure [22,24,31,33]. A slope of zero indicates complete

tolerance, whereas steep negative slopes indicate low levels

of tolerance. We used adult monarch lifespan and mass as

proxies for host fitness: both traits are important components

of monarch fitness (e.g. [47,51]) and both are reduced by

infection with O. elektroscirrha [38,39,44–47]. Moreover,

both measures are important for understanding parasite
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fitness, as O. elektroscirrha is mostly transmitted from infected

mothers to offspring. Monarchs with higher body mass live

longer, and longer lifespans allow monarchs to obtain a

higher probability of mating, as well as a higher number of

oviposition opportunities. Since parasites are transmitted

during oviposition, a higher mating probability and longer

monarch lifespan increase parasite fitness [46].

For each family we analysed the slopes of the regression

lines of these traits versus inoculation dose and parasite

spore load. Accordingly, more tolerant families have less

steep slopes and are able to maintain higher lifespan/mass

with increasing inoculation dose/parasite spore load. We

used both inoculation dose and spore load as explanatory

variables to increase the power of detection of variation in

tolerance. Although the best way to measure variation in

tolerance would be to fully control a range of pre-determined

parasite loads in infected monarchs, such control is not poss-

ible in this system. Instead, we used inoculation dose, as this

measure can be fully controlled, and also because inoculation

dose is strongly correlated with final parasite loads in this

system [39]. However, the use of inoculation dose may con-

found the measurements of tolerance and resistance if

monarch families vary in the slopes of their relationships

between parasite spore load and inoculation dose. In that

case, variation in the slopes between monarch fitness and

inoculation dose may arise from the variation in slopes of

the relationships between parasite load and inoculation

dose, instead of variation in the slopes of the relationships

between monarch fitness and parasite load. We therefore

also used parasite spore load as an explanatory variable in

the analyses of tolerance: although spore loads are not fully

controlled, they do provide variation in parasite intensity

across which host fitness can be measured.

(d) Statistical analysis

All analyses were carried out in R v. 2.7.1. Logistic regression

by generalized linear mixed models (GLMM; binomial

errors, logit link, using the lme4 package) was used to inves-

tigate the effect of inoculation dose, monarch family and sex

on the probability of infection. Linear mixed models were

used to analyse the effect of inoculation dose, monarch

family and sex on parasite spore load, and to assess the

effect of inoculation dose/parasite spore load, monarch

family and sex on monarch adult lifespan and mass. A signifi-

cant interaction between monarch family and inoculation

dose/spore load indicates genetic variation in tolerance

[22,31,33]. We also included the quadratic term of inocu-

lation dose/parasite spore load to test for a nonlinear

relationship between inoculation dose/parasite spore load

and host fitness (longevity or mass) [31,33,34]. Uninfected

monarch butterflies (infection intensity equal to zero) were

included in the analysis to account for the fitness of

each monarch family in the absence of damage, and hence

distinguish between tolerance and general vigour [18]. The

conclusions drawn from statistical analyses of genetic

variation in disease tolerance were not changed when

conducted on exposed individuals only or on infected indi-

viduals only (results not shown).

Parasite spore loads and inoculation dose were log10-

transformed and models were checked for homogeneity of

variance by using Fligner–Killeen tests [52]. In these ana-

lyses, inoculation dose and parasite spore load were treated

as a continuous variable, and host family and sex were treated

as categorical explanatory variables. Full models included
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Figure 1. Monarch resistance to O. elektroscirrha. (a) Effect of inoculation dose on the proportion of monarchs that remained
uninfected for each monarch family line. Note that the lines shown represent least-squares regression lines for monarch families
on the basis of arcsine-square-root-transformed proportions; intercepts, but not slopes, are significantly different on the basis of
logistic regression (see §3). (b) Variation in qualitative resistance (expressed as the intercept+ s.e. of the regression lines in (a))
observed among the 19 host families, ranked from least to most qualitatively resistant. (c) Effect of inoculation dose on parasite

spore load in animals that became infected for each monarch family. Note that the y-axis is inverted because lower parasite spore
load indicates higher quantitative resistance. Lines represent regression lines fitted for each monarch family: intercepts, but not
slopes, vary significantly among families. (d) Variation in quantitative resistance (expressed as the intercept+ s.e. of regression
lines in (c)) observed among the 19 host families, ranked from least to most quantitatively resistant.
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inoculation dose, host family and monarch sex as explanatory

variables, and interactions between them.

Minimal models were derived by removing model terms

followed by model comparison. Only terms for which

removal significantly (p , 0.05) reduced the explanatory

power of the model were retained in the minimal model

[52]. Analyses of resistance and tolerance with monarch

family specified as fixed versus random effects yielded the

same outcomes, and we report on analyses that considered

monarch family as a random effect.

To study the costs associated with resistance, we used

linear regression models to test for significant association

between qualitative/quantitative resistance and host fitness

(lifespan and mass) in uninfected controls. Similarly, we

used linear regression models to examine the relationship

between qualitative and quantitative resistance. Because we

found no evidence for genetic variation on tolerance in this

study, we were not able to analyse fitness costs of tolerance.
3. RESULTS
A total of 91 out of 95 (96%) uninfected control mon-

archs and 445 out of 465 (96%) inoculated monarchs

(with doses of 1, 5, 10 and 100 parasite spores) survived

to the adult stage. All subsequent analyses are restricted

to these surviving monarchs.
Proc. R. Soc. B (2011)
(a) Qualitative resistance

Of the 445 surviving monarchs that had been inoculated,

a total of 301 (68%) became infected. Inoculation dose

had a strong effect on the probability of infection: the pro-

portion of monarchs that remained uninfected strongly

decreased with increasing inoculation doses (x2 ¼ 145,

d.f. ¼ 1, p , 0.001; figure 1a). The intercepts of the

relationships between the proportion of uninfected

monarchs and inoculation dose significantly differed

between monarch families, revealing genetic variation in

qualitative resistance (x2 ¼ 32.5, d.f. ¼ 18, p ¼ 0.019;

figure 1b). Continuous variation in qualitative resistance

among the families was observed, indicating that

there were no completely qualitatively resistant or

completely susceptible families. We found no significant

family � inoculation dose interaction (x2 ¼ 3.5, d.f. ¼

18, p ¼ 0.24). Monarch sex did not affect the probability

of infection (x2 ¼ 0.94, d.f. ¼ 1, p ¼ 0.33).
(b) Quantitative resistance

Higher inoculation doses resulted in greater parasite

spore loads in monarchs that became infected (x2 ¼

185, d.f. ¼ 1, p , 0.01; figure 1c). The intercept of the

relationship between spore load and inoculation dose

varied by monarch family, indicating genetic variation in



Table 1. Analysis of genetic variation in disease tolerance using inoculation dose as a measure of infection intensity. The two-

way interactions between monarch family and inoculation dose were not statistically significant, indicating no genetic variation in
tolerance. Other non-significant two-way interactions are not represented. Significance (p , 0.05) is indicated by asterisks.

x2 d.f. p

adult lifespan
inoculation dose x2 ¼ 470 d.f. ¼ 1 p , 0.001*
(inoculation dose)2 x2 ¼ 0.02 d.f. ¼ 1 p ¼ 0.9
monarch family x2 ¼ 98 d.f. ¼ 18 p ¼ 0.02*
monarch sex x2 ¼ 2 d.f. ¼ 1 p ¼ 0.16

monarch family � inoculation dose x2 ¼ 21.8 d.f. ¼ 18 p ¼ 0.24
monarch family � (inoculation dose)2 x2 ¼ 18.3 d.f. ¼ 18 p ¼ 0.44

adult mass
inoculation dose x2 ¼ 0.76 d.f. ¼ 1 p ¼ 0.38

(inoculation dose)2 x2 ¼ 0.3 d.f. ¼ 1 p ¼ 0.57
monarch family x2 ¼ 81 d.f. ¼ 18 p ¼ 0.035*
monarch sex x2 ¼ 6.9 d.f. ¼ 1 p ¼ 0.008*
monarch family � inoculation dose x2 ¼ 26.7 d.f. ¼ 18 p ¼ 0.08
monarch family � (inoculation dose)2 x2 ¼ 20.4 d.f. ¼ 18 p ¼ 0.31
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quantitative resistance (x2 ¼ 38, d.f. ¼ 18, p ¼ 0.012;

figure 1d). There was no significant interaction between

inoculation dose and host family (x2 ¼ 17, d.f. ¼ 18,

p . 0.05). Host sex also had no effect on parasite spore

load (x2 ¼ 3, d.f. ¼ 1, p . 0.05).
(c) Tolerance

Inoculation dose had a strong effect on adult lifespan

(table 1, figure 2a). Host lifespan significantly varied

among monarch families (table 1, figure 2b), but there

was no significant interaction between host family and

inoculation dose (table 1). These results indicate that

host families vary in general vigour [18], but not tolerance

in terms of host lifespan. Host sex had no effect on host

lifespan (table 1).

Inoculation dose did not affect adult mass (table 1),

but adult mass varied among monarch families

(table 1). There was no significant interaction between

host family and inoculation dose (table 1), indicating an

absence of genetic variation in disease tolerance in

terms of body mass. Host sex had an effect on host

mass, with males being larger on average than females

(table 1; mean+ s.e. adult mass: male: 0.67 g+0.008,

female: 0.64 g+0.007). There was no significant

sex � family interaction.

Because parasite spore load was not significantly

affected by an interaction between inoculation dose and

monarch family (see §3b), the use of inoculation dose as

a measure of parasite load in the analyses of tolerance

was justified, because any variation in the slopes of the

relationships between lifespan/body mass and inoculation

dose could not have been accounted for by variation in

the slopes of the relationships between spore load and

inoculation dose. However, we still carried out a second

analysis of tolerance on the basis of parasite spore

load as measure of parasite intensity. This analysis yielded

similar effects as the analysis using inoculation dose. Thus,

monarchs lived for a much shorter time (but did not weigh

less) with increasing parasite spore loads, and monarch

families varied in the lifespan and mass they obtained for

a given spore load, but there were no significant inter-

actions between host family and spore load. These results
Proc. R. Soc. B (2011)
again indicate a lack of genetic variation for tolerance in

terms of host lifespan or body mass (see table 2).

(d) Costs of resistance

No costs of qualitative resistance were found in terms of

host lifespan or mass: qualitatively resistant monarch

families did not have shorter lifespan and were not smaller

than less qualitatively resistant monarchs in the absence

of parasites (lifespan: F1,17 ¼ 0.1, p ¼ 0.75; mass:

F1,17 ¼ 0.01, p ¼ 0.9). Similarly, no costs of quantitative

resistance were found in terms of host lifespan or

mass (lifespan: F1,17 ¼ 0.69, p ¼ 0.4; mass: F1,17 ¼ 2,

p ¼ 0.17). Finally, no association between qualitative and

quantitative resistance was found (F1,17 ¼ 2.1, p ¼ 0.17).

Given that we found no evidence for genetic variation in

tolerance, we were not able to test for fitness costs of

tolerance.
4. DISCUSSION
Our results suggest that monarch butterflies vary geneti-

cally in resistance, but not tolerance, to their protozoan

parasite O. elektroscirrha. Evidence for variation in quali-

tative resistance comes from the finding that the 19

monarch families used here varied in the proportion of

animals that remained uninfected upon exposure to four

inoculation doses of the parasite. Moreover, among ani-

mals that became infected, monarch families varied in

the spore load that parasites produced, indicating genetic

variation in quantitative resistance. However, we found no

evidence that monarch families varied in the slopes of

their relationships between two fitness proxies (adult life-

span and body mass) and inoculation dose or parasite

spore load. This suggests that monarch families do not

vary in the fitness reductions that they suffer with increas-

ing parasite exposure and burden, and indicates an

absence of genetic variation in tolerance.

Our finding of genetic variation in disease resistance

confirms many empirical studies, as well as theoretical

predictions. Genetic variation in qualitative and quanti-

tative resistance has been reported in a wide range of

plant–parasite and animal–parasite associations (e.g.

[53–57]), and there are at least two explanations for the
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Table 2. Analysis of genetic variation in disease tolerance using parasite spore load as measure of infection intensity. The

two-way interactions between monarch family and parasite spore load were not statistically significant, indicating no genetic
variation in tolerance. Other non-significant two-way interactions are not represented. Significance (p , 0.05) is indicated by
asterisks.

x2 d.f. p

adult lifespan
spore load x2 ¼ 81.52 d.f. ¼ 1 p , 0.001*
(spore load)2 x2 ¼ 155 d.f. ¼ 1 p , 0.001*

monarch family x2 ¼ 29.2 d.f. ¼ 18 p ¼ 0.039*
monarch sex x2 ¼ 0.09 d.f. ¼ 1 p ¼ 0.77
monarch family � spore load x2 ¼ 27.9 d.f. ¼ 18 p ¼ 0.064
monarch family � (spore load)2 x2 ¼ 28.1 d.f. ¼ 18 p ¼ 0.056

adult mass
spore load x2 ¼ 3.37 d.f. ¼ 1 p ¼ 0.066
(spore load)2 x2 ¼ 1.7 d.f. ¼ 1 p ¼ 0.2
monarch family x2 ¼ 30 d.f. ¼ 18 p ¼ 0.04*

monarch sex x2 ¼ 6.14 d.f. ¼ 1 p ¼ 0.01*
monarch family � spore load x2 ¼ 26.6 d.f. ¼ 18 p ¼ 0.11
monarch family � (spore load)2 x2 ¼ 29 d.f. ¼ 18 p ¼ 0.059
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maintenance of such variation. First, theoretical models

have shown that host genetic variation in resistance can

be maintained by costs associated with resistance

[8,58–60], and costs of resistance have been found in

some studies (e.g. [23,61–63]). In the current study, we

did not find evidence for such costs, as more resistant

monarch families did not have lower lifespan and body

mass in the absence of parasites. This may indicate that

there are no costs of resistance [64,65] or that such

costs can only be detected under more natural, stressful

or competitive conditions (e.g. [61,66,67]). Alternatively,

it is possible that resistance confers costs to other—

unmeasured—fitness components, such as fecundity.

A second explanation for the maintenance of variation

in resistance is the coevolutionary arms race between

hosts and parasites, which is expected to result in specific

genetic interactions between host and parasite genotypes.

Thus, hosts resistant to a particular parasite genotype

may be susceptible to other parasite genotypes. De

Roode & Altizer [38] demonstrated such host–parasite

genetic interactions in the monarch–parasite system,

providing a potential explanation for the observed genetic

variation in host resistance in this study.
Proc. R. Soc. B (2011)
The finding that monarch families did not vary in tol-

erance supports the predictions of a number of theoretical

models on the evolution of tolerance. These models have

indicated that positive frequency-dependent selection

through an ecological feedback with disease prevalence

can drive tolerance to fixation within populations [8–11].

The reason is that if an allele confers a greater level of

tolerance, it can be favoured by natural selection over

other alleles; the allele will then spread through the host

population and the parasite prevalence will concomitantly

increase. As the parasite becomes more common in the

environment, selection for host tolerance is boosted,

and the positive feedback pushes the allele to fixation

[8,9,11]. Thus, the observed lack of polymorphism in tol-

erance in our study population may indicate that all hosts

have already evolved the maximum tolerance possible

[68–70]. It is important to note here that not all theore-

tical models predict a lack of genetic variation in

tolerance. For instance, Best et al. [25] showed that vari-

ation in tolerance can evolve when tolerance acts on

maintaining host fecundity (‘sterility tolerance’) instead

of survival (‘mortality tolerance’). This model showed

that mortality tolerance—by increasing the period over
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which parasite transmission occurs—can enhance parasite

fitness and result in a positive epidemiological feedback

loop. In contrast, sterility tolerance was neutral with

regard to parasite fitness, and resulted in the maintenance

of genetic variation in tolerance. However, in the mon-

arch–parasite system, host and parasite fecundity are

much intertwined, because parasites are transmitted

to monarch offspring during oviposition, and longer

monarch lifespans allow for more oviposition events.

Hence, the maintenance of both survival and fecundity

would result in a concomitant increase in parasite fitness

[46] and thereby drive tolerance towards fixation.

An alternative explanation for the observed lack of

genetic variation in tolerance is that monarch butterflies

have not in fact evolved tolerance mechanisms over the

range of infection intensities that we studied. This may

be because they already have a comprehensive arsenal

of defence mechanisms that can render tolerance super-

fluous. For instance, the current study shows that

monarchs possess both qualitative and quantitative resist-

ance, and a recent study has also shown that monarchs

have a behavioural defence mechanism through which

they can preferentially lay their eggs on anti-parasitic

host plants (T. Lefèvre, L. Oliver, M. D. Hunter &

J. C. de Roode 2009, unpublished results). It is often

suggested that organisms need not invest in multiple

defence mechanisms at once [21,71,72], and a recent

review has suggested that free-moving (as opposed to

sessile) organisms may invest more heavily in defence

mechanisms other than tolerance [29]. The reason for

this is that sessile organisms cannot move away from para-

site threats and are more dependent on dealing with

unavoidable damage. For example, plants have evolved

a greater capacity to regenerate tissues [73,74], while

free-moving animals can use behavioural mechanisms to

avoid infection or medicate themselves upon infection

[75]. However, although monarchs may not possess toler-

ance against infection over the range of parasite loads that

we studied, we think it is unlikely that they have no toler-

ance at all over the full range of infection intensities they

may suffer in the wild. As such, we favour the explanation

that tolerance against O. elektroscirrha has become fixed in

this population of monarch butterflies.
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