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Why do parasites harm their hosts? Conventional wisdom holds
that because parasites depend on their hosts for survival and
transmission, they should evolve to become benign, yet many
parasites cause harm. Theory predicts that parasites could evolve
virulence (i.e., parasite-induced reductions in host fitness) by bal-
ancing the transmission benefits of parasite replication with the
costs of host death. This idea has led researchers to predict how
human interventions—such as vaccines—may alter virulence evo-
lution, yet empirical support is critically lacking. We studied a
protozoan parasite of monarch butterflies and found that higher
levels of within-host replication resulted in both higher virulence
and greater transmission, thus lending support to the idea that
selection for parasite transmission can favor parasite genotypes
that cause substantial harm. Parasite fitness was maximized at an
intermediate level of parasite replication, beyond which the cost of
increased host mortality outweighed the benefit of increased
transmission. A separate experiment confirmed genetic relation-
ships between parasite replication and virulence, and showed that
parasite genotypes from two monarch populations caused differ-
ent virulence. These results show that selection on parasite trans-
mission can explain why parasites harm their hosts, and suggest
that constraints imposed by host ecology can lead to population
divergence in parasite virulence.

coevolution � Danaus plexippus � disease � epidemiology � pathogen

Parasites are arguably the most common life form on earth (1),
and understanding their evolution has increasing relevance

for predicting their effects on human, agricultural, and wild
populations (2–8). By definition, parasites cause harm to their
hosts (i.e., they cause virulence), but explaining why they do so
remains a challenge for evolutionary biologists. A fundamental
question is why parasites that depend on hosts for their own
survival and transmission cause disease or even kill their hosts.
The most popular evolutionary explanation asserts that viru-
lence is an unavoidable consequence of selection to maximize
parasite fitness (9–17). Parasites must replicate within hosts to
produce transmission stages, but this also consumes host re-
sources, damages host tissues, and provokes immune clearance,
thereby shortening the infectious period over which transmission
can take place. Parasites thus face a trade-off between the benefits
of increased replication (i.e., increased transmission rate) and
the costs (i.e., virulence or immune clearance), resulting in
highest fitness at intermediate levels of parasite replication.

This ‘‘trade-off hypothesis’’ underlies many theoretical studies
and is advocated to inform public health decisions (6, 7, 13, 18),
yet there remains a serious lack of empirical evidence (19, 20).
A small number of studies have shown positive relationships
between within-host replication and virulence (21) and between
virulence and parasite transmission potential (22–24), or have
shown optimal transmission at an intermediate level of virulence
(25). However, no studies have simultaneously quantified the
relationships between within-host parasite replication, viru-
lence, and transmission to examine support for a maximum
attainable parasite fitness owing to a trade-off between the costs

and benefits of parasite replication. This gap in empirical data
from naturally occurring host–parasite systems has led some
authors to conclude that the trade-off theory may be too narrow
a view of the evolution of parasites (20, 26). Still, a recent study
has demonstrated the important role that life-history trade-offs
may play in pathogen evolution: for HIV-1 infections, increasing
viral loads during the asymptomatic phase both reduced the time
to the onset of AIDS and increased the annual transmission rate,
such that transmission potential over the course of infection was
maximized at intermediate viral loads (27).

We studied the protozoan parasite Ophryocystis elektroscirrha
(28), which commonly infects wild populations of the monarch
butterfly (Danaus plexippus) (29, 30). Infections occur when
caterpillars ingest spores scattered onto eggs or host plant leaves
by adult butterflies. Parasites penetrate the gut wall and undergo
vegetative replication in the host’s hypoderm. After host pupa-
tion, the parasite forms spores around the scales of the devel-
oping butterflies, and infected adults emerge covered with
dormant spores on the outsides of their bodies. Parasite repli-
cation is intense, with a single infecting spore sometimes giving
rise to over a million progeny (31). The primary route of
transmission is from infected females to their offspring when
parasite spores are passively transferred to the outside of eggs
and host plant leaves during oviposition, although some hori-
zontal transmission occurs (32).

By using this host–parasite system, we quantified relationships
between within-host replication, virulence, and transmission,
and tested whether parasite fitness was maximized at an inter-
mediate level of replication. To establish genetic relationships
between parasite replication and virulence, we conducted a
second experiment by using host and parasite genotypes from
two North American monarch populations. Our results show that
monarch parasites indeed face a trade-off between virulence and
transmission, and that parasites from different populations have
marked divergence in virulence, as predicted by constraints
on transmission and selective forces operating on virulence
evolution.

Results
Parasite Replication, Virulence, and Transmission. We infected mon-
arch butterflies with O. elektroscirrha and quantified survival to
the adult stage, mating success, lifespan, fecundity, and parasite
transmission. We used the number of parasite spores on infected
butterflies (spore load) as our primary measure of parasite
replication.
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Greater parasite replication reduced host survival to the adult
stage, with fewer monarchs emerging successfully from their
pupal cases with increasing parasite loads [Figs. 1 and 2a; general
linear model (GLM) with binomial error distribution: F1,13 �
34.7, P � 0.001]. Among female monarchs that survived to the
adult stage, higher parasite loads reduced mating success (Fig.
2b; GLM with binomial error distribution: F1,13 � 8.35, P �
0.013), in part because higher parasite loads significantly re-
duced adult female lifespan (linear model: F1,44 � 4.03, P �
0.05). Among mated female monarchs, higher parasite replica-
tion rates did not result in lower lifetime fecundity (i.e., the total
number of eggs laid; linear model: F1,33 � 0.49, P � 0.49),
probably because females laid most of their eggs early on in life
(�90% of eggs laid between days 1 and 10 postmating).

Detrimental effects of the parasite on the host may appear
maladaptive, but high parasite loads were necessary to increase
transmission. Female monarchs with low spore loads (�105

spores) transferred spores to only 20% of their eggs; this
percentage increased to nearly 100% with higher parasite rep-
lication (Fig. 2c; GLM with binomial error distribution: F1,31 �
30.7, P � 0.001). The average numbers of spores deposited per
egg and onto milkweed leaves on which eggs were laid also
increased with spore load (Fig. 2 d and f; linear model: eggs,
F1,30 � 47.2, P � 0.001; leaves, F1,25 � 27.3, P � 0.001). This is
important because larvae that ingest a higher number of para-
sites (by feeding on eggs and milkweed leaves with spores) have
a higher probability of becoming infected (Fig. 2 e and g; GLM

with binomial error distribution: eggs, F1,14 � 31.3, P � 0.001;
leaves, F1,14 � 27.7, P � 0.001).

Parasite Lifetime Fitness. We calculated two measures of parasite
lifetime fitness (�) as a function of spore load (p) by using the
least-squares regression lines shown in Fig. 2 and described in
supporting information (SI) Table S1. The first measure was a
conservative estimate, in which we assumed that parasite trans-
mission occurs exclusively through monarch eggs; it was defined
as the averaged proportion of offspring—produced by monarchs
with spore load p—that were infected

�e� p� � E� p� � M� p� � T� p� � Ie�de� p��, [1]

in which E(p) is the probability of adult emergence (Fig. 2a) and
M(p) is the probability of mating (Fig. 2b). Further, T(p) is the
proportion of eggs that acquire parasite spores (Fig. 2c) and
Ie(de) is the proportion of offspring that will become infected
(Fig. 2e) based on dose de(p), which is the average number of
spores deposited on a spore-positive egg and is modeled as a
function of p (Fig. 2d). The subscript e stands for egg.

Because parasite transmission also occurs through spores
deposited onto milkweed leaves where eggs are laid, and because
transmission through ingestion of spores on milkweed causes
higher infection rates relative to spores on the egg chorion (31),
we constructed a less conservative parasite fitness measure as
follows:

�l� p� � E� p� � M� p� � T� p� � Il�dl� p��. [2]

Here, symbols are analogous to those in Eq. 1, with the excep-
tions that Il(dl) is now the averaged proportion of offspring that
will become infected when ingesting milkweed leaves with
parasite spore dose dl(p) (Fig. 2g), and dl(p) in turn is the number
of spores deposited on milkweed leaves (Fig. 2f ); the new
subscript l denotes leaf. Note that the term T(p) remains
unaltered; thus, we conservatively assume that parasite spores
are only transferred to milkweed leaves when they are also
transferred to eggs.

Our fitness measures predict the relative rather than the
absolute number of infected offspring because the total fecun-
dity of infected females was independent of parasite spore load.
Furthermore, a proportional fitness measure is more relevant
across a range of natural background mortality rates of monarch
larvae, which will ultimately determine the absolute number of
infected offspring that survive.

Plotting fitness estimates �e and �l against parasite spore load
reveals concave fitness curves (Fig. 3) generated by a trade-off
between transmission and virulence. Because parasite fitness
depends on a series of estimated parameter values that each
carry a level of uncertainty (Table S1), 68% confidence regions
generated for the predicted fitness curves are broad, especially
for the more conservative �e (Fig. 3a). Despite this uncertainty
in parameter estimation, the concavity of the trade-off curves is
readily apparent in both the expected values of �(p) and the
confidence regions. Thus, increasing parasite spore loads ini-
tially result in greater parasite fitness owing to higher transmis-
sion. However, at very high parasite spore loads, the costs of
increased within-host replication (i.e., virulence) outweigh the
benefits (increased transmission). The resulting trade-off curves
suggest that the spore loads maximizing fitness on the basis of
transmission through eggs and leaves are similar (respectively,
5.74 and 5.66 on a log10 scale).

Population Divergence and Genetic Basis for Virulence. Natural
selection requires that relationships between parasite replication
and virulence are genetically based. We obtained hosts and

Fig. 1. Parasite-infected monarch stuck to its pupal case. Heavy parasite
infection impaired the development of abdominal integuments, such that
many infected monarchs were unable to eclose.
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parasites from western North America (where monarchs over-
winter along the Californian coast) and eastern North America
(where monarchs travel to Mexico to overwinter), and infected
hosts with 1 of 18 parasite clones. Spore loads on adult butter-
f lies were used as a measure of parasite replication, and viru-
lence was measured as adult longevity (a proxy for the likelihood
of host reproduction: successful mating and onset of oviposi-
tion). We observed considerable genetic variation in virulence
among parasite clones (Figs. 4a and b; ANOVA: F17,710 � 11.2,
P � 0.001), and found that parasites from the western population
were more virulent than those from the eastern population (Fig.
4 a and b; linear mixed effects model: t1,16 � �2.27, P � 0.038).

This population difference in virulence was related to differ-

ences in parasite replication rate (with the effect of parasite
source population on virulence nonsignificant when corrected
for spore load: linear mixed-effects model: t1,16 � �2.09, P �
0.053). Thus, parasites from the western population were more
virulent because they produced higher numbers of spores (Fig.
4 c and d). Our analyses showed that hosts from the two
populations did not differ in the virulence they suffered (i.e.,
host–source population nonsignificant in a linear mixed-effects
model: t1,8 � 0.05, P � 0.96). Thus, parasites from the western
population were more virulent when tested on monarchs from
both eastern and western populations (linear mixed-effects
models; western monarchs: t1,16 � �2.24, P � 0.040; eastern
monarchs: t1,16 � �2.19, P � 0.044). This demonstrates that
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Fig. 2. Relationships between parasite replication, virulence, and transmission. Increasing within-host replication (i.e., parasite spore load) resulted in lower
proportions of animals surviving to the adult stage (a) and lower mating probabilities (b). Higher parasite loads also led to increased transmission through higher
proportions of monarch eggs that acquired spores (c), and higher numbers of parasites per egg and milkweed leaf (d and f ); these higher parasite numbers
increased the probability of infection (e and g). Data points are average proportions (a, b, e, and g) or individual monarchs (c, d, and f ). Lines are least-squares
regression lines (see Table S1 for functions).
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Fig. 3. Relationship between parasite replication and lifetime fitness. Parasite fitness (�) was calculated as the averaged proportion of offspring predicted to
become infected from monarchs with a given parasite load (p), and was based on transmission occurring through spores deposited on either eggs (a) or milkweed
leaves (b). Gray areas are 68% confidence regions. Note that these measures of fitness predict the proportions of infected offspring averaged for a range of
monarchs with a spore load p; thus, although 100% of offspring produced by surviving and successfully mated monarchs with log10 spore loads �6.0 could
become infected, the average parasite fitness is much lower because few monarchs with this spore load emerge or mate.
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