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Multiple infections and the evolution of virulence

Abstract

Samuel Alizon,"" Jacobus C. de Infections that consist of multiple patasite strains or species are common in the wild and are a major

Roode? and Yannis Michalakis' public health concern. Theory suggests that these infections have a key influence on the evolution of infec-
tious diseases and, more specifically, on virulence evolution. However, we still lack an overall vision of the
empirical support for these predictions. We argue that within-host interactions between parasites largely
determine how virulence evolves and that experimental data support model predictions. Then, we explore
the main limitation of the experimental study of such ‘mixed infections’, which is that it draws conclusions
on evolutionary outcomes from studies conducted at the individual level. We also discuss differences
between coinfections caused by different strains of the same species or by different species. Overall, we
argue that it is possible to make sense out of the complexity inherent to multiple infections and that expet-
imental evolution settings may provide the best opportunity to further our understanding of virulence evo-

lution.
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Most infections consist of multiple patasite” strains or species (see
e.g. Petney & Andrews 1998; Cox 2001; Brogden e al. 2005; Telfer
et al. 2008; Balmer & Tanner 2011; Schmid-Hempel 2011). In the
case of human malaria, for instance, the majority of infected adults
are simultaneously infected by more than five Plasmodinm falciparum
strains (Lord ef /. 1999). Multiple infections ate not testricted to
humans, and occur naturally in a wide range of organisms, ranging
from bacteria (Turner & Duffy 2008) to plants (Malpica ez al. 2000)
and animals (Sharp ez 2/ 1997). Multiple infections have major con-
sequences for the spread of parasites in a population (Cattadori
et al. 2008; Telfer et al. 2010) as well as the decrease in host fitness
due to the infection (referred to here as virulence). However, even
though the importance of considering the diversity of infections is
often acknowledged, our understanding of how multiple infections
affect the evolution of virulence is still limited (Read & Taylor
2001; Rigaud ez a/. 2010). Studying the consequences of multiple
infections for virulence evolution is essentially an ecological ques-
tion because the ecological mechanisms by which different parasite
species or strains interact within hosts have a major impact on the
subsequent evolution of virulence. Moreover, it is becoming increas-
ingly clear that ecological feedbacks and host demography are key
factors in the epidemiology and evolution of parasites.

Considering that a host is infected by more than one parasite
genotype introduces potential confusions because the virulence
experienced by the multiply infected host (which we refer to as the
‘overall virulence’) is the result of the interaction between the geno-
types of all the coinfecting parasites and of the host (Seppala e al.
2009, 2012). Depending on the biological system, overall virulence

can be higher than the virulence of the most virulent parasite, lower
than the virulence of the least virulent parasite, or take some inter-
mediate value between the two. This extreme vatiety of outcomes
(Rigaud ez al. 2010) can seem daunting at first, but general patterns
can be detected that are consistent with applications of ecological
and evolutionary theory to within-host dynamics (Graham 2008).
For instance, a meta-analysis of helminth-microparasite coinfections
found that resource limitation (e.g. competition for red blood cells)
between the two taxa decreases the microparasite population size,
whereas suppression of inflaimmatory immune responses has the
opposite effect (Graham 2008). Although the comparison between
the virulence of parasites in single infections and their overall viru-
lence in multiple infections is relevant for a number of issues (e.g.
to understand the mechanisms that lead to the decrease in host fit-
ness), it is less relevant for understanding the evolution of virulence;
for the latter, knowing how multiple infections affect within-host
interactions and between-host transmission of each parasite strain is
much more useful. This confusion is very common in the literature
(Fig. 1). Throughout this review, we focus on virulence evolution.
Although multiple infections are important for parasite virulence
and its evolution, many public and animal health policies still ignore
long-term consequences of changes in prevalence of multiple infec-
tions (Read & Taylor 2001; Balmer & Tanner 2011). However, this
is not surprising since we still have a limited understanding of their
evolutionary consequences. Here, we review the literature on multi-
ple infections to highlight the importance of such infections for
parasite virulence. We also argue that the difference between the
virulence in singly infected hosts and the virulence in coinfected
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Figure 1 Difference between virulence evolution and overall virulence. Although the comparison between the virulence of parasites in single infections and the overall

virulence they cause when coinfecting a host is relevant for a number of issues (e.g. to understand the mechanisms underlying virulence), it is less relevant to understand

the evolution of virulence; for the latter, knowing how multiple infections affect the duration of the infection and the between-host transmission of each parasite strain is

much more useful.

hosts (i.e. the overall virulence) cannot be used to predict virulence
evolution. Then, we discuss theoretical and empirical studies that
focus on within-host interactions and their consequences for para-
site evolution. Finally, we discuss perspectives for future research in
this area, making suggestions for empirical studies that can advance
our understanding of the evolutionary consequences of multiple
infections. Our overall goal is to review studies, identify potential
generalisations and propose future approaches on the effect of mul-
tiple infections on the evolution of the virulence of infectious dis-
eases. Although virulence may be a composite trait of host genes,
parasite genes and the environment, we focus on virulence as a par-
asite trait in this review. This enables us to explore the conse-
quences of multiple infections on parasite evolution.

VIRULENCE EVOLUTION

By definition, parasites cause harm to their hosts by decreasing their
fitness, and this harm is usually referred to as virulence (Read 1994).
Evolutionary biologists have long been puzzled by the fact that para-
sites harm their hosts because they depend on them for their sut-
vival. ‘Conventional wisdom’, as May & Anderson (1983) called it,
used to say that parasite virulence is transitory and that, given
enough time, all parasites would evolve to become commensalistic
or mutualistic to their hosts. Recent research has questioned this
conventional wisdom and enhanced our understanding of why para-
sites could evolve to maintain virulence. Adaptive explanations of a
non-zero level of virulence consider the balance between the effects
of within-host and between-host processes on parasite fitness.

A parasite may affect host fitness by modifying host fecundity,
host survival or both. Not all components, however, will be rele-
vant to the evolution of virulence. This will depend on the para-
site’s life cycle. For example, if a parasite is not transmitted
vertically (i.e. from parent to offspring), a decrease in host fecundity
will not affect parasite fitness at the epidemiological level. For this
reason, in most models, which assume parasites are not transmitted
vertically, virulence is considered to be the increase in host mortality
rate due to the infection and all potential effects on host fecundity
are ignored. Obviously, if one is interested in the evolution of viru-
lence of a vertically transmitted parasite, parasitic effects on host
fecundity need to be taken into account and predictions need to be
based on mathematical models which incorporate this transmission

route. A further complication arises from the fact that a number of
different ways to experimentally measure parasitic effects on host
survival exist (e.g. case mortality, host lifespan or lethal dose), which
may often be more practical than mortality rate. As shown by Day
(2002), this should be a matter of great caution because theoretical
predictions on the direction of virulence evolution depend on the
way virulence is defined and measured. In the following, we always
refer to virulence as the increase in host mortality rate because this
is the way it is defined in virtually all theoretical studies.

A widespread explanation for the evolution and maintenance of
parasite virulence is that virulence is adaptive because its increase is
related to increased transmission to other hosts, which itself
increases parasite fitness at the between-host level (Anderson &
May 1982; Ewald 1983; Fraser e/ a/. 2007; de Roode ef al. 2008).
The idea is that parasites need to reach high enough numbers in
their current host to ensure between-host transmission, but that
such growth is detrimental to the host. As a consequence, it is often
asserted that parasites cannot increase between-host transmission
rates without also increasing virulence. Since virulence is the
increase in host death rate due to the infection, in most of these
studies which ignored vertical transmission, this generates a trade-
off between transmission and the duration of infection (assuming
that the recovery rate is constant). The transmission-virulence trade-
off model is sometimes criticised but a positive correlation between
vitulence and transmission has been observed in several host—pata-
site systems (reviewed in Alizon ez al 2009). Moreover, in some
cases, it has even been shown that transmission is a saturating func-
tion of virulence, implying that the highest parasite fitness is
achieved at intermediate levels of virulence (Fraser e¢f a/ 2007; de
Roode ez al. 2008).

The adaptive nature of virulence is often envisaged in the (restric-
tive) case of horizontally and directly transmitted parasites. How-
ever, as soon as the parasite has other transmission routes (e.g.
free-living spores, Caraco & Wang 2008), or multiple host types
(Gandon 2004), or multiple environments (Levin & Svanborg Edén
1990), virulence in the host of interest can be traded-off against
numerous traits. Although several processes can be at play at the
same time (Alizon & Michalakis 2011), we here focus on the case
where the within-host parasite diversity originates from multiple
infections, not from rapid within-host evolution from an initial
infecting strain.

© 2013 Blackwell Publishing Ltd/CNRS
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The trade-off hypothesis is not the only hypothesis explaining
why parasites harm their host; multiple infections, which we discuss
in detail below, or within-host evolution (Levin & Bull 1994) offer
non-mutually exclusive alternatives. Another possibility is that the
harm to the host originates from the immune response and not from
the parasite host exploitation, which is referred to as immunopathol-
ogy (Graham ez a/. 2005). For immunopathology to be relevant for
parasite virulence evolution, there needs to be a correlation between
the parasite host exploitation strategy and the immunopathology. This
has been considered by some models (Day ez 2/ 2007) but they tend
not to include multiple infections (but see Graham 2001).

Finally, there are situations in which virulence does not affect
parasite evolution. This is, for example, the case when a parasite
infects a ‘dead-end’ host from which it will not transmit. However,
it may still be possible to observe variations in virulence if the
expression of virulence in the dead-end host is correlated with other
components of the parasite’s life cycle; this is often referred to as
coincidental selection (e.g. Levin & Bull 1994). In such dead-end
hosts, one can only study the overall virulence. Indeed, it makes no
sense in this case to look for the evolutionary consequences of mul-
tiple infections because there is no transmission from these hosts.

OPENING THE WITHIN-HOST BLACK BOX
Model predictions

As explained above, the trade-off hypothesis is concerned with the
optimisation of parasite transmission between hosts. Considering
multiple infections adds a level of selection (beyond the between-host
level) acting on parasite evolution. Indeed, if there only are single
infections, within-host processes can be treated as a ‘black box’
because the optimal host exploitation strategy at the between-host
level (which is the level that matters in the long term) is the one that
maximises the number of secondary infections. When different strains
share a host, determining the optimal parasite trait value is less
straightforward, because a strategy that is optimal at the within-host
level can prove poor at the between-host level (see also Fig. 2).
Hamilton (1972) first noted that a highly diverse parasitic infec-
tion leads to a low level of relatedness among coinfecting parasites,
which he thought should favour more virulent genotypes. The
underlying assumption was that parasites compete for limited host
resources resulting in a ‘tragedy of the commons’ situation (i.e. that
over-exploiting the resource is an optimal strategy). This assump-

Between-host competition:
The strain favoured is the
strain that infects more

hosts than the other

(here strain B).

Within-host competition:
The strain favoured is the one that reaches
a higher density than the other (here strain A).

@

tion, at the root of many theoretical models (Bremermann &
Pickering 1983; Levin & Bull 1994; Frank 1996; Chao ez /. 2000),
has been shown to be biologically relevant in many cases.

However, competition for host resources is not the only way in
which parasites can interact within a host (Mideo 2009). Direct
interactions between parasites may involve interference competition
[e.g. production by bacteria of bacteriocins that kill non-related bac-
teria (Massey ef al. 2004)]. Parasites may also interact indirectly with
each other by eliciting cross-reactive immune responses, or, mote
directly, by producing public goods (PG) that are required for
parasite growth, for example, siderophores for bacteria (West &
Buckling 2003) or capside proteins for viruses (Turner & Chao
2003). Public goods are not necessarily restricted to the within-cell
(or even within-host) compartment; for example, transmission
binding proteins in CaMV enhance between-cell transmission of
cauliflower mosaic virus (Froissart ez a/ 2002). These interactions
are listed in Table 1.

The nature of within-host interactions governs both the overall
virulence of the infection as well as which genotype is selected (i.e.
both the expression and the evolution of virulence). Therefore, a
decrease in the relatedness between parasites coinfecting a host,
which occurs when the diversity of the infection increases, can lead
to opposite outcomes depending on the nature of within-host intet-
actions (Table 1). If parasites compete for host resources, increased
exploitation of host resources by a genotype increases its relative fit-
ness and a low level of relatedness among coinfecting parasites
should favour more virulent genotypes (Levin & Bull 1994). The
opposite tresult can occur when parasites compete over resources
that they produce. In the case of bacteria producing siderophores,
‘defector’ strains that do not pay the cost of producing these mole-
cules but exploit those produced by ‘cooperating’ strains can win
the within-host competition. Then, low relatedness favours less vit-
ulent strains (Brown ez a/ 2002). One has to distinguish between
the effect that multiple infections have on the phenotype (the over-
all virulence incurred by the host) and on virulence evolution
(which strain is selected). For several scenarios, predicting the evo-
lutionary effect is actually not straightforward, especially if different
types of interactions occur simultaneously. For example, Choisy &
de Roode (2010) built an epidemiological model in which two para-
sites competed with each other over resources in the host. In the
absence of any other interactions, they confirmed previous studies
that such competition results in the evolution of more virulent para-
sites. However, when their model allowed for parasites to plastically

@
@D
0@@

Figure 2 Within-host and between-host levels of selection. A strain that is extremely competitive at the within-host level is not necessarily competitive at the between-

host level. Note that at the between-host level, epidemiological dynamics matter and that these involve all types of hosts (infected by A or B, coinfected by A and B, but

also susceptible, S).
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Table 1 Consequences of within-host interactions on the overall virulence and on parasite competition for coinfections by the same species

Type of interaction Overall virulence

Strain favoured — Experimental REF

Theory REF

Competition for host resources Higher +

Apparent competition via the °r? e
immune response

Competition for public goods Intermediate -
produced by the parasite

Spite, that is, actively decreasing Lower 27?7

the fitness of (unrelated) strains
Signalling, that is, production of Depends on the -

costly molecules that elicit a proteins elicited

Rodent malaria (de Roode e al.
2005b)
Rodent malaria (Raberg e a/. 2006)

Siderophore-producing (Harrison
et al. 2006)

Bacteriocin-producing bacteria
(Inglis ez al. 2009)

Quorum-sensing in bacteria
(Rumbaugh ez al. 2009)

(Bremermann & Pickering 1983; Levin & Bull
1994; Frank 1996; Chao e al. 2000)

(Brown & Grenfell 2001; Alizon & van Baalen
2008)

(West & Buckling 2003)

(Gardner e al. 2004)

(Brown & Johnstone 2001)

HIV (Lawn 2004), rodent malatia

(Bell ez al. 20006)

response
Facilitation (e.g. immune depletion) Higher °r?
Immunopathology Higher PP

See Graham ez al. (2005) for a review

(Day e al. 2007)

For the overall virulence in multiple infections ‘higher’ indicates a virulence higher than the most virulent coinfecting strain; ‘intermediate’ indicates a virulence intermedi-

ate that of the two coinfecting strains; lower’ indicates lower than the less virulent of the two strains; ???” indicates no known general trend; 4+ (resp. =) indicates that

more (resp. less) virulent strains win the within-host competition. For further details, we refer the reader to recent reviews (Buckling & Brockhurst 2008; Graham 2008;

Mideo 2009).

increase their growth rate in mixed infections, they found that para-
sites evolved lower virulence. The reason for this is that parasites
can optimise between-host transmission when infecting hosts singly,
but can adjust their growth rates to optimally compete in mixed
infections. Importantly, an experimentalist studying a mixed infec-
tion of such plastic parasites would detect increased virulence of the
mixed infection relative to the tespective single infections, yet evo-
lution would result in less virulent parasites in the population. Thus,
the overall virulence measured in a mixed infection would be the
opposite of the evolutionary outcome. Choisy and de Roode found
a similar result for when mixed infections impair the immune sys-
tem of the host: again, an increased level of virulence in mixed
infections accompanied an evolutionary decrease in virulence.

Many within-host models are rooted in kin selection theory
(Brown ez al. 2002; Buckling & Brockhurst 2008) but others are
more epidemiology oriented (e.g. Bremermann & Pickering 1983).
Kin selection models explicitly consider the between-host selection
level, but they do not account for potential epidemiological
feedbacks because they do not directly track the densities of the
different host types (susceptible, singly infected and coinfected).
The way in which within-host processes shape epidemiological
parameters (virulence, transmission rate, recovery rate) affects the
evolutionary outcome. However, knowing how within-host pro-
cesses affect the competitive ability of a pathogen strain is not
always sufficient to predict virulence evolution because the strain
that wins the competition at the within-host level is not necessarily
the most successful at the between-host level due to epidemiological
feedbacks (van Baalen & Sabelis 1995a; Choisy & de Roode 2010;
Alizon & Lion 2011). For instance, within-host competition for
host resources favours very virulent strains, but this increase in viru-
lence will also lead to a decrease in the density of coinfected hosts
(because singly infected hosts die before becoming coinfected),
which in the end selects for less virulent strains (van Baalen &

Sabelis 1995b).

Experimental data

As argued above, the overall virulence of a multiple infection is
rarely predictive of how virulence may evolve. Yet, the majority

of empirical studies compare the overall virulence of a multiple
infection to the virulence of each of the parasite strains in single
infections, and these experiments are often misinterpreted as pro-
viding insights into virulence evolution (see also Choisy & de Ro-
ode 2010). Overall virulence may indirectly affect virulence
evolution, though, in itself, it is not informative of the evolution-
ary outcome. Instead, to assert whether multiple infections select
for more or less virulent strains, we need to assess which of the
strains (or species) that differ in their virulence win the within-
host competition and how this impacts their relative transmission
success.

The best empirical evidence testing theoretical assumptions has
so far come from spore-producing or vector-transmitted parasites,
probably because transmission success is easier to evaluate in such
systems than in directly transmitted parasites. As shown in Table
2, the data can be divided into studies that are compatible with
an evolutionary increase in virulence, which is usually due to
competition for host resources or immune-mediated competition
(i.e. the apparent competition between two patasite populations
originating from the fact that they are both targeted by similar
populations of immune cells), and studies that are compatible with
an evolutionary dectrease, which may occur when strains produce
public goods.

The empirical results listed in Table 2 confirm theoretical predic-
tions in the sense that when the within-host interactions are docu-
mented the observed evolutionary outcome matches that predicted
by Table 1. However, the evidence so far is not overwhelming. This
current lack of empirical studies that directly address the assump-
tions made by theoretical models can be explained by the difficulty
to meet three properties: (1) non-experimental evolution approaches
rely on standing genetic variation, and thus require the availability
of parasite genotypes differing in virulence in single infections, (2) it
must be possible to determine the reproductive success of each
genotype within a multiple infection and (3) it must be possible to
assess the number of transmission events of each genotype from a
multiple infection.

Experimental studies often fail on at least one of these criteria
that are necessary to adequately test virulence evolution theory.
They nevertheless provide valuable insights. Apart from supporting

© 2013 Blackwell Publishing Ltd/CNRS
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Table 2. Consequences of multiple infections on overall virulence and on virulence evolution

Pathogen Host Virulence evolution Overall virulence 7 Interaction Comments
Plasmodinm chabandi Mice Increase (de Roode ez al. PP 8 Competition for RBC, immune- Frequency-dependent effects
2005b; Bell ez al. 2000; mediated competition (Taylor et al. 1997)
Raberg ¢t al. 2006)
Host-dependent (de Roode °r? 2
et al. 2004)
Order of arrival-dependent 9P 4
(de Roode ez al. 2005a)
Pastenria ramosa Daphnia magna Increase (Ben-Ami ez al. 2008) That of the most 3 Competition for host resources (?) The authors also study the effect of
virulent dose and order of infection.
Trypanosoma brucei Mice Increase (Balmer ez al. 2009) Intermediate 3 Interference competition and/or The authors do not discuss this because
brucei immune-mediated competition (?) of the limited number of comparisons.
Cucumber mosaic Tomato Increase (Escriu e al. 2000) Variable 2 °r? One of the virus strains became less
virus virulent over time
Nucleopolyhedro- Panolis flammea Increase but host-dependent Higher 2 Facilitation and/or immune-
virus (Hodgson et al. 2004) mediated competition (?)
Baculovirus Trichoplusia ni Increase (Zwart et al. 2009) °rP 2% Competition for host resources (?) The avirulent virus is genetically engineered.
larvae
Post-segregational E. coli bacteria Increase (Cooper & °r? 2% Interference competition: PSK
killing (PSK) plasmids Heinemann 2005) plasmids slow the replication of
psk- bacteria
Schistosoma mansoni Snails Decrease (Gower & Webster Higher (Davies ez al. 2 Interference competition and/or The more virulent strain has a lower
2005) 2002) immune-mediated competition and/ parasite replication rate than the less
or resource competition (?) virulent strain
Phage 6 Psendomonas Decrease or frequency- 27?7 2% PG production (capsid proteins)
dependent (Turner &
Chao 2003)
Psendomonas aernginosa Waxmoth larvae Decrease (Harrison Intermediate 2% PG production (virulence factors)
et al. 2000)
Psendomonas aernginosa Mouse Decrease (Rumbaugh Intermediate 2% QS and PG production (virulence
et al. 2009) factors)
Streptoccocus preunoniae Mice Increase with HI and °r? 2 Immune-mediated competition Mixed species infection with Haemophilus i
decrease without HI nfluenzae (HI)
(Lysenko e al. 2010)
Bacillus thuringiensis Diamondback Decrease (Garbutt Decrease NA Spite + PG production (bacteriocins +  Experimental evolution: serial passages
moth et al. 2011) virulence factors) with or without coinfections
Plasmids E. coli bacteria Increase (Smith 2011) °r? NA Experimental evolution. See also comments

in Alizon & Michalakis (2011)

*The authors vary the initial frequency in each strain.

‘Overall virulence” indicates the virulence in the coinfected host. %’ is the number of strains differing in virulence in cach study (a “*” indicates that the authors vary the initial frequency in cach strain). ‘Interaction’

is the interaction between coinfecting parasite strains or species (‘(?)” indicates a lack of definitive evidence). NA: non-applicable.
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some major theoretical assumptions, these studies have also shown
that the order of infection matters and that, in many cases, the
genotype that infects first is favoured (Paul ez 4/ 2004; de Roode
et al. 20052; Ben-Ami e/ al. 2008). Note that this advantage could
also explain why multiple infections are not observed in some host—
parasite systems (e.g. infection by a phage can prevent further infec-
tions by some other phages).

Although most experimental studies have focussed on infections
consisting of multiple parasite strains of the same species, virulence
evolution theory can also be tested with mixed species infections.
Lysenko ef al. (2010) studied the influence of the presence of Hae-
mophilus influenzae on the competition between a virulent and an avit-
ulent strain of Streptococcus pnenmoniae in mice. They found that the
virulent S. pmeumoniae loses the competition against the avirulent
strain in the absence of H. influengae but that it wins the competi-
tion when F. influenzae is present. The fact that the presence of
another parasite (or even commensal) species is sufficient to reverse
the outcome of the competition between parasite strains questions
the generality of earlier results (e.g. Table 2).

Competition experiments provide insights on within-host
interactions

Although experimental approaches can be used to test predictions
of theoretical models of within-host interactions (Harrison ez al.
2006; Inglis ez al 2009), the nature of within-host interactions
between coinfecting parasites remains unknown for many host—
parasite systems. Furthermore, several interaction processes (Table
1) may be at work at the same time and the question becomes
how to identify the process driving the within-host dynamics. This
is illustrated by quorum sensing, which typically combines the pro-
duction of a signalling molecule and the activation of a response
protein (Diggle ez al. 2007), or by the combinations of microbial
interactions mentioned above, for instance the simultaneous spite
and PG production (Garbutt e a/ 2011). So far, models tend to
consider different types of within-host interactions among parasites
in isolation.

Single-generation competition experiments can be informative
because some patterns are more consistent with some types of
interactions. For instance, if the less virulent genotype wins
within-host competition and if the overall virulence is lower than
the virulence of the most virulent strain, then it is reasonable to
hypothesise that PG production is the major process driving
within-host interactions; further experiments can be designed to
actually demonstrate this. Competition experiments can thus be
used as a first step to unravel the nature of within-host interac-
tions. Of course, these experiments also inform us on virulence
evolution even though, as we will see in the next section, cate
should be taken when interpreting the results of single-generation
competition experiments.

BEYOND THE WITHIN-HOST LEVEL
Serial passage experiments

The experiments listed in Table 2 involve competition among sev-
eral strains. Another type of data supporting the fact that viru-
lence can evolve rapidly because of multiple infections comes
from serial passage experiments (SPE) where the pathogen is arti-

ficially passaged form one host to the next, thus relaxing selection
on pathogen transmission. These studies typically find (see Ebert
1998 for a review) that virulence increases as the parasite is pas-
saged on the same host. The fact that virulence evolves during
SPE suggests that the initial infections are diverse or that they
become diverse through mutation, since evolution results from
selection among genetically differing variants. In SPE, virulence
typically increases presumably because strains that are competi-
tively dominant are favoured since the between-host level of selec-
tion is removed (there is no cost at killing the host rapidly). This
well-documented outcome (virulence increases in SPE) probably
depends on how the parasites interact within the host. For exam-
ple, we do not know any examples of SPE with public goods
(e.g. siderophores) producing parasites where the opposite out-
come would be predicted (SPE should select for less virulent
strains because, as we explained above, these are the motre com-
petitive within a host).

Closing the life cycle

To understand which parasite genotype benefits from the within-
host interaction, it is necessary to define parasite fitness. An intui-
tive approach is to count the number of transmission forms, when
they exist (e.g. in the case of Plasmodium, one can sum up the total
density of gametocytes during the infection), or the parasite load
relevant to transmission in systems lacking such specialised trans-
mission forms.

In most studies, however, it is assumed that the transmission suc-
cess from the studied host is equivalent to the parasite’s between-
host fitness calculated over the whole life cycle. This assumption is
much more likely to be inadequate for parasites that are not directly
transmitted; the link may be confounded by trade-offs between
traits expressed at the same part of the parasite life cycle or
between traits expressed at different parts of the life cycle. As an
example, consider a parasite that produces a free-living stage. An
appropriate measure of transmission success from the host would
be the number of spores released by infected hosts over the dura-
tion of an infection. However, if there is a very strong trade-off
such that the number of spores produced is inversely proportional
to their ability to infect a new host or to their sutvival in the envi-
ronment, then the number of spores produced is less likely to be
an accurate predictor of which parasite wins the within-host compe-
tition. Another example is vector-borne parasites, for example,
Plasmodinm. As mentioned above, the total gametocyte load in the
vertebrate host is a straightforward estimate of the transmission suc-
cess to vectors. However, if the ability to exploit the vertebrate host
(and produce gametocytes) is traded-off against the ability to exploit
the mosquito vector, assessing which strain benefits from coinfec-
tions becomes less straightforward. Such trade-offs will not neces-
sarily exist across all life-cycle stages in all systems. It is, however,
important to keep in mind the entire life cycle of the parasite before
making definitive claims concerning the evolution of its virulence
even during a part of its life cycle.

Evolutionary epidemiology

To accurately predict parasite evolution, the within- and the
between-host levels need to be analysed jointly. The study of multi-
ple infections is deeply rooted in ecology and evolution. As pet-

© 2013 Blackwell Publishing Ltd/CNRS
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Figure 3 Evolutionary epidemiology model for (a) superinfections, (b) coinfections by parasites from the same species or (c) from different species. In black is the

resident system (one strain in (a) and (b) and 2 strains, one for each species, in (¢)) and in red are the host classes related to the rare mutant (7). In (c) we only show an

invasion analysis for a mutant strain of species 1. gt is the host base-line mortality, 4; and o; are the force of infection and the virulence of strain 7 ojj is the disease-

induced mortality in hosts coinfected by strains 7 and ; (overall virulence) and gj; is the rate at which strain 7 infects a host infected by strain /.

ceived already by Eshel (1977), a multiple infection framework is
very similar to a meta-population framework with dispersal between
patches and interactions between unrelated species within a patch.
Notably, these models were published before the first epidemiologi-
cal models of virulence evolution with multiple infections (e.g.
Levin & Pimentel 1981). An advantage of these subdivided popula-
tions models is that they can easily allow for high diversity of infec-
tions (Gandon & Michalakis 1999), but they only allow for limited
epidemiological feedbacks. There are currently two theoretical
approaches to studying the evolutionary consequences of multiple
infections: the superinfection framework and the coinfection frame-
work.

The superinfection framework assumes that upon infection of an
already infected host, the most competitive strain (at the within-host
level) ousts the other instantaneously (Fig. 3a). That stable (or long
term) coexistence within the host never occurs can be seen as a
strong assumption. For instance, even between bacteriophages
lambda, for which superinfection was supposed to the rule, recent
work has shown that there can be multiple integration sites, which
would allow coexistence between two bacteriophages lambda (Fogg
et al. 2010). In the simple setting of these models, a virulent strain
has a benefit at the within-host level (because it is more adapted to
take over new hosts or to resist superinfection). However, virulence
incurs a cost at the between-host level: in single infections, virulent
strains do not maximise the number of secondary infections
because they kill their hosts too quickly. Overall, assuming that su-
perinfections occur and that more virulent strains are more compet-
itive leads to the prediction that intermediate levels of virulence are
favoured. This optimal level of virulence integrates the probability
for a host to be superinfected: if superinfections never occur, the
optimal virulence is zero and if superinfections always occur, the
optimal virulence is infinite.

© 2013 Blackwell Publishing Ltd/CNRS

The great advantage of the superinfection model lies in its
simplicity: it incorporates multiple infections into a model without
adding any host category (one only needs to add a transition from
one type of infected host to the other). In spite of their simplicity,
superinfection models already capture some of the features of more
complicated models (e.g. the selection for more virulent strains if
virulence confers a within-host advantage). Finally, these models are
analytically tractable, which means that their behaviour is extremely
well understood. They can thus help us understand the results of
more complex models.

Importantly, the effect of superinfection (and of multiple infec-
tions in general) on virulence evolution is independent of the exis-
tence of a trade-off linking virulence and transmission. Indeed,
even if virulence is completely independent of transmission or
recovery, superinfections can lead to the selection of virulent
strains if more virulent strains are more competitive at the within-
host level (Alizon & Michalakis 2011). Of course, it is also
possible to combine the trade-off model and superinfections
(Nowak & May 1994; Gandon e a/. 2002; Alizon & Michalakis
2011).

As most of the time parasite strains co-exist for at least some
time within the host, an alternative approach to the superinfection
framework is the ‘coinfection’ framework (Fig. 3b,c), in which para-
site coexistence within a host is assumed to last until the host dies
or recovers (van Baalen & Sabelis 1995a; May & Nowak 1995). In
most coinfection models, competitive exclusion cannot occur in co-
infected hosts, which is one of the reasons why these models have
been argued to be unrealistic. However, this competitive exclusion
could be modelled, for example, by allowing for partial recovery
(i.e. clearance of only one of the strains) and having this clearance
rate be a function of strain within-host competitive ability. Alizon
& van Baalen (2008) also used a nested model, which combines
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within-host and epidemiological dynamics, to account for this strain
replacement in coinfected hosts. They showed that this can alter the
evolutionary outcome of the model by generating an ‘evolutionary
branching’ in the parasite population, that is, the evolution of a
dimorphic parasite population with one morph being adapted to
infecting susceptible hosts and another morph adapted to infecting
already infected hosts. Note that similar results have been obtained
in superinfection models (Gandon e a/. 2002). Coombs ez al. (2007)
also built such a nested model for a case where the connecting par-
asites are always cotransmitted. They find the classical result that
the strain that has the optimal within-host strategy can be outcom-
peted at the between-host level, and they also show that allowing
for mutation from one strain to the other strongly affects the
behaviour of the model since all hosts are infected by the two
strains.

Coinfection models are more difficult to analyse than superinfec-
tion models (they always require at least an additional host class),
but they allow incorporating more biology. Moreover, accounting
for coinfected hosts incites us to specifying the transmission rate
from each of the coinfecting strains and the overall virulence.
One of the results of these models is that the type of overall
virulence can indirectly affect the optimal level of virulence (Alizon
2008). This is where the knowledge from experimental studies
(Table 2) proves to be crucial. Also, explicitly tracking the preva-
lence of coinfected hosts is useful: the outcome of within-host
competition is obviously unimportant if coinfected hosts are extre-
mely rare, but it becomes crucial if coinfected hosts are common.
We already mentioned the fact that the increase in virulence due to
within-host competition should lead to a decrease in the prevalence
of coinfections and hence to a decrease in virulence (van Baalen &
Sabelis 1995b). As a result of this feedback, the strains should evolve
towards an intermediate level of virulence. Depending on the sensi-
tivity of hosts to coinfection, that is, their probability to be infected
when they are already infected (Alizon & van Baalen 2008), strains
will adapt more to the within-host level (which for this type of
within-host interactions means more virulent) or to the between-host
level (less virulent). More recently, Alizon & Lion (2011) showed
using the model of bacteria producing siderophores that epidemio-
logical feedbacks can alter the direction of virulence evolution.
Indeed, classical models that focus on the within-host level predict
that increased levels of coinfection should select for less virulent
strains (i.e. ‘cheating’ strains that do not produce siderophores).
When epidemiological feedbacks are accounted for, the relationship
between prevalence of coinfections and virulence can become non-
monotonic such that, at first, increasing the average number of
strains per host selects for more virulent strains but beyond a given
number of strains further increasing the number of strains actually
favours less virulent strains.

Importantly, there are two main families of coinfection models
that make different assumptions regarding the differences between
coinfecting strains. For clatity, we refer to these as coinfections by
different strains of the same species (van Baalen & Sabelis 1995a)
and coinfections between strains from different parasite species
(Choisy & de Roode 2010). The latter model makes no assumption
about the resemblance between the coinfecting strains. This is why
it assumes two resident strains [one for each species, (Fig. 3c)]. The
downside of the ‘two species’ coinfection model is that it requires
numerical approaches because equilibrium densities of the resident
state cannot be computed analytically. Conversely, the ‘one species’

model assumes that the coinfecting strains are very similar. In a
way, this model can be seen as a version of the two-species model
in which the two species have so few differences that all the hosts
singly infected by one of the two resident strains can be grouped in
the same class. This ‘one species’ evolutionary epidemiology model
can seem somehow counter-intuitive because it requires to account
for hosts infected twice by the resident strain. Indeed, as first
noticed by van Baalen & Sabelis (1995a), without this additional
category, the mutant strain always has an advantage because of its
rarity, which means it will always grow (see also Alizon 2008;
Lipsitch ez al 2009). If one assumes that hosts coinfected by the
same strain are identical to singly infected hosts (except that they
cannot be infected), which makes sense for micro-parasites, then
this assumption becomes less important.

Overall, the ‘two-species’ model is never wrong but it can be
unnecessatily complicated. More analyses are needed to determine
the usefulness of this model, but the most promising ideas seem to
apply it to specific diseases, especially if the two species are known
to interact within the host in a specific way (e.g. if one species facil-
itates the infection by another species).

Experimental evolution

As pointed out above, the particular mechanisms by which parasites
interact within hosts can have important effects on the evolution of
parasite virulence. What is currently less clear is how virulence
evolves when multiple interactions occur at the same time, as is
likely to be the case in natural systems. Thus, experiments, which
utilise natural systems and make no assumptions about which
processes occur, are necessary to determine how multiple infections
drive the evolution of virulence. Furthermore, as we have explained,
single generation experiments are useful for determining the
processes by which parasites interact, but do not lead to firm con-
clusions about the direction or magnitude of the evolution or
virulence. Therefore, we suggest that experimental evolution studies
are the best way to determine how multiple infections drive the
evolution of virulence.

The first step in such an approach would be to find a suitable
host—parasite system. The second step would be to determine
whether parasite isolates with variable levels of virulence are avail-
able. An advantage of using an experimental evolution approach is
that distinguishing between strains on the basis of molecular, immu-
nological or morphological markers is not necessary (one can com-
pare the evolutionary outcomes obtained with or without
coinfections). Since different parasite species are often easier to dis-
tinguish than different strains of the same species, studying multiple
infections by different species is likely to be easier than those by
multiple strains of the same species. Furthermore, accurately con-
trolling for the prevalence of confections by parasites from the
same species seems unfeasible (one can vary host density to vary
the prevalence of coinfections but this is not a precise control and
it might introduce complex epidemiological feedbacks). The third
step would be to determine how the variable strains or species
interact within the host: for example, do the strains compete over
host resources, or is there public good production? This third step
is not actually mandatory since the result of the experimental evolu-
tion is interesting in itself.

Although this outline for setting up an experimental evolution
approach is simplified, it is not unrealistic. In fact, Gatrbutt ez a/
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(2011) studied the evolution of the bacterial insect parasite Bacillus
thuringiensis (Bt) in SPE. They showed that when a pathogenic Bt
strain was passaged alone it evolved towards higher levels of viru-
lence than when it was passaged in coinfection with a non-patho-
genic Bt strain. However, it is difficult to compare the outcome of
this experiment to existing theoretical models because the within-
host interactions between these two bacteria involve both PG
production (virulence factors that kill the host) and interference
(production of bactetiocins that kill unrelated strains), a situation
not yet theoretically analysed. Furthermore, the fact that the bacte-
ria are manually passaged from one host to the next also affects
virulence evolution in a way that is not included in classical models
(Ebert 1998). Completing the life cycle does not necessarily address
the concern about the importance of epidemiological feedbacks,
and in particular the fact that not all hosts are coinfected (or even
infected). Again, a solution could come from an experimental
approach where the infections would occur ‘naturally’. The study
discussed above used SPE but letting the parasite evolve in a host
population would allow for epidemiological dynamics. These
dynamics might differ from those observed in vivo, especially if new
susceptible hosts are added regularly to the medium. However, any
dynamics are better than no dynamics because it is important that
hosts do not all have the same state. Furthermore, it is also possi-
ble to build adequate epidemiological models that capture this
setting.

Species or strains?

Does it matter whether parasites competing within the same host
belong to different species or are different genotypes of the same
species? In both cases, we are interested in the evolution of viru-
lence within a species, so the question addresses the issue of
whether selection on virulence through coinfection is exerted by
other genotypes of the same species, or by genotypes of another
species.

Intuitively, different parasite species are more likely to differ than
different genotypes of the same species in many respects: the types
of resources they extract from the host, the types of host tissues
they exploit, the type of immune defences they elicit and the extent
to which these immune defenses cross-react, the transmission mode,
the way virulence is linked to between-hosts transmission. It is thus
probable that the within-host mechanisms involved differ between
the two cases. However, precisely what matters most is knowing
the nature and magnitude of the effects of the different mechanisms
in operation.

For clarity, in the two-‘species’ model, the two competing geno-
types might very well belong to the same species. In fact, if the
within-host interactions ate the same, the evolutionary stable strat-
egy (ESS) for the parasite in a one-‘species’ model should be identi-
cal to the co-ESS reached by the two ‘species’ in a two-‘species’
model. One of the reasons for this lack of difference in the predic-
tions (and also this interchangeability of the terms strains or species
in the model) is that models of virulence evolution typically assume
that parasites are asexual. This state probably partly reflects the fact
that we are clueless about the genetic basis of virulence (sensu
decrease of host fitness), one of the reasons being that it depends
on interactions between the host genotype, the genotype of both
parasites and the environment (i.e. G x G X G x E interactions,
Seppala et al. 2009, 2012), and therefore rather than building very
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complicated models assuming a polygenic genetic basis of virulence
ungrounded on empirical results it is better to build simple models.
Moreover, even though processes, such as recombination, for exam-
ple, in the case of Plasmodium (Conway et al. 1999) or HIV (Fang
et al. 2004), or reassortment, for example, in the case of influenza
viruses (McHardy & Adams 2009), are clearly involved in the gener-
ation of parasite diversity, there is no clear theory as to how these
processes would matter to virulence, for example, in all the exam-
ples listed in Table 1. The three eukaryotes listed in Table 1 have
one host where they are asexual and another host where they are
sexual, and all the studies reported in the table focussed on the
‘asexual’ host.

In the end, the choice of the framework depends on our ability
to distinguish different genotypes in the parasite population and/or
to the knowledge of within-host interactions. If the two parasites
are indistinguishable, we can use a ‘two species’ coinfection model
but since there would be no support for differences between the
‘species’, all singly infected hosts would behave in the same way
and we would de facto end up with a one-species model. Of course,
the research goal matters and even if there are no known differ-
ences among the parasites, the two-species model can be used to
explore potential consequences of differences between parasite
species.

When performing experiments, the key point is the ability to sort
different genotypes, because it allows comparing treatments with or
without coinfections. The knowledge of within-host interactions in
coinfections is also important but without the ability to sort out
genotypes, it becomes difficult to have a ‘reference’ treatment.
There are some possibilities, such as varying the input of susceptible
hosts to vary the average number of genotypes per host, but this
also generates complicated epidemiological feedbacks (Day &
Gandon 2007).

PERSPECTIVES

The vast diversity of possible interactions for multiple infections
may secem overwhelming (Rigaud e a/ 2010). However, we think
that experiments can help us identify general patterns among the
diverse ways that multiple infections affect parasite evolution. Com-
petition experiments that attempt to determine if more or less viru-
lent genotypes benefit from within-host competition and that
estimate the resulting overall virulence can either corroborate exist-
ing knowledge about within-host interactions or guide future
research designed at understanding within-host processes.

Another variation of the simple experimental evolution approach
would be to use different types of hosts that vary in their levels of
immunity. Higher levels of immunity may alter the selective pres-
sure on virulence (Mackinnon & Read 2004), and in principle the
recovery rate of hosts will importantly affect parasite fitness in a
multiple infection, especially when there is cross-immunity. To
incorporate such biological realism into evolutionary experiments,
one may consider (partly) immunising groups of hosts to either of
the parasites used in the experiment and then expose these to single
or multiple infections for several generations. Although this may
not directly answer the question of how transitory dynamics affect
immunity and hence subsequent dynamics, this approach would
help in determining the importance of cross-reactive immunity and
recovery rates on the evolution of virulence. For instance, some
models predict that cross-reactivity can favour more virulent para-
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sites; the idea being that such parasites elicit a stronger immune
response to which they resist better than their competitors (Brown
& Grenfell 2001; Alizon & van Baalen 2008). Other evidence sug-
gests that the presence of a commensal can determine the outcome
of the competition between virulent and avirulent strains (Lysenko
et al. 2010). Therefore, it is not only the nature of the coinfecting
strains that matters but also the type of environment they are put
in.

This review has focussed on hotizontally transmitted parasites but
many parasites are vertically transmitted (from parent to offspring).
Experimental evolution studies could be adapted to study such pat-
asites. In a recent review, Vautrin & Vavre (2009) showed that coin-
fections by vertically transmitted parasites are relatively frequent and
hosts with multiple infections even tend to be favoured when com-
peting with singly infected hosts. A common idea is that infections
by such parasites should become avirulent (because the parasite fit-
ness directly depends on the host fitness). However, there is still a
potential for virulence to evolve even when transmission is entirely
vertical, for example, if parasites manipulate host reproduction.
Another possibility is that horizontally and vertically transmitted
parasites infect a host together. A recent model (Jones ef al. 2011)
studied such infections when the vertically transmitted parasite can
provide protection against the hotizontally transmitted one. In this
model, the presence of a protector parasite selected for more viru-
lent horizontally transmitted parasites. The magnitude of the
increase in virulence depended on the level of protection conferred
and was maximised for intermediate levels of protection. Here as
well, an experimental evolution study could provide a way to test
this theory and thereby increase our understanding of how within-
host interactions affect the evolution of parasite virulence.

In conclusion, the question of how multiple infections affect viru-
lence evolution calls for approaches from a variety fields. A particu-
larly promising area of research is the multiple infections by
different species because they avoid several obstacles to long-term
evolutionary experiments with realistic feedbacks. Experimental evo-
lution settings comparing evolutionary trajectories with or without
multiple infections, particularly for multiple infections by different
patasite species, can be used to see if the conclusions drawn at the
level of a single host are still valid at the level of the whole parasite
life cycle and are robust to epidemiological feedbacks. One impot-
tant aspect to keep in mind is that parasites can react in a plastic
way to variations in the average level of within-host relatedness
(Choisy & de Roode 2010; Mideo & Reece 2012).

CONCLUSION

Multiple infections are common and, as shown by both theoretical
and experimental studies, they strongly affect the selective pressures
driving parasite evolution. We first argued that such evolutionary
(inherited) effects should not be confounded with phenotypic
effects on the overall virulence expressed in multiply infected hosts.
We also argued that we still have an unclear view as to how exactly
multiple infections affect the evolution of virulence because within-
host and between-host levels need to be studied in concert. Cut-
rently, there is a lack of experimental evolution studies on the evo-
lution of virulence in a multiple infections context. A particularly
promising area of research is the multiple infections by different
species because they avoid several obstacles to long-term evolution-
ary experiments with realistic feedbacks. The major advantage is

that working with different species allows having a control treat-
ment without multiple infections, whereas avoiding multiple infec-
tions by similar strains from the same species is extremely difficult
to achieve without deeply affecting epidemiological dynamics.

Expanding our understanding of multiple infections and virulence
evolution will not only help in answering the question why parasites
harm their hosts, but may also be relevant to addressing urgent
public health problems. Finding original means to fight patasites in
ways that leave little room for evolutionary escape is the subject of
much ongoing research. One recent idea is to take advantage of
cross-immunity generated during multiple infections. For instance,
infection of the Aedes aegypti mosquito by Wholbachia activates
immune pathways that are active against Plasmodium, dengue and
chikungunya (Moreira ez al. 2009). The problem is that, in addition
to the inherent risk of releasing mosquitoes infected by a Wolbachia
strain they have not co-evolved with, it is not clear what the evolu-
tionary response of the other parasites (Plasmodium, dengue and chi-
kungunya) will be. The model by Jones ef a/. (2011) suggests that
the presence of Wolbachia could select for parasites that are more
virulent to the mosquito. More generally, for vector borne diseases
in order to predict virulence evolution it is important to know the
correlation of virulence components across the different hosts
(Gandon 2004). It is also possible that the difficulty for one parasite
to infect a mosquito because of another parasite could select for
parasite strains causing higher parasitaemia in humans, and thereby
cause higher virulence (Michalakis & Renaud 2009).

It is therefore crucial that we understand the long-term effects
of multiple infections on parasite virulence, and not merely the
effects on the overall virulence suffered by a host in a single-gener-
ation. Without such coupling of within-host processes and ecology
of host and vectors, any effort to fight parasites with other para-
sites may be premature and lead to unforeseen and detrimental
consequences.
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