
One contribu
epidemiologic

*Author for c

Received 17 N
Accepted 15 D
The evolutionary epidemiology
of vaccination

Sylvain Gandon1,* and Troy Day2

1Génétique et Evolution des Maladies Infectieuses, UMR CNRS/IRD 2724,
IRD, 911 Avenue Agropolis, 34394 Montpellier Cedex 5, France

2Departments of Mathematics and Biology, Jeffery Hall, Queen’s University,
Kingston, Ontario K7L 3N6, Canada

Vaccination leads to dramatic perturbations of the environment of parasite populations and
this can have both demographic and evolutionary consequences. We present a theoretical
framework for modelling the short- and long-term epidemiological and evolutionary
consequences of vaccination. This framework integrates previous theoretical studies of
vaccine-induced parasite evolution, and it allows one to make some useful qualitative
predictions regarding the outcome of the competition between different types of vaccine-
favoured variants. It can also be used to make quantitative predictions about the speed of
such evolutionary processes. This work may help define the relevant parameters that need to
be measured in specific parasite populations in order to evaluate the potential evolutionary
consequences of vaccination. In particular, we argue that more work should be done
evaluating the nature and magnitude of parasite fitness costs associated with adaptation to
vaccinated hosts.
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1. INTRODUCTION

The use of vaccines results in a profound alteration of
the environment in which parasites live. Indeed, the
goal of vaccination is to protect individual hosts and
consequently decrease parasite prevalence. Ultimately,
this may even lead to the eradication of the disease
(Fenner et al. 1988). These epidemiological conse-
quences of vaccination have received a considerable
amount of attention, both from an empirical and a
theoretical standpoint (Anderson & May 1991;
McLean & Blower 1995; Earn et al. 2000; Rohani
et al. 2000; Tildesley et al. 2006). One of the most
significant conceptual developments from this research
is the finding that there is a critical vaccination
coverage above which a parasite can be driven to
extinction, and that this coverage is typically less than
100% (i.e. herd immunity; Anderson & May 1991).
Evolutionary ecologists would not find it surprising
that the large epidemiological perturbations caused by
vaccination also result in considerable changes in the
way that natural selection acts on parasite popu-
lations. Nevertheless, studies of these effects have not
yet been integrated into a coherent theoretical
context. In fact, there are two largely separate bodies
of research on this question (e.g. van Boven et al. 2005;
Restif & Grenfell 2006), and each addresses different
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aspects of how vaccination affects parasite, and thus
disease, evolution.

The first line of enquiry focuses on the so-called
‘escape’ mutants and is directed towards understanding
how vaccination selects for parasite strains that are able
to evade the protective effects of the vaccine (McLean
1995a, 1999;Wilson et al. 1998, 1999; Scherer &McLean
2002; van Boven et al. 2005). Since there is often
substantial genetic variation in antigenic reactivity
among parasite strains (Frank 2002), vaccination will
select for those strains that are able to evade the
vaccine-induced immunological response mounted by
hosts. The primary interest of this research is in
designing vaccines and vaccination protocols that
minimize the risk of spread of such escape mutants.

The second line of enquiry focuses on the so-called
‘virulence’ or ‘life-history’ mutants and is directed
towards understanding how vaccination causes
evolutionary changes in the extent to which a parasite
harms its host (i.e. evolutionary changes in its
virulence; Gandon et al. 2001, 2003; van Boven et al.
2005; André & Gandon 2006; Ganusov & Antia 2006).
The central premise behind this research is that
virulence evolves as a result of constraints among
parasite life-history characteristics, and that vac-
cination can alter the form of these constraints, thereby
causing evolutionary changes in virulence.

Aside from the biological dichotomy set-up in the
two above-mentioned bodies of research, there have
also been important differences in the nature of the
theoretical analyses used to address these two
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Figure 1. Schematic of the comparison between a wild-type
strain and a vaccine-favoured variant. The lifetime reproduc-
tive success (a relevant measure of fitness at endemic
equilibrium) is plotted in naive hosts (black) and in
vaccinated hosts (white) for both strains. The efficacy of the
vaccine can be evaluated by the reduced performance of wild-
type strain in vaccinated hosts. The cost of adaptation to
vaccination is evaluated in naive hosts, while its benefit is
evaluated in vaccinated hosts (in both cases, relative to the
performance of the wild-type strain). When the population is
away from the endemic equilibrium, one may use the selection
coefficients (see equations (2.11a) and (2.11b)) for each strain
to obtain relevant measures of fitness.
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questions. Studies of escape mutants typically focus on
short-term evolutionary change (McLean 1995a, 1999;
Wilson et al. 1998, 1999; Scherer & McLean 2002; van
Boven et al. 2005). This approach assumes that only
two parasite strains are competing: the wild-type strain
and the escape mutant. The objective is then to analyse
the conditions under which the escape mutant can
invade a wild-type population. Indeed, once the mutant
is able to invade, this approach usually assumes that it
will spread towards fixation.

By contrast, studies of virulence mutants typically
focus on long-term evolutionary outcomes and do not
pay much attention to short-term, transient,
evolutionary dynamics (Gandon et al. 2001, 2003;
André & Gandon 2006; Ganusov & Antia 2006).
Most such studies allow for mutation to produce a
whole continuum of different strain types, each of
which is characterized by the disease life-history
parameters that it induces upon infection (i.e.
transmission rate, recovery rate and virulence). The
objective is then to analyse the evolutionary equili-
brium values of these quantitative traits, particularly
those of virulence.

In this article, we attempt to place all of the above
conceptual developments within a common theoretical
framework, in order to better understand the connec-
tions among them, and to develop a more holistic
perspective on the evolutionary epidemiology of
vaccination. Our contention is that the above-
mentioned dichotomy of escape versus virulence
mutants is not the most fruitful categorization, and
that all of these previous results are more profitably
viewed as different aspects of the same epidemiological
evolutionary process. We acknowledge that different
types of genetic variants can arise and spread in the
face of vaccination, but we suggest that, from an
epidemiological standpoint, these are better classified
by the disease life-history parameters that they induce
(i.e. transmission rate, recovery rate and virulence;
defined below), rather than classifying them as escape
versus virulence mutants.

We begin by showing how previous theoretical
studies of escape mutants and virulence evolution are
related to one another, by placing both within a
common epidemiological setting. Most of these
previous studies have assumed that the evolutionary
dynamics occur much more slowly than the epidemio-
logical dynamics. This is probably often not the case for
many parasites, however, and therefore we develop a
more comprehensive theoretical framework for the
evolutionary epidemiology of vaccination that relaxes
this assumption. In §3, we use this framework to
demonstrate that previous studies of both escape
mutants and virulence evolution have missed some
interesting and potentially important aspects of how
vaccination affects parasite evolution, because they
have ignored the possibility that evolutionary change
occurs during transient epidemiological dynamics.
2. THEORETICAL DEVELOPMENT

Before getting into the formalization of vaccine-driven
evolution, we lay out a clear and unambiguous language
J. R. Soc. Interface (2007)
for discussing and comparing various examples. For all
parasites considered in this article, we simplify matters
by ignoring the possibility of multiple strains infecting
the same host. First, this rules out the possibility of
within-host evolution (although we discuss ways to
introduce this complexity at the end of the article).
Second, each parasite strain is characterized by three
critical life-history characteristics that are displayed
during an infection of either a naive or a vaccinated
host: its transmission rate (i.e. the per capita rate at
which infected individuals generate new infections per
available susceptible host); its recovery rate (i.e. the
per capita rate at which infected individuals recover
from infection); and its virulence (i.e. the per capita
rate at which infected individuals die from infection).
For the sake of simplicity, we assume these three traits
to be constant throughout the infectious period. How
relaxing this assumption may affect the evolutionary
outcome is discussed in Day (2003).

We refer to the predominant strain (or strains)
present prior to vaccination as the ‘wild-type’ strain
and to strains that are selectively favoured in vac-
cinated hosts as ‘vaccine-favoured variants’ (figure 1).
The selective advantage of a vaccine-favoured variant
arises from the differences in one or more of its three
life-history parameters compared with the wild-type,
when measured in a vaccinated host (i.e. its trans-
mission rate, recovery rate and/or virulence in a
vaccinated host). All else equal, increased transmission
rate, reduced recovery rate or reduced virulence in the
vaccinated host might confer the selective advantage to
the vaccine-favoured variant. For example, in the
dichotomy mentioned above, escape mutants might
be viewed as variants that have reduced recovery rates
in the vaccinated hosts (relative to the wild-type) owing
to the changes in epitope. Similarly, life-history or
virulence mutants might be viewed as vaccine-favoured
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variants that have an increased transmission in
vaccinated hosts owing to an increased rate of replica-
tion. More generally, however, vaccine-favoured
variants can differ from the wild-type in all three life-
history parameters, and these parameters need not all
differ in a direction that increases the variant’s fitness
(pathogen’s fitness is defined in §2.2 and §2.3). All that
is required is that the combined effect of the changes
results in higher fitness in vaccinated hosts than the
wild-type. We will also typically suppose that vaccine-
favoured variants suffer some fitness cost in naive hosts
(figure 1), since otherwise they would probably already
have reached appreciable frequencies in the absence of
vaccination. As with the benefit enjoyed by a vaccine-
favoured variant, the cost paid in naive hosts also arises
from differences in one or more of its three life-history
components compared with the wild-type, when
measured in naive hosts.

We now develop a mathematical framework that
allows us to integrate previous theoretical studies of the
epidemiological and evolutionary effects of vaccination.
Our goal with this framework is not to treat the
specifics of any particular disease, but rather to develop
some simple ‘toy models’ that allow us to clearly draw
out the conceptual connections among these previous
lines of enquiry. Our rationale is that these same
conceptual issues and connections will then arise in
other theoretical treatments that are more specifically
tailored to particular diseases.

We start with an analysis of a simple epidemio-
logical model to illustrate the potential transitory
epidemiological dynamics following the start of a
vaccination campaign. Then, we use this epidemio-
logical model to illustrate the connection between
previous studies of escape mutants and virulence
evolution in response to vaccination. As mentioned
in the introduction, these previous studies have
relied on a classical separation of time-scales
approach that decouples epidemiological and
evolutionary dynamics. In the latter part of this
article, we then go on to develop a more general
theoretical framework for the evolutionary epide-
miology of vaccination that encompasses both types
of questions that have been addressed previously,
and that also tracks both the epidemiological and
evolutionary dynamics simultaneously.
2.1. Epidemiological dynamics

We use a classical SIR model, modified to include
imperfect vaccination (Scherer & McLean 2002). The
host can be either susceptible (S ), infected (I ) or
recovered (R). Vaccination adds another level of
heterogeneity among the hosts. Susceptible and
infected hosts can be either naive or vaccinated
(indicated with a subscript N or V, respectively). All
recovered hosts (vaccinated or not) are assumed to
be fully immune to reinfection, and therefore the
different types of recovered hosts (vaccinated or not)
are pooled in a single host class. In this development
of the epidemiological model, we assume the parasite
population to be monomorphic (evolution of poly-
morphic parasite populations will be analysed in the
J. R. Soc. Interface (2007)
following subsections). This yields the following set
of differential equations:

_SN Z lð1KpÞKðdCLNÞSN;

_SV Z lpKðdCLVÞSV;

_IN ZLNSNKðdCaN CgNÞIN;
_IV ZLVSVKðdCaV CgVÞIV;
_RZgNIN CgVIVKdR:

ð2:1Þ

The rate of arrival of new susceptible hosts in the
population (immigrants and newborns) is l. Among
those individuals, a proportion p is vaccinated.
Susceptible hosts become infected with rates LNZ
bNNINCbVNIV and LVZbNVINCbVVIV when they
are naive or vaccinated, respectively. The rates of
infection depend on the densities of infected hosts (IN
and IV) and on the parasite transmission rates bij
from host i to host j (where i and j can be either
naive, N, or vaccinated, V). Uninfected hosts have a
mortality rate d, and infected hosts suffer extra
mortality due to the presence of the parasite (i.e.
parasite virulence). Parasite virulence may differ
between naive and vaccinated hosts (aN and aV,
respectively). Recovery rates may also differ between
these two hosts (gN and gV, respectively).

A trivial equilibrium of equations (2.1) is the case
where the parasite is absent (i.e. ÎNZ ÎVZ R̂Z0) and
where ŜNZð1KpÞðl=dÞ, ŜVZpðl=dÞ (the ‘hat’ refers to
parasite-free equilibrium). The stability of this equili-
brium depends on the ability of a parasite to invade a
fully susceptible population, which is given by the basic
reproduction ratio of the parasite (McLean & Blower
1995; Dushoff 1996; Gandon et al. 2003)

R0 Z ð1KpÞRN
0 CpRV

0 ; ð2:2Þ

where RN
0 ZðbNN=ðdCaNCgNÞÞðl=dÞ and RV

0 ZðbVV=
ðdCaVCgVÞÞðl=dÞ are the basic reproduction ratios in
unvaccinated and 100% vaccinated host populations,
respectively. Parasite invasion of a fully susceptible host
population will occur whenever R0O1. This condition
can also be used to derive the critical vaccination
coverage leading to disease eradication

pc Z 1K
1KRV

0

RN
0 KRV

0

: ð2:3Þ

When the vaccination coverage is above this threshold,
the parasite cannot survive in the host population and is
driven to extinction.

Alternatively, the above model can be used to study
the dynamics of a population where the parasite has
reached an endemic equilibrium. Before vaccination
starts, if RN

0 O1, the parasite will spread and reach an
endemic and stable equilibrium (the ‘overbar’ refers to
the endemic equilibrium)

�SN Z
l=d

RN
0

; �IN Z
d

bNN

RN
0 K1

� �
;

�RZ
gN

bNN

RN
0 K1

� �
:

Let us now assume that a vaccine becomes available
and is used in this population. If vaccination coverage is
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Figure 2. Epidemiological dynamics (incidence through time,
in years) of a typical childhood disease (e.g. measles in an
industrialized country) after the start of vaccination at tZ50.
Numerical simulations of equation (2.1) with the following
parameter values: bijZ29.10K4 (where i and j can be either
naive, N, or vaccinated, V); dZ0.02; gNZgVZ26; and
aNZaVZ0. In this model, we assume the total host population
size to be constant (i.e. the flux of new hosts, l, exactly balances
the death rate) and equal to NZ105. These parameter values
yield a basic reproduction ratio of R0Z11.15. Here, we assume
the vaccine to be perfect. The critical vaccination coverage is
thus (see equation (2.3) in themain text) pcZ0.91. In (a) pZ0.5
and in (b) pZ0.85.
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above pc, then the parasite will be driven to extinction.
For example, the intense vaccination campaign launched
by the World Health Organization in 1967 led to the
global eradicationof smallpoxvirusVariolamajor in1977
(Fenner et al. 1988) by this process. However, equation
(2.3) can be used to see that, when parasites have a large
basic reproduction ratio RN

0 and when available vaccines
function poorly (i.e. when RV

0 is also relatively large),
eradication is not feasible (because pc is very large). In all
these cases, when p!pc, vaccination leads to a new
endemic equilibrium ð�SN; �IN; �SV; �IV; �RÞ with a reduced
incidence of the disease (figure 2). Note, however, that in
more complex models where the risk of severe compli-
cations after infectiondepends on the age at infection (e.g.
rubella, poliomyelitis), increasing vaccination coverage
can increase the incidence of severe cases (Anderson &
May 1983, 1991).

Before reaching the new endemic equilibrium, the
disease incidence will oscillate during a transient phase
(figure 2). Interestingly, when coverage is close to the
vaccination threshold, the system may rapidly reach
very low incidence without leading the parasite towards
J. R. Soc. Interface (2007)
extinction (Anderson &May 1982;McLean&Anderson
1988; Scherer & McLean 2002). After this ‘honeymoon
period’, several epidemics will occur (damped oscil-
lations) before the system settles to the new endemic
equilibrium (figure 2b). These transient dynamics have
obvious epidemiological consequences, and this deserves
more detailed analysis with specific models in order to
identify vaccination strategies that minimize the risk of
post-honeymoon epidemics (Rouderfer et al. 1994;
McLean 1995b). As we will demonstrate later, such
transient dynamics can have important evolutionary
implications as well.
2.2. Previous analyses of the evolutionary
consequences of vaccination

Most studies of the spread of escape mutants or the
evolution of virulence in response to vaccination have
assumed that epidemiological dynamics are very fast
relative to evolution. This separation of time-scales
derives from explicit models of population dynamics
and population genetics (Beck 1984; Andreasen &
Christiansen 1995; Andreasen 2002) where the pheno-
typic variation among the different genotypes is small
(i.e. small mutation steps). It is also at the heart of
game-theoretic analyses and adaptive dynamics (Geritz
et al. 1998; Waxman & Gavrilets 2005).

To conduct the analysis, the parasite population is
assumed to reach an endemic epidemiological equili-
brium before mutation introduces genetic variation
(new mutant strains with potentially different pheno-
typic traits). At this endemic equilibrium, the
expected number of new infections produced by a
randomly chosen infected host during its total
infectious period (its lifetime reproductive success) is,
under the simplifying assumption that bNZbNNZbNV

and bVZbVVZbVN (Gandon 2004),

RZ
bN

dCaN CgN

�SN C
bV

dCaV CgV

�SV: ð2:4Þ

Since the number of infected hosts remains constant at
endemic equilibrium, this necessarily yields RZ1.
Then, one may formalize evolution by focusing on the
competition between a rare mutant strain (with
different phenotypic traits a�

N;a
�
V; b

�
N; b

�
V;g

�
N;g

�
V) and

the resident strain at the endemic equilibrium set by
the resident. The mutant will initially spread if and
only if its lifetime reproductive success, R�, is higher
than 1 (i.e. the lifetime reproductive success of the
resident). Therefore, a condition for the mutant to
invade the population is

R� Z
b�N

dCa�
N Cg�

N

�SN C
b�V

dCa�
V Cg�

V

�SVO1: ð2:5Þ

Whether the mutant replaces the resident strain
depends on the fate of the resident when it becomes
rare. This can be determined by looking at the
resident’s lifetime reproductive success at the endemic
equilibrium set by the mutant strain (denoted below by
the symbol j�)

Rj� Z bN

dCaN CgN

�SNj� C
bV

dCaV CgV

�SVj�: ð2:6Þ
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If R�O1 and Rj�O1, then the mutant will initially
increase in frequency but will not go to fixation
(because the fitness of the resident increases when the
mutant becomes frequent). Consequently, the mutant
and the resident will coexist in the population (Porco &
Blower 1998, 2000; André & Gandon 2006; Restif &
Grenfell 2006). In contrast, when R�O1 andRj�!1, the
mutant will replace the resident strain.

The above description of evolutionary dynamics has
been used to describe the spread of escape mutants
after a vaccination campaign (McLean 1995a, 1999;
Scherer & McLean 2002). The approach is to begin by
supposing that the wild-type is still present after the
introduction of the vaccine, and then to suppose that a
mutant arises with reduced recovery rates and/or
increased transmission rate (owing to its ability to
evade the vaccine-induced immunological response of
the host). Parasite strains are characterized by their
reproduction ratios, and one then asks whether or not
the vaccine-favoured mutant will spread, as a function
of the costs incurred by the mutant in naive hosts, as
well as the level of vaccine coverage in the population. If
such a vaccine-favoured mutant does spread, then one
can use the epidemiological model to determine how the
critical vaccine coverage required is thereby affected.

The above description of evolutionary dynamics
has also been used to characterize virulence evolution
as a result of vaccination (Gandon et al. 2001, 2003;
André & Gandon 2006; Ganusov & Antia 2006). Again
the approach is to begin by supposing that the wild-
type is still present after the introduction of the vaccine
and that a mutant arises with altered life-history
components. Typically, it is supposed that the mutant’s
life-history components satisfy some constraint (e.g.
a positive relationship between transmission rate and
virulence). Again one then asks whether or not such
mutants can spread. The ultimate question in this type
of analysis, however, is not whether a particular mutant
can spread, but rather, whether or not there is a
vaccine-favoured strain that, once present in the
population, can resist invasion by all other possible
mutant strains. Indeed, since the direction of evolution
is given by the sign of R�KR, a strain that maximizes
R� is evolutionarily stable (because no other strategy
can invade it). The goal then is to characterize the life-
history parameters (e.g. transmission rate, recovery
rate and virulence) that maximize R� in the presence of
vaccination, and to compare these to the life-history
parameters of the wild-type. For example, Gandon
et al. (2001, 2003) used this approach to show that
vaccines limiting transmission have little effect on
evolution, while vaccines reducing the within-host
growth rate of the parasites may favour more virulent
strains (see also §3.2).

The above epidemiological model illustrates the
conceptual connections between theoretical studies of
escape mutants and of virulence/life-history evolution.
In both situations, the analysis relies on the use of the
lifetime reproductive success (i.e. R�) as a measure of
parasite fitness. This is based on the assumption that
the system reaches an epidemiological equilibrium after
vaccination before any of the mutant strains of the
parasite arise. This is clearly unlikely when the
J. R. Soc. Interface (2007)
transient dynamic following the start of the vaccination
is long (figure 2b) and/or for parasites with high
mutation rates. Therefore, it is of interest to know how
relaxing this assumption affects the evolutionary
predictions. In §2.3, we develop a more general
theoretical framework that addresses both escape and
virulence evolution in response to vaccination, and that
allows evolutionary change to occur on any time-scale
relative to that of the epidemiological dynamics.
2.3. A general framework for the evolutionary
epidemiology of vaccination

In the framework developed below, the parasite
population may be polymorphic at any given time. In
particular, we assume that n different parasite strains
are competing within a heterogeneous host populations
composed of naive and vaccinated individuals (recall
that, for the sake of simplicity, multiple infections are
not allowed; see Day & Proulx 2004 for extensions to
such cases). We use qN

i and qVi to denote the frequencies
of parasite strain i infecting naive and vaccinated hosts,
respectively (where the superscripts N and V refer to
the different types of hosts). We also assume that
mutation occurs with rate m in all strains. A strain j
mutates to a strain i with probability mji. These strains
may differ in one or several life-history traits (e.g.
transmission, virulence or recovery) and, consequently,
their relative growth rates in the population.

Under these assumptions, the epidemiological
dynamics depends on the mean parasite trait values
in the two types of hosts

_SN Z lð1KpÞKðdC �bNNIN C �bVNIVÞSN;

_SV Z lpKðdC �bNVIN C �bVVIVÞSV;

_IN Z ð�bNNIN C �bVNIVÞSNKðdC �aN C �gNÞIN
_IV Z ð�bNVIN C �bVVIVÞSVKðdC �aV C �gVÞIV;
_RZ �gNIN C �gVIVKdR;

; ð2:7Þ

where, for instance, the mean levels of virulence are
�aNZ

Pn
iZ1 q

N
i aNðiÞ and �aVZ

Pn
iZ1 q

V
i aVðiÞ.

Equation (2.1) can be viewed as a special case of
equations (2.7) when there is no variance among strains
in their transmission, virulence or recovery. Following
Day & Gandon (2006, eqns 2.7 and 2.10), it is also
possible to derive the rate of change in frequency of a
given strain i in both types of hosts (see also appendixA)

_qNi ZqNi ðrNNðiÞK�rNNÞCm
Xn
jZ1

mjiq
N
j KqNi

 !

C
IV
IN

�rVN qVi KqNi
� �

C
IV
IN

qVi ðrVNðiÞK�rVNÞ;

_qVi ZqVi ðrVVðiÞK�rVVÞCm
Xn
jZ1

mjiq
V
j KqVi

 !

C
IN
IV

�rNV qNi KqVi
� �

C
IN
IV

qNi ðrNVðiÞK�rNVÞ:

ð2:8aÞ

The quantities rAB(i ) in equations (2.8a) link these
evolutionary equations to the epidemiological equations
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(2.7) and are given by

rNNðiÞZbNNðiÞSNKðdCaNðiÞCgNðiÞÞ;
rNVðiÞZbNVðiÞSV;

rVVðiÞZbVVðiÞSVKðdCaVðiÞCgVðiÞÞ;
rVNðiÞZbVNðiÞSN;

ð2:8bÞ

where the subscripts refer to the route of transmission.
For example, rNV(i ) is the per capita rate of production
of new infections of strain i in vaccinated individuals, by
naive hosts infected with strain i. Note also that in
equations (2.7), (2.8a) and (2.8b), the averages �bAB and
�rAB are calculated over the distribution qAi .

Equations (2.8a) and (2.8b) can be used to better
understand the three different forces acting on the
evolution of parasite strain frequencies in both types of
hosts (selection, mutation and migration). For
example, let us focus on the evolution of the parasite
population infecting the subpopulation of naive hosts
(the first equation in equation (2.8a) and (2.8b)). The
first term, qNi ðrNNðiÞK�rNNÞ, refers to the action of
natural selection in naive hosts. For example, strain i
will increase in frequency in naive hosts if it has a higher
growth rate than the average in the naive host
subpopulation. The second term, mð

Pn
jZ1 mjiq

N
j KqNi Þ,

refers to the action of mutation.Whether this will result
in an increase or a decrease of strain i frequency
depends on all strain frequencies, as well as on the
mutation model. The third term, ðIV=INÞ�rVNðqVi KqNi Þ,
refers to the effect of immigration (i.e. transmission) of
parasites from the subpopulation of vaccinated hosts
into naive hosts. This effect is weighted by the relative
size of the two subpopulations of hosts (because the
effect of immigration on strain frequency depends on
the relative size of the two subpopulations) and
depends on the difference between the frequency of
strain i in the two subpopulations. For example, if the
frequency of the focal strain is higher in parasites
infecting vaccinated hosts, then immigration (trans-
mission) from this subpopulation to naive hosts will
increase the frequency of this strain in naive hosts. The
fourth term, ðIV=INÞqVi ðrVNðiÞK�rVNÞ, is also due to
immigration from the other subpopulation and
illustrates that such transmission can have evolution-
ary consequences even if the frequency of strain i does
not differ between the two subpopulations. Indeed, this
fourth term expresses the fact that the frequency of
strain i in naive hosts may increase if this strain is
overrepresented among immigrants from the popu-
lation of parasites infecting the vaccinated hosts (Day&
Gandon 2006). For example, if strain i is more
transmissible than other strains, the immigration (i.e.
transmission) from vaccinated to naive hosts will
increase the frequency of strain i in naive hosts even if
the two subpopulations do not initially differ in strain
frequencies.

The above equations will now be useful to study the
two evolutionary questions addressed in the previous
analyses of vaccination. First, if we are particularly
interested in a given parasite strain (e.g. one vaccine-
favoured variant or quasispecies with one strain—the
master sequence—being much fitter than the others;
J. R. Soc. Interface (2007)
see Day & Gandon 2006), then we can use these
equations to track the change in frequency of this focal
parasite strain. Second, if we are interested in the
evolution of life-history components of the parasite,
such as the level of transmission, recovery or virulence,
then we can use these equations to track the evolution
of the mean value of these phenotypic traits in the
parasite population, allowing for any number of strains
to be present at any given time.
2.3.1. Tracking the frequency of a focal strain. We use
the above model to track the frequency of a focal strain
(among the n possible strains) which is q�ZðINqN�C
IVq

V
� Þ=I , where qN� and qV� are the frequencies of the

focal strain in the two types of hosts and IZINCIV is
the total number of infected hosts. In the following, r�AB

refers to the per capita rates of production of new
infections by the focal strain. The average per capita
rate of production of new infections by the remaining
strains is ~rABZð

Pn
iZ1 q

A
i rABðiÞKqA� r

�
ABÞ=ð1KqA� Þ. In

particular, note that when the focal strain is competing
against a unique resident strain, this simply equals
the per capita rate of production of new infections
induced by the resident strain ~rABZrAB. We will
further assume that m� is the rate of mutation of the
focal strain (towards remaining strains) and m is
the rate of mutation of the remaining strains towards
the focal strain.

Equations (2.8a) and (2.8b) can then be used to
describe the change in frequency of the focal strain in
the different types of hosts

_qN� Z sNsNNKm�qN� Cm 1KqN�
� �

C
IV
IN

�rVN qV� KqN�
� �

C
IV
IN

sVsVN;

_qV� Z sVsVVKm�qV� Cm 1KqV�
� �

C
IN
IV

�rNV qN� KqV�
� �

C
IN
IV

sNsNV; ð2:9aÞ

where sNZqN� ð1KqN� Þ and sVZqV� ð1KqV� Þ are the
variances in the focal strain frequency in the parasite
populations infecting naive and vaccinated hosts,
respectively, and

sNN hr�NNK~rNN Z b�NNK~bNN

� �
SNK a�

NN Cg�
NNð Þð

Kð~aNN C ~gNNÞÞ
sNV hr�NVK~rNV Z b�NVK~bNV

� �
SV

sVV hr�VVK~rVV Z b�VVK~bVV

� �
SVK a�

VV Cg�
VVð Þð

Kð~aVV C ~gVVÞÞ
sVN hr�VNK~rVN Z b�VNK~bVN

� �
SN: ð2:9bÞ

The dynamics of the global frequency of the focal
strain (i.e. averaged over both naive and vaccinated
hosts) is thus

_q� Z fN _qN� C fV _qV� C qN� KqV�
� �

_f N; ð2:10Þ
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where fNZIN/I and fVZIV/I are the proportions of the
parasite that are in naive and vaccinated hosts,
respectively.

The first two terms in equation (2.10) simply express
the fact that the focal strain frequency may change
owing to a change in its frequencies in each of the two
host types. The third term in equation (2.10) shows
that, even if the focal strain frequency does not change,
a change in the proportion of the infections in each of
the two types of hosts may also affect its total
frequency, provided its frequencies differ between host
types. Consider, for example, the situation where
vaccinated hosts are only infected by the focal strain
(qVZ1), while none of the naive hosts are infected by
this strain (qNZ0). In this situation, if there is a relative
increase in the prevalence of naive hosts, the total
frequency of the focal strain will decrease.

To complete the model, we can combine equations
(2.9a), (2.9b) and (2.10) to obtain

_q� Z fNsNsN C fVsVsVK q�m
� Cð1K q�Þm�

C qN� KqV�
� �

ðfN�rNVK fV�rVN C _f NÞ; ð2:11aÞ

where

sN hsNN CsNV;

sV hsVV CsVN:
ð2:11bÞ

In other words, sN and sV measure the intensity of
selection on the focal strain in naive and vaccinated
hosts, respectively. Not surprisingly, the first two
terms in equations (2.11a) and (2.11b) show that the
speed of evolution depends on the intensity of selection
and on the variance in frequency of the focal strain.
The following two terms describe the effect of
mutation. The final term expresses the potential
impact of migration between the two types of hosts,
but also the influence of epidemiological dynamics
through _f N. Equation (2.7) can then be used to expand
this final component. In §3, we will demonstrate how
this general framework can provide new insights into
the spread of vaccine-favoured variants as a result of
vaccination.
2.3.2. Phenotypic evolution. Instead of focusing on a
particular strain frequency, one may be interested in
the evolution of the mean value of some phenotypic
trait. Each of the competing strains may have different
life-history traits, xi (where xmay refer to transmission,
virulence or recovery) and we are interested in the
evolution of the mean life-history trait �xNZ

P
iq

N
i xi

and �xVZ
P

iq
V
i xi of the parasite infecting these two

types of hosts.
In each generation, mutations push the average

value of the trait in host A towards �xAmZ
P

j;iq
A
j mjixi.

But selection within the different types of hosts and
migration between types of hosts also affect the
evolution of average phenotypic values. Following
Day & Gandon (2006, eqns 2.9 and 2.10), we can
derive equations for the overall evolutionary
J. R. Soc. Interface (2007)
dynamics as

_�xNZcov
N

ðx;rNNÞKmð�xNK�xNmÞ

C
IV
IN

�rVNð�xVK�xNÞCcov
V

ðx;rVNÞ
� �

;

_�xVZcov
V

ðx;rVVÞKmð�xVK�xVmÞ

C
IN
IV

�rNVð�xNK�xVÞCcov
N

ðx;rNVÞ
� �

:

ð2:12Þ

Equation (2.12) is a multiple habitat version of the
Price equation (Price 1970; Day & Gandon 2006). It
summarizes the interplay between the main factors
(already identified in equation (2.8a) and (2.8b)) acting
on phenotypic evolution: selection (the first term);
mutation (the second term); and migration and
selection within the migrant pool (the final term). We
can also average over the two types of host to focus on
the evolution of the overall mean trait

_�xZfNs
N
xrCfVs

V
xrKmð�xK�xmÞCð�xNK�xVÞ

!ðfN�rNVKfV�rVNC _fNÞ; ð2:13Þ

where

sNxrZcov
N

ðx;rNNCrNVÞZvar
N
ðxÞr

N
ðx;rNNCrNVÞ

sVxrZcov
V

ðx;rVVCrVNÞZvar
V
ðxÞr

V
ðx;rVVCrVNÞ;

where varAðxÞ is the phenotypic variance in the
population infecting host type A, while rAðx;rABÞ is
the regression coefficient between the per capita growth
rate rAB and the phenotype of individuals infecting host
type A. The new variables sNxr and sVxr are thus
analogous to sNsN and sVsV, respectively, in equation
(2.11a) and measure the variance of the phenotypic
trait times the intensity of selection, in the different
types of habitats (i.e. hosts).

Note that equation (2.13) can be used to track the
transient evolutionary dynamics of traits, and it can
also be used to find the evolutionarily stable trait
values. Indeed, at an evolutionary equilibrium, we
necessarily have _�xZ0. For example, if we assume that
the mutation rate is low and, consequently, the
difference in mean trait values between the two types
of hosts is low, then we get the following condition at
evolutionary equilibrium: fNs

N
xrZKfVs

V
xr . This con-

dition means that, at evolutionary equilibrium, selec-
tion acting on one habitat is perfectly balanced by
selection on the other habitat.
3. EXAMPLES

In this section, we illustrate the potential utility of the
above general framework for addressing questions
about the spread of specific vaccine-favoured variants,
as well as about the evolution of virulence in response to
vaccination. In both the cases, we use the same
underlying epidemiological model (equation (2.1)). In
the first evolutionary scenario, mutation introduces
three vaccine-favoured variants that have relatively
large differences in their life histories (in terms of



Table 1. Qualitative evolution after vaccination. The first column presents the four possible types of parasites. The wild-type is
the fittest before vaccination but its infectiousness is 99% lower on vaccinated hosts. The three remaining strains are resistant to
the vaccine. In contrast with the wild-type, the resistant strains are equally fit on naive and vaccinated hosts. The second column
gives the basic reproduction ratio of the different strains after vaccination, R�(see equation (2.5)). Here, it is assumed that the
population has reached the post-vaccination endemic equilibrium set by the wild-type strain. The third column gives an
approximation of selection intensity just after the start of vaccination (far from the post-vaccination endemic equilibrium, when
the wild-type is the most prevalent strain). The third column thus gives a measure of the fitness of vaccine-favoured variants
relative to the wild-type (figure 4b).

parasite strains basic reproduction ratio after vaccination, R� intensity of selection

wild-type: a, b, g b=ðdCaCgÞ �SNCð�SV=100Þ
� �

Z1 0

strain 1: a�, b, g (with a�Oa) b=ðdCa�CgÞ �SNC �SV

� �
0.99bSVK(a�Ka)

strain 2: a, b�, g (with b�!b) b�=ðdCaCgÞ �SNC �SV

� �
0.99b�SVK(bKb�)SN

strain 3: a, b, g� (with g�Og) b=ðdCaCg�Þð�SNC �SVÞ 0.99bSVK(g�Kg)
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virulence, transmission or recovery). These are meant
to represent different escape strategies, and we study
which of these is most likely to emerge (§3.1). In the
second evolutionary scenario, again mutation intro-
duces strains with different life-history components,
but here we suppose that the differences are relatively
small. Furthermore, in this case, a larger number of
different strains are allowed to coexist (i.e. many more
than the three above vaccine-favoured variants). In this
situation, we focus on the evolutionary dynamics of
virulence when averaged over the distribution of
parasite strains (§3.2).
3.1. Qualitative evolution

We assume that four different types of strains exist
(table 1). First, the wild-type strain (with trait values
a, b and g) is characterized by the highest basic
reproduction ratio in the absence of vaccination.
Therefore, before the vaccination campaign, it will be
the most prevalent one (the other strains will only be
maintained through recurrent mutation from the wild-
type). We further assume that the vaccine prevents
wild-type infections with an efficacy of 99%. The three
other strains represent different types of vaccine-
favoured variants. They can be viewed as generalist
strains because they do as well in naive as in vaccinated
hosts (figure 1). This resistance, however, is assumed to
be costly, and what distinguishes these three different
strains is their different costs of resistance (when
measured in naive hosts in comparison with the wild-
type strain): strain 1 has a higher virulence; strain 2 has
a lower transmission rate; and strain 3 is cleared more
rapidly. Under the above assumptions, it is clear that, if
vaccination coverage is large, escape strains will spread
and replace the wild-type. However, which of the three
escape mutants will replace the wild-type?

The classical evolutionary analysis (see §2.2) shows
that the evolution of escape strategies can be predicted
by the relative basic reproduction ratios of the different
strains. The escape mutant with the highest reproduc-
tive ratio should win the competition. Figure 4 presents
the results of a simulation where, for illustrative
purposes, only three strains are competing (the wild-
type, strain 1 and strain 2; figure 3). Mutation may
occur among these strains with the same probabilities.
J. R. Soc. Interface (2007)
In other words, mutation introduces some genetic
variance but does not favour one strain over the
other. In the long term, the basic reproduction ratio
does predict the evolutionary outcome: before vac-
cination the wild-type wins and after vaccination
strain 2 wins (because parameter values are such that
the basic reproduction ratio of strain 2 is higher
than strain 1). However, just after the start of the
vaccination, the winner (strain 1) is not the mutant
with the highest reproductive ratio.

The discrepancy between simulation results and the
classical long-term evolutionary analysis can be
explained using equations (2.11a) and (2.11b). The
final column of table 1 gives an approximation of the
intensity of selection (as defined in equation (2.11b)) for
the different strains when the wild-type is the most
common strain (valid just after the start of the
vaccination). If we neglect the presence of the other
strains, the coefficient of selection of the wild-type is 0.
As for the escape mutants, it is important to note that
their coefficients of selection depend on the availability
of susceptible hosts and, in particular, on vaccinated
hosts. Just after the start of a vaccination, there are a
large number of susceptible vaccinated hosts, and this
favours strategies that do not pay the cost in terms of
transmission (strains 1 and 3; figure 4b). In contrast,
the relative values of basic reproduction ratios of the
different strains are independent of the number of
susceptible hosts. This explains the short-term success
of strain 1 in figure 4, despite having a lower basic
reproduction ratio. Figure 4b plots the approximation
of the selection coefficients of the two vaccine-favoured
mutants (given in the last column of table 1) and shows
that strain 1 has a selective advantage over strain 2
only in the transitory phase after vaccination. Inter-
estingly, figure 4a may be viewed as an ecological
succession. After a perturbation of the environment
(vaccination), the habitat is invaded by better coloni-
zers (strain 1) with large fecundity (transmission) and
low survival (lower duration of the infection owing to
higher virulence). In the long term, however, the
environment reaches a new steady state where the
strategies that allow more resource in survival and less
in fecundity (strain 2) win.

The transitory emergence of strain 1 would not have
been predicted from a classical evolutionary analysis
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based on R0 (with a separation of time-scales), and this
type of finding regarding the transient evolutionary
dynamics has important implications. With a case
mortality of more than 50%, strain 1 is indeed much
more virulent than the wild-type or the other escape
strategy (strain 2; both of which are harmless).
Furthermore, strain 1 has a higher transmission rate
than strain 2, thereby causing it to spread much more
quickly. Given that it might take a substantial amount
of time after a vaccination programme has been
introduced before the epidemiological dynamics reach
a new equilibrium (if they ever, in fact, do), it seems
very desirable to use a broader theoretical framework
such as equations (2.11a) and (2.11b) to capture the
important transient or non-equilibrium evolutionary
dynamics that might occur.
3.2. Quantitative evolution

In this second evolutionary scenario, we focus on the
evolution of virulence (measured in naive hosts). We
assume mutation rates to be small, and therefore using
equations (2.8a), (2.8b) and (2.12) yields

_�a
N
N Z SN cov

N
ðaN; bNNÞKvar

N
ðaNÞKcov

N
ðaN;gNÞ

C
IV
IN

SN cov
V

ðaN; bVNÞCbVN �aV
NK�aN

N

� �� �
;

_�a
V
N Z SV cov

V
ðaN; bVVÞKcov

V
ðaN;aVÞKcov

V
ðaN;gVÞ

C
IN
IV

SV cov
N

ðaN; bNVÞCbNV �aN
NK�aV

N

� �� �
;

ð3:1Þ
with �aB

AZ
P

i q
B
i aAðiÞ (i.e. the mean virulence of

parasites sampled in host type B and measured in
host type A). Equation (3.1) can be used to gain some
insight regarding the direction of evolution just after
the start of a vaccination. In this situation, there are
very few infections in vaccinated hosts (i.e. IN=IV[1)
and the difference in the mean virulence between naive
and vaccinated hosts is low (i.e. �aN

NK�aV
Nz0). This

results in the following approximations:

_�a
N
NzSN cov

N
ðaN; bNNÞKvar

N
ðaNÞKcov

N
ðaN;gNÞ;

_�a
V
Nz

IN
IV

SV cov
N

ðaN; bNVÞ:
ð3:2Þ

Furthermore, if the parasite population is at an evolu-
tionary equilibrium before vaccination (i.e. _�a

N
NZ0

before vaccination), then the following must also hold:
�SN covNðaN;bNNÞKvarNðaNÞKcovNðaN;gNÞZ0, where
�SN is the endemic equilibrium number of susceptible
hosts before vaccination.

Just after the start of the vaccination SNCSVz �SN,
and therefore, using the above approximations,
equation (3.1) becomes

_�a
N
NzKSV cov

N
ðaN; bNNÞ;

_�a
V
Nz

IN
IV

SV cov
N

ðaN; bNVÞ:
ð3:3Þ

If we further assume that there is a positive covariance
between virulence and transmission (a common
J. R. Soc. Interface (2007)
assumption in the virulence evolution literature), the
above equations show that virulence initially evolves in
opposite directions in the different types of hosts. Just
after the start of the vaccination, virulence decreases in
naive hosts and increases in vaccinated ones. To
understand this result, one needs to see the difference
between the dynamics of infection in naive and
vaccinated hosts. Just after the start of the vaccination
campaign, most infected hosts will be from the naive
subpopulation. This changes the balance between the
cost and the benefits of virulence. In naive hosts, a lower
number of susceptible hosts select for lower virulence
(see Lenski & May 1994; Frank 1996; Day & Proulx
2004). In contrast, in vaccinated hosts, the new
infections are produced by the most transmissible
strains. Since we further assume a positive covariance
between transmission and virulence, selection for
higher transmission favours the evolution of higher
virulence among vaccinated hosts.

To explore this qualitative prediction more quan-
titatively, we need to specify the relationships among the
various traits, measured in the same or in different hosts.
Following the assumptions used by Gandon et al. (2001,
2003), it is possible to runnumerical simulations (figure5)
andderive approximations for the evolutionarydynamics
(appendix A). Numerical simulations confirm that the
direction of evolution may differ in the different types of
hosts just after the start of the vaccination. This effect,
however, depends on the amount of genetic variance for
virulence.When it is low, this effect is relativelyweak and
disappears rapidly (figure 5). Some estimations of the
additive genetic variance before vaccination are thus
required to make short-term predictions about virulence
evolution for specific infectious diseases.

It is also possible to use the above framework to obtain
a more comprehensive understanding of how various
properties of vaccines affect the evolutionary dynamics of
virulence. Gandon et al. (2001, 2003) explored this
question using the classical separation of time-scales
approach, and found that vaccines acting solely to
diminish the mortality caused by parasites result in a
higher evolutionary equilibrium level of virulence
(measured in naive hosts), whereas those that act solely
to diminish transmissibility result in no change.

Using n1 to denote the proportion by which the
vaccine decreases transmissibility, and n2 to denote the
proportion by which the vaccine decreases parasite-
induced mortality (n1 and n2 are equivalent to
parameters r1 and r2 in Gandon et al. 2001, 2003), the
dynamics of virulence just after vaccination can be
approximated as (see appendix A)

_�aN Z
db

da �aN
N

KfN var
N
ðaNÞSVn1 C fV var

V
ðaNÞ

������
!ð�SNðDðn2ÞK1ÞKSVn1Dðn2ÞÞð1K n2Þ

�
; ð3:4Þ

where

Dðn2Þh
db=daj�aV

V

db=daj�aN
N

;

which equals 1 when n2Z0, and is larger than 1
otherwise.
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Figure 4. Qualitative evolution after the start of vaccination
with a coverage pZ0.85 at tZ50 (compare with figure 2b in
the absence of evolution). In (a) we plot the density (note the
logarithmic scale) of the three different parasite variants, and
in (b) we plot the fitness of different vaccine-favoured variants
relative to the wild-type (given in the third column of table 1).
In this scenario, we allow three strains to emerge by mutation
(mZ10K5) in the parasite population (figure 3): (i) the wild-
type (black) with aZ0, bZ29.10K4 and gZ26 on naive hosts
(on vaccinated hosts bZ29.10K6, thus the vaccine as a 99%
efficacy on the infectivity of the wild-type), (ii) strain 1 (red)
with aZ27, bZ29.10K4 and gZ26 on both naive and
vaccinated hosts, and (iii) strain 2 (blue) with aZ0,
bZ29.10K4/2 and gZ26 on both naive and vaccinated
hosts. Other parameter values as in figure 1b.
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Figure 3. Schematic description of the different strains in
competition in figure 4. The figure presents the life-history
traits of three parasite strains (wild-type, strain 1 and strain
2) when measured in naive hosts (table 1). In vaccinated
hosts, strains 1 and 2 keep the same life-history traits, but the
wild-type is assumed to have a 99% reduction in transmission
(table 1).
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Equation (3.4) reveals that higher values of n2
select for higher virulence just as found in Gandon
et al. (2001, 2003). It also shows, however, that higher
values of n1 select for lower virulence. This result is at
odds with those of Gandon et al. (2003), and it arises
as an initial transient evolutionary response to
vaccination. Essentially, at the start of the vac-
cination campaign, the n1 vaccine reduces the effective
availability of susceptible hosts. This reduces the
advantage of high transmissibility and thereby allows
virulence (which is coupled to transmission) to evolve
to lower levels (see also Day & Proulx 2004).
Eventually, once the post-vaccination epidemiological
equilibrium is reached, however, the average level of
virulence will have turned around and evolved back
up to its initial value prior to vaccination.

Finally, although the above framework has been
developed in the context of the evolution of a single life-
history component, this approach is readily extended to
allow the evolution of multivariate phenotypes as well
(e.g. the simultaneous evolution of virulence, trans-
mission and/or recovery as independent, potentially
genetically correlated traits; Day & Gandon 2006;
appendix B).
4. DISCUSSION

In this article, we briefly review previous attempts to
model parasite evolution after a vaccination cam-
paign, and we provide a single theoretical framework
in which the different models that have been used can
be analysed. Our overall contention is that it is most
fruitful to focus on the life-history parameters of
different strains in both naive and vaccinated hosts.
Indeed, two different escape strategies may have the
same basic reproduction ratio (the classical measure
of fitness used in previous evolutionary studies) but
very different life-history traits. We have shown that
these differences can have major implications for
evolution during the transient phase, after the start of
the vaccination. In particular, we show that very
virulent strains (with lower basic reproduction ratio)
may rapidly spread after vaccination even if, in the
long term, these strains can be out competed by
J. R. Soc. Interface (2007)
avirulent strains with higher basic reproduction
ratios (figure 4).

This example also illustrates the possibility of
making predictions about short-term evolution. This
contrasts with most other evolutionary analyses of the
consequences of vaccination. The two case studies
presented here illustrate the relevance of short-term
evolutionary dynamics, since they may conflict with the
long-term evolutionary outcomes. This framework may
thus represent a better tool to evaluate the short-
term epidemiological and evolutionary impact of
vaccination.

To predict the direction and the speed of evolution,
however, one needs a good measure of the diversity of
life-history traits. This means having a good quan-
titative assessment of all three life-history parameters
in both vaccinated and naive hosts (i.e. an assessment
of the costs and the benefits faced by each strain).
Figure 3 illustrates a hypothetical example for two of
the life-history parameters as measured in naive hosts.
More generally, we need this type of cost–benefit
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Figure 5. Quantitative evolution after the start of vaccination with a coverage pZ0.75 at tZ50. In (a) and (b), we show
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Parameter values (see also appendix A for the notations and the functional relationships between virulence and transmission in
the different types of hosts): n1Z0.9 and n2Z0.9. Other parameter values are as in figure 2b.
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information for all three parameters (i.e. recovery rate
as well) in both types of host. Ideally, this information
would be obtained for as many strains as possible. One
way to summarize this information on strain diversity
is via the variance and the covariance between parasite
life-history traits. This is analogous to estimating theG
matrix in quantitative genetics studies (Lande 1982;
Blows 2006), and the framework presented here clearly
illustrates how this summary of the cost–benefit
information can then be used to make evolutionary
and epidemiological predictions (e.g. see appendix B).
Without this information to feed the models, it will be
difficult to evaluate the potential risks associated with
vaccine-induced evolution. Besides, it is possible that
even more efficient escape strategies (i.e. lower costs in
naive hosts and/or higher adaptation on vaccinated
hosts) will emerge after the start of the vaccination.
This situation could still be analysed within this
framework by allowing the G matrix to evolve. In
other words, this requires pre- and post-vaccination
monitoring of the parasite population.
4.1. Some limitations of the model

Despite the generality of the approach presented, it
nevertheless has some important limitations. First, the
model ignores the complication of within-host
evolution. This is clearly unrealistic for RNA viruses
like HIV and hepatitis C virus (HCV) where there is
strong evidence that an arms race is going on between
the virus population and the adaptive immune system
of the host (Shimizu et al. 1994; Goulder & Watkins
2004). Here, the within-host evolution of the parasite is
fuelled by the antigenic diversity produced by the
J. R. Soc. Interface (2007)
typically high mutation rates of such RNA viruses.
Within-host evolution may also occur if multiple
infections are frequent, and this may be the case in
malaria (de Roode et al. 2005 and references therein)
and potentially many other infectious diseases. These
complexities, however, could be integrated within the
present framework. Day & Proulx (2004) present a way
to do this in a homogeneous population (e.g. see eqn
A12 in Day & Proulx 2004): _�aZcovða; rÞCEðMÞ,
where M is the mean change of within-host virulence
in a small interval of time (these changes could be
either due to mutation or due to secondary infections).
This model could be further extended to hetero-
geneous host populations and include the selective
pressure imposed by the immune system on within-
host evolution.

A second limitation of the present model is that it
does not deal with situations where the initial
population is already antigenically variable. All the
theoretical case studies that we analysed assumed
no pre-existing strain structure and, in other words,
that the parasite population was dominated by a
unique wild-type strain. However, pre-existing strain
structure does occur in hepatitis B (Hsu et al. 1999),
Streptococcus pneumoniae (Smith et al. 1993) and also
in human malaria (Gupta 2002). To model these
situations, one must first understand the emergence of
strain structure before vaccination. In particular, it
might be necessary to start from a host population that
is already genetically or immunologically hetero-
geneous. Indeed, cross-specific immunity has been
shown to allow the coexistence of antigenically variable
strains (Gupta 2002). Vaccination could then act
through the addition of another level of heterogeneity,
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i.e. immunological heterogeneity. Doing so would
require allowing strain-specific immunity in the
theory, and this represents an interesting avenue for
future research.

A third limitation relates to the genetic determina-
tion of virulence and other disease characteristics in
bacterial pathogens. Many of the phenotypic attributes
of pathogenic bacteria, including the ability to colonize
certain host tissues, the ability to evade an immune
response and the ability to induce deleterious effects on
the hosts, can be transmitted horizontally by bacterio-
phages (Wagner & Waldor 2002; Brüssow et al. 2004).
For example, the toxin produced by diphtheria is
genetically encoded by a temperate phage, and there-
fore this pathogenicity can be transmitted vertically via
the prophage during bacterial replication, as well as
horizontally through lysis (Pappenheimer & Murphy
1983). In fact, there is a growing realization that such
horizontal gene movement probably plays a central role
in the evolution of many other pathogens, including
Vibrio cholera, Staphylococcus aureus, Streptococcus
A, Neisseria meningitis, Pseudomonas aeruginosa and
many of the bacterial pathogens from the family
Enterobacteriaceae (Joklik et al. 1988).

The existence of bacteriophage-mediated horizontal
transfer of pathogenicity genes brings with it at least
two complications for the theoretical framework
described here. First, as shown by Anderson & Cowles
(1958) for the case of diphtheria toxin, the phage itself
can be antigenic. The antiphage sera of infected hosts
may thus block the horizontal transmission of the phage
within an infected host, and because vertical trans-
mission of the phage is imperfect (Crowell 1926;
Anderson & Cowles 1958), the lysogenic bacteria can
be completely lost from an infection. This dynamic has
been described both in vitro and in vivo for Diptheria
(Anderson & Cowles 1958) and represents an additional
selective pressure acting on the production of the toxin.
These two modes of transmission require specific
models to understand the epidemiological dynamics of
both the bacteria and its phage (Moxon & Jansen
2005). Second, many of the pathogenic attributes of
bacteria need not be selectively beneficial to the
bacteria, but rather they might simply be incidental
by-products of phage evolution. If this is true, we will
need to broaden the way we model disease evolution,
allowing for the existence of a third evolutionary player
in the game (i.e. the phage), that has its own potential
evolutionary trajectory.

Finally, the use of fully deterministic models
prevents us to take into account the potential
consequences of demographic stochasticity and genetic
drift on the evolution of parasite populations. Genetic
drift may often lead to the eradication of some parasite
strains and thus differ with the dynamics of a
continuous deterministic model (where, by definition,
strains never go to extinction). Restif & Grenfell (2006)
contrast the different evolutionary outcomes in a
parasite population using an epidemiological model
with or without stochasticity. However, Restif &
Grenfell (2006) only considered situations where
mutation is a limiting factor (i.e. a given parasite
variant is introduced only once). We believe that if
J. R. Soc. Interface (2007)
there are recurrent mutations (as it is the case in the
above case studies; figures 4 and 5), strain extinction
will become transitory and the deterministic model
may still provide a good approximation of the
evolutionary dynamics. Of course, this will depend on
the relative amount of drift and mutation. In any case,
the study of the evolutionary dynamics in finite
population of parasites does deserve further theoretical
investigation.
4.2. Implications for other areas of research

We believe that the generalized theoretical framework
presented here could also be relevant to formalize
other evolutionary questions. First, it could be used to
model within-host evolution of chronic infections and
the arms race going on between the parasite popu-
lation and the adaptive immune response of the host.
For example, in HIV and SIV, there is some evidence
that different types of escape mutants emerge early or
late after infection (Goulder & Watkins 2004). This is
currently interpreted by the possibility that early
mutants may carry lower costs than late mutants. But
an alternative explanation is suggested by the first
case study (figure 3). These different mutants may be
selected at different times because the host is a
variable environment. Early in the infection, a large
number of susceptible cells are available. This may
select life-history strategies that become poorly effi-
cient in the longer term. To evaluate this hypothesis,
one needs to evaluate the life-history traits (replication
rates within cells, killing rate of cells, survival outside
the cells, etc.) of these different escape mutants (not
available yet).

Another potential application of this model is
the analysis of antibiotic resistance. In this case, the
perturbation is not induced by vaccination but by the use
of therapeutic drugs. The present model could be used to
follow the evolutionary and epidemiological implications
of the use of antibiotics in the short and long terms.
Similarly, the model could also be used to model the
spread of escape strategies in plant pathogens following
the introduction of resistant lines in cultures. This may
help analyse the short-term evolutionary dynamics of
escape strategies and therefore estimate the durability of
different management strategies.

Finally, the present model may also find some
potential application in the evolution of free-living
organisms. Vaccination can be viewed as a durable
perturbation of the environment. After the start of
the vaccination, the parasite population is away from
both its epidemiological and evolutionary equilibria.
Analogous situations may also occur with free-living
organisms. For example, it has been shown that
climate change was responsible for dramatic shifts in
the geographical ranges of several insect species
(Thomas et al. 2001). Interestingly, the newly
colonized populations are characterized by larger
dispersal abilities and lower reproductive outputs in
the speckled wood butterfly (Hughes et al. 2003) and
in the wing-dimorphic bush cricket (Simmons &
Thomas 2004). Similar results have been pointed out
in metapopulations of butterflies (Hanski et al. 2006)
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and plants (Olivieri & Gouyon 1985; Peroni 1994;
Cody & Overton 1996) where more recently colonized
sites tend to host more dispersive individuals. This is
analogous to the numerical result obtained in figure 4,
where the mean transmission and virulence of
parasites infecting vaccinated hosts increase just
after the start of the vaccination. In all these cases,
the underlying process leading to this pattern is
selection for higher transmission abilities in the newly
colonized sites and an associated decrease in long-
evity and/or fecundity due to negative genetic
covariance between dispersal ability and these important
fitness-related traits. These final examples illustrate
the importance of the ecological and demographical
context to understand evolution. Merging the gap
between ecology and evolutionary theory for parasites,
as for any other free-living organisms, requires better
life-history descriptions (genetic variations and
covariations). Recent studies provide interesting
data in this direction (Davies et al. 2001; Mackinnon &
Read 2003; Bull et al. 2004) and we hope that the
present theoretical considerations will motivate further
empirical research in this direction.
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APPENDIX A. NUMERICAL EXAMPLE OF
VIRULENCE EVOLUTION

The numerical example presented in figure 5 is based on
the following assumptions about the transmission rate,
recovery rate, virulence and their relationships with
one another in both naive and vaccinated hosts

b½a�Z a
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gN ZgV Zg:
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With the above functional forms, it is possible to
approximate the evolutionary dynamics after the start
of vaccination. In particular, if the variances are rela-
tively small, we can use the approximation covNðaN; rÞ
zvarNðaNÞðdr=daNÞj�aN

N
, where ðdr=daNÞj�aN

N
refers to

the derivative evaluated at the average value of aN
in naive hosts (Day & Proulx 2004). This yields (using
equation (2.12) under the assumption that mutation
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rate is negligible)
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Using equation (2.13), the evolutionary dynamics of
virulence, averaged over the two types of hosts, is
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This expression can be further simplified if we assume
(as in the derivation of equation (3.3)) that (i) just after
the start of the vaccination, the mean virulence is close
to its ES level before vaccination in fully naive
population, meaning �SN

db
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APPENDIX B. THE EVOLUTION OF
MULTIVARIATE TRAITS

The framework for studying the evolutionary epide-
miology of vaccination presented in the text can also be
readily extended to allow for the evolution of multi-
variate traits (e.g. the simultaneous evolution of
transmission rate, recovery rate and virulence; Day &
Gandon 2006). For example, the extension of equation
(A 3) to the evolution of virulence, transmission and
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recovery in the different types of hosts is
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In this case, evolution (i.e. its direction and its speed)
depends on the gradient of selection (which is
determined by the epidemiological setting; the column
vectors in expression A 4) and on the matrices of
genetic covariances between the different traits in the
different habitats (GN andGV in expression A 5; Day &
Proulx 2004; Day & Gandon 2006). This is similar to
the classical quantitative genetics framework of Lande
(1976, 1982). Such a formalism may be more practical,
because it distinguishes clearly the selection gradient
(which can be derived from epidemiological dynamics)
from the matrix of genetic covariance G (which could
potentially be measured for any organism). This matrix
summarizes the constraints on evolution, i.e. the
genetic variance and correlation (trade-offs) among
traits. In practice, the evaluation of G is a daunting
task (it requires huge experiments). A few recent
studies have attempted to measure G in schistosomes
(Davies et al. 2001) and rodent malaria (Mackinnon &
Read 2003). These two studies obtained qualitatively
contrasting results, which may yield different
evolutionary scenarios (Gandon 2004). Clearly, the
estimation of G is critical to making short-term
evolutionary predictions. Such an approach might
also yield long-term predictions if theGmatrix remains
constant over time.
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