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Beyond Ry Maximisation: On Pathogen
Evolution and Environmental Dimensions

Sébastien Lion"* and Johan A.J. Metz®>34

A widespread tenet is that evolution of pathogens maximises their basic
reproduction ratio, Ry. The breakdown of this principle is typically discussed
as exception. Here, we argue that a radically different stance is needed, based
on evolutionarily stable strategy (ESS) arguments that take account of the
‘dimension of the environmental feedback loop’. The Ry maximisation
paradigm requires this feedback loop to be one-dimensional, which notably
excludes pathogen diversification. By contrast, almost all realistic ecological
ingredients of host-pathogen interactions (density-dependent mortality,
multiple infections, limited cross-immunity, multiple transmission routes, host
heterogeneity, and spatial structure) will lead to multidimensional feedbacks.

R, Maximisation and the Adaptive Theory of Virulence

The idea of Ry maximisation is intimately linked with the development of the adaptive theory of
virulence [1]. Virulence has long been thought of as a transient state in pathogen evolution, with
avirulence being the expected long-term evolutionary endpoint [2-4], based on the rationale
that harming the host would deplete the resources required by the pathogen. This ‘classical
wisdom’ was challenged by modern adaptive explanations [1,5], according to which natural
selection also can lead to an increase in virulence when this confers an indirect benefit to the
pathogen. This happens, for example, when increasing virulence goes together with increasing
transmission (the transmission-virulence trade-off hypothesis, reviewed in [6]). More generally,
virulence may be connected to other disease parameters, such as recovery or within-host
competitive ability. Virulence is predicted to evolve towards intermediate values whenever such
connections are sufficiently strong.

The textbook explanation for evolution towards intermediate virulence assumes that long-term
evolution results in maximising the following quantity (Equation 1),
BS

= [1]
ntoa+y

Ro
known as the basic reproduction ratio. In Equation 1, S is the rate at which an infected host
produces new infections in a susceptible population of density S; « is the virulence, equated to
pathogen-induced mortality; u is the mortality rate of uninfected hosts; and y is the recovery
rate. Equation 1 has great didactic power, because it immmediately shows that, even though an
increase in virulence has a direct negative effect on Ry, it can also have indirect positive effects if
transmission increases with virulence, or recovery decreases with virulence. Thus, the virulence
that maximises Ry depends on the trade-off between virulence and other disease parameters.
This idea has been extremely influential and has been shaping the theory of virulence evolution
ever since [6-8]. However, the apparent simplicity of the argument obfuscates two caveats, as
we discuss below. First, Ry can only be written as Equation 1 under strong assumptions on the
underlying epidemiological dynamics [9]. By contrast, the transmission-virulence trade-off
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hypothesis fits a larger class of epidemiological scenarios. Second, there is no guarantee that
evolution selects for trait combinations maximising the Ry of such a scenario: aimost all realistic
ecological ingredients of natural host—-pathogen interactions flout the Ry maximisation
paradigm.

Although the theoretical literature has repeatedly emphasised these caveats [10-16], this has
had less impact than deserved. The idea that pathogens evolve to maximise their Ry is still a
cornerstone of textbook discussions of virulence evolution. Thus, this idea remains widespread
in the community, despite regular corroboration in discussions of the experimental evidence
that this is far from general (e.g., [7]).

One possible explanation for this state of affairs is that empirical and theoretical examples
where Ry maximisation fails are typically discussed as exceptions, instead of from a general
conceptual perspective. Here, we provide such a perspective through the notion of environ-
mental feedback, that is, the effect of a mutant substitution on the ecology and, thus, the fithess
of subsequent mutants. For example, the increase in frequency of a more virulent strain may
cause the population density to decrease; this in turn leads to lower density-dependent
mortality, which feeds back positively on the mutant fitness. We argue that a precise distinction
between pathogen fitness and the epidemiological Ry is a prerequisite for any discussion of the
adaptive evolution of pathogens. We then discuss the main theoretical result that Ry max-
imisation will only occur when the feedback through the environment is of a very simple kind,
and illustrate this point by reviewing the evolutionary consequences of several realistic features
of host—pathogen interactions. Throughout, we emphasise that, although Ry maximisation may
once have been a useful paradigm and may still be a good didactical tool, a more general
conceptual framework based on ESS (see Glossary) arguments is needed for a proper
understanding of the evolution of infectious diseases.

R, in Epidemiological Models

The general definition of Ry in life-history theory is ‘the average lifetime offspring number in a
given environment’. In epidemiology, Ry is typically defined as the average number of second-
ary infections produced by a single infected host in an otherwise uninfected host population
[1,9,17-19] (see [20] for its historic roots). The emphasis on ‘uninfected hosts’ is crucial
because Ry is a function of not only the pathogen traits, X, but also of the environment, E,
experienced by the pathogens. Thus, we may write Ro(X|E), where in general X and E
comprise more than one variable. For instance, the environment could collect the densities
of susceptible and partially resistant hosts. The dependence on the environment reflects our
intuition that pathogen spread will be hindered if the environment is less favourable, for
instance if the frequency of resistant hosts is high.

For a pathogen to spread in an initially uninfected population, an infected individual must
produce more than one secondary infection. Hence, the following condition must hold
(Equation 2):

Ro(X|Eo) > 1 2]
where Ej is the environment produced by the dynamics of the host population in the absence of
the pathogen. In the epidemiological literature, Ro(X|Ep) is generally shortened as Ro. We
follow this convention and write Ro(X) for Ro(X|Eo). To distinguish this from the more general
case, we use Z(X|E) to represent the basic reproduction ratio calculated in another
environment £ (Box 1).
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Glossary

Evolutionarily stable strategy
(ESS): a strategy that, if sufficiently
common, creates an environment in
which no alternative strategy can
invade.

Invasion fitness: per-capita growth
rate of a rare mutant strain in the
environment created by the resident
population. This can be written as a
function of the traits and of the
environment, p(Y]E), or as a function
of the mutant and resident traits,
s(YIX).

Fitness proxy: any function of the
traits and the environment that has
the same sign as invasion fitness
and, therefore, provides the same
information about long-term
evolution.

Fitness component: a property of
the traits (and possibly the
environment) that enters into the
calculation of, but is not on its own
sufficient to compute, a fitness
proxy.

Optimisation principle: a function
¥(X) of the traits such that, for any
constraint on the traits, the ESSs can
be calculated by maximising this
function (for instance, Rg in the
classical SIR model).

Pessimisation principle: a function
¢(E) of the environment that is
minimised at an ESS, for any
constraint on the traits (for instance,
the density of susceptibles in the
classical SIR model).

Effective dimension of the
environmental feedback loop: the
term dimension of the feedback loop
refers to the number of
environmental variables (such as the
density of susceptible hosts) that are
controlled by the population
dynamics of the pathogen and
influence Z in different manners.
However, for ESS calculations, only
the sign of #-1 matters. The term
‘effective dimension’ refers to the
number of variables that
independently influence this sign. In
simple models, the effective
dimension and the dimension are
often equal, but in structured
models, exceptions where the
effective dimension is lower are
commonplace.
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Box 1. The Many Guises of Rq

The general argument we give in this article also extends to more general ecological scenarios. Indeed, although Rq has
become a cornerstone of epidemiological thinking, the historical roots of the concept are in demography and life-history
theory. Here, we give a brief historical perspective to shed light on these connections.

Ro in Demography

In epidemiology, the ‘0’ in Ry is often interpreted as referring to the uninfected population, but the notation in fact comes
from human demography, where Ry was first defined in [21] as the zeroth in a series of moments of the so-called
‘reproduction kernel’; that is, the mean rate of producing children as a function of age.

Ry in Life-History Theory

The Ro concept was put to good use in life-history theory, where it is generally taken to be the life-time offspring
production of ordinary individuals with a sequestered germ line. For general ecological scenarios, Ro can be calculated
as the dominant eigenvalue of the so-called ‘next-generation operator’, which, in the given environment, projects the
state of the population from one generation to the next [9].

Ry in Epidemiology

The calculation of Ry in epidemiology proceeds in the same manner as in life-history theory. However, although it is a
pathogen property, it is defined at a higher level, that of infected hosts. From a fundamental perspective, a population of
infected hosts is a metapopulation of pathogens and, thus, the epidemiological Ry corresponds with the Ro-like
concepts for metapopulations, such as Rn, [22-24] in evolutionary ecology.

On Notation

In the main text, we use different notations for the basic reproduction ratios computed in the pathogen-free population,
Ro(X), and in another environment where the host population is already infected by resident pathogen strains, ® (X|E).
This is done for clarity, but the common conceptual underpinning should be kept in mind.

In practice, the calculation of Ry(X) as a function of pathogen parameters will lead to different
expressions depending on the life cycle of the host—pathogen interaction that one considers. For
instance, Ro(X) does not take the same form for directly transmitted or vector-borne pathogens
[9,19]. However, most discussions on pathogen evolution start with Equation 1, which is obtained
using the classical susceptible-infected-recovered (SIR) epidemiological model (Box 2).

Let us assume that the traits of the pathogen may affect transmission (g), virulence (@), and
recovery (y), reflecting potential trade-offs between life-history traits [1,6]. Then, in the SIR
model, Ro(X) can be written as Equation 3:
BX)
= 3
i o) + 700" o
where Sy is the equilibrium density of susceptible hosts in the absence of the pathogen (Box 2).

Ro(X)

Equation 3 shows that, for the SIR model, Ry equals the lifetime ‘infection pressure’ by an
infected individual, B(X)/[u + a(X) + y(X)], which is an individual-level property, multiplied by a
single environmental variable, Sg (the density of susceptible hosts in a pathogen-free popula-
tion, which is a population-level property). This distinction between individual and population-
level properties will prove essential in the following sections.

Epidemiological Ry Is Not Pathogen Fitness

Evolution results from the competition between different strains, generally one or more resident
strains and the mutants that they produce. This process is endlessly repeated as new mutants
keep evolving and are either expelled or become new residents. Fitness is a measure of
competitive prowess. In the pathogen-free environment, there is no competition among
pathogens and, therefore, Ro(X) cannot be expected to stand as a proxy for pathogen fitness
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Box 2. The Standard SIR Model

The standard SIR model divides the host population into three compartments: susceptible (S), infected (I), and
recovered (R) hosts. The model assumes that the disease is only transmitted horizontally through direct contacts
with an infected host. Transitions between compartments are due to transmission and recovery events. Hosts can be
removed from the population through mortality, while new susceptible hosts are created through reproduction. This is
depicted in Figure I.

The dynamics of each class of hosts can then be captured by the following system of differential equations (Equations
[=I11):

g:b(s,/ﬁ)qu—ﬂS/JruR I
dl
&:ﬂS/—(u+a+y)/ [
drR
v yl—(n+v)R {1y

where b(S,/,R) is the birth rate into the population, w is the natural mortality, o represents pathogen-induced mortality
(often equated to virulence in the theoretical literature), y is the per-capita recovery rate, v is the per-capita rate of
immunity loss, and g is the transmissibility of the pathogen.

In a pathogen-free population, the demography of hosts will bring the host population to an equilibrium Sy. From
Equation I, an initially rare infection will grow if (Equation IV):

BSo— (n+a+y)>0, (v

which can be rewritten as Ry > 1 with Rg = BSo/(1x + & + y).

\%
b(S,1,R) Bl y
= § > / >
u H+a u
t t t

Trends in Ecology & Evolution

Figure I. Flow Diagram for the Standard SIR Model.

without a multitude of other assumptions. To study long-term evolution, we should rather use
invasion fitness, defined as the per capita growth rate of the mutant population in a resident
population that has reached its epidemiological attractor (Box 3). Alternatively, we can use a
fitness proxy, such as ?/Z(Y|E' ) — 1, which has the same sign as invasion fitness. This fitness
proxy also relies on a basic reproduction ratio, Z(Y|E), but one that is measured in the
environment determined by the resident pathogen strains, E, instead of the pathogen-free
environment, Eq.

In the simple SIR model discussed above, a mutant pathogen strain with traits Y will invade if
(Equation 4; Box 3):
B(Y)

a0 ]

A(Y|E) =
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Box 3. How Should We Define Pathogen Fitness?

To make predictions about long-term evolution, the adaptive dynamics [25,26] framework provides us with a
standardised procedure to calculate the fitness of pathogens. If the mutation rate is low, we may assume a separation
of timescales between epidemiological and evolutionary dynamics. In other words, we may assume that the environ-
ment reaches an epidemiological attractor £(X) before a new mutation with trait value, say, Y occurs. With this
assumption, the relevant measure of pathogen fitness is the invasion fitness, p(Y|E), which measures the growth of
the mutant population in a resident population that has reached its epidemiological attractor. Alternatively, we can
use any fitness proxy that has the same sign as p(Y|E). For instance, we can measure population increase in
generation time and use In2(Y|E) or Z(Y|E) — 1 as a fitness proxy.

Pathogen Fitness in the SIR Model

To fix ideas, let us return to the simple SIR model discussed in Box 1 in the main text. The epidemiological attractor is an
endemic equilibrium (S, /,R). From the dynamics of the density of hosts infected by the mutant parasite, we have, if
we make the usual assumption that recovery from any strain confers immunity to all (Equation I):

p(YIE) = B(YV)S = [+ a(Y) + 7(Y)]. U
The mutant strain invades if p(Y|E) > 0. Alternatively, this condition can be rewritten as #(Y|E) > 1, where
(Equation 1I):

B(Y) &

AN = ey

o

Although in the SIR model, there is no real practical benefit in using ® instead of p, fitness proxies can often
considerably simplify the calculations in more complicated ecological scenarios. (A further fitness proxy that in
complicated situations is algebraically far simpler, but less interpretable, than Ry can be found in [27].)

One Thousand and One Expressions for Pathogen Fitness

Equation Il is only one of the many expressions for pathogen fitness derived in the theoretical literature when the

simplistic assumptions underpinning the SIR model are relaxed. For instance, minor extensions of the SIR model often

lead to expressions of the form (Equation ll):

R(Y|E) = M, i
wta(Y) +y(Y) +8(E)

where the environmental feedback affects both pathogen transmission [through the term z(E‘ )] and the average lifetime

of hosts infected by the mutant pathogen [through the term §(E)]. Examples include models with density-
dependent mortality (Equation 7 in the main text), superinfection (Equation 8 in the main text), limited cross-
immunity (Equation 9 in the main text) or vertical transmission (Equation 10 in the main text).

Equations 3 and 4 are misleadingly similar. The critical difference is that ® is calculated in an
environment characterised by the resident community of pathogen strains, E, instead of the
pathogen-free environment Eq. Moreover, a crucial property of this specific model is that the
effect of the environment is captured by a single variable occurring multiplicatively, the
equilibrium density of susceptible hosts, S. Unfortunately this property, on which the Rg
maximisation paradigm hinges, is far from general.

Evolution Will Maximise Ry Only in Very Simple Environments

The natural stops of evolution through repeated mutant substitutions are ESSs; that is, trait
combinations making it impossible for alternative feasible combinations to invade. By definition,
an ESS corresponds to a maximum of pathogen fitness in the corresponding environment. This
implication extends to any fitness proxy, such as #(Y|E), when E is chosen to be the
environment generated by the ESS. However, the statement ‘evolution maximises Ry’ is
generally taken to mean that one can calculate the evolutionary endpoint by maximising
Ro(X), which is simply a function of X, the environment being fixed at its disease-free value E.
Thus, it is taken for granted that the environment experienced by the mutant pathogen does
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not matter, and that there exists a single type of pathogen that has maximal lifetime production
of new infections per infected host in all possible environments. The examples detailed below
show that we cannot in general expect the same pathogen type to perform best in both
disease-free and already-infected populations.

A Necessary and Sufficient Condition for Evolution to Maximise Rg

To elucidate under which conditions the outcome of pathogen evolution can be determined by
maximising the epidemiological Ry, it is helpful to turn to more general results on the conditions
for the existence of an optimisation principle. The latter simply means a function of the traits,
¥(X), such that that we can find potential ESSs by maximising this function. The question
‘when does evolution maximise Ry?’ then becomes ‘when is Ry(X) an optimisation principle?’.
It turns out that this occurs if, and only if, the pathogen fitness can be written as Equation 5:
R(YE) = [Ro(Y)g(E)] 7" [5)
where q is a positive function of the traits [28]; that is, the effect of the environment can be
summarised by a function ¢(E), which multiplicatively affects the epidemiological basic
reproduction ratio Rq(Y). For instance, in the SIR model, we can simply obtain the fitness
proxy ® (Equation 4) by multiplying Ry (Equation 3) with a function of the environment
$(E) = S/Sp, so that Equation 5 is satisfied with g(¥.X) = 1.

If Equation 5 holds, the full ESS calculation is mathematically equivalent to maximising Rq(X)
[29,30]. To see this, note that, at the resident equilibrium, we have Q(XUE_) =1, which implies
B(E) = 1/Ro(X). Thus, Z(Y|E) > 1 if, and only if, Ro(Y) > Ro(X), which leads to the max-
imisation of Ry. Below, we shall see that Equation 5 can be used to quickly judge whether a
given epidemiological model supports an optimisation principle.

Consequence 1: The Evolutionary Maximisation of Rq Is Equivalent to the Minimisation of
the Susceptible Density
The grand idea of Ry maximisation has a more downbeat counterpart. Instead of looking at
whether evolution maximises a function of the trait, ¥(X), one may look at the impact of trait
evoluton on the envionment, ¢(E). For our baselne SIR model, we have
$(E) = S/So = 1/Ro(X). Hence, maximising Ry (X) is equivalent to minimising the equilibrium
density of susceptible hosts (Equation 6):
et e(X) +yX)

BX) '

Any mutant that is favoured by evolution has a higher Rq(X), but makes for a lower density of its
resource. The process ends when the density of susceptible hosts is so low that no other
mutant pathogen can invade. From the view of the pathogen, evolution thus leads to the worst
attainable world, a result dubbed a ‘pessimisation principle’ [29,30]. Pessimisation princi-
ples occur in all models with an optimisation principle. In a purely ecological context, they
appear as the principle that, among species competing for a single resource, only the type
survives that tolerates the lowest resource density. Similarly, SIR-type epidemiological models
tell that a community of parasites will ultimately be dominated by the strain with the highest Rq
[1], which also results in the lowest susceptible density that allows the disease to persist.

S 6]

The Dimension of the Environmental Feedback Loop

A crucial feature of Equation 5 is that the effect of the environment can be summed up by a
single number, ¢(E‘), such that increasing ¢ can only change the sign of ® — 1 from negative to
positive [30]. An environmental feedback of this form is said to be effectively one-dimensional,

Cell

REVIEWS

Trends in Ecology & Evolution, June 2018, Vol. 33,No. 6 463




because only one variable is needed to describe the effect of the environment on the fithess
sign. For instance, in the SIR model, increasing the density of susceptible hosts can only cause
® to go from below 1 to above 1. In such simple environments, selection maximises a model-
dependent function of the traits, ¥(X), which only in the simplest scenarios will be Ry(X) [30].

Conversely, any model for which the environmental feedback cannot be effectively summed up
by only one variable does not allow for the ESS to be calculated through maximising Rq [30].
Which is the case can be decided by checking whether the pathogen fitness #(Y |E) satisfies
Equation 5. In the next section we review a diversity of biological mechanisms that generically
give rise to multidimensional environmental feedback loops and thereby cause Ry maximi-
sation to break down. The long-term evolutionary outcome then can only be found from a full
ESS calculation.

Consequence 2: Ry Maximisation Excludes Diversification

If an optimisation principle exists (in particular if evolution maximises Ry), the evolutionary
process is of the simplest kind: any mutant that increases the optimisation criterion goes to
fixation until an ESS is reached, so that any ESS is an evolutionary attractor and vice versa [30].
This has one important corollary: polymorphisms are impossible. Thus, a prerequisite for the
evolutionary diversification of pathogen populations is that evolution does not maximise
anything and does not maximise Ry in particular. Thus, the Ry maximisation paradigm faces
an immediate empirical challenge, because it is incompatible with any longer term coexistence
of different pathogen strategies in nature.

Consequence 3: ESS Trait Values often Differ from Those Obtained from Ry Maximisation
When the environmental feedback loop is not conducive to diversification, using Ry max-
imisation to predict the endpoint of evolution usually leads to quantitative errors. In principle, the
magnitude of such errors can be inferred from the structure of the model. Figure 1 shows a
graphical tool for deducing what kind of influence the environmental feedback loop may exert.
We start by noting that, under a trade-off between transmission and virulence, Ry maximisation
can be cast in a form corresponding to the so-called ‘Marginal Value Theorem’ [31], which
allows the ESS to be found graphically, as depicted in Figure 1A. Suppose, for instance, that the
effect of the environmental feedback loop affects the average time a mutant pathogen hangs on
to an infected host [an effect captured in Equation Ill in Box 3 by the term 5(/2_)]. This would
happen, for instance, when a more virulent resident strain causes a decline in population
density, which in turn decreases the density-dependent mortality rate experienced by a mutant
parasite. In this case, the graphics tells that this feedback increases or decreases the ESS
relative to the outcome of Ry maximisation depending on whether, in the example under
consideration, the added term is positive or negative (Figure 1B,C). The size of the error made
by using Ry maximisation instead of the full ESS calculation depends on the curvature of the
trade-off (see Appendix S8 in the supplemental information onling). If the value of virulence «
that maximises R lies on a fairly straight section of the trade-off, as in Figure 1B, any small shift
from O to A will cause a large deviation of the ESS compared with af. By contrast, in
Figure 1D, where the trade-off has a high curvature around «, the same shift from O to A will
have negligible effect.

Most Biological Scenarios Jar with the Ry Maximisation Paradigm

The preceding discussion gives a general argument for why the principle of Ry maximisation
can be expected to be misleading, either qualitatively or quantitatively, for most epidemiological
scenarios. We now illustrate this general argument for a selection of more realistic biological
scenarios. Using the SIR model as baseline, we highlight salient biological factors causing ESS
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Figure 1. A Graphical Derivation of Quantitative Consequences of Ry (Non-)Maximisation. (A) Assuming a
simple trade-off between transmission (B) and virulence (&), Ro maximisation in the susceptible-infected-recovered (SIR)
model implies that the evolutionarily stable strategy (ESS) (ag) can be found graphically by drawing the tangent at the
trade-off curve that goes through the point O = (—u—y, 0). (B) With slightly different expressions for pathogen fitness,
for instance as given by Equation Il in Box 3, the ESS aj will deviate from the prediction of Ry maximisation due to

the additional effect of the environmental feedback loop captured by the term §(E). The tangent at the ESS then goes
through the point A= [—u —y — 6([3),0]. If 8(E) is positive, the point A is to the left of point O and selection favours

higher virulence than predicted by Ry maximisation. (C) By contrast, a negative value of §(E) leads to lower virulence
at ESS. (D) The size of the discrepancy aj — af is inversely proportional to the curvature of the trade-off around the
value of virulence af that maximises Ry [compare with (B)].

predictions to deviate from the purported predictions coming from an Ry maximisation (see e.
g., [7,8] for reviews in the nontheoretical literature). The aim of our nonexhaustive review is to
emphasise the unifying principle connecting these different scenarios, which is to be found in
the dimension of the environmental feedback loop. To keep things simple, we use the classical
assumption of a trade-off between transmission and virulence (reviewed in [6]) and focus on
populations at endemic equilibrium (but see Appendix S7 in the supplemental information
online for a discussion of nonequilibrium epidemiological attractors).

Density-Dependent Mortality

The classical SIR model assumes that density dependence only affects fecundity. However,
density-dependent mortality has, for example, been identified as a key factor of the evolutionary
dynamics of Marek’s disease in poultry farms [32]. To take this into account, suppose now that
n is a function of the host densities, say u = g + «N, where N=8 +/ + R is the total host
density. Indicating the mutant properties with a prime, so that, for example,
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A =R, B|S,I,R), we obtain the following fitness proxy (Equation 7):

oo BS

e E— 7
Mo +KkN+o +y

With this simple increment in ecological realism, the environmental feedback affects pathogen
fitness in two contrasting ways: as before, pathogen transmission is proportional to the density
of susceptible hosts, S, but, in addition, the duration of infection also decreases with the total
population density of the residents, N, allowing the trait of the residents to exert an additional
influence on the fitnesses of mutants. Thus, unless stringent assumptions are made, the
effective dimension of the feedback loop is two, that is, there is no way we can sum up the
effect of the environment by a single number as in Equation 5. As a result, evolution does not
maximise any purported environment-independent fitness proxy. This may notably lead to
evolutionary branching [12,14,33], but even when long-term evolution converges to a mono-
morphic ESS [11,34], the ESS will deviate from the value predicted by Ry maximisation.
Figure 1C graphically depicts this deviation. In this model, the effect of the environment is
k(N = So (see Appendix S1 in the supplemental information online). If, as expected, the
presence of the pathogens leads to a decrease in the total population size, N, compared with
the density of hosts in an uninfected population, S, the point A will be to the right of O and the
evolutionarily stable (ES) virulence will be lower than the value that maximises Ro.

Multiple Infections

In nature, hosts are typically infected by several pathogen strains or species [35,36]. When
different pathogen strains compete for within-host resources, higher levels of virulence can be
selected for [37-39], a prediction backed up by some experimental results in malaria [40]. As an
illustration, assume that hosts infected by strain /, if additionally infected by strain j, are then
taken over with probability o;; following rapid within-host competition (so-called ‘superinfection’
[41]). For a monomorphic resident population, we only need to consider the resident () and
mutant (m) strains. We then have the following fitness proxy (Equation 8; see also Appendix S2
in the supplemental information online; [39])

R = ﬁ/(é + Umr7)

—_PeoTomy 8]
u+o +y+ompl

The feedback of the environment acts through the densities of both susceptible and infected
hosts. The total density of hosts that can be infected by a mutant pathogen, S+ ol actsasa
first feedback variable, with a positive effect on the transmission of all mutant pathogens, the
more so for mutants that are better at taking over a resident-infected host (high o,,,). However,
a high density of resident-infected hosts, /, will also increase the risk of a resident take-over
(through the term o/, /37) for mutant-infected hosts, resulting in a reduced infection duration, the
more so the better the resident is at such a take-over (high o,,). The presence of two
independent feedback variables implies that the long-term evolutionary outcome cannot
be predicted by a simple Ry maximisation. Many theoretical studies have investigated the
evolutionary consequences, with three main conclusions: first, superinfection models readily
produce evolutionary branching leading to the coexistence of strains with different host
exploitation strategies [41-44]. Second, even when diversification is impossible, the ES
virulence will be typically higher than the value that maximises Ro, as captured by
Figure 1B (point A is to the left of O). Third, the precise evolutionary outcome will generally
be due to both the direct effect of within-host competitiveness and the indirect effect of the
environmental feedback loop that comes from the take-over pressure by resident pathogens
on mutant-infected hosts (see Appendix S2 in the supplemental information online for details).
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Limited Cross-Immunity
The classical SIR model assumes full cross-immunity, such that recovered hosts are equally
immune to all pathogen strains. However, if mutant pathogens can also infect hosts that have
recovered from the resident infection, we obtain the following fitness proxy (Equation 9):
w_ B
wto +y
where c(o,a) measures cross-immunity. Full cross-immunity implies ¢ =1, in which case
Equation 9 satisfies Equation 5. A reasonable assumption is that cross-immunity is less for
more dissimilar trait values. A detailed analysis (see Appendix S3 in the supplemental informa-
tion online) then shows that the evolutionary dynamics will converge towards the value of
virulence that maximises Ro, as in the SIR model with full cross-immunity. However, because ¢
acts similar to a trait-dependent competition coefficient, this value can be a branching point at
which the evolutionary path starts to diversify, leading to the coexistence of virulent and prudent
pathogens. Several models incorporating limited cross-immunity have demonstrated such
diversification (e.qg., [45-47]). Hence, although the initial evolutionary dynamics may give the
impression that Ry is maximised, this is not predictive of long-term evolution.

S+[1-c,0)R) [

Multiple Transmission Routes
So far, we have only considered pathogens with direct horizontal transmission. Multiple
transmission routes are another ubiquitous factor causing an increase in the dimension of
the environmental feedback loop. In pathogens with both horizontal and vertical transmission,
selection has been found to favour pathogens with suboptimal values of Rq [16,48-51]. To
understand why, we extend the SIR model by allowing the pathogen to be transmitted vertically
with probability ¢. If b;(N) denotes the density-dependent fecundity of hosts infected by the
mutant strain, where N is the total population size, this leads to Equation 10 (see Appendix S4
in the supplemental information online for details):
_ BS+eb(N)

4 .
pta +y

[10].
Thus, vertical transmission introduces a dependence of fithess on the total population density,
in addition to the density of susceptible hosts, and we now have two independent feedback
variables. Therefore, according to our general criterion, looking for an optimisation criterion is
bound to fail. The key point is not the distinction between horizontal and vertical transmission
but the different forms of density dependence introduced by each transmission route. In
general, multiple transmission pathways (e.g., sexual versus nonsexual transmission [52] or
direct versus environmental transmission [53,54]) introduce separate environmental feedback
variables. This may lead to diversification of the pathogen population [52,54-56]. When there is
no diversification, arguments similar to those of Figure 1 show that the ESS value of « is smaller
than that coming from Ry maximisation, with the size of the error again inversely proportional to
the trade-off curvature (see Appendix S4 in the supplemental information online).

Host Heterogeneity

Most host populations exhibit among-host variation in quality or immune status. This hetero-
geneity can reflect genetic variation in host resistance or tolerance [57-59], sex-based dimor-
phism [60], nutritional status, infection history, senescence, environmental factors [61,62],
different coinfections [37,63,64], or just different host species. Given that the reproductive
potential of the pathogen is likely to differ between host classes, host heterogeneity will
generally affect pathogen evolution [63], as shown in host populations with sexual dimorphism
[65,66] or intermediate vaccination coverage [67,68]. In addition, because each class of host
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potentially produces a separate environmental feedback variable, evolution will optimise some
function of the traits only under very specific assumptions on the patterns of infection across
classes (Box 4). In principle, host heterogeneity can favour evolutionary branching, because
each host class may act as a potential niche for the pathogen. This effect is particularly strong
when hosts and pathogens coevolve, in which case diversification in one species can readily

lead to the co-diversification of the other species [71-74].

Box 4. Some Evolutionary Consequences of Host Heterogeneity

Pathogen evolution in heterogeneous host populations strongly depends on the pattern of infection across host classes.
For a pathogen that can infect two classes of hosts (A and B), different cases can be distinguished.

Unbiased Transmission

Denoting t; the transmission rate from class / to class j, this occurs if Taates = TagTsa. This property is satisfied in many
models that assume that transmission is the product of infectivity and susceptibility; that is, z; = Bo;, where o; is the
susceptibility of host class. Biologically, this means that pathogen propagules all pass through a common pool (cf. [69]).
Then, pathogen fitness can be written as the sum of the basic reproduction ratios in each class of hosts [63,67]
(Equation 1)

R = B Sa

= ; = 085E. |
TETATAS BB [

+ B
H+og+yg
The fitness proxy depends on two environmental variables, which are the equilibrium densities of susceptible hosts in
each class, Sa and Sg. These are given by Equations Il and IlI:
& :ItJraAfr)’A i
(TA/’I//A

Sg = HEReB Y ]
O'Bh//B

where h = ﬁ,JA + ﬂsig is the force of infection. We may then distinguish two cases: (j) if the two host classes only
differ by their susceptibility to the disease, then pathogen fithess simplifies to the lifetime infectivity multiplied by the
total density of susceptibles, 0A3A+JB§B [39]. If the susceptibilities are independent of the evolving traits,
Equation 5 (in the main text) holds true. Thus, the ESS is unaffected by host heterogeneity and is predicted
from simple Ry maximisation using the unstructured SIR model; and (i) if virulence is different in the two classes,
the ESS is intermediate between the optimal virulences predicted from R, maximisation in each class in isolation
[67,68]. However, there may still exist an optimisation principle if both Sa and SB are decreasing functions of a
single environmental variable, such as the force of infection h [14].

Biased Transmission

The above analysis breaks down if taatgg # TagTsa. Then, pathogen fitness cannot be written as the sum of the
contributions of each class [63]. This generically results in two-dimensional feedback loops, in which case there is no
hope of finding a fitness proxy that is maximised by evolution.

Vector-Borne Diseases

A special case where Ry maximisation can nevertheless do the job is when the two host classes are two host species
that need to be exploited in strict alternation, so that zaa = tgg = 0. Then, we have Equation IV:
SAég

|
SoaSos (V]

R = R/O(Y)

where R’O(Y) is the Ry for a vector-borne mutant pathogen in the two-host population in the absence of the disease (see
Appendix S5 in the supplemental information for details). Hence, Equation 5 in the main text holds true, and Rq
maximisation works, although the expression for Ry is not the same as in the SIR model with direct transmission [16,19].
However, the existence of an additional transmission route will cause deviations from the predictions of Ry maximisa-
tion. For instance, several vector-transmitted pathogens have also been shown to be transmitted vertically [70], either in
the vertebrate host (e.g., Plasmodium falciparum) or in the vector (e.g., several arboviruses [71]).
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Spatial Structure
In nature, patterns of local host and pathogen dispersal lead to the build-up of genetic and
epidemiological structure, with deep implications for the evolutionary ecology of host—pathogen
interactions [75-79]. Consider, for instance, that infectivity decreases with distance. Then, the
effective density of susceptible hosts that can be infected by a focal host infected by a mutant
pathogen, [S|/], will be lower than the overall density of susceptible hosts in the population, S.
This yields the following fitness proxy (Equation 11):
BSI]

R =———
w+o +y

(1]
Although superficially similar to the nonspatial expression, Equation 11 hides a further compli-
cation. Given that transmission is mostly local, a mutant pathogen with a higher lifetime infection
pressure will, on average, experience a lower density of susceptibles around it. Thus, [S|/]
depends on how the traits of the mutant influence the local epidemiological structure experi-
enced by the carriers of the mutant pathogen. As a consequence, the environmental feedback
loop generally can only be fully characterised by a large number of variables. However, not all is
lost. If we further assume that the resident population is at equilibrium, the invasion condition
can be written as in Equation 12:

(##) +(SI - [810) > 0 12
0 0

where RYS (resp. R'3°) denotes the lifetime infection pressure exerted by resident (resp.
mutant) pathogens in the corresponding nonspatial model [78]. The first term between
brackets on its own would lead to the maximisation of the lifetime infection pressure predicted
by the nonspatial model. The second term occurs since different pathogen strains experience
different densities of susceptible hosts. Therefore, spatial structure is expected to affect the
evolutionary outcome [78,80,81]. Further developments of in Equation 12 indicate that the
deviation from Ry maximisation is determined by the balance between genetic structure (local
relatedness between pathogens infecting different hosts) and a measure of epidemiological
structure for evolutionarily neutral mutants ([78,81]; see Appendix S6 in the supplemental
information online for details).

Lessons for the Future

The Ry maximisation principle is one of many examples in science where a specific result
derived for a simple model, or under a particular simplifying assumption, has been promoted to
canon status. In epidemiology, other examples include the transmission—virulence trade-off
and the representation of virulence as disease-induced mortality, assumptions that underpin
many theoretical models. One of our messages is that irreverence for tradition is a key element
of scientific progress: we should not let habits or history stifle the development of new ideas.
Further progress in the study of pathogen evolution requires explicitly accounting for environ-
mental feedbacks. In this section, we discuss the implications for empirical studies and
potential applications.

Should We Attempt to Measure Pathogen Fitness?

The conclusion that selection will only rarely maximise a ‘measure of absolute fitness’, such as
Ro(X), is of interest not only to theoretical biologists. Many empirical studies rely on the
presumed measurement of some fitness proxy expected to be maximised by selection. This
activity is seldomly informative. First, as we have seen, evolution only rarely satisfies an
optimisation principle. Second, empirical measurements of fitness proxys are generally hard
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to come by. This is even the case for Ry and ® since we have to take account of the
demography of the full life cycle, which often includes parts that are hard to observe. Third,
even if we know how to measure a valid fitness proxy, it is rarely possible to do more than
measuring it in the current environment. Then, if the population mean does not sit close to the
maximum of the proxy, either something went wrong or we stumbled on a case of fast ongoing
evolution, and the result will probably not get reported. If the population mean does sit close to
the maximum of the proxy, this tells us only that the population has roughly equilibrated to an
ESS, but gives little information on the processes that have brought the population to this
point, or where evolution will take the population after an imposed environmental change.

One could object that there is some experimental evidence of Ry maximisation. However, only a
relatively small number of experimental studies appear to support this paradigm. The myxo-
matosis epidemic in Australian rabbits has been used as such an example [1,82,83]. It is true
that, initially, the population quickly settled to a virulence level that was relatively close to the
value maximising the classical expression of Ry [83,84]. However, the subsequent rise of
resistance in Australian rabbits then selected for increased virulence [82]. These two phases of
the epidemic are characterised by two different environmental feedbacks: during the early
years, selection was mostly driven by a strongly curved transmission-virulence trade-off [84],
while during the later years, host heterogeneity led to a two-dimensional feedback loop, which
precludes Ry maximisation (see Appendix S9 in the supplemental information onling; see also
[11]). Thus, the apparent maximisation of Ry is only a transient state in the coevolution of the
myxoma virus and its host. In a similar vein, it was shown the average set-point viral load of HIV
in two human cohorts is close to the value that maximises Ry, calculated through an extension
of Equation 1 to age-structured populations [85]. However, because the data from which the
authors estimated the basic reproductive ratio incorporated the effect of environmental feed-
backs, the authors probably estimated the fitness proxy ® rather than the epidemiological R.
Thus, an alternative interpretation of this result is that its fast evolution causes the HIV
population to track a moving optimum of ®(Y|E(t), with E(t) the current environment (see
Appendix S10 in the supplemental information online). To predict the outcome of interventions,
what really matters is how a large treatment roll-out would impact the environmental feedback
on HIV dynamics. This can only be achieved by combining careful empirical studies, as in [85],
with the insights of more general ecological theory.

Rather than empirical support for the Ry maximisation principle, we see these studies as an
opportunity to infer conclusions about the form of the environmental feedback in these
systems. In some cases, such studies may also help to identify approximate optimisation
principles, which can be empirically useful when they exist. An interesting challenge for future
theoretical research would be providing empiricists with a theoretical overview of the systems
for which simple optimisation principles can be used, together with keys for their empirical
identification (see Outstanding Questions). In general, however, trying to measure fitness will
not necessarily be the best way to study the adaptive evolution of pathogens. Not only is it a
difficult task, but the eventual benefit to our understanding may also often be disappointing. An
alternative approach is to use simple models and ESS considerations to generate, and
subsequently test, predictions phrased in terms of readily observable quantities, such as
the average value of a trait or the frequency of an allele. In this perspective, fitness is best
viewed as a theoretical device that can be used to make predictions on more directly
measurable properties of biological systems.
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Applications and Generalisations

Although for the sake of simplicity we have focussed on the evolution of virulence, there is more
to host-pathogen evolution than just virulence. Our main message applies generally to life-
history traits affecting the dynamics of host—pathogen interactions and, thus, pertains equally to
other problems, such as the evolution of drug resistance or vaccine escape. All this has obvious
practical implications for the short- and long-term management of infectious diseases, where
one is interested in the evolutionary consequences of some external interference, such as
treatments or control measures. For long-term predictions, we have to think beyond adapta-
tions to observed circumstances and consider evolutionary changes of trait values in concert
with the environmental changes induced by them. As we have shown, the principle of Rg
maximisation is then of limited use, and we need a more predictive theory, for which we gave
some conceptual foundations. At the other extreme, it has long been known that, for short-term
predictions, Ry maximisation is misleading, because strains with higher per-capita growth rates
but lower Ry can be favoured transiently [38,86-88]. Hence, if we want to make predictions
about the immediate consequences of a therapeutic intervention, we need to think carefully
about how environmental feedbacks play out during transient epidemiological dynamics (see
Outstanding Questions).

The message of this article is also relevant for more general problems in evolutionary biology. In
fact, the line of argument that we followed here was developed for the evolution of life-history
traits in general ecological systems [30]. The many pressing challenges facing evolutionary
biologists are all characterised by multidimensional feedbacks between ecological and evolu-
tionary dynamics. To understand the consequences of climate change, habitat fragmentation,
or the harvesting of natural resources, an approach based on optimisation does not suffice.

Concluding Remarks

What should a first-principles-based view on the rationale of evolutionary epidemiology look
like? For long-term predictions, we see ESS theory and its dynamic counterpart adaptive
dynamics, both anchored in the concepts of invasion fitness and dynamical fitness landscapes,
as its main pillars. Rq optimisation did a great job in the early days, but should no longer keep its
primacy in teaching and presumed applications since it only finds ESSes under very restrictive
conditions. Therefore, emphasising it puts new generations of researchers in the wrong starting
block. The challenges raised by emergent infectious diseases, to name but one of the many
modern predicaments, require that we give our students the best possible conceptual starting
point for tackling the world, and Rq optimisation fails to fit that bill. The time is ripe for more
accurate (and exciting!) approaches to pathogen evolution.
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