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Many viruses and bacteria are known to evolve rapidly
over the course of an infection. However, epidemiological
studies generally assume that within-host evolution is an
instantaneous process. We argue that the dynamics of
within-host evolution has implications at the within-host
and at the between-host levels. We first show that epidemiologists should consider within-host evolution, notably because it affects the genotype of the pathogen that
is transmitted. We then present studies that investigate
evolution at the within-host level and examine the extent
to which these studies can help to understand infection
traits involved in the epidemiology (e.g. transmission
rate, virulence, recovery rate). Finally, we discuss how
new techniques for data acquisition can open new perspectives for empirical and theoretical research.
Evolution is a dynamic process
In epidemiology, evolutionary processes occurring during
an infection are usually considered to be instantaneous:
the host is assumed to switch from the category ‘infected by
strain A’ to the category ‘infected by strain B’. This simplifying view can be inaccurate for two reasons. First, even if a
mutant emerges in an infected host, it might not have the
time to replace the resident strain before the infection
ends. Second, for some rapidly evolving diseases, many
mutations can arise, leading to complex dynamics with
successive replacements of pathogen strains. Even if epidemiologists and clinicians are aware of the importance of
within-host evolution, the fact remains that most models
summarise it into a single mutation parameter. In this
review we argue that epidemiology can benefit from a
better understanding of within-host evolutionary dynamics (WHED), in other words how the size and the genetic
composition of the pathogen population change over the
course of an infection.
We focus on infectious diseases of humans, including
HIV [1], hepatitis C virus (HCV [2]), and microparasites
causing persistent infections (e.g. bacteria such as Helicobacter pylori [3]). Strikingly, except for intensively studied
pathogens such as HIV or HCV, there has been (and largely
still is) a clear lack of data on WHED. The rise of new
experimental techniques could provides a much more accurate picture of within-host pathogen diversity [4,5] but it
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is unlikely that the current lack of data is solely due to
technical limitations.
We first discuss some epidemiological consequence of
WHED. We then show how earlier work at the within-host
level can be used to understand components of the pathogen epidemiological fitness (Box 1). Finally, we outline
promising directions for theoretical and experimental research.
Evolution at the between-host level
The implications of evolutionary processes taking place over
the course of an infection go beyond the level of a single host
and affect the whole host population. The development of
the field of evolutionary epidemiology has been based on the
observation that trait evolution and disease spread are
linked [6]: the epidemiology shapes the selective pressures
acting on a pathogen and the resulting evolution of the
pathogen modifies the epidemiology (Box 1), which generates a long-term feedback loop.
A first family of models in evolutionary epidemiology,
molecular epidemiology models, study how epidemiological
processes shape pathogen genomes [7]. In these models
pathogen strains differ by their DNA, RNA, or amino acid
sequences. A subset of these molecular evolution models,
phylodynamics models [8,9], use phylogenies to infer population (or epidemiological) dynamics. We will often refer
to these because of the emphasis they put on dynamic
processes. A second family of evolutionary epidemiology
models tends to leave aside the molecular aspects to focus
on phenotypic evolution [6]. In these models strains differ
by their phenotypic trait (usually their virulence, transmission or recovery rates). Some of these models, notably
nested models, particularly fit the scope of this review
because they incorporate within-host dynamics within
an evolutionary epidemiology setting [10].
What gets transmitted?
A consequence of within-host evolution is that the pathogen
type that enters a host is likely to differ from the type that is
transmitted onwards. For instance, during an infection a
pathogen can acquire mutations that allow it to better evade
the host immune response, but it is not obvious that these
escape mutations will be transmitted to the next host. The
few nested models that combine within-host evolution and
between-host transmission suggest that it is difficult to
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Box 1. Evolutionary epidemiology
Three conditions are required for natural selection to act on a trait.
The trait must be variable in the population, it must affect the fitness
of the individual bearing that trait, and it must be heritable. In the
case of diseases, we consider that an individual corresponds to an
infection by a pathogen of a given genotype. Pathogen fitness is the
number of secondary infections generated during the whole
infection, usually equivalent to the R0 [64]. The heritability of a trait
is then measured from a donor infection to a receiver infection.
The phenotypic traits of an infection that are usually considered
are those that affect the fitness (R0), in other words the transmission
rate (b), the recovery rate (g) and the virulence (a). The classical
formula linking these fitness components is:
R0 ¼

bS
mþaþg

[Equation I]

where S is the density of susceptible hosts and m is the baseline
mortality of the host. This formula can be understood as the number
of transmission events per unit of time (bS) multiplied by the
expected duration of an infection [1/(m + a + g)].
Note that WHED imply that there is within-host genetic diversity.
This makes the equivalence between an infection and an individual
on which natural selection acts more complicated. Adopting a
nested approach is one option to solve this problem by tracking the
density of each genotype in each infected host [15].

predict which strain can invade the host population [11,12],
a result that also arises from data analysis [13,14].
WHED have implications for traits other than immune
escape, for example replication rate [11,15,16]. Studies find
that the average replication rate of HIV tends to increase
over the course of the infection [17,18]. Figure 1 illustrates
the central problem: the nature of the transmitted strain
(here its replication rate) depends on when the transmission event occurs.
Considering transmission pairs is a way to analyse the
transmission process. One study showed that foundertransmitted HIV viruses, which successfully establish a
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Figure 1. Evolutionary dynamics of virus replication rate within a host. Black dots
indicate trait values that are present in the host; blue dots indicate transmitted
strains. The replication rate increases over the course of the infection. Depending
on when transmission occurs, the trait of the transmitted strain differs more or less
from the ancestral trait. Figure modified from [11].
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new infection upon transmission, differ from ‘average’ viruses found in donor hosts [19]. In particular, founder
viruses tended to display reduced glycosylation of the surface glycoprotein, which facilitates virus binding to CD4
receptors and entry into T cells. This observation shows that
there is a bottleneck upon transmission and that the genetic
composition of the initial virus population in the next host
does not simply reflect that in the donor host (i.e. some
strains are proportionally more transmitted).
The focus on transmitted strains is also at the heart of
studies on the heritability, from one infection to the next, of
set-point viral load (a trait that predicts the virulence of
the infection). Data analysis shows that a large fraction of
the variance in set-point virus load is heritable – in other
words is governed by the genotype of the infecting virus
[20,21]. This is important because within-host evolution
and host or environmental factors could completely buffer
the heritability that is a prerequisite for for selection to act
on the trait (Box 1). However, including this trait heritability in epidemiological models still remains an open
problem.
Conflicts between levels of selection
One way to predict which strain will be transmitted is to
consider the conflict that arises because a strategy that is
optimal within a host can be poorly adapted at the between-host level. For instance, growing rapidly allows a
genotype to win the within-host competition, but this can
also lead to rapid host death, thereby reducing the likelihood of infecting a new host [22].
In the case of HIV the conflict between levels of selection
is evident from the shape of between-host phylogenies –
interior branches (corresponding to between-host evolution) tend to be shorter than terminal branches (corresponding to within-host evolution). Diverse mechanisms
have been invoked to explain this difference in evolutionary rates [1,9]. It is conceivable that reverse mutations
occur upon infection. Another hypothesis is that only slowly-evolving strains are capable of initiating an infection.
More generally, there are likely to be trade-offs associated
with levels of selection. We already mentioned that HIV,
transmitted viruses tend to have reduced envelope protein
glycosylation. In addition to facilitating the infection of
host T cells, this also makes the virus more vulnerable to
attack by host antibodies [19].
Finally, the conflict between levels of selection does not
necessarily have a clear-cut outcome. For instance, a
mathematical model of HCV infection finds that the efficiency of the immune response strongly determines whether the dominant circulating virus in the host population is
more adapted to the within-host or to the between-host
level [11].
Overlap between within- and between-host dynamics
In Box 2 we develop a model to compare cases where a drugresistant mutant strain takes over treated hosts almost
instantaneously with cases where strain replacement takes
several days. In the model, replacement time is governed by
the within-host fitness advantage of the mutant. We show
that taking into account WHED slows the spread of the
drug-resistant strain in the population (Figure Ib in Box 2).
25
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Box 2. WHED affect the speed of spread of a mutant
We use a simple epidemiological setting, inspired from [15], where
hosts can be infected by two types of strains: a resident, or wild-type,
strain (denoted r) and a mutant strain (denoted m). These strains have
the same virulence (a) but the mutant strain has a higher transmission
rate than the resident strain (bm > br). This is the case, for instance, if
the mutant is drug-resistant and if all infected hosts are treated. We
therefore know that the mutant strain should ultimately oust the
resident. The output of the model is the time taken for this
replacement to occur.
Initially, we assume that all the hosts are susceptible to the disease
and that one host is infected by the resident strain. The mutant strain
evolves from the resident strain by mutation. After a mutation event, a
host that was infected by the resident strain becomes doubly infected
and can transmit both the resident and mutant strains to a susceptible
host (the nature of the transmitted strain depends on the within-host
densities of the strains). We consider here that the mutant has a
within-host competitive fitness advantage (DW), which means that it

will eventually oust the resident strain from doubly-infected hosts.
Classical models assume that this advantage is infinite so that the
mutant replaces the resident instantaneously (the host switches from
Ir to Im as soon as the mutation event occurs). We study how the time
taken for the mutant to take over the host reflects on the time required
for the mutant to oust the resident from the host population. The
formula and the mathematical details are given in the supplementary
material online.
In Figure Ia, within-host dynamics are shown. Increasing the withinhost competitive advantage of the mutant (DW) leads to a more rapid
ousting of the resident strain. Figure Ib shows the epidemiological
dynamics – the proportion of hosts infected by the mutant strain among
all the infected hosts (values of DW are identical to Figure Ia). Decreasing
the within-host fitness advantage by tenfold can slow the spread by
25%. Therefore, ignoring transient within-host dynamics (i.e. assuming
that the within-host fitness advantage of the mutant DW is infinite) can
lead to overestimation of the speed of spread of a mutant strain.

[()TD$FIG]
(a)

(b)
0.2 0.4 0.6 0.8

1
0.2 0.4 0.6 0.8

0

0

Fraction of
resistant strains

Within a population of hosts

1

Within a host

1

5

10

50 100

500 1000

Time (days)

0

50

100

150

200

Time (days)
TRENDS in Microbiology

Figure I. Invasion of a drug-resistant mutant strain. (a) Within a host and (b) in a population of hosts. Different colours correspond to different within-host fitness
advantages (DW) of the mutant: in black DW = 10, in red DW = 1, in blue DW = 0.1, and in green DW = 0.01. In (b) the horizontal dashed line indicates that half of the
infected hosts are infected by the mutant strain.

Even when summarising WHED with a single mutation
parameter, assuming large within-host mutation rates
should also affect epidemiological traits (e.g. virulence) over
the course of an infection [23]. This means, such models
should consider variations of average infection trait value at
the between-host level on short time-scales. Making WHED
explicit is a way to include this short-term evolution.
Finally, the overlap between the within-host and the
between-host scales is linked to the heterogeneity of selective pressures. In the case of traits such as drug resistance
the selective pressure at the between-host level is more or
less uniform among treated hosts, and heterogeneity arises
because not all the hosts are treated. Consequently, the
pathogen evolves at a global scale. By contrast, in the case
of immune escape virus evolution is significantly affected
by the local level (individual hosts) because the adaptive
immune response in each host is influenced by the high
polymorphism of the human leukocyte antigen (HLA)
alleles in the host population. Data shows that drug resistance can spread rapidly whereas the co-evolution between
pathogens and the immune system is an ongoing process
[24]. An interesting direction for future work would be to
identify the most appropriate measures to fight diseases
evolving under local or global selective pressure.
The fact that disease evolution within the host is
not instantaneous has implications at the epidemiological
26

level. First, it affects the timing of events and thus the
speed of spread of the disease. Second, it also affects the
linkage between the within-host and the between-host
level (i.e. the heritability of pathogen traits from one
infection to the next), a key point for the understanding
of rapidly evolving disease.
Evolution at the within-host level
WHED are more common in studies at the host level
(Box 3), most likely because of their clinical implications.
In this section we identify important evolutionary questions that have been addressed at the within-host level and
that could have implications at the between-host level.
Natural selection or drift?
Evolution does not necessarily imply natural selection.
Discrimination between genetic drift and natural selection
generally relies on two summary statistics. First, the
effective population size (denoted Ne), which is a population genetics measure that describes the population size
that would be required to explain the observed dynamics
with an idealised model. Although it is difficult to measure
Ne for pathogens such as HIV, existing estimates suggest
that it is close to 103 [25]. There is thus more room for
stochastic processes than the ‘real’ within-host population
size of HIV (# 108 infected cells) might suggest.
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Box 3. Processes affecting within-host evolution
Within-host heterogeneity: heterogeneity is a constitutive feature of
the within-host environment. First, hosts have different types of cells
a pathogen can exploit. Second, these cells tend to be clustered in
different organs, and this creates a spatial structure. In the case of HIV
the different structures of the spleen and the brain can lead to genetic
drift [27,28], and virus replication rates also appear to vary in different
regions of the gut [65]. HIV is known to infect several different types of
cells, and there have been efforts to link this target cell diversity to
clinical observations, especially to the coreceptor switch [66].
Host treatment also adds spatial structure. Drug concentrations vary
among organs because treatments are administered to a specific
compartment of the body, and this complicates predictions about the
evolution of drug resistance [35,44]. Most data concern HIV [60]
however one study was based on six Mycobacterium tuberculosis
(TB)-infected patients suggested that several transmitted strains of M.
tuberculosis independently evolved drug resistance in the lungs during
treatment [58]. This study also showed that there is a diversity of niches
within the lungs driven by immunological processes, and that drug
resistance is more likely to occur in niches with high bacterial growth.
Co-evolutionary-like dynamics: the immune system acts as a strong
selective pressure driving pathogen evolution. This has led to the
evolution of many mechanisms of immune evasion such as antigenic
variation, or antigen presentation manipulation (see [24] for a review).
The interaction between pathogens and host defences shares many
similarities with a co-evolutionary process. Evolution allows pathogens to evade host defences. The host can respond to this escape if its
generation time is similar to that of the pathogen, which is the basis
of co-evolution models [67]. Within a host, similar processes can
occur through adaptive immunity: an initial pathogen strain activates
a lymphocyte clone and escape variants will elicit different lympho-

Second, the dN/dS ratio – the ratio of non-synonymous
mutations to synonymous mutations. Synonymous mutations can be assumed to be largely neutral because they do
not affect the amino-acid sequence. Therefore, if the dN/dS
ratio is greater than 1 there is positive selection, and if it is
lower than 1 there is purifying selection (if it is equal to 1
evolution is neutral). In the case of HIV, a seminal study
showed that during an infection the nef gene of viruses
sampled in the blood is under positive selection to escape
cytotoxic T lymphocytes [26]. However, in other organs,
such as the spleen [27] or the brain [28], only drift seems to
be at work. These variations in selective pressures could be
linked to differences in host compartments, as we discuss
below. They also illustrate the gaps in our understanding
of the progression to AIDS observed in HIV patients. In
fact, the exact role played by virus evolution in HIV infection remains largely unknown [29].
The method based on dN/dS ratios can be used to study
more complex traits such as infection duration. HCV infections can be acute and resolve naturally or progress to
chronic infection. Results show that infections that will
become chronic exhibit more non-synonymous substitutions in one region of the virus genome in the early stages
of the infection than in acute infections [30]. This suggests
that virus adaptation partly controls the outcome of the
infection. Of course, other factors including host factors
[31] are involved. A challenge would be to determine which
steps of the infection process involve virus evolution.
Longitudinal study of infected patients can provide
useful clinical information. In cystic fibrosis patients the
comparison of samples of Pseudomonas aeruginosa isolated after six months or after 96 months showed important
differences due to positive selection [32]. In particular,

cyte clones. This arms race between host and pathogens can be
shown experimentally by challenging viruses isolated at different
stages of disease progression with patient sera that were also taken at
different stages [61].
A key issue to model this co-evolution is to identify the
dimensionality of antigenic space [68]. A study analysing data of
influenza A antigens from 1968 to 2003 shows that using two
dimensions captures the strains structure of the virus [69]. However,
the authors did not consider other dimensions, and the optimal
number of dimensions required to best reflect the antigenic space is
still an open question.
If assumptions are made concerning the dimension and the
topology of the antigenic space, one can then study co-evolutionary
dynamics. For instance, a study defining the antigen of a virus strain
in an infinite one-dimensional space showed that cross-reactive
immunity is a key component to the co-evolutionary dynamics [70].
Less abstractly, it is possible to model the within-host dynamics if we
assume that all the particular strains and immune responses that will
arise in a system are known [71].
Within-host trade-offs: a growing number of studies allow for
pathogen traits to take many values. One of the first theoretical
framework, known as the ‘short-sighted’ evolution [22], posits that
rapidly replicating strains out-compete slower replicating strains,
such that replication rate should increase during an infection [72].
Recent models have shown that within-host trade-offs, for example
between the virus replication rate and the lifespan of an infected cell,
can alter this evolutionary outcome and favour strains with intermediate replication rates [73,74]. In fact, different outcomes can be
observed depending on which parameters are involved in the tradeoff [52].

genes associated with virulence factors, which are important for acute infections, were selected against over the
course of a chronic infection. Insight can also be gained
from experiment. In mice, within-host evolution of the
bacterium Haemophilus influenzae was found to explain
part of the outcome of an infection, but stochasticity and
host susceptibility also play an important role in explaining why a commensal strain becomes invasive [33].
Arguably, there is a tendency to focus on natural selection because predictions are easier to make. However,
studying genetic drift can have public health outcomes.
The speed of drift (i.e. the time it takes for an allele to
proceed to fixation) is likely to differ between pathogens.
Furthermore, drift at the within-host level could have
unexpected epidemiological consequences. In the case of
Neisseria meningitidis a simple stochastic epidemiological
model that summarises all the evolution with a single
mutation parameter can account for rare meningitis outbreaks with high prevalence and common outbreaks with
very low prevalence [34]. Studying links between withinhost drift and epidemiology could help in estimating the
risk of outbreaks of pathogenic strains.
Selection and within-host dynamics
The type of within-host dynamics is known to affect the
suggested epidemiology of a disease [10]. However, these
dynamics can also affect within-host evolution, as in the
case of drug resistance.
Mathematical models are commonly used to compare
and optimise drug therapies [35]. Some of these models
account for evolutionary dynamics and show that WHED
affect the optimal timing of treatment against HIV [36].
The two main factors that limit pathogen growth in a host
27
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are resource availability and the immune response. A
theoretical study shows that the type of limitation can
affect the evolution of drug resistance [37]. In particular,
the authors predicted that, in absence of immune limitation, the whole bacterial population becomes resistant two
to three days after the initiation of drug treatment. Including immunity in their model leads to longer times of
emergence of resistance and, for some immune-response
functions, the synergy between host immunity and the
drug can prevent the emergence of resistance. Finally,
their results have implications regarding the optimal dosage of the drug and the timing of administration (both of
which are epidemiological parameters).
Specifying the type of within-host dynamics at work for
rapidly evolving pathogens is a challenging task. A current
methodology consists in fitting within-host dynamics models to data on pathogen and host-cell densities and to
identify which assumptions provide the best fit. This approach was used for instance to show that early replication
of SIV in macaques is largely controlled by CD8+ T cells
and not by target cell limitation [38]. However, more work
is needed to make sure that this methodology is applicable
to rapidly mutating viruses.
Another approach involves dN/dS ratios. The idea is
that immune limitation should lead to patterns of positive
selection in the viral genome, whereas target-cell limitation should lead to stabilising selection. The problem is
that the dN/dS ratio ignores a large amount of genetic
information and that it might prove to be limited when
analysing single populations [39].
We suggest a third approach inspired from the phylodynamics program in evolutionary epidemiology. This program hypothesises that the shape of the phylogeny also
contains valuable information. For example, short infections with partial cross-immunity, such as those caused by
influenza A, are under ongoing immune selection, and this
is reflected in the shape of some viral gene phylogenies that
contain many short branches arising from a central trunk
[8].
We think that phylodynamics can be used to infer
underlying within-host processes (as illustrated in Box
4), but many caveats remain. For instance, two different
models might generate similar phylogenies. Further complexity could arise due to the host immune response. In the
case of HCV, for instance, host genes partly control the
acute versus chronic outcome of infection [31]. Overall, we
still need to determine how within-host processes (e.g.
target-cell limitation or not, type of growth function of
immune cells) affect the topological and dynamic properties of phylogenies and how robust these properties are to
parameter variations (especially the mutation rate). We
cannot yet affirm that phylodynamics will provide clinically relevant insights but we think it is a promising method
to include WHED in a model-fitting approach.
Host compartments
We have so far implicitly considered the human host as a
homogeneous environment. However, in addition to a huge
variety of cells, there is also spatial structure. Within-host
heterogeneity is known to govern WHED (Box 3) but it can
also affect key components of the infection fitness, for
28
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example virulence, transmission rate and recovery rate
(Box 1). More precisely, each of these fitness components
involves one (or several) specific host compartments. In the
case of HCV, sexual organs are a relevant compartment for
transmission but the liver is the relevant organ for understanding pathogenesis. Most studies at the within-host
level are interested in clinical implications of WHED
and therefore tend to concentrate on compartments involved in pathogenesis (or, alternatively, on compartments
that are easier to monitor).
Host compartments raise again the question of the role
of evolution. Some HIV strains infect the central nervous
system, leading to neuropathogenesis. However, there is
no clear evidence of tissue-specific adaptation to replication [28]. N. meningitidis is a commensal bacterium of the
nasopharynx in humans but in some rare cases it can lead
to pathogenesis when bacteria colonise the blood and the
cerebrospinal fluid. This invasion of new tissues is likely to
involve the evolution of specific mechanisms [22], for instance to avoid the immune response. It has been shown
that a serogroup of N. meningitidis that caused many
outbreaks of meningitis has a high prevalence of mutators
[40]. These high mutation rates allow the rapid expression
or repression of contingency loci in the genome – regions
containing virulence factors that could be adaptive in some
compartments. In this case pathogen evolution and host
structure seem to interact to govern pathogenesis.
Collecting pathogens from several compartments generates rich datasets, as illustrated by a recent clinical
study on Burkholderia pseudomallei which causes melioidosis in humans [41]. Isolating strains from different sites
within the same patient allowed the authors to build a
within-host phylogeny; this was used to determine the site
of initial infection and also, in some cases, the course of the
infection (why some organs were infected). An extension of
this study would be to specify the roles of the compartments with respect to transmission, virulence and recovery, and to compare the genetic composition of the
pathogen population in these compartments.
Several mathematical models have combined withinhost heterogeneity and WHED [42–44] but more insight
could be gained from the literature in evolutionary ecology.
Some aspects of the evolution of dispersal (such as habitat
saturation or specialisation) could be applicable to diseases
[45]. Furthermore, much of the kin selection theory
deserves to be extended to the within-host level. Ecological
studies show that spatial structure is one of the major
explanations to why individuals tend to interact with kin.
This allows cooperative behaviours to resist the exploitation by cheaters [46]. Within-host structure can thus affect
the average level of relatedness of an infection, which is
known to be linked to the virulence [47].
Studies on the clinical implications of WHED can provide
epidemiological insights. For instance, drift within the host
could affect epidemiological processes, such as the periodicity of outbreaks of pathogenic strains. Also, phylodynamic
approaches might inform us about how the infection unfolds,
and this is necessary in order to include WHED into an
epidemiological framework. Finally, more studies are required to analyse WHED in specific compartments and to
incorporate them into an epidemiological setting.
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Box 4. Within-host dynamics and phylogeny shape
Current techniques used to infer within-host processes from time-series
of pathogen densities are probably not extendable to rapidly evolving
viruses. We argue that insight could be gained from phylodynamics
because the nature of the interactions between the pathogen and the
host cells is likely to impact upon the shape of the within-host
phylogeny. To illustrate our point, we build four phylogenies using
two mathematical models and two clinical datasets. We also present the
distribution of the log of the branch lengths to illustrate the summary
statistics that can potentially be used to compare phylogenies.
The first model is based on an earlier framework [11] and describes
the interaction between a pathogen and immune cells. The second
model describes competition between pathogen for host target cells
and it is also based on previous models [42,74]. In both models a
pathogen trait evolves during the infection. In the first model the
pathogen trait is the antigen (protein or peptide). Each antigen has a
propensity to activate a repertoire of immune cells, for instance
lymphocyte clones. This generates co-evolutionary-like dynamics
between pathogen and the immune system (Box 3). In the second
model, the trait that evolves is the number of pathogens produced per
infected cell. In both models pathogen diversity is generated through
stochastic mutation events. Twenty within-host phylogenies are built
from the history of mutation events over the first 365 days of infection
in each case (Figure I). Further details about the model are available in
the supplementary material online.
The two within-host models generate different patterns that reflect
two distinct evolutionary processes. In the immune-limited model

(Figure Ia) the shape of the phylogeny seems to indicate purifying
selection. In the resource-competition model, the shape of the tree is
closer to stabilising selection (Figure Ib). The distribution of branch
lengths differs significantly between the two cases. However, proving
that different within-host processes leave different signatures in the
pathogen genome will require a demonstration that the differences
are robust to parameter variations or to calibrate our models with
accurate within-host data.
We also inferred a virus phylogeny using public sequence data
[55,30] for three patients infected by HCV and five patients infected by
HIV (Figure Ic,d). In both cases the distribution of branch lengths was
closer to that expected under immune limitation. In the case of HIV,
this is consistent with previous studies [62].
As stressed in the main text, these results are purely illustrative
and further work is needed to understand potential biases (host
effects, variation in parameter values) and to determine the key
properties that are best suited for comparing phylogenies obtained
with different within-host processes. In addition, several processes
could be at work at the same time [75] and this could blur potential
signals. Finally, virus replication rate can evolve during an infection
[17,18]. If rapidly replicating viruses are more readily recognised and
controlled by host immune responses (see [11] for discussion of
possible mechanisms), this will generate shorter inner branches in
the within-host phylogeny.
Understanding these within-host mechanisms could open new
routes for the design of pathogen-specific therapies [37].
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Figure I. Virus phylogenies and average branch length distributions obtained for different within-host processes. (a) Numerical simulations with immune-mediated
competition. (b) Numerical simulations with competition for target cells. (c) HCV infection; data from [30]. (d) HIV infection; data from [55]. Distributions of branch
lengths were obtained from 20 phylogenies in A and B, from five phylogenies in C, and from three phylogenies in D. The phylogenies for panel C were obtained from
patient 10 in [30] and the phylogeny for D from patient 6 in [55].

Perspectives
What data to collect?
Within-host evolution of many pathogens remains largely
unknown. Existing data on WHED predominantly concern
viral diseases causing persistent infections (Table 1) and,
surprisingly, there seem to be very few (if any) studies on
diseases such as human influenza or human malaria that
address sequence evolution or trait evolution over the
course of an infection. For WHED studies, two types of
data can be collected: longitudinal data on the same
host, where multiple samples are taken from the host at

different time points, and multi-compartment data, where
several organs or tissue of the host are sampled. We argue
that in order to link WHED to the evolutionary epidemiology of the disease, compartments linked to transmission
need to be investigated, especially if these organs or tissues
differ from those associated with pathogenesis.
In the last decade advanced high-throughput nanotechnologies such as next-generation deep sequencing
(NGS) have opened new routes to experimental analyses
of complex biological systems [4,5,48]. NGS allows us to
access ‘hidden’ diversity and this can be used to determine
29
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Table 1. Empirical data on WHED of human diseasesa
Trait studied
DNA/RNA sequence
evolution

Pathogen
HIV
HCV
Pseudomonas aeruginosa
Helicobacter pylori
Burkholderia pseudomallei
Rhinovirus
Escherichia coli

Ref.
[1,55]
[30,56]
[32]
[3]
[41]
[57]
[50]

Drug resistance

Mycobacterium tuberculosis
HIV
P. aeruginosa

[58,59]
[60,29]
[32]

Immune escape

HIV
HCV

[61,62]
[63]

Replication rate
Virulence factors

HIV
P. aeruginosa
E. coli
H. pylori

[17,18]
[32]
[50]
[3]

a
Owing to space limitations we were unable to perform an exhaustive review of all
studies; instead we have elected to highlight illustrative studies or, where possible,
reviews.

why some variants always remain rare and identify weaknesses of the pathogen. NGS thus provides us with a more
exhaustive quantitative description of the genetic variations that can exist. Arguably, one of the most interesting
perspectives opened by NGS resides in the combination of
genetic data with phenotypic data on viral traits such as
replication rate (or ‘replicative fitness’). Indeed, the speed
of replication is inherent to any model of within-host
dynamics and/or within-host evolution. Analyses of NGS
data can reveal detailed fitness landscapes of pathogens,
and these could be the basis of applied evolution models.
However, NGS technologies raise intrinsic difficulties
that current bioinformatics and statistics methods can only
partly address. A major difficulty lies in the high error
rates in the sequences obtained. Standard PCR techniques
erroneously generates a mutation at a rate of 1 in 106 or
107, whereas for NGS it is currently of 1 in 103 [5]. This
makes the filtering and statistical analysis of the sequence
output a severe burden.
Another challenge presented by NGS is the development of new summary statistics (see also below). Using
classical sequencing techniques, only a small number of
genotypes were identified and it was possible to identify
positions that varied individually and interpret these variations in terms of escape mutations. With NGS, thousands
of genotypes need to be analysed simultaneously. Bioinformatics tools could be developed to screen the datasets and
identify mutations of importance. The next step would then
be to infer evolutionary processes (e.g. drift versus natural
selection) from summary statistics.
It would be naive to think that NGS will solve all the
current problems. For instance, some parasites display
adaptive phenotypic plasticity, as shown in the case of
rodent malaria: parasites adjust the sex-ratio of the different sexual forms they produce in response to the presence
of unrelated coinfecting strains [49]. Even if there is evolution, processes such as phase-shifting in N. meningitidis
[40] could also generate specific genetic patterns. Overall,
for rapidly evolving pathogens, disentangling evolutionary
and plastic adaptive responses and distinguishing between
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different types of evolutionary processes could prove challenging.
WHED can be (and have been) studied with current
sequencing techniques and the lack of data combining
population dynamics and genetics seems to be at least
partly due to lack of interest. However, the improvement
of sequencing techniques could generate momentum for
studies on within-host evolution. A recent study considered
the evolution of a specific Escherichia coli strain during the
colonisation of the bladder of different patients [50]. This
study not only shows that evolution takes place on short
time-scales but also that this evolution is partly driven by
host factors because host reinfection by the same E. coli
strain generates similar evolutionary trajectories. Analysis of the full genome, of the transcriptome and of the
proteome further revealed that these evolutionary changes
are due to positive selection and affect processes involved
in virulence.
Which models to develop?
Evolutionary theory has already been faced with the problem of increasing data and it is worth noting that a major
insight, known as Fisher’s fundamental theorem of natural
selection, simply states that the rate of increase in fitness
of any organism at any time is equal to the genetic variance
in fitness in the population at that time [51]. In other
words, summary statistics as simple as the genetic variance within a population is sufficient to make important
evolutionary predictions. Recent models that combine this
classical population genetics theory to population dynamics bring some new insights about the short-term evolution
at the within- and between-host level, for instance, the
dynamics in the few days after initiating a treatment
[51,52]. These models are often referred to as ‘Price equation models’ because, as the population genetics Price
equation, they describe the change in an average trait
value from the covariance between a trait value and the
fitness of the individual bearing that trait [23]. Such
models could prove to be timely because they summarise
large amounts of genetic information with variances and
covariances, and this could provide a route for incorporating NGS data into a dynamic framework.
Models of molecular epidemiology tend to ignore the
within-host level, and often entirely summarise it in a
mutation rate term [7]. Comparison with molecular data
shows that these models are appropriate for describing the
epidemiology of influenza viruses. However, population
genetics models indicate that opening the within-host
black box could significantly improve our understanding
of how pathogens adapt to their host [53]. Different underlying models of immune dynamics lead to different phylogenetic trees at the epidemiological level [54]. It would be
interesting to see how incorporating WHED affects these
phylogenies.
WHED complicate the epidemiology, largely because of
the difficulty to predict which strain(s) will initiate the
infection in a new host. In evolutionary ecology, nested
models have been developed to include within-host dynamics into an evolutionary epidemiology framework but they
tend to leave within-host evolution aside (see [11,12] for
exceptions). It is too early to know if including WHED into

Review
epidemiological models will strongly affect the results
obtained by current models. WHED are likely to affect
the speed of spread of pathogen variants but the open
question is to assess if they also have qualitative effects.
Conclusions
The existence of WHED has been known for a long time.
Datasets combining population dynamics and pathogen
genetics are still lacking, even for major diseases such
as malaria or influenza. NGS techniques have substantially increased ability to detect genetic diversity within hosts
and could help to fill the gap between theory and data.
However, these techniques are still inaccurate and will
require theoretical work to solve statistical and bioinformatic problems. In parallel, new mathematical approaches
based on nested modelling, phylodynamics and the Price
equation could combine epidemiology with evolutionary
processes taking place inside a host, and this would undoubtedly improve our understanding of many infectious
diseases.
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