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Mutation and the evolution of virulence

SEBASTIAN BONHOEFFER anop MARTIN A. NOWAK
Department of Zoology, Unversity of Oxford, South Parks Road, Oxford 0X1 3PS, U.K.

SUMMARY

The evolution of parasite virulence can be influenced by intra-host mutation of the parasite and
competition among different parasite mutants in the same host. During the course of an infection, parasite
variants may be generated that have some competitive advantage over the strains that initiated the
infection. This intra-host competition may select for a short-term advantage. It can lead to variants
without any transmission potential or variants with extremely high virulence. We develop a mathematical
model which describes intra- and inter-host parasite evolution. The major conclusions are: (i) intra-host
competition generates a virulence polymorphism in the parasite population; (ii) intra-host competition
can shift the mean virulence beyond what would maximize the reproductive rate of the parasite in the
host population; and (iii) the parasite population can evolve to intermediate levels of virulence even if
there is no trade-off between transmission rate and virulence. Our model applies to highly mutating
parasites with long infection periods, such as, for example, the human immunodeficiency virus (H1v).

1. INTRODUCTION

The evolution of highly mutating microparasites, here
broadly defined as viruses, bacteria, and protozoa,
takes place on two different levels: within the host
population, and within an individual host. On the level
of the host population, selection may tend to increase
a parasite’s reproductive rate in terms of the number of
secondary cases caused by a single infected host
(Anderson & May 1979, 1991; May & Anderson
1979). This reproductive rate depends on the parasite’s
transmission rate and the duration of the infectious
period of the host. Because microparasites usually cease
propagating after the host’s death, it is often believed
that parasites generally should evolve to become
harmless to their natural hosts, but there is strong
observational and theoretical evidence against this so
called ‘conventional wisdom’. The epidemics of myx-
oma virus in the Australian rabbit population gives an
example for the evolution towards intermediate levels
of virulence (Fenner & Ratcliffe 1965). Smallpox and
measles are just two examples of a long list of highly
virulent pathogens with a long-standing evolutionary
relation with their hosts. Herre (1993) gives an example
for highly virulent nematodes of fig wasps that have
been coevolving with their host for several million
years. Theoretical models have postulated that evol-
ution can lead to intermediate levels of virulence if
transmissibility and virulence are coupled in some way
(May & Anderson 1979, 1983, 1990; Anderson & May
1981, 1982; Levin and Pimentel 1981 ; Bremermann &
Pickering 1983; Ewald 1983; Knolle 1989; Frank
1992; Antia et al. 1994).

On the level of the individual infection, selection will
favour parasite mutants with a competitive advantage,
regardless of their ultimate ‘survival’ in the host
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population. Levin & Bull (1994) argue that, for some
highly mutating parasites, virulence may be a random
byproduct of intra-host evolution. They give three
examples where this ‘short-sighted’ intra-host evol-
ution may account for virulence: bacterial meningitis,
polio and amps. In none of these three cases do the
diseases induced by these pathogens seem to confer a
transmission advantage, and there is evidence that the
diseases result from an intra-host evolutionary process.

Only a few models have been put forward which
combine both the intra-host and the inter-host level of
microparasite evolution. Levin & Pimentel (1981)
discussed a model of superinfection of two parasite
strains. They showed the coexistence of an avirulent
and a virulent parasite strain in the host population,
assuming that the virulent strain can take over hosts
infected by the avirulent type. Coexistence can arise
because intra-host selection favours the virulent strain
whereas inter-host selection favours the avirulent
strain. Bremermann & Pickering (1983) pointed out
that intra-host competition between different strains
might lead to a degree of virulence larger than required
for the optimal spread in the host population. Nowak
& May (1994) have studied the effect of superinfection
on the evolution of virulence and the diversity of the
parasite population. Their basic conclusions are that
superinfection leads to complex polymorphisms of
many different parasite strains at virulences increased
beyond what would be optimal for the parasite
population (see also May & Nowak 1994).

In this paper we investigate a simple analytically
solvable model, which combines intra- and inter-host
parasite competition of a large number of different
strains that are produced by mutation during the
course of an infection. We do not deal with intra-host
competition arising from superinfection (infection by a
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new parasite strain which then dominates the infection)
or coinfection (infection by several strains simul-
taneously). Essentially, the model is relevant for highly
mutating parasites, where intra-host competition
between different mutants may play a significant role
in the overall evolution of the parasite. We show that
rapid intra-host evolution can account for: (i) wide
ranges of degrees of virulence which are simultaneously
maintained in the parasite population; and (ii) an
average virulence larger than required for optimal
spread in the population. We analyse several examples
for the functional relation between transmission rate,
parasite virulence and competitive superiority within
an infected host, and we derive analytical expressions
for the equilibrium polymorphism of the parasite
population.

2. THE MODEL

We consider n different parasite strains and order them
in a dominance ranking, such that strain i+ 1
dominates strain ¢, i.e. we assume that strain 7+ 1 takes
over an infection by strain ¢ if both strains are present
in the same host. The generation of new dominating
strains duc to mutation is modelled by assuming that
during an infection each strain ¢ produces mutants of
type i+ 1 at a rate ¢. We call this rate the mutation
rate, although more accurately it describes the rate at
which a new dominating strain is produced by
mutation and takes over the infection by intra-host
selection. Thus ¢ reflects the rate of this combined
event. In this model we assume that at any one time
infections are always dominated by a single strain type.
This simplification is made for reasons of mathematical
tractability and represents a starting point for more
general investigations where different mutants can
coexist during an infection.

Defining x(¢) as the density of hosts susceptible to
infection at time ¢, and y,(f) as the density of hosts
infected by strain type i at time {, we obtain the
following model for the host—parasite dynamics:

dx/dt:k~ux~x§n],6’iyi, (1)

i=0
dy,/dt = (Bix—u—v,—q) y;+qy; 0, =0, (2)
(We define y_, =0.) The parameters used in this
model are: £, for the immigration or birth rate of new
susceptible hosts; u, for the natural death rate of hosts;
B, for the per contact transmission rate at which hosts
infected by strain ¢ infect susceptible hosts; and v;, for
the virulence of strain ¢ (defined as the parasite-
induced host mortality). The parameter ¢ reflects the
generation of new dominating mutants as described
above.

The population dynamics of the uninfected hosts in
the absence of parasites is governed by a simple
immigration—death process (Kermack & McKendrick
1933; Anderson & May 1979, 1991). This is the
simplest way to attain a stable susceptible host
population. Different population dynamics for the
uninfected hosts in the absence of parasites will only
affect the total number of infected and uninfected
hosts, but will not affect the population structure.
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Note that in equation (2) strain n loses hosts by
generating dominant mutants. These hosts do not
enter any other infectious class. To avoid this problem
one could define dy,/dt= (f,—u—0v,)y,+ Y,
Strains of type n would then be absolutely dominant
and could not be outcompeted by any other strain
type. Alternatively we may require a suitable choice of
parameters (f;, v, u, ¢ and n) such that y, , is
vanishingly small in equilibrium. (Solving dy,,/d¢ =0
for y, shows that y, vanishes for small y,_;, and so the
term — gy, becomes negligible in equation (2)). In the
following sections we will always assume a suitable
choice of parameters such that y, is very small.

The basic reproductive rate of a parasite strain is
defined as the average number of secondary cases
produced by a single infected host introduced in an
entirely susceptible host population (Anderson & May
1979, 1991). For the above system of differential
equations the basic reproductive rate of strain ¢ at the
uninfected host equilibrium is:

R, = (k/u) B,/(q+u+v,). (3)

To avoid double indices we drop the conventional
subscript O of the basic reproductive rate. The index
refers to different strains. Note that the basic re-
productive rate of a strain decreases with increasing
mutation rate ¢. This reflects the losses resulting from
intra-host competition.

The model defined by equations (1) and (2) is not
the most general model for intra-host mutation,
because we make the very simplifying assumption that
strain 7 only mutates into i+ 1 and not to any other
strain j with j > 7. A more general model has to include
a full mutation matrix {g;;} where each element ¢,
specifies the rate at which infections by strain i are
turned into infections by strain j. The model then takes
the form

i-1 n
dy,/dt = y,(fix—u—v)+ 2 ¢y9,— 2 4,9,

i=1 j=itl
We do not attempt to analyse this more general model
in this paper, but instead concentrate on equation (2)
for which we can derive an equilibrium solution.
Despite the limitation of equation (2), we feel that it
can reveal many interesting features of intra-host
mutation and competition which will also hold for
more complex models.

3. THE SOLUTION

There are two different equilibria depending on the
basic reproductive rates R; (for any initial condition
with v, > 0).

1. If R, < 1 for all strains 7, then no strain can invade
or persist in the host population and the densities of
infected hosts y; converge to zero for all strains i. (To
see this, substitute the equilibrium density of infected
hosts in the absence of parasites, £ = k/u, into equation
(2).) R, <1 gives a threshold for the mutation rate,
q, = B, k/u—v,—u, above which the parasite is unable
to persist (or invade) in the host population.
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2. If R, > 1 for some ¢ then the unique non-trivial
equilibrium is given by
i =0,
v >0, (4)

1<,

v =y S 1<y,
k=j

where j is the strain with maximum basic reproductive
rate. (In case there are two degenerate maxima of the
basic reproductive rate then j is the strain with the
higher index number in the dominance ranking.) We
have defined f, = ¢/(¢+u+v,—f;x*) an f; = 1. The
asterisk indicates equilibrium frequencies. The equi-
librium density of uninfected hosts can be derived from
equation (2) for : =j; we obtain

x* = (utv;+q)/p; (5)
Thus the equilibrium density of susceptible hosts only
depends on the parameters of the strain with maximum
basic reproductive rate. This holds even if the strain
with maximal basic reproductive rate might have a
vanishingly small equilibrium frequency. By using
equations (1) and (4), we obtain for the equilibrium
abundance of hosts infected by strain j

y = {[/fﬂ]-/(u+vj+9)]*~u}[1/(2 B Hfz):l' (6)
= 1=

Thus we have an analytical solution for the equilibrium
of the model given by equations (1) and (2). Extensive
numerical simulations suggest that this equilibrium is
globally stable. (A formal proof of stability may
be difficult. Certainly the equilibrium is saturated,
which means that the transversal eigenvalues A, =
0y,/0y, < 0 for i <.

The equilibrium abundance of uninfected hosts as a
function of the mutation rate, ¢, is

x*(¢) = min{(u+v,4+¢)/B:1=0,...,n} (7)

The minimum of (u+v,+¢)/f; corresponds to the
maximum of the basic reproductive rate for a given ¢
(see equation (3)). The abundance of uninfected hosts
increases continuously with increasing mutation rate
(but need not be differentiable with respect to ¢).

We derive the total number of infected hosts from
equations (4) and (6).

Y*(q) = [k/x*(q) —u] (Z Hfz)/(z b, Hfl), (8)
i=j l=j i=j =]

where j is the strain which maximizes the basic

reproductive rate (equation (3)) for a given g¢.

Our analysis has focused on equilibrium solutions
only. The time to reach equilibrium depends on the
choice of parameters, but qualitatively our observa-
tions on the virulence polymorphism and the increase
in virulence due to intra-host competition appear to be
very robust.

If the mutation rate ¢ equals zero, then equations (1)
and (2) reduce to:

dx/dt:k—ux—xé/)’iyi, 9)

=0

dy,/dt = (Bix—u—v,)y,
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If some strains have a basic reproductive rate greater
than 1, the strain with maximum basic reproductive
rate outcompetes all other strains, and in equilibrium
the host population is infected by this strain type only.
We obtain the equilibrium x* = (u+v,)/f,, yf = 0 for
i #J, and y = k/(u+v;) —u/f;, where j is the strain
with maximum basic reproductive rate. (If all strains
have R, <1 then y* =0 for all i.)

In summary, we observe for vanishing mutation rate
(¢ =0) that the parasite strain with maximum basic
reproductive rate outperforms all competitors and that
the host population is infected by a single strain type at
equilibrium. If there is some mutation (¢ > 0), we
obtain a distribution of parasite strains persisting in the
host population. The strain with maximum basic
reproductive rate has the smallest intra-host domi-
nance (i.e. the lowest index number in the dominance
ranking) of those strains which persist in the host
population. All strains with higher index number are
present with non-vanishing frequency (see equation
(4)). Strains with a basic reproductive rate smaller
than one arise by intra-host evolution and persist in the
host population. They could not become established or
persist in the absence of strains with a basic re-
productive rate larger then one.

4. VIRULENCE AND DOMINANCE ARE
EQUIVALENT

In this section we assume that the more virulent
strain dominates intra-host competition. In terms of
our model we have v; < v, for all . We proceed by
analysing two examples showing how a strain’s
transmission rate, f;, may be related to its virulence, v;,.

(a) Al strains have the same transmission rate

In this example, transmission rate shall not be
correlated with virulence (or intra-host dominance),
and we assume that g, =/ for all i. The basic
reproductive rate is then given by:

R, = (k/u) B/ (u+v,+q). (11)

It has its maximum for the smallest value of v,. This is
V.

Let us now consider a continuous approximation
and assume v, = 0. The density of susceptible hosts at
equilibrium is given by X = (u4+¢)/f (see equation
(5)). Substituting this into the multiplication coeffici-
ents f; (see equation (4)) we obtain f(v) = ¢/v. We can
derive the virulence at which the distribution of
infected hosts has its maximum by equating f(v) = 1,
and we obtain v, = ¢. This means that the most
abundant strain has a virulence such that the strain
‘loses’ a host at the same rate by killing a host and by
generating a dominating mutant. The virulence of the
most abundant strain increases linearly with mutation
rate, ¢.

If we let v, = iAv (i.e. the virulence classes are evenly
distributed), the abundance of hosts infected by strain
¢ 1s (see equation (4))

yi = (q/A0)" (1/3!) yy" (12)
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Figure 1. Example from §4¢; transmission rate is independent
of virulence. (a) The distribution of infected hosts y¥, and (b)
the basic reproductive rate, against the virulence for two
different mutation rates (squares denote ¢ = 3, circles denote
¢ =32). The infected hosts y¥ are Poisson-distributed with
mean u = ¢/Av and variance o® = ¢g/Av. Interestingly we
observe an evolution towards an intermediate level of
virulence, although there is no trade-off between transmission
rate and virulence. The parameters are: n =20, f =2, k =
100, u =1, Av =&,

From equation (6) we derive for

¥ = [kﬁ/<u+9)—u]{l/[ﬂ§0 (q/AvVl/i!}} (13)

= [k/(u+q)—(u/B)] e ¥4 for n->o0, (14)

and we obtain for the distribution of infected hosts (see
figure 1)

yi = [k (utq)— (w/B)] [(g/Av)'/il] e=@2. (15)

This is a Poisson distribution with mean g = ¢/Av and
variance ¢® = ¢/Av. Thus, both mean and variance
increase linearly with increasing mutation rate, ¢. The
total number of infected hosts,

Y*(q) = k/(utq) = (w/p), (16)

decreases with increasing mutation rate, g.

Interestingly, we observe an evolution towards an
intermediate level of virulence, although we do not
assume an explicit trade-off between transmission rate
and virulence in this example. The resulting mean level
of virulence arises from the competition of parasite
strains on two levels: (i) within the host population the
less virulent strains are favoured because of their larger
basic reproductive rate; and (ii) within a single host
the more virulent strains are favoured, because of their
intra-host competitive superiority.

Proc. R. Soc. Lond. B (1994)
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(@)

] ®

Figure 2. Example from §44; transmission rate increases with
virulence. (a) The distribution of infected hosts y} (equation
(6)), and (b) the basic reproductive rate (equation (3)),
against the virulence for two different mutation rates (squares
denote ¢ =}, and circles denote ¢ = 3). The distribution of
infected hosts becomes broader with increasing mutation
rate, ¢. The maxima of the basic reproductive rate (shown by
the broken line) shift to higher virulences with increasing ¢.

The parameters are: n =30, a=1, ¢ =4, k=100, u = 1.

(6) Transmission rate increases with virulence

We now assume that the transmission rate is also
functionally related to virulence and intra-host domi-
nance. The transmission rate shall increase with
increasing virulence and saturate for large virulences.
The simplest functional relation between virulence and
transmission rate fulfilling these requirements is £, =
av,/ (v;+¢).

The basic reproductive rate as a function of v is

R(v) = (k/u){av/[(v+c) (utv+q)]}, (17)

and hasits maximumatv = 4/[¢(¢+ ¢)]. The maximum
of R(v) shifts to higher levels of virulence with
increasing ¢, and the magnitude of the maximum
decreases with increasing ¢ (see figure 2).

The maximum of the distribution of infected hosts
can be derived from f(v) = 1; we obtain

Umax = ¢/2+V [e(u+ )1+ cqg+¢*/4+ ¢/ [c(ut )]}
(18)

In this example the maximum of the distribution of
infected hosts depends on the mutation rate ¢, the
natural death rate , and the constant ¢. For large ¢ the
maximum of the distribution is given by v,,,. = ¢ as in
the first example (and the virulence of the most
abundant strain is such that hosts are lost by killing
and intra-host dominance at the same rate). For ¢ = 0,
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only the strain with maximum basic reproductive rate
is selected, i.e. the maximum of the distribution of
infected hosts at v, = +/(cu) coincides with the
maximum of the basic reproductive rate R(v) (see
equation (17)). For small ¢ the maximum grows faster
than linear (proportional to 1/¢), and the distribution
gets broader with increasing ¢ (see figure 2).

5. VIRULENCE AND DOMINANCE ARE NOT
EQUIVALENT

In the following examples we will relax the as-
sumption that a strain’s virulence and its ability to
dominate intra-host competition are equivalent. Al-
though one might expect a correlation between these
two properties, there is no a priori reason to believe that
virulence and intra-host competitive superiority must
be equivalent (Bonhoeffer & Nowak 19944, 5).

(a) Only one transmissible strain

The simplest assumption is that all strains have the
same death rate (v; = v), but only one strain, say j, is
infectious (§; = and g, =0 for all i #j). For the
abundance of host infected by strain j we obtain y;* =
k/(u+v+g)—u/p. The abundance of hosts infected by
strains with ¢>j is yf =f"y, where f=/f=

40{@

40{®

20

401

Yig0 ]

| II;..
8 12

Vi

Figure 3. Example from §54; two transmissible strains. These
plots show the distribution of infected host yf (equation (6))
against the strain index  for three different mutation rates (a)
q=0.5, (6) ¢ =0.9, (¢) ¢ = 1.3. The threshold mutation for
which the distribution of infected host shifts from strain £ to
strain [ is g, = 1. We observe a single peak at strain 5 for ¢ =
0.5, and two peaks at strains 5 and 10 for ¢ = 0.9. For ¢ =
1.3 the distribution shifts to strain 10. The parameters are:
B,=0,8=3pf,=4v=1Lv,=10,=2n=100,fk=
100, u = 1.
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q/(g+v+u) < 1. The infected hosts are distributed
exponentially with mean g4 = —1/In(f)+; and vari-
ance o = 1/In(f)2

We can derive an expression for the total abundance
of infected hosts

PR s
= [(1="7) /=Ny, (20)

and in the limit of large »
lim Y*=[1/(1=/)]y} (21)
= [1/(w+u) | {k—[ulv+utq) /B (22)

The total abundance of infected hosts decreases linearly
with increasing mutation rate ¢ and vanishes if ¢ >
kf/u—v—u (which is equivalent to a basic reproductive
rate smaller than one).

In this example we observe a stable population of
parasite strains with exponentially distributed levels of
virulence persisting in the host population, although
only a single strain type is infectious. Strains with
vanishing transmission and basic reproductive rate can
nevertheless persist in the host population.

(b) Two transmissible strains

We extend the previous example and consider two
infectious strains (#; = 0 for all ¢ except £, [ for which
Be> £, > 0). All strains shall have the same disease-
induced death rate (v; = v) except strains £ and / which
have v, and v,. We assume that £ <.

The basic reproductive rate for strain £ is R, =
B/ (v, +u+q), and for strain [ R, = f,/(v,+u+¢q). The
maximum of R depends on ¢. Let R, > R, for small g,
but R, > R, for large ¢. This yields the conditions §, >
B, and S,/ (v, +u) > £,/(v,+u). The maximum of the
basic reproductive rate and the distribution of infected
hosts switches from strain £ to strain / at

g0 = [Belv,+u) =By (v +u) ]/ (Bi—Br)- (23)

We derive for the total abundance of infected hosts
(for large n):

[£By/ (v +u+q) —u]
{0/ A=)+ 1L+ 1/ (=01

Y* = (ﬁk+ﬁbf l_k_1)> q < QCa
1/(v+u) (k(g+o+u)/(g+v,+u)
—[u(g+v+u)/v}, g>q, (24)

where f=g/(g+v+u) and f, = gB/[fi(q+v,+u)
—p(g+v,+u)]. If [—k—1 is sufficiently large, the

above expression simplifies considerably and we obtain

1/ (v+u) [k(g+o+u)/(g+v,+u)

. —u(g+tv+u)/Bi], 9<4¢,
V2= 1/ (0+u) k(g +v+u)/ (g+v,+2)
—ulg+o+u)/B), 7> g (25)
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Figure 4. Example from §5¢; no correlation between virulence and transmission rate. (i) The distribution of infected

1

hosts ¥ and (ii) the basic reproductive rate R,, for four different mutation rates, (a) ¢ =1, (6) ¢ =2, (¢) ¢ =3, and
Yi P i q q

a 4 4

(d) ¢ = 4. The transmission rate 8, and the virulence v, of each strain are chosen from a uniform random distribution.
We observe a highly complex multipeaked parasite distribution. Parameters: « = 1, n = 100, £ = 100.

Y* may be discontinuous and can even increase with ¢
locally.

This example illustrates two points (see also figure
3): (i) there is a critical mutation rate at which the
distribution of infected host shifts from one peak to
another; and (i1) the total number of infected hosts
may be related to the mutation rate in a complicated
way.

(¢) Arbitrary values for transmission rate and virulence, no
correlation

As a final example we investigate the situation where
all parasite strains have different transmission rates
and virulences. In §5a, b we assumed a direct cor-
relation between virulence and dominance (and
transmission rate, respectively). Now we consider the
other end of the spectrum by assuming as a null model
that all three properties (transmission rate, virulence
and dominance) are independent of each other. Thus
we keep a dominance ranking but assign arbitrary
values to the transmission rate f; and virulence v, of
each strain. The analysis of the previous examples
allows us to understand the observed complex dis-
tribution of infected hosts and its dependence on the
mutation rate. In figure 4 we show the distribution of
infected hosts and the basic reproductive rate for
randomly distributed transmission rates £, and viru-
lences v;. The transmission rates and virulences were
chosen from a uniform random distribution. In figure
4 we observe a highly complex multipeaked dis-
tribution of infected hosts. As the mutation rate
increases, the distribution becomes broader and the
total number of infected hosts decreases. This example
demonstrates that intra-host competition (arising from
mutation only) can account for a highly complex
parasite population structure.

Proc. R. Soc. Lond. B (1994)

6. CONCLUSION

We have analysed a combined model of intra- and
inter-host parasite evolution and investigated the effect
of mutation on the evolution of virulence. In the
present model, competition between mutants during
an infection only arises from (intra-host) mutation of
the parasite. We explicitly excluded the possibility of
superinfection (May & Nowak 1994; Nowak & May
1994) or co-infection (M. A. Nowak & R. M. May,
unpublished results).

Our model is relevant for those parasites that have:
(i) a significant production rate of new dominating
mutants during an infection (this may correlate with a
high nucleotide misincorporation rate) ; and (ii) a large
replication rate and a long duration of the infection
(this results in a large number of parasite generations
and will allow selectively advantageous mutants to
grow to high frequencies during an infection). There-
fore, the model provides some insight into the evolution
of virulence for persistent bacterial or viral infections
such as tuberculosis, measles or retroviral infections.
An interesting example is, of course, the human
immunodeficiency virus (HIv). HIv replication is error
prone (Preston et al. 1988; Roberts et al. 1988).
Sequential virus samples taken at several time points
during an individual infection demonstrate that dif-
ferent mutants prevail at different time points in the
infection (Holmes et al. 1992). Hiv replication occurs
throughout the course of infection (Embretson et al.
1993; Pantaleo et al. 1993). The intra-host evolution of
HIV may even be the mechanism of disease progression
(Nowak et al. 1990, 1991). Ewald (1993) argues that
HIV evolves to become more virulent if the transmission
opportunities increase. Although our model does not
specifically describe the dynamics of sexually trans-
mitted diseases (Lipsitch & Nowak 1994), it never-
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theless suggests that the virulence of HIV may be
determined by intra-host evolution. Hence, changing
the epidemiological transmission pattern may have
little effect on the virulence of Hiv.

Intra- and inter-host evolution of microparasites
may work in opposing directions. Intra-host selection
will favour dominating mutants regardless of their
effect on host mortality, whereas inter-host selection
may work to decrease virulence. It is the balance
between inter- and intra-host selection advantages
which allows for the stable polymorphism in the
parasite population.

We summarize the most important observations.

1. The strain with the largest basic reproductive
rate is the lowest in the dominance ranking of those
strains which persist in the host population. It can
occur with very low abundance in the parasite
population.

2. Strains with a basic reproductive rate smaller
than 1 can persist in the host population. Even strains
without any potential for transmission can be held in
equilibrium by the mutation—extinction balance.

3. Intra-host parasite competition shifts the dis-
tribution of parasite strains to larger virulences if intra-
host dominance and virulence are correlated. The
resulting level of virulence is determined by the trade-
offs between transmission rate, virulence and intra-
host dominance.

4. We can observe an evolution towards an in-
termediate level of virulence even if there is no trade-
off between virulence and transmission rate.

5. A high mutation rate can be disadvantageous for
the parasite, because it may enhance the effect of
‘short-sighted’ intra-host competition and may pre-
vent the parasite from adapting the optimal strategy
(in respect to virulence and transmissibility) for
infecting a large number of new hosts. Indeed, the total
number of infected hosts can decline with increasing
mutation or take-over rate, ¢. Essentially a high
mutation rate increases the relative importance of
intra-host over inter-host competition, and the latter
determines the spread of the parasite in the host
population.

6. The equilibrium density of susceptible hosts
depends only on the parameters of the strain with
maximum basic reproductive rate.

7. Mutation can lead to a stable polymorphism of
parasites in the host population.

8. Increasing mutation broadens the distribution of
parasite virulence in the host population.

9. There is a threshold for the rate of intra-host
evolution above which the parasite is unable to persist
in the host population.
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