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Abstract

Background: The evolution of within-host growth rates by parasites is expected to depend on a
trade-off between propagule production and virulence. The presence of coinfections, however, is
thought to alter this trade-off, and hence alter the evolutionarily stable strategy (ESS) for the
parasite. Here | consider a model wherein the number of coinfections that are identical by descent
can depend on the parasite's reproductive strategy. Transmission success was treated as being
either a negative-linear or a negative-exponential function of the total number of propagules
produced by all coinfections.

Results: Increasing the number of unrelated coinfections either selected for a decrease in
reproductive output by the parasite (linear case), or had no effect on the ESS (exponential case).
Nonetheless, the total number of propagules produced within each host increased in both cases.
Increasing the relatedness among coinfections, however, selected for reductions in parasite
reproduction in both cases.

Conclusion: Unrelated coinfection may increase overall parasite virulence, but the result stems
from adding more infections rather than to more aggressive growth by the individual infections.
However, all else being equal, if the coinfections are more related than expected by chance alone,
then the total reproductive output by all coinfections would be expected to be reduced, resulting
in reduced virulence.

Background

Present theory for the evolution of parasite virulence is
built upon the idea that there is a trade-off between the
advantage of within-host replication and the disadvantage
that such replication has on host survivorship [1-4]. Sev-
eral factors have been shown to affect this trade-off, and
thus change the attractor of local evolutionary dynamics
[review in [5]]. For example, the generation of new strains
during the course of infection by mutation, and/or the
direct addition of new coexisting strains (coinfections),
can select for increased rates of parasite replication by

decreasing relatedness among strains and increasing the
among-strain, within-host competition [4-11]. However,
in contrast to this widely accepted view that coinfection
selects for increase parasite virulence, three more recent
models have shown that adding coinfections could
instead select for reduced rates of replication by parasites
[12-14]. Using kin selection models, Chao et al. [13]
found that soft selection could lead to the evolution of
reduced virulence in coinfections, and Brown et al. [12]
found that a "collective action" by coinfecting parasites
could lead to the evolution of reduced virulence. Using
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computer simulations of an epidemiological model,
Schjerring and Koella [14] found that sub-lethal effects of
parasites could also lead to reduced virulence. As such, it
would seem that the details are important in determining
whether or not coinfection increases virulence.

I constructed a kin-selection model to examine the effects
of coinfection and relatedness on propagule production
in spore-producing parasites. The model is different from
previous kin-selection models in that it examines the
effect of competition between the transmission stages pro-
duced by all infected individuals in a large population of
susceptible hosts. The model assumes that an annual host
comes into contact with parasite spores as a juvenile. If
multiple spores infect the same host at about the same
time, they produce coexisting infections within the host.
(The number of coinfections is assumed here to be prop-
erty of susceptible hosts, rather that a function of parasite
reproductive rates.) During the within-host growth phase,
the parasites replicate at a rate such that N propagules are
produced by the end. The propagules do not directly inter-
fere with each other, thus two infections could potentially
produce twice as many propagules during the within-host
growth period as one infection. Following within-host
replication, the propagules metamorphose into spores
that become competent for release into the external envi-
ronment; the release occurs when the annual host dies,
rather than is an steady stream as they are produced [fol-
lowing [15]]. After their release, the spores are "free-liv-
ing" until the following year's cohort of juvenile hosts
emerges. I assume that the probability that a propagule
becomes a free-living spore depends on the total number
of propagules produced during the within-host growth
period by all coinfections within the host. This latter
assumption is similar to that made by both Chao et al.
[13] and Brown et al. [12]. Propagule production reduces
the probability of spore formation and/or dissemination;
but the effect of infection on the host varies by system and
depends on the relationship (generally negative) between
total propagule number and host reproductive output.
Nonetheless, I assume that the host is not killed during
the within-host growth period prior to spore formation.
Finally, I assume that the spores do not survive more than
one year in the environment. The effect of carryover
among years has been treated elsewhere [10,16,17].

Results

Consider an asexual population of haploid parasites [see
[18]]. Most of the host population is infected with para-
sites having the wild type, a, allele; and each of these par-
asites produce N, propagules during their within-host
growth phase. One host, however, is infected with one or
more parasites having a mutant allele, A, which leads to
the production of N, propagules during the within-host
growth phase. The expected fitness of this rare strain of
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parasite, W,, is the number of propagules that escape the
host and become free-living spores, S,, times the product
of the number of hosts, H, and the number of infections
per host, K, divided by the total number of spores in the
population, S,

WA= SA

HK. (1)

Stot

Here S, is equal to the number of propagules produced,
N,, times the probability that each propagule produced is
successfully released as a spore, T; hence S, = N,T. The var-
iable T is negatively related to the total number of prop-
agules, N, produced by all infections within a host, K.
Below 1 consider two cases for the relationship between
transmission, T, and total propagule number, N,.,: expo-
nential and linear.

Exponential case

I first consider the case where each propagule has the same
proportional negative effect on T as all other propagules.
Thus

T=(€>)ip{-0![NA+ (K-1)(NA(f+ (1-Hp) + N,(1-H(1-p))I},
2

where « gives the effect of each propagule on the expected
probability of spore formation and transmission to the
environment; f gives the probability that a coinfection is
identical by descent [following [19]], and p gives the fre-
quency of the A allele in the population. The expression in
square brackets is the total number of propagules pro-
duced, N,,,, within the focal host containing the mutant
parasite strain. Finally, S, is the total number of spores
produced in the focal host, Si,.,, plus the number pro-
duced in all other hosts, Sy e:(Siot = Stocal + Sother), Where

Sfocal = TNtot' (3)

and Syger = (H—1)KN,e N (4)

Taking the limit as host population size, H, goes to infin-
ity and p goes to 0 [following [20]], the expected fitness of
the mutant bearing the A allele converges on

NAe'O‘LNA+(K*1)((1*f)Na*fNA)J NAe—ocKN

(5)

WA:

N, e-aKN A N, e-zxKN a

where N is the average number of propagules produced
in the focal host.
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The proportion of infections in the focal host that are
identical by descent and express the A allele could be
affected by a change in the reproductive rate of the para-
site. Thus f might be a function of N,. All other variables
(i.e., N, and K) were treated as constants. By the chain
rule, the change in fitness given a slight heritable change
in N, is equal to

AW,
N,

_ W, aW,
N, of

By (6)

where [ gives the regression of f on propagule number,
N. This method is based on the method of Taylor and
Frank [11], but it considers how changes in the probabil-
ity of identity by descent changes with the phenotype of
the focal individual, rather that how the group mean phe-
notype N changes with the phenotype of the focal indi-
vidual. Nonetheless, as the group mean in the present
model only changes with changes in f and N, the
approaches are similar and they yield identical results.

Using standard methods [21], the equilibrium value for
the number of propagules produced (N*) is found by
solving for

dw,
N,

=0. (7)
No=N,=N*

The equilibrium is also evolutionarily and convergence
stable [22-26], respectively, if:

RN
dNi NA=N,=N*

d*W,,

<0, and —*—
AN,dN p | Na=Na=N"

<0. (8)

Solving equation (7), the equilibrium number of prop-
agules produced during the period of within-host repro-
duction is:

1

N =—— (9)

T ofl+ f(K-1)]
which is both evolutionarily and convergence stable.

When there is only a single infection within each host
(thus K = 1), the equilibrium value, N*, reduces to «!,
which is the value that maximizes R,[27]. I refer to «! as
the baseline value. Given the result in equation (9), para-
sites will be selected to produce fewer propagules than the
baseline value when f(K-1) > 0, which is when the number
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of coinfections that are identical by descent is greater than
zero. Conversely, parasites will be selected to produce
more propagules than the baseline value when f(K-1) < 0,
which is not biologically possible. Hence in this model,
coinfection does not lead to selection to increase in the
within-host growth rate. However, coinfection could lead
to a reduction in the within-host growth rate if multiple
individuals share the same mutation.

At equilibrium, the total number of propagules produced
within a host, N, is simply the number of coinfections, K,
times N*. Hence

* K
tot = o (10)
all+ f(K-1)]
In the present model, relatedness, R, is equal to the fre-

quency of infections within the focal host that share the
mutation. Thus

R= /KD (11)
K
As such, N, reduces to 1/(Re). Similarly, N* reduces to 1/

(RK@). In these terms, coinfection will result in a decrease
in propagule production when N* is less than the baseline
value, which is when R>1/K. Because 1/K gives the related-
ness expected by chance in a well-mixed population of
spores, selection is expected to favor a reduction in the
rate of propagule production when relatedness is greater
than that expected by chance alone. If instead, relatedness
is equal to that expected by chance (R = 1/K), adding coin-
fections should have no effect on the parasite's ESS. Only
if relatedness is less than that expected by chance (i.e.,
R<1/K) would the parasite be selected to increase its
within-host growth rate to be greater than the baseline
value of o!.

What about transmission? How does the sum of prop-
agule production by multiple coinfections affect the prob-
ability of successful spore formation and transmission
from the infected host into the environment? The trans-
mission probability at equilibrium is

T* = e—od\lml _ e-l/R.

(12)

Note that for K = 1 (and therefore R = 1), the result reduces
to e, which converges on a previous result assuming a
single infection per host [27]. For K>1, T* will be e! as
long as R = 1. If on the other hand, for R<1, the transmis-
sion probability at equilibrium is less than e-l. For exam-
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Graphical results for the exponential and linear cases. Circles: R = I/K. Squares: R = |. The top row gives the evolutionarily sta-
ble number of spores produced during the within-host growth phase, N*. The middle row gives the total number of spores
produced by all coinfections in a host at the parasite's ESS, which is equal to the produce of the number of coinfections, K, and
the equilibrium number of spores produced by each infection, N*. The bottom row gives the per propagule probability of suc-
cessful spore formation and release from the host, T*.
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ple, in a well mixed population of spores, R = 1/K, and T*
= eK. Thus, in general, unrelated coinfections reduce the
overall transmission probability (and may increase viru-
lence), but the result stems from a greater number of
infections per host, not from an increase in the within-
host growth rate of the parasite.

The total number of spores that emerge from an infected
host at the parasite's equilibrium is simply E* = KN*T*,
which simplifies to

-1/R

oR
Greater total spore production per host is thus expected at
equilibrium as relatedness increases.

Linear case

The results above apply to the situation where the addi-
tion of each propagule has the same proportional effect as
any previously added propagule. For comparison, it is
useful to consider the situation where each propagule has
the same absolute effect, giving a linear reduction in trans-
mission probability with total propagule number. (This
also the assumption in previous kin-selection models
[5,13,14]). Consider for example the case where

T=( 1 -)Of{NA+ (K- DINAF + (1-p) + N,(1-H(1-p)]}-
14

The expression in parentheses is the total number of prop-
agules produced, N,,,,, within the focal host containing the
mutant parasite strain. Finally, S,,, is the total number of
spores produced in the focal host, S;,.,, plus the number
produced in all other hosts, S_,.,, where

Sfocal = TNIOU ( 15)

and S, ., = (H - 1)KN,(1 - aN,K).  (16)

As host population size, H, goes to infinity and p goes to
0, the expected fitness of the mutant bearing the A allele
converges on

_ Nall=afNy +(K=1)((1= f)Na = NA)I}

W, 17
A N,(1-aKN,) (17)
Working as above, the equilibrium value is
1 1
N* (18)

o[K+1+ f(K-1)] oK(1+R)’
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which is both evolutionarily and convergence stable. The
result shown in equation (18) is the same as that derived
by Chao et al. [see eq. [5] in ref. [13]]; the result is also
conceptually similar to the result derived by Brown et al.
[12].

As previously, the benchmark value, R, is found by set-
ting K = 1, which gives N* = 1/(2); this result converges
to that first shown by Frank [5]. Coinfection results in
increasing the rate of within-host reproduction when the
right hand side of equation (18) is greater than the bench-
mark value for singleton infections, which is when
2>(K+1+f(K-1)), which is not biologically possible given
that the minimum value for K is 1. Conversely, coinfec-
tion results in selection to reduce the rate of propagule
production when 2<(K+1+f(K-1)), which is whenever
there are coinfections (i.e., K>1). Nonetheless, holding
the total number of coinfections constant, there will be
selection to increase propagule production as f decreases;
but it will always be less than the value that maximizes R,,.

The total number of propagules produced within a host at
equilibrium, N, is the number of coinfections, K, times
N*. Hence

N = K 1
YT (K+1)+ f(K-1)] a(d+R)

(19)

The transmission probability at equilibrium is T* = 1 -

0N, which simplifies to
R
T=—. (20)
1+R

Thus, as for the exponential case, increasing relatedness
among coinfections increases transmission at equilib-
rium, and reduces virulence. Finally, the total number of
spores that emerge from an infected host at the parasite's
equilibrium is E* = KN*T*, which simplifies to

R
Ef=———. (21)
o(1+R)
Increasing relatedness among coinfections therefore
results in greater total spore production at equilibrium.

Discussion

The results are consistent with the recent studies [12-14]
suggesting that coinfection in spore-producing parasites
would not necessarily result in selection for increased
rates of within-host replication (Fig. 1). For the exponen-
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tial case, increasing the number of coinfections selects for
a decrease in propagule production whenever relatedness
is greater than expected by chance alone (R>1/K). Other-
wise (i.e., R = 1/K), the stable growth rate for each infec-
tion is unaffected by increasing the number of
coinfections. For the linear case, increasing the number of
coinfections selects for a decrease in the within-host
growth rate by each infection, even when the probability
that a coinfection is identical by descent is equal to zero (f
= 0) and relatedness is equal to that expected in a well-
mixed population of spores (R = 1/K). Nonetheless, the
total number of propagules produced by all the coexisting
coinfections does increase with the number of coinfec-
tions, unless relatedness (R) is equal to one. Thus overall
virulence may increase with increasing numbers of coin-
fections, but this is not due to more aggressive growth by
each of the individual infections.

For example, suppose that there is only one infection. For
the linear case, the propagule production for that infec-
tion would be equal to 1/(2¢), and the transmission prob-
ability per propagule would be equal to one half. Now
suppose there are two coexisting unrelated infections that
each make at 1/(2¢) propagules. In this case the total
number of propagules produced, N,.,, would be 1/¢, and
the transmission probability (T = 1-aN,,,) would be zero.
Hence there would be strong between-host selection to
reduce the number of propagules produced by each infec-
tion. The results above suggest that the continuously sta-
ble strategy for this example would be 1/(3¢) for each
infection, which yields a transmission probability of
0.333. This value is clearly less than that observed for a
single infection, so the total impact of adding a coinfec-
tion is negative; but the reduction comes from adding the
coinfection, not from more rapid reproduction by each
coinfection.

These results are in contrast to previous models, which
have shown that adding a coinfection selects for an
increase in the parasite's growth rate [5-7]. The reason for
the difference in results is not transparent, but may be due
to the different assumptions. For example, the Nowak and
May model [7] assumed that virulence is determined by
the most aggressively growing strain, while the models
above assume that the probability of spore formation and
release (which could be correlated with virulence) is
determined by the total number of propagules produced
by all coinfections [see also [13,14]]. On the other hand,
the results may stem from my assumption that the infec-
tion does not kill the host prior to spore formation. Sch-
jorring and Koella [14] showed that coinfection in lethal
parasites selected for greater parasite growth rates, but that
coinfection by parasites with sub-lethal effects resulted in
selection for reduced rates of parasite growth. Finally, the
difference might stem from my simplifying assumption
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[following [5,14]] that the number of coinfections at equi-
librium is a property of the host's biology, and not deter-
mined by the within-host growth rates by parasites.

My feeling, however, is that the different result stems (at
least in part) from the fact that the present models include
competition between all the spores produced in a large
population of infected hosts. Thus the importance of
between-host competition may outweigh the importance
of within-host competition, and thus select for a reduced
rate of reproduction. Consider, for example, the difference
in assumptions between Frank's model [5] and the mod-
els presented above. Frank (page 71) considers parasites
that are horizontally transmitted by a vector. The vector
ingests a fixed volume of blood from an infected host, and
transmits the parasite's transmission stages to an unin-
fected host. The relative fitness of a coinfecting parasite
thus depends on the proportion of its transmission stages
that occupy the blood, and hence there is selection to
increase its rate of reproduction. In contrast, [ assumed
that the transmission stages (spores) become mixed
together following their release from the hosts, and that
parasite fitness is determined by how many spores are
shed by the focal infection relative to the number of
spores shed by all the individual infections in the parasite
population. As such, the competition is shifted from
being very local (within a single host) to more global
(among all hosts), and selection is shifted from favoring a
more aggressive reproductive strategy to favoring a more
cooperative strategy.

In any case, the results of the present study are consistent
with previous models showing that relatedness among
coinfections would lead to selection to reduce the rate of
within-host replication [5,9-13]. If all the coinfections are
identical by descent, then each infection would be
expected to produce an average of one K of the prop-
agules expected in populations where only singleton
infections are possible. The total number of propagules
produced would then be expected to be equal to the
number expected for a single infection per host.

The model was formulated here by examining the effect of
total propagule production on the expected probability of
spore formation and transmission into the environment.
It assumes that each additional propagule produced by all
coexisting infections reduces this probability; but the
reduction may or may not be completely mediated
through the effects that the propagules have on host sur-
vivorship following spore formation. The propagules may
interfere with each other's success through ways other
than reducing host survival. The actual effect of the infec-
tion on host fitness (virulence) is therefore not necessarily
described by the same function that relates total prop-
agule production to spore transmission; but virulence is
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nonetheless expected to be negatively correlated with the
total number of propagules produced. As such, the results
suggest that coinfection should lead to an increase in vir-
ulence, unless all the coinfections are identical by descent;
but the increase is not due to more aggressive growth by
each infection relative to that expected for solo infections.

Conclusion

The addition of unrelated coinfections may increase over-
all virulence; but the result stems from adding coinfec-
tions, rather than to more aggressive growth by the
individual infections. However, holding coinfection
number constant, increased relatedness among coinfec-
tions selects for less aggressive parasite growth, potentially
resulting in a reduced impact for the overall infection.
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