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ABSTRACT: A major focus of research on the dynamics of host-
pathogen interactions has been the evolution of pathogen viru-
lence, which is defined as the loss in host fitness due to infection.
It is usually assumed that changes in pathogen virulence are the
result of selection to increase pathogen fitness. However, in some
cases, pathogens have acquired hypovirulence by themselves be-
coming infected with hyperparasites. For example, the chestnut
blight fungus Cryphonectria parasitica has become hypovirulent in
some areas by acquiring a double-stranded RNA hyperparasite that
debilitates the pathogen, thereby reducing its virulence to the host.
In this article, we develop and analyze a mathematical model of
the dynamics of host-pathogen interactions with three trophic lev-
els. The system may be dominated by either uninfected (virulent)
or hyperparasitized (hypovirulent) pathogens, or by a mixture of
the two. Hypovirulence may allow some recovery of the host pop-
ulation, but it can also harm the host population if the hyperpara-
site moves the transmission rate of the pathogen closer to its evo-
lutionarily stable strategy. In the latter case, the hyperparasite is
effectively a mutualist of the pathogen. Selection among hyperpar-
asites will often minimize the deleterious effects, or maximize the
beneficial effects, of the hyperparasite on the pathogen. Increasing
the frequency of multiple infections of the same host individual
promotes the acquisition of hypovirulence by increasing the op-
portunity for horizontal transmission of the hyperparasite. This ef-
fect opposes the usual theoretical expectation that multiple infec-
tions promote the evolution of more virulent pathogens via
selection for rapid growth within hosts.
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Pathogens can have profound effects on both the ecologi-
cal and evolutionary dynamics of their hosts (Price 1980;
Burdon 1987). One of the most important influences on
the strength of these interactions is pathogen virulence,
defined here as a measure of the effect of infection on
host fitness. The factors that influence the evolution of
virulence have therefore emerged as a major issue in the
study of host-pathogen systems. Theoreticians have been
especially active in this area, most working under the as-
sumption that virulence is related in some way to patho-
gen transmission (Levin and Pimentel 1981; Anderson
and May 1982; Ewald 1983; May and Anderson 1983;
Antia et al. 1994; Frank 1996). Anderson and May (1982)
found that the specific relationship between pathogen
transmission rate and virulence may often determine the
evolutionary dynamics of virulence. If virulence increases
linearly with a pathogen’s transmission rate, then selec-
tion should favor ever-increasing virulence. By contrast,
selection will favor an intermediate level of virulence
when an increase in transmission results in a dispropor-
tionately greater increase in virulence. Recent models
have also emphasized how within-host population dy-
namics of pathogens may influence the evolution of virt-
lence (Antia et al. 1994; Nowak and May 1994).
Pathogen virulence may also be influenced by organ-
isms at a higher trophic level that debilitate the pathogen.
Consider a pathogen that is, in turn, infected by a para-
site of its own—hereafter termed a hyperparasite. The
hyperparasite may have a deleterious effect on the patho-
gen and thereby affect other species down the trophic
chain in a manner similar to the top-down effects that
predators can have on communities (Hairston et al.
1960; Fretwell 1977; Oksanen et al. 1981; Powers 1992;
Holt and Hochberg 1998). Hyperparasitoids, for exam-
ple, have been shown to have these effects in arthropod
food chains, often undermining efforts to employ parasi-
toids as biological control agents (Beddington and Ham-
mond 1977; May and Hassell 1981). Invasion of a host-
pathogen system by a hyperparasite having deleterious
effects on the pathogen may mimic the dynamics ex-
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pected from an evolutionary reduction in virulence, espe-
cially when the hyperparasite is intracellular and hence
difficult to detect without detailed study.

It is not clear how important internal hyperparasites
might be in reducing pathogen virulence, but there is
reason to believe hyperparasitism is common in nature.
There are many cases involving hyperparasitism of fungal
pathogens of plants (Hollings 1982; Buck 1986). Often,
these hyperparasites are double-stranded (ds) RNA ele-
ments that do not produce any capsid and hence have no
independent existence outside the pathogen. Double-
stranded RNAs infect a wide range of fungal species in-
cluding oomycete (Tooley et al. 1989; Newhouse et al.
1992), ascomycte (Nuss and Koltin 1990; Enebak et al.
1994), and basidiomycete (Lawrence et al. 1988) patho-
gens. Infections by dsRNA elements generally decrease
pathogen virulence (Nuss and Koltin 1990). Many bacte-
rial species are also infected by various plasmids and vi-
ruses (Levin and Lenski 1983), many of which encode
functions, such as resistance to antibiotics, that benefit
their hosts in certain environments. Under other condi-
tions, however, these same elements—and presumably
other elements that lack these functions—may reduce
the growth rate of their bacterial hosts (e.g., Lenski and
Bouma 1987).

In this article, we develop a mathematical model of the
dynamics of host-pathogen interactions in which there is
a hyperparasite, which constitutes a third trophic level.
Qur formulation is similar to an earlier model (Lenski
and May 1994) of the evolution of virulence except that
we introduce a second pathogen, one that carries a hyp-
erparasite, into the population. The resulting model is
therefore similar to prior models of competing pathogens
(Levin and Pimentel 1981; Levin 1983; Hochberg and
Holt 1990) except that we assume an explicit relationship
between pathogen transmission and virulence to examine
how these properties are affected by hyperparasitism. The
biology of hyperparasitism also dictates certain assump-
tions regarding the transmission properties and competi-
tive abilities of the two pathogen types. For example, we
assume that a hyperparasite debilitates the pathogen,
which simultaneously reduces the pathogen’s rate of
transmission and its virulence. Finally, we include density
dependence, which allows us to examine the effects of
hyperparasitism on host recovery.

A Model for the Acquisition of Hypovirulence
by Hyperparasitism

The model includes three host populations: uninfected
hosts (U), hosts infected by the virulent pathogen (V),
and hosts infected with a pathogen that is hypovirulent
because it is infected by a hyperparasite (H). We assume

Table 1: Parameters of the model and their range of possible
values

Parameter Definition Range
U Density of uninfected hosts U=o0
\% Density of hosts infected with a viru- V = 0
lent pathogen
H Density of hosts infected with a H=0
hyperparasitized pathogen
b Maximum host fecundity b>d
a Intensity of density-dependent a>0
effects on host fecundity
d Host death rate due to factors other d > 0
than disease
B; Transmission rate of pathogen i Bi>0
e Linear component of the relation- e, >0
ship between disease-induced host
death rate and pathogen transmis-
sion rate
e, Quadratic component of the rela- e, =0
tionship between disease-induced
host death rate and pathogen
transmission rate
s Efficiency of horizontal transmission s =0
of hyperparasite (relative to verti-
cal transmission)
Cj Rate at which hyperparasite j dis- G; >0
places hyperparasite 7 via horizon-
tal transmission
pi Relative fecundity of hosts infected 0 = p; =1

with pathogen i

that an individual host can support only a single type of
infection, although the type of infection may change (see
below). All hosts are born uninfected at a per capita rate
that is density dependent, that is, b — aN, where N is the
number of all hosts (U + V + H). (Table 1 summarizes
the definitions of all the model variables and parame-
ters.) All hosts may reproduce, but the birth rate of in-
fected hosts is reduced to a fraction py for virulent
pathogens and py for hyperparasitized pathogens. Unin-
fected hosts become infected with the virulent and hypo-
virulent pathogens at rates ByUV and ByUH, respec-
tively, where By and Py are the rates of infectious
transmission of the two pathogen types. All hosts die at
the rate d due to causes other than infection, while in-
fected hosts are subject to extra deaths. The extra death
rate due to infection is a quadratic function of the patho-
gen’s rate of transmission, that is, e,y + e,B{ for the
virulent pathogen.

The hyperparasite is assumed to have no independent
existence outside the pathogen. It is vertically transmitted
with all propagules produced by the hyperparasite-



infected pathogen. The hyperparasite, debilitates the
pathogen to some degree, reducing the pathogen’s trans-
mission rate to some lower value By, which in turn re-
duces the extra death rate to ¢,By + e,B#. The hyperpar-
asite can also be transmitted horizontally. Specifically, it
can infect the virulent pathogen when propagules of the
hypovirulent pathogen—which carry the hyperparasite—
infect hosts that are already infected with the virulent
pathogen. The rate of horizontal transfer is sPy, where
the constant s is a measure of the relative efficiency with
which the hyperparasite is transferred from the hypoviru-
lent propagule to the virulent infection. The value of s
may be greater or less than unity depending on whether
it is easier for a hyperparasitized pathogen to infect a
host already infected with the virulent pathogen or to in-
fect an uninfected host, respectively.

Given these conditions, the rates of change for the
three host populations are:

U= (b—aN)(U + pyV + pyH)
- dU - B\’UV - BHUH;
V = ByUV — sByHV — dV — (e,fy + e:p3)V; (2)

(1)

and
H = ByUH + spyVH — dH — (e,By + &;Bi)H, (3)

where the dot notation indicates differentiation with re-
spect to time. This formulation is similar to Hochberg
and Holt’s (1990) model except that we generalize their
model to include density dependence and make the spe-
cific assumption that there is some relationship between
pathogen transmission and disease-induced mortality.

Invasion Conditions and Equilibria

Henceforth, we assume that b > d so that the host popu-
lation can persist in the absence of the pathogen and
that ByU > d + e¢,By + e,B% so the virulent pathogen
can invade a population of uninfected hosts at their equi-
librium density in the absence of hyperparasites, U =
(b —d)la.

When the hyperparasite is absent, there is a unique in-
terior equilibrium (Lenski and May 1994) at which

_ d + (efy + eB?)
By

Uy (4)

and

—B + VB? + 4AC
2C ’

\A/=

(5)

where Uy is the equilibrium population size of unin-
fected hosts in the presence of the virulent pathogen and
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A=Uy(b—aUy, —d)>0,B=Uyla + apy + By) —
pvb, and C = apy > 0. The eigenvalues of the commu-
nity matrix (May 1974; Levins 1975) have negative real
parts, so this equilibrium is stable.

Now consider a rare hyperparasite invading this equi-
librium. Substituting U, and V into equation (3) and
solving for s, the hypovirulent pathogen will invade when

s> (Bv - BHA) (d — eZBVBH)' (6)
VBB

Next, we consider the equilibrium population consisting
of uninfected hosts and hosts that are infected by the hy-
povirulent pathogen (i.e., the hyperparasite is fixed
within the pathogen population). The equilibria for Uy
and H are identical to equations (4) and (5), respectively,
except with the appropriate notational changes. The viru-
lent pathogen can invade this equilibrium only when

s < (Bv - BH)(d _ EZB\’BH)'
HpB4

(7)

For the virulent and hyperparasitized forms of the patho-
gen to coexist, inequalities (6) and (7) must both be true.

A hypovirulent pathogen can invade if the hyperpara-
site it carries does not seriously reduce pathogen trans-
mission (i.e., By is close to By),-and if the hyperparasite
has some horizontal transmission (s > 0) (fig. 1). Coexis-
tence of virulent and hypovirulent pathogens is most
likely when the hyperparasite spreads primarily by hori-
zontal transmission (low By and high s) because the hy-
povirulent pathogen depends primarily on the virulent
pathogen for its existence in these situations. In fact, the
hyperparasite may depend on horizontal transmission to
such an extent that the hypovirulent pathogen cannot be-
come established until after the virulent pathogen has al-
ready become established (region II, fig. 1). This result
echoes Hochberg and Holt’s (1990) conclusion that for
competing parasites to coexist there must be some trade-
off between a parasite’s transmission rate and the ability
to compete within multiply-infected hosts. Such a trade-
off is inherent in our model because we assume that the
hyperparasite reduces pathogen transmission and that
horizontal transmission of the hyperparasite causes hypo-
virulent pathogens to dominate within multiply-infected
hosts.

The parameter e, governs whether pathogen virulence
rises linearly (e, = 0) or disproportionately (e, > 0) with
increasing transmission rate, and it is especially impor-
tant for understanding the spread of the hyperparasite.
When e, = 0, selection on the pathogen favors maximal
transmission (Anderson and May 1982). The hyperpara-
site, therefore, invariably lowers the fitness of the patho-
gen by reducing pathogen transmission, and the existence
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Figure 1: Effect of the relationship between pathogen transmission and virulence on the invasion conditions for the virulent and
hyperparasitized pathogens. A, e, = 0. B, e, = 2.0. Dashed lines indicate the boundary where the hyperparasite can invade a popu-
lation of virulent pathogens; invasion occurs above and to the right of the line. Solid lines indicate boundary conditions for inva-
sion of the virulent pathogen into an equilibrium population of hyperparasitized pathogens; invasion occurs below and to the left
of the line. Regions of the graph are as follows. I = the hyperparasite cannot invade a virulent pathogen population. II = hyper-
parasite can only invade if the virulent pathogen is already resident within the host population; the resulting equilibrium popula-
tion contains a mixture of virulent and hyperparasitized pathogens. III = hyperparasite will always invade when rare; the resulting
equilibrium population contains a mixture of virulent and hyperparasitized pathogens. IV = hyperparasite always invades when
rare; at equilibrium, all members of the pathogen population are infected by the hyperparasite. Other parameter values are as
follows: b = 5,a = 0.8,d = 0.5, py = py = 0, ¢, = 0.1, By = 1.5.

of the hyperparasite requires sufficient horizontal trans-
mission to offset this effect (fig. 1A). When e, > 0, how-
ever, selection on the pathogen favors intermediate trans-
mission (Anderson and May 1982). By reducing the
pathogen’s transmission, the hyperparasite may actually

push the pathogen closer to its evolutionarily stable strat-
egy (ESS), in which case the existence of the hyperpara-
site does not require horizontal transmission (fig. 1B). To
see this, notice first that when e, > 0, the hyperparasite
spreads to fixatjon if



d
Bvez'

This condition renders the inequality in equation (6) true
and the inequality in equation (7) false for all other rele-
vant parameter values (including s = 0). Then consider
the fact that the pathogen’s ESS transmission rate is that
which minimizes the density of uninfected hosts (Lenski

and May 1994) or
d
B = \F ()
€,

Combining equations (8) and (9) implies that

By Bt
B Bu

Recalling that By > By, and recognizing that By must be
greater than B* in order to fulfill this inequality, equation
(10) implies that the hypovirulent pathogen can invade if
it is closer to the ESS than the virulent pathogen. In ef-
fect, the hyperparasite is a mutualist of the pathogen.

The life history of the host also has important effects
on the invasion conditions for the hyperparasite (fig. 2).
Reducing the strength of density dependence, g, restricts
the spread of the virulent pathogen (fig. 2A vs. B). This
effect occurs because reduced density dependence in-
creases the density of hypovirulent pathogens, which
makes it difficult for virulent pathogens to invade (eq.
[7]). Reduced density dependence also increases the den-
sity of virulent pathogens, which allows hypovirulent
pathogens to invade more readily (eq. [6]). The latter ef-
fect is less pronounced, however, because the density of
hosts infected by virulent pathogens is less sensitive to
density dependence than is the density of hosts infected
by hypovirulent pathogens.

Increasing the relative fecundity of infected hosts (py
and py) increases the equilibrium- number of infected
hosts (V or H, eq. [5]), making the condition for the in-
vasion of the hyperparasite more general (eq. [6]) and
the condition for the invasion of the virulent pathogen
more stringent (eq. [7]). A realistic scenario might be
that virulent pathogens reduce the fecundity of hosts
more than do hyperparasitized pathogens, that is, py <
pu. If py is much lower than py, the curves denoting the
critical values of s may intersect, creating a new region in
the parameter space (region V, fig. 3A). This region con-
tains an unstable equilibrium in which either pathogen
class can invade a pathogen-free population, but neither
can invade when the other pathogen is at equilibrium
(fig. 3B). Hence, the pathogen that persists is the one
that becomes established in the population first. These

Bu > (8)

(10)
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so-called priority effects have been found in previous
models of hyperparasitism (Hochberg and Holt 1990).

Selection among Hyperparasites

We now examine the conditions under which a mutant
hyperparasite can invade a system in which a hyperpara-
site has already spread to fixation in the pathogen popu-
lation. A mutant hyperparasite will infect pathogens al-
ready infected with the wild-type hyperparasite at a rate
of o;B;H;H;, and the opposite occurs at a rate of
c;B:H;H;, where H; and H; are the densities of the two
hyperparasitized hosts and ¢ is the rate that one hyper-
parasite displaces another via horizontal transmission.
The per capita rate of change of a rare hyperparasite in-
vading the equilibrium population is
H; .
ﬁ% = BjUi —d- (elBj + eZB;—) (11)
1 N N
— 0;BH: + o;BH;.
Assuming for simplicity that 6; = 6; = ¢ and substitut-
ing in the equilibrium value for U; (eq. [4]), the per cap-
ita rate of change for the mutant hyperparasite becomes

ﬁ _ (Bi = B)(BiBje, — GBiHi —d)
H_i Bi '

If e, = 0, then a mutant hyperparasite will invade only
when it allows a higher rate of transmission by its patho-
gen host (B; > B,). The evolutionary tendency, therefore,
is for hyperparasites to minimize their deleterious effects
on the pathogen. If e, > 0, then a hyperparasite that re-
duces the transmission of its pathogen host can invade
when

(12)

B > B,»H,-c + d.
! Biel

At any instant, the optimum pathogen transmission from
the perspective of the hyperparasite is

\/Biﬁic +d
€, .

Note that this optimum depends on the transmission
rate of the resident pathogen, so that a new optimum
transmission rate is established each time a new hyper-
parasite proceeds to fixation. An ESS is achieved when
the optimum transmission rate for an invading hyperpar-
asite is the same as the transmission rate for the resident
hyperparasite, which can be obtained by setting equation
(14) equal to B; and solving for B;. The resulting ESS is a
lengthy expression because H; is a complex function of
B;. However, assuming for simplicity that infected hosts
cannot reproduce and there is no density dependence,

(13)

(14)
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Figure 2: Effect of density dependence on the invasion conditions for the virulent and hyperparasitized pathogens. A, a = 0.80. B,
a = 0.05. Regions I-1V are the same as figure 1. All other parameters are as in figure 1A except By = 0.5.

the ESS pathogen transmission from the hyperparasite’s

perspective is
B* = ’G(b—d)-i—d
€, .

When competing hyperparasites cannot invade each
other via horizontal transmission (¢ = 0), the ESS from
the hyperparasite’s perspective is the same as the ESS for
the pathogen alone (eq. [9]). If 6 > 0, however, the hy-
perparasite raises the ESS pathogen transmission and vir-
ulence. Thus, while the proximate effect of a hyperpara-
site is inevitably to reduce the pathogen’s transmission
rate and virulence, it may ultimately raise the ESS trans-
mission rate and virulence under certain conditions.

(15)

Equilibrium Population Size

The effect of hyperparasitism on the density of the host
population is analyzed in the appendix but can be sum-
marized as follows. When e, = 0, selection on the patho-
gen always favors increased transmission and hence viru-
lence. In that case, the presence of a hyperparasite
reduces pathogen transmission and virulence, thereby in-
creasing host density (fig. 4A). This beneficial effect of
the hyperparasite on the host is diminished, however, as
the transmission rate of the hypovirulent pathogen ap-
proaches that of the virulent pathogen. When e, > 0, the
ESS of the pathogen dictates intermediate transmission
and virulence. In this situation, the density of hosts is
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Figure 3: Effect of unequal fecundity of hosts infected with the two pathogen types. A, Invasion conditions for the virulent and
hypovirulent pathogens. In region V, there is an unstable equilibrium, in which neither pathogen can invade the equilibrium estab-
lished by the other, although either type can invade an equilibrium population of uninfected hosts. Other regions are defined in
figure 1. B, Various perturbations of this unstable equilibrium (horizontal dashed line) all lead to fixation of one pathogen type
and extinction of the other type. The parameter values were as follows: py = 0, py = 1.0, By = 0.3, b = 2, a = 0.05, d = 0.75,

e, = 0.1,e, = 0.In B, s = 0.4 and By = 0.15.

lowest at some intermediate transmission rate. De-
pending on the transmission rates of the virulent and hy-
povirulent pathogens in relation to this ESS, therefore,
the reduction in pathogen transmission caused by the
hyperparasite may actually harm the host population (fig.
4B). In both cases, the transmission rate of the hypoviru-
lent pathogen that maximizes host density appears to be
that rate which is just high enough to eliminate the viru-
lent pathogen (i.e., the boundary between regions III and
IV, fig. 4).

Discussion

Because not all pathogens are deadly, and because patho-
gen virulence in some systems appears to have declined
over time (Fenner and Ratcliffe 1965; Allison 1982;
Ewald 1983), there is intense interest about what pro-
cesses or constraints may favor intermediate or reduced
virulence (Ewald 1983; Levin and Lenski 1983; May and
Anderson 1983; Dwyer et al. 1990; Bull et al. 1991; Herre
1993; Antia et al. 1994; Bull 1994; Lenski and May 1994;
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Figure 4: Equilibrium number of hosts as a function of hyperparasite transmission (By;). Regions I-IV as in figure 1. Solid lines,
short dashes, long dashes, and dash-dots represent total host density, U, H, and V, respectively. A, e, = 0. B, e, = 2.0. Other
parameter values are as follows By = 1.5, b = 4,a = 0.8,d = 05,¢, = 1,s = 1.7, py = py = 0.

Frank 1996). In this article, we consider the possibility
that what appears to be an evolutionary reduction in
pathogen virulence could in some cases be an ecological
phenomenon. That is, the pathogen may be infected by a
debilitating hyperparasite that reduces the pathogen’s vir-
ulence.

A critical factor in determining the impact of a hyper-
parasite on the dynamics of the host-pathogen interac-
tion is the form of the functional relationship between
the pathogen’s rate of transmission and its virulence. De-
pending on this relationship, selection acting on the
pathogen may favor either ever-increasing or intermedi-
ate virulence (Anderson and May 1982). This effect, in
turn, determines the invasion conditions for the hyper-
parasite and, in particular, the extent to which the hyper-

parasite depends on its own horizontal transmission. If
selection currently favors an increase in the transmission
rate of the pathogen, then hyperparasites inevitably re-
duce the fitness of the pathogen. In that case, whether
the hyperparasite can spread is determined by how seri-
ously it debilitates the transmission of its pathogen host
and its own rate of horizontal transmission. In circum-
stances where reduced pathogen virulence is favored,
however, the pathogen may actually benefit from the ac-
quisition of the hyperparasite, provided that the resulting
hypovirulence is nearer to the pathogen’s evolutionarily
stable strategy. In other words, the hyperparasite might
provide the mechanism whereby the pathogen achieves
the submaximal growth rate that provides the optimum
balance between transmission rate and host mortality. In



this case, hyperparasites can invade like any other favor-
able “allele” and do not require horizontal transmission.
Michalakis et al. (1992) suggested that this sort of mutu-
alistic interaction between parasites and their hosts may
be common in nature.

Different Ecological Factors Promote the Acquisition
versus the Evolution of Hypovirulence

Our model for the acquisition of hypovirulence via hy-
perparasitism differs substantively from earlier models
that describe the evolution of hypovirulence in more
conventional terms. In particular, these two classes of
models make diametrically opposed predictions with re-
spect to the effects of two ecological variables on the con-
ditions favoring hypovirulence.

Earlier models for the evolution of virulence have gen-
erally emphasized that increases in virulence are favored
when host population density is high and when multiple
infections on a single host (so-called superinfections) are
prevalent. The first effect operates because a higher host
density increases the opportunity for horizontal trans-
mission, which should tend to shift the selective balance
between infection of new hosts, on the one hand, and
continued survival of infected hosts, on the other hand
(Lenski 1988; Lenski and May 1994). The second effect
operates because superinfections promote within-host
competition between pathogen genotypes, which should
tend to favor those pathogens that grow faster and are
more virulent (Bremermann and Pickering 1983; Nowak
and May 1994; see also Frank 1992, 1996; Herre 1993;
van Baalen and Sabelis 1995).

In contrast, our model indicates that both high host
density and frequent superinfections promote the acqui-
sition of a hyperparasite—and concomitantly, hypoviru-
lence—by a pathogen. Both of these effects operate be-
cause they allow more efficient horizontal transmission
of the hyperparasite. From the standpoint of a hyperpar-
asite, virulent pathogens are a resource to be exploited
via horizontal transmission, and any factor that increases
their density will increase hyperparasite transmission.
Frequent superinfection places the virulent and hypovir-
ulent pathogens in close contact within a single host and
provides a greater opportunity for hyperparasites to
spread via horizontal transmission.

Selection among Hyperparasites

Natural selection will usually favor those variants of the
hyperparasite that minimize their deleterious effects, or
maximize their beneficial effects, on the pathogen. When
selection favors increasing transmission in the pathogen,
selection favors hyperparasites that reduce pathogen
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transmission least. When selection favors reduced patho-
gen transmission toward an intermediate optimum, se-
lection favors hyperparasites that move the pathogen
transmission closer to this optimum. The exception to
this rule is when hyperparasites compete with each other
via high rates of horizontal transmission (G > 0). In that
case, hyperparasitism reduces pathogen virulence in the
short term, but horizontal transmission among hyperpar-
asites actually increases the evolutionarily stable rate of
pathogen transmission and hence virulence.

The generality of these evolutionary trends, however,
may depend on the life-history characteristics of hyper-
parasites. We have assumed that horizontal transmission
of the hyperparasite is achieved when a hypovirulent
strain coinfects a host that harbors a virulent strain. Be-
cause this horizontal transmission requires the dispersal
and establishment of pathogen propagules containing
hyperparasites, we assume that it occurs at a rate (sBy)
that is proportional to the transmission rate of the patho-
gen (By). Thus, vertical and horizontal transmission of
the hyperparasite both depend on the successful trans-
mission of its pathogen host. Another consequence of
this life history is that it is impossible for a hyperpara-
site to rely exclusively on horizontal transmission (since
sy > O implies By > 0). A different result might be
found if the hyperparasite possessed a mode of horizon-
tal transmission that was independent of the transmis-
sion of its pathogen host—an encapsulated virus, for ex-
ample. In this case, if hyperparasite transmission is
enhanced more by horizontal than by vertical transmis-
sion, natural selection may maximize the rate of horizon-
tal transmission of the hyperparasite even though this
may have increasingly deleterious effects on the patho-
gen. Here, the hyperparasite may possess a life history
seen in many pathogens—one with no vertical transmis-
sion at all.

Hpyperparasitism and the Recovery
of the Host Population

Hyperparasites have been implicated as potentially useful
agents of biological control (Nuss 1992). Our model sug-
gests that where selection favors ever-increasing pathogen
transmission, pathogens with lower rates of transmission
have less deleterious effects on the host population, and
hyperparasites may be useful for biological control. We
show that the most effective hyperparasite for biological
control would have a very high component of horizontal
transmission and a severe enough effect on the pathogen
so as to allow recovery of the host population but not so
severe as to allow virulent strains to persist.

Where selection favors an intermediate optimum
pathogen transmission, however, pathogens that have
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this optimum transmission cause the greatest reduction
in the density of uninfected hosts (Lenski and May
1994). Although it is possible for a hyperparasite to effect
host recovery by reducing pathogen transmission below
the optimum, a hyperparasite that lowers pathogen
transmission to a value closer to this optimum may actu-
ally harm the host population. Moreover, the evolution-
ary tendency is for hyperparasites to move pathogens to-
ward an optimum rate of pathogen transmission, which
means that the hyperparasites most useful for biological
control will not be evolutionarily stable. Evolution in
hyperparasites, therefore, is expected to have deleterious
effects on the host population.

The Chestnut Blight Host-Pathogen System

Throughout this article, we have avoided tailoring the
model to any specific biological system. One natural sys-
tem for which the model may be particularly instructive,
however, is the chestnut blight host-pathogen system.
Recovery of chestnuts in many areas of Europe is
thought to be due to the spread of dsRNA hyperparasites
(Van Alfen et al. 1975; Heininger and Rigling 1994). In-
fection by these hyperparasites debilitates the fungal
pathogen (Cryphonectria parasitica), allowing trees to
“wall off” the fungal infections and recover. However,
repeated attempts to introduce dsRNAs into North
American populations of chestnut have failed, although
some limited natural recovery has occurred in chestnut
populations in Michigan (Fulbright et al. 1983; Brewer
1995).

Even in its general form, our model indicates that sev-
eral factors influence the likelihood of dsRNA invasion,
and any of these may potentially account for the lack of
recovery in North American chestnut populations. In
particular, our model shows that the rate of horizontal
transmission of the dsRNA, the relationship between the
rate of transmission and virulence of the fungus, the
strength of density dependence in the chestnuts, the rela-
tive transmission rates of virulent and hypovirulent
fungi, and the relative fecundities of chestnuts infected
with virulent and hypovirulent fungi may all have impor-
tant impacts on whether the dsRNA hyperparasite can
invade this system. Moreover, by predicting that selection
among hyperparasites will tend to minimize the debilitat-
ing effects (or maximize the beneficial effects) of hyper-
parasitism on the fungal pathogen, our model suggests
that dsRNAs can sometimes invade chestnut populations
with little or no recovery of the host population (see
Enebak et al. 1994). Unfortunately, this type of hyperpar-
asite may also be resistant to invasion by hyperparasites
that are most useful for biological control, that is, those
that allow recovery of the host population.

Our model also suggests that high levels of vegetative
compatibility diversity in the fungus, often cited as a po-
tential explanation of why dsRNAs have failed to invade
C. parasitica populations in the eastern United States
(Anagnostakis et al. 1986), may not prevent the spread of
hyperparasites in the long term. The dsRNAs are hori-
zontally transferred between fungal colonies when cyto-
plasmic bridges are formed between a colony containing
the hyperparasite and a recipient colony. Many fungi (in-
cluding C. parasitica) have vegetative compatibility sys-
tems whereby fungal genotypes do not form cytoplasmic
bridges if they belong to different compatibility groups.
A diversity of vegetative compatibility groups within a
fungal population would generally reduce the exchange
of cytoplasmic elements and lower the rate of horizontal
transmission of hyperparasites (i.e., lower s in our
model). Nauta and Hoekstra (1994) suggested that vege-
tative compatibility systems may have evolved specifically
to prevent the spread of cytoplasmic parasites, but they
concluded that very high levels of diversity would be re-
quired. Similarly, we have shown that a hyperparasite can
invade as long as its rate of horizontal transmission is
somewhat greater than zero, unless the hyperparasite is
quite debilitating to the pathogen.

We recognize that factors other than transmission and
virulence are likely to influence the ecology and evolu-
tion of hyperparasitism in most natural systems. For ex-
ample, our analysis has not considered the effects of ei-
ther host or pathogen recovery (i.e., clearance of the
pathogen or hyperparasite, respectively). As with trade-
offs between transmission and virulence, a trade-off be-
tween transmission and clearance (Antia et al. 1994;
Frank 1996) may alter the ESS for the pathogen, the hy-
perparasite, or both. We also do not consider host resis-
tance, which is certain to alter the dynamics of the sys-
tem. Finally, we ignore the within-host dynamics of
multiple infections. These dynamics may be particularly
relevant to the chestnut blight system where large trees
may harbor numerous infections, but only a few virulent
cankers may kill the entire host. Despite the assumptions
and limitations of our model, we suggest that incorporat-
ing hyperparasitism into host-pathogen models will shed
new light on selection pressures shaping the evolution of
virulence and may eventually have broad implications for
efforts in biological control.
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APPENDIX
Equilibrium Population Size

To examine the effect of the invasion of a hyperparasite
on the host population, we assume for simplicity that
Py = Pu = 0; numerical simulations indicate this as-
sumption does not qualitatively alter the results. First, we
consider the equilibrium host densities when there are
uninfected hosts and a single pathogen type, i (regions I
and IV, fig. 1). The equilibrium density of uninfected
hosts is given by equation (4), with appropriate nota-
tional changes, and the equilibrium density of infected
hosts is

bBi — ad — a(e B, + e,B7) — dB;
Bi(a + B) '

The total density of hosts is the sum of equations (4) and
(A1), which simplifies to

(eifi + eBi) +b
a+ B, '

(A1)

(A2)

"The partial derivative of equation (A2) with respect to f;

is (e;a + 2e,Bia + e, — b)/(a + B))%. When e, = 0, we
use the invasion condition for the pathogen B:U >d +
el; + e,B?, where U = [b — d]/a) to show that this
partial derivative is negative, that is, increased pathogen
transmission reduces total host density (fig. 44). When
e, > 0, the situation becomes more complicated, as this
partial derivative may be either negative or positive. As
shown in figure 4B, total host density is minimized at an
intermediate transmission rate within region IV. The
density of uninfected hosts is also minimized at an inter-
mediate transmission rate, which is given by equation
(9). However, the transmission rates that minimize total
and uninfected host densities are not the same (Lenski
and May 1994).

Next we consider the equilibrium host densities when
the virulent and hypovirulent pathogens coexist (regions
II and III, fig. 1). Equations (1), (2), and (3) are at equi-
librium when

sBu(b —d) + ae,(Bv — Bu) + ae,(BY — Bh)

U= + e:BuBv(By — Bu) —d(Bv — Bu) (A3)
ﬂ(SBH + Bv - BH) ’
I:I _ Bvﬁ —d _(e]BV + ezB%f); (A4)

sBu

and
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—BuU + d +(eBu + e:Bh)
SBH

The total density of all hosts is the sum of these three
equilibria, or

\A,=

(A5)

SBH(b —-d) - d(Bv - BH) + ezﬁHBv(Bv - BH) =
sBua
(A6)
fj _ (d— eZBHBV)(BV - BH)
sBua ’

where U is the equilibrium density of hosts in a patho-
gen-free population, and the second term is the com-
bined severity of infection by the virulent and hypoviru-
lent pathogens on the host population. The partial
derivative of the severity of the infection with respect to

By is
Bu(eBh — d)

Bha (A7)

Within the region of coexistence of virulent and hypo-
virulent pathogens, therefore, the severity of the infection
is diminished with increasing transmission of the hypo-
virulent pathogen unless e, > 0 and By > d/e,.
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