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Abstract

Defensive symbionts—organisms that confer protection to their hosts against natural enemies such as parasites, predators, or herbivores—are
found throughout the natural world. Theoretical and empirical studies have shown that defensive symbionts can both interfere with ecological
interactions between hosts and exploiters, as well as drive exploiter evolution. Defensive symbionts are also potential candidates for biocon-
trol agents to help manage infectious diseases or agricultural pests. The impact of defensive symbionts on parasite ecology and evolution has
therefore recently received increased empirical and theoretical attention. In this theoretical study, we investigate the impact that a defensive
symbiont which protects hosts from infection (conferred resistance) has on the evolution of parasite virulence. We also explore how the extent
of protection conferred by the defensive symbiont coevolves with parasite virulence, and how symbiont and parasite evolution affect the ecology
of the host population in both the short- and long-term. We show that, while costly resistance-conferring defensive symbionts always select
for increased parasite virulence, the overall long-term ecological effect on the host population may still be positive due to reductions in disease
prevalence. This contrasts with tolerance-conferring symbionts (which protect against virulence), where the long-term ecological effects on the
host population are always negative. We also show when the defensive symbiont can successfully eliminate the parasite. Resistance-conferring
defensive symbionts therefore offer more promise as evolutionarily robust biocontrols than those that only confer tolerance.
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Introduction et al., 2012), or within-host predation (Iebba et al., 2014).
These two defence mechanisms have distinct effects on para-

Defensive symbiosis—where an organism provides pro- ) X i o
site fitness—resistance reduces parasite transmission whereas

tection to another in a mutually beneficial relationship—

has been observed across many taxa (Ford & King, 2016), tolerance typically does not—and so we would therefore
including in insects (Horak et al., 2020; Oliver et al., 2003) expect their effects on parasite evolution to differ. We have

birds (Martin-Platero et al., 2006; Martin-Vivaldi et al., previously shown how tolerance-conferring defensive symbi-
2010), plants (Arnold et al., 2003; Kiss, 2003) and crusta- OBt impact on parasite evolution, driving the evolution of

ceans (Gil-Turnes & Fenical, 1992; Gil-Turnes et al., 1989). higheL.‘ virulence (Sm.ith & Ashby 2023),‘ However, thg effects
of resistance-conferring defensive symbionts on parasite evo-

lution are currently unknown.

The effect of defensive symbionts on parasite ecology and
evolution has traditionally received much less attention than
pairwise interactions between hosts and parasites, but inter-
est in defensive symbiosis has grown substantially in recent
years, both theoretically (Ashby & King, 2017; Nelson &
May, 2017; Nelson & May, 2020; Rafaluk-Mohr et al., 2018;
Smith & Ashby, 2023) and empirically (Ford & King, 2016;
Hoang & King, 2022; King et al., 2016; Rafaluk-Mohr et
al., 2018). Here, we summarize recent theoretical develop-
ments (for a review of empirical observations of defensive
symbiosis, see Ford & King, 2016). Ashby and King (2017)

For example, the bacterium Hamiltonella defensa can pro-
vide protection to pea aphids (Acyrthosiphon pisum) against
the parasitoid Aphidius ervi (Oliver et al., 2003). Similarly,
nematodes (Caenorhabditis elegans) can be protected from
pathogenic bacteria (Staphylococcus aureus) by protective
bacteria (Enterococcus faecalis) (King et al., 2016; Rafaluk-
Mohr et al., 2018); moreover, selection can increase the level
of protection conferred by the defensive symbiont (Ashby
& King, 2017). Protection conferred by defensive symbi-
onts broadly falls into one of two categories: tolerance and
resistance. Tolerance reduces harmful effects of the parasite,
for example, through immune priming (Hoang et al. 2024)
or the production of antitoxins (Selva et al., 2009). In con- i , )
trast, resistance either reduces the parasite’s growth rate or used a 'the(')retlcal model to determme' the ?VOIHU,OH of h,OSt
prevents infection, for example, through interference compe- ~ Protection in the presence of an evolutionarily static parasite.
tition (Gil-Turnes et al., 1989; Martin-Vivaldi et al., 2010; This study demonstrated that both conferred tolerance and

Oliver et al., 2003), immune-mediated competition (Rancés conferred resistance were able to evolve under a wide range
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of conditions, but resistance was generally more beneficial
to the host. Rafaluk-Mohr et al. (2018) extended this work
to consider coevolution between the host and a resistance-
conferring defensive symbiont, and found that if the defensive
symbiont confers a moderate level of protection, the host will
evolve to become more mutualistic towards it. In contrast,
Smith and Ashby (2023) considered coevolution between a
parasite and a tolerance-conferring defensive symbiont. The
authors found that the parasite would always evolve to be
more virulent in the presence of the defensive symbiont, and
that tolerance could induce diversification of the parasite into
low and high virulence strains. They further found that host
outcomes are almost always negative in the long term upon
the introduction of a defensive symbiont. Rafaluk-Mohr et
al. (2018) modelled coevolution between hosts, parasites, and
defensive symbionts to investigate the interplay between host
immune response and conferred defence. They concluded that
the costs and benefits for harbouring the symbiont are the key
evolutionary drivers, and in particular, the balance between
the host relying on its own immune response or defence
from the symbiont. Microbes that can evolve along the entire
mutualism-parasitism continuum have also been theoretically
investigated. For example, Nelson and May (2017) allow
symbionts to protect the host but also increase or decrease
their virulence, with a shared cost of virulence among all sym-
bionts. They show that the community of symbionts main-
tains mutualisms and evolves lower virulence when the shared
costs are sufficiently low, but higher virulence may evolve
when shared costs are high. In a follow-up paper, Nelson and
May (2020) show that the virulence of both symbionts can
be reduced if one evolves to become more protective, which
can in turn lead to the microbes evolving towards mutualism.

More generally, there has been significant theoretical work
investigating the effects of multiple infections on pathogen
evolution (see Alizon (2013) for a review). As an example,
Kamiya et al. (2018) developed a model incorporating coin-
fections with two different strains of the same pathogen, dif-
fering in their virulence. Hosts may be infected with either
of the two strains, or be coinfected by both, and the host
experiences selection on its level of immunosuppression at
the cost of either recovery (a decreasing function of immu-
nosuppression) or susceptibility to coinfections (an increas-
ing function of immunosuppression). The authors find that
greater immunosuppression selects for higher virulence, but
immunosuppression is minimized at intermediate virulence.
A key conclusion from this body of work on coinfecting
pathogens is that the nature of any interactions between
coinfecting microbes is crucial for determining evolutionary
outcomes (Alizon, 2013; Choisy & de Roode, 2010; Kamiya
et al., 2018; van Baalen & Sabelis, 1995). Here, we use a
mathematical model that is similar in structure to a previous
paper (Smith & Ashby, 2023), to investigate: (1) the effects
that resistance-conferring defensive symbionts have on the
evolution of parasite virulence; (2) how the defensive symbi-
ont coevolves with the parasite; and (3) the overall short- and
long-term effects on the host population. We show how the
introduction of a costly defensive symbiont into an estab-
lished host—parasite system always selects for higher parasite
virulence, but may also lead to parasite extinction. We also
show that the defensive symbiont can experience disruptive
selection, leading to the evolution of protective and non-
protective phenotypes. Finally, we show that symbiont-
parasite coevolution can have either positive or negative net
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effects on the host population in the short- and long-term
depending on the fitness costs to the symbiont.

Materials and methods
Model

We model a well-mixed, homogeneous host population with
two co-circulating microbes—a defensive symbiont and a
parasite, using a similar framework to Smith and Ashby
(2023). The parasite increases host mortality, whereas the
defensive symbiont reduces a host’s susceptibility to infection
by the parasite. Hosts can be in one of four states: healthy (no
microbes, denoted with H), harbouring the defensive symbi-
ont only (D), infected with the parasite only (P) or harbour-
ing both microbes (B). We assume a density-dependent birth
rate. v (N,p) = (H+ P+ (1—p) (D + B)) (b —gN), where
a proportion p of hosts with the symbiont undergo vertical
transmission, and N = H + D + P + B is the total population
density. Neither the symbiont, nor the parasite have impacts
on reproduction, and the parasite can only be transmitted
horizontally. We define b to be the maximum per capita birth
rate and ¢ denote the strength of density dependence on
births. Hosts have a background (non-microbe related) death
rate d, and suffer an additional mortality rate of ap from the
parasite (virulence) and ap from the defensive symbiont, with
ap < ap (meaning that the symbiont, while protective in the
presence of the parasite, is costly to harbour and is essentially
a mild parasite that may confer benefits to the host depending
on the ecological context). Hosts with both microbes expe-
rience an additional mortality rate of ag = ap + ap. In gen-
eral, parasites and symbionts may affect other host life history
traits such as reproduction or growth rates, but for the sake
of simplicity and for consistency with previous work in Smith
and Ashby (2023) we restrict the effects of virulence to host
mortality. Each microbe can be cleared independently by the
host, with parasites cleared at rate yp and defensive symbionts
at rate yp. Hosts that harbour the defensive symbiont expe-
rience a reduction in susceptibility to the parasite, defined by
the parameter y € [0, 1], where ¥ = 0 denotes no reduction in
susceptibility and vy = 1 is complete resistance.

We model the (co)evolution of parasite virulence (cp) and
the strength of conferred protection (y). In the absence of a
trade-off, the parasite will evolve to be completely avirulent
(ap = 0). Likewise, if the defensive symbiont does not experi-
ence any trade-offs, then host protection will evolve to be max-
imized at ¥y = 1. We therefore consider how trade-offs with
microbial transmission rates affect the evolution of virulence
and host protection. We assume that the parasite has trans-
mission rate Sp (ap) = Bpy/ap, so that there are diminishing
returns to higher virulence (accelerating costs). This ensures
that the parasite evolves to an optimal level of virulence in
the absence of the defensive symbiont (see the Supplementary
Section S1). For the defensive symbiont we assume a general
trade-off of the form fp (y) = fp (1 —c(y)), where ¢ (y) is
the cost of host protection such that:

cly) = 61117—72?;9 627éoac(y): Clll%e:ﬁzzy’ e #0,
ay, ¢ =0. a1y, ¢ =0. (1)

Here, ¢1 € [0, 1] denotes the strength of the cost at maximal
protection (when ¥ = 1), and ¢ € R is the shape of the cost:
¢ > 0 represents an accelerating cost (diminishing returns)
and ¢ <0 a decelerating cost (increasing returns). Host
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protection reduces susceptibility to the parasite such that
the transmission rate to hosts with the defensive symbiont is
Brep (v, ap) = Bp (ap) (1 — ). This yields the following ordi-
nary differential equations (full schematic in Figure 1):

H
= V(N )~ [d + oD +B)
+ Bp(ap)(P + B)H + ypD + pP, (2)
D
9D — oD+ B)(b— ) + Bo(3)H(D + B)
—[d+ap +~p + Bep(y, ap)(P+ B)|D ++pB, (3)
‘2—1; =Bp(ap) H(P+B) — [d+ap+vp + Bp (¥) (D + B)] P +7pB,
4)
dB
= =PpWP(D + B) + Beo(y, ar)D(P + B)

— [d+ ap + b + vyp]B. (5)

These ordinary differential equations (2)—(5) are similar
in structure to our previous study investigating the effects of
symbiont-conferred tolerance, but there are two key differ-
ences (Smith & Ashby, 2023). First, here we focus on symbiont-
conferred resistance, which reduces the likelihood of pathogen
infection (Bpp (¥, ap)), whereas tolerance in Smith and Ashby
(2023) reduced disease-associated mortality (o). Second, the
model now includes vertical transmission of the symbiont with
probability p. In the main text we will focus on the case where
p = 0 (i.e., no vertical transmission of the symbiont), although
we relax this assumption in the Supplementary Information.
Since vertical transmission simply increases the prevalence of
the defensive symbiont, this has the same qualitative effect as
increasing its horizontal transmission rate.

Analysis

We combine both numerical and analytical techniques to
investigate the effects of resistance-conferring defensive sym-
bionts on the evolution of parasite virulence, and to determine
the consequences for the host population. Firstly, we derive
fitness functions for rare mutant defensive symbionts and
parasites using invasion evolutionary analysis (Dieckmann &

Bep(y, ap)(P + B)

}

v(N) Bp(¥)(D + B)

1

Bo(y)(D + B) d ag

Bp(ap)(P + B)

Figure 1. Model schematic. Arrows denote transitions into, out of, or
between classes. The blue arrow entering the healthy (H) class from
the top is the birth term. The green arrows joining compartments from
left to right are the transmission terms, and orange arrows joining
compartments from right to left are the recovery terms. The red arrows
exiting each class are the mortality terms, either natural or microbe-
induced mortality.

Smith et al.

Law, 1996; Geritz et al., 1998; Metz et al., 1992). We define
wp(ym|0;) to be the invasion fitness of a rare mutant defen-
sive symbiont (a small concentration of individuals with a
different protection level to the resident population), where
Ym is the value of the rare mutant’s protection level to its host,
and 0, = (y,, ap,) is the current environment (the resident
symbiont’s level of protection, ¥r, and parasite virulence, ap,).
Similarly, we define wp(ap|0;) to be the fitness for a rare
mutant parasite with virulence ap,

Bp(ym){H;[d + ap, +vp +p
+8pp (Yms apy) (Py + B))]
+Pf[d+ ap +vp +p
+Bpp (Yms> apr) (P + B}
[d+ap+vp + Brp
Y aP,r)(P: + B:)} [d+ apr+7p + vp)
—vpBp(ap,)(1 = ym)(P; + B) (6)

wp(Ym | 0,) =

Bp(apm){H[d+ apm
+vp +vp + Bp(y:)(D; + B;)]
+D:(1 —y,)[d+ apm
+7p +p + Bp(y,)(D; + B))}
[d+ apm+ v + Bp(yr)
(D} + By)lld + apm + b + 7P|
=Bp(y:)(D; + By) (7)

Here, we denote by, for example, H;, the steady state of
the host density under the resident traits, and ap; = ap + ap;
for i € {r, m}. The steady states cannot be calculated ana-
lytically, and hence we determine steady states and their sta-
bility numerically. We do this by solving the system (2)—(5)
for a prolonged length of time until the solution approaches
an equilibrium. We then substitute these into the respective

wp(apy, | 0,) =

for the
Y=y

selection gradients JFp (y, ap) = ?9% (Ym | 0)

defensive symbiont and Fp (y, ap) = ai";; (apm | 0) I
where 6 = (y,ap). A singular strategy for one species isP’rgherI;
found by finding the roots of the corresponding selection
gradient. We find co-singular strategies (y*,a}) by solving
Fp (v*, af) = Fp (¥*,ap) = 0 simultaneously. As the steady
states are analytically intractable, we determine evolutionary
stability numerically. When only virulence is evolving, we
determine the singular strategy and if it is evolutionary stable
numerically.

In all simulations, we assume that the defensive symbiont is
introduced into an established host—parasite population, such
that the parasite has already evolved to its evolutionarily sta-

ble level of virulence ap (see Appendix A), given by
ap=d+p. (8)

We focus our analysis on three impacts of defensive sym-
biosis: on the evolution of virulence; on the evolution of con-
ferred host protection; and the net ecological effect on the
host population size in both the short- and long-term. We
focus on the host population size rather than host fitness
as the use of symbionts as biocontrols in agriculture, indus-
try and conservation are more likely to be used to achieve
increases in population sizes (e.g., crop yield, endangered spe-
cies) rather than to affect host evolution by mediating host
fitness. To evaluate the net ecological effect on the host pop-
ulation, we will employ a relative measure of population size.
We define by N*® the ancestral population size in the absence
of the defensive symbiont (see Supplementary Section S1),
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and we define N* (y, ap) to be the equilibrium population
size for a given trait pair calculated from (2) to (5). We then
obtain the relative population increase:

N* (y,
Oy, ar) = 7%.%)- (9)

Simulations

The Analysis section above assumes that we have (i) a sep-
aration of timescales between the ecological dynamics (2)-
(5) and the evolutionary dynamics (mutations are rare); and
(i) that selection is weak, meaning that mutations occur
“nearby” in trait space to the resident trait. Mutations are
therefore treated as having small phenotypic effects. For our
simulations we relax these assumptions by firstly introducing
mutations before the ecological dynamics reach equilibrium,
and secondly by discretising our trait space. Firstly, we solve
the ecological dynamics until a time Teco = 100 (chosen arbi-
trarily). We then introduce a rare mutation by first choosing
either the defensive symbiont or parasite population (with
equal probability) and then introducing a new mutant trait
at a distance €p or €p away from one of the resident traits
(chosen with probability proportional to their frequency) at
an arbitrarily low frequency. We also remove any traits which
drop below an arbitrary extinction threshold ¢ = 107°. We
continue these steps for a total of Tey, evolutionary time-steps

(A)
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to determine the long-term evolutionary behaviour of the
system.

When only virulence is evolving, we determine the sin-
gular strategy and if it is evolutionary stable numerically.
Specifically, we calculate the value of ap which makes
Fp (ap,y) = 0 using a root finding algorithm (fsolve from the
scipy.optimize package), and then confirm it is evolutionary
stable by determining the sign of the second derivative of the
fitness function (7) (with respect to mutant virulence) at the
singular strategy. When parasite virulence and symbiont pro-
tection strength coevolve, we use the simulation algorithm
described above with different initial levels of protection to
determine the coevolutionary outcome: branching (if the final
distribution of phenotypes is bimodal); possible extinction
(if a populations is driven extinct in at least one simulation);
or stable coexistence (if both symbiont and parasite remain
monomorphic for the duration of the simulation).

Results

Defensive symbiont evolution

We first consider how introducing a non-evolving defensive
symbiont affects the evolution of parasite virulence and the
net ecological effect this has on host population size (Figure
2). Regardless of the costs of conferring host protection, the
defensive symbiont always drives selection for higher parasite

1.5

Relative
evolved virulence

=

(

w
=
N

Relative host
population size
(=

@

=

Relative
disease prevalence

o

o

0.5 1

Resistance (y)

Figure 2. Evolution of parasite virulence. Evolutionary and host outcomes for a parasite evolving with a fixed defensive symbiont (with resistance y
) over different strengths of fitness costs for the defensive symbiont (¢1). Panels show the relative change from the ancestral state in: (A) parasite; (B)
host population size; and (C) relative disease prevalence. In all plots, the black dashed line is the low-cost regime for the defensive symbiont (¢; = 0.2
), the red dotted line is the moderate-cost regime (¢1 = 0.5) and the blue solid line is the high-cost regime (¢1 = 0.8). The grey dot-dashed line is the
evolved and ancestral trait or population measures are the same, and large dots at the end of trajectories denote the point at which the parasite goes

extinct. All other parameters as in Table 1.
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Table 1. Default parameters for the model in Equations 2-5.

Smith et al.

Name Notation Value
Maximum per capita birth rate b 1.0
Density-dependent effects q 1.0
Natural mortality rate d 0.1
Maximum defensive symbiont transmission rate Bo 5.0
Parasite transmission scaling parameter Bp 5.0
Defensive symbiont virulence Bp 0.2
Shape parameter for defensive symbiont trade-off 2 -2.0
Recovery rate from defensive symbiont D 0.3
Recovery rate from parasite Yp 0.3

virulence (Figure 2A), provided there is a cost to the host for
harbouring the symbiont (ap > 0). This cost decreases the life
expectancy of hosts with both microbes. As a result, the para-
site experiences selection for a higher transmission rate which
in turn leads to higher virulence. If the costs of host protec-
tion are not too high (dashed and dotted curves in Figure 2),
then the defensive symbiont can drive the parasite extinct.
However, if the costs of protection are sufficiently high, then
the defensive symbiont instead decreases in abundance for
high levels of protection and eventually becomes unviable,
causing virulence to tend towards its ancestral state (solid
curve in Figure 2A). While conferred resistance always leads
to a reduction in parasite prevalence (Figure 2C), the net eco-
logical effect on host population size is more complex (Figure
2B). When host protection is weak, the defensive symbiont
has a net negative ecological impact on the host population
size, as resistance is largely ineffective and the parasite expe-
riences selection for higher virulence. However, sufficiently
protective defensive symbionts have a net positive ecological
effect on the host population size even though evolved viru-
lence is higher because they suppress disease prevalence and
hence reduce the risk of infection (Figure 2C).

Parasite-symbiont coevolution

We now investigate the effects of parasite-symbiont coevo-
lution on both species as the costs of host protection vary
(Figure 3). Notably, there is a relatively narrow region of sym-
biont trade-offs where symbiont-parasite coexistence is guar-
anteed (Figure 3A). The coexistence thresholds mostly depend
on the strength of the cost of host protection—if the cost is
sufficiently low, the defensive symbiont can drive the parasite
extinct, but if the cost is too high then the defensive symbiont
is potentially unviable. Whether extinction occurs depends
on the initial level of host protection, with low levels of host
protection more likely to lead to coexistence and high levels
to extinction of one species (due to costs of protection or the
impact of conferred resistance, for symbionts and parasites
respectively). As observed in Ashby and King (2017), when
the symbiont experiences a decelerating cost (¢2 < 0) of host
protection that is also relatively weak (¢1 = 0.1), it can diver-
sify into two subpopulations (one with relatively high host
protection and the other with no host protection; Figure 3B).
However, the parasite always remains monomorphic (Figure
3C). It is well established that decelerating trade-offs tend
to cause disruptive selection, either in the form of repellers

(causing bistable outcomes dependent on initial conditions)
or evolutionary branching points (leading to diversification
and stable polymorphism) (Bowers, Hoyle, White, & Boots,
20035). This is due to positive feedbacks where decreases in
relatively low levels of resistance can lead to large reductions
in costs (i.e., selection reinforces lower levels of resistance),
whereas increases in relatively high levels of resistance carry
little extra cost (i.e., selection reinforces higher levels of
resistance).

We illustrate the coevolutionary dynamics of the parasite
and defensive symbiont in Figure 4 for three starting resistance
values (y € { 0.2, 0.5, 0.8}) to represent the varied impacts
of biocontrol on each population. Shading indicates whether
there is a net positive (blue) or negative (red) ecological
impact on the host population size, with contours indicating
the percentage change in host population size at equilibrium
(equation 9). The qualitative ecological outcome for the host
population (i.e., positive or negative changes in population
size) may depend on not only the cost and shape of the trade-
off for the defensive symbiont, but also on the initial level of
protection. For example, when the symbiont experiences an
accelerating trade-off, the net ecological impact on the host
population size may transition from positive to negative or
vice versa depending on the initial level of protection and the
extent to which conferring resistance is costly (Figure 4A and
B). Under low costs, the symbiont is more prevalent and has
a higher impact on the parasite, leading to a reduction in dis-
ease prevalence (see also Figure 2C, black dashed line) and
hence an overall increase in the host population size. As costs
increase the symbiont becomes rarer and so the impact on the
parasite decreases, increasing parasite prevalence and causing
a reduction in the host population size. If, however, the costs
of host protection decelerate, an evolutionary repeller may
exist (Figure 4C and D), which can lead to the loss of pro-
tection and a negative ecological outcome for the host popu-
lation if initial protection is too low (i.e., below the repeller
point). This reduction in host population size is caused by the
effective presence of two parasites (the obligate parasite and
the symbiont that confers no protection). If the initial protec-
tion is sufficiently high but protection is moderately costly to
the symbiont, then selection favours an increase in protection
resulting in a net positive ecological effect on the host popu-
lation size. Since the initial protection is above the repelling
point, the symbiont evolves to confer maximum protection,
preventing new infections.
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Figure 3. Parasite-symbiont coevolution. (A) Qualitative outcomes over the cost function for the defensive symbiont (strength of cost ¢y and shape

of cost ¢2). In the dark grey region there is a possibility for the parasite to be driven extinct by the defensive symbiont (i.e., if the level and cost of
protection are both high). In the lighter grey region, the defensive symbiont can be driven extinct if the initial level of protection is sufficiently high due
to the costs of conferring protection. Both the parasite and symbiont are guaranteed to coexist in the white region. The small red region on the lower
left (labelled "symbiont branching') denotes a region of possible diversification through evolutionary branching in the defensive symbiont. Crosses
denote parameter combinations in Figure 4. (B and C) Evolutionary trajectories for the defensive symbiont (B) and parasite (C) for ¢1 = 0.05 and

¢, = —2.75 demonstrating branching in the defensive symbiont. All other parameters as in Table 1.

Discussion

Previous theoretical work has explored the ecological and
evolutionary effects of tolerance-conferring symbionts on
parasite evolution and host ecology (Smith & Ashby, 2023),
but the effects of resistance-conferring symbionts were
unknown. In this paper, we have investigated the effects that
resistance-conferring defensive symbionts have on parasite
evolution, how conferred resistance coevolves with parasite
virulence (here defined as an increase in mortality rather than
effects on reproduction), and the ecological consequences for
the host population by determining the net effect on the pop-
ulation size in the short- and long-term. We have shown: (1)
that introducing a resistance-conferring defensive symbiont
always increases selection for virulence; (2) how the nature of
fitness costs for the defensive symbiont determine the coevo-
lutionary outcome; and (3) that the host benefits from this
symbiotic interaction provided that the level of conferred
resistance is sufficiently high and the symbiont remains viable.
However, if conferred resistance evolves to a relatively low
level, then the combination of increased virulence from the
parasite, coupled with the cost of harbouring the defensive
symbiont, can lead to a net negative effect on the host popu-
lation. The symbiont can also drive the parasite extinct when
the costs of conferred protection are not too high.

Our results demonstrate that there are key differences in
the ecological and evolutionary effects of defensive symbi-
onts when host protection is conferred through resistance as
opposed to tolerance (Smith & Ashby, 2023). First, while both
mechanisms of host protection always select for higher para-
site virulence, tolerance typically selects for much higher levels
of virulence (Smith & Ashby, 2023). This is because tolerance

directly offsets virulence in hosts with both microbes, poten-
tially leading to an arms race between the symbiont and par-
asite where higher virulence is mitigated by higher tolerance.
When symbionts confer resistance, however, higher virulence
evolves due to competition for hosts. As such, if harbouring
the defensive symbiont is not costly (ap = 0), then there is no
effect on the long-term evolution of parasite virulence.

Second, when symbionts confer tolerance there is always
a net negative impact on the host population size in the long
term, even if the symbiont initially leads to an increase in
the host population size (Smith & Ashby, 2023). This occurs
because when the parasite evolves higher virulence, only hosts
with the defensive symbiont receive protection, whereas hosts
that do not harbour the defensive symbiont experience the
full virulence of the parasite. Tolerance-conferring symbionts
therefore have a net negative effect on the host population
in the long-term and so this mechanism of host protection
is not evolutionarily robust. In contrast, resistance prevents
new infections and so reduces parasite prevalence, which
can lead to a long-term increase in the host population size
even though the parasite evolves higher virulence. Note also
that higher parasite virulence reduces the average infectious
period of the parasite, and so this too contributes to lower
parasite prevalence.

Third, unlike tolerance-conferring symbionts, which only
mitigate against disease (and therefore do not reduce para-
site fitness), resistance-conferring symbionts prevent new
infections and so may drive the parasite extinct. Finally,
while tolerance-conferring symbionts can lead to parasite
diversification (Smith & Ashby, 2023), resistance-conferring
symbionts do not. However, resistance-conferring symbionts
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Figure 4. Net effects of parasite-symbiont coevolution on the host population. The heatmap shows the relative increase (blue regions containing
positive valued contours) or decrease (red regions containing negative valued contours) in host population size from the ancestral state (equation 9).
Black lines show coevolutionary trajectories in resistance-virulence trait space from different initial levels of host protection (green dots). Red dots show
coevolutionary endpoints. The black dashed line is the ancestral virulence level, and a green cross denotes parasite extinction. All other parameters as in

Table 1.

may experience disruptive selection and evolve into two con-
trasting phenotypes—as shown previously in (Ashby & King,
2017)—one of which evolves to lose host protection.
Together with previous findings (Smith & Ashby, 2023), these
results suggest that defensive symbionts may be a key driver
of higher virulence in host—parasite relationships. Our results
also have implications for the use of resistance-conferring sym-
bionts as biocontrol agents to supress or eliminate infectious
diseases. Unlike with tolerance, where the introduction of a
defensive symbiont will always lead to more virulent parasites
and detrimental outcomes for the host in the long-term (Smith
& Ashby, 2023), there are regions of parameter and trait space
where a resistance-conferring defensive symbiont has a long-
term positive impact on the host population. Beneficial host
outcomes occur when either: both the defensive symbiont and
parasite coexist but with disease prevalence suppressed by host
protection, or when the defensive symbiont drives the parasite
to extinction. Parasite extinction typically occurs when costs to
the defensive symbiont are moderate to low, and the defensive
symbiont confers a relatively high level of protection.
Defensive symbionts are found across the biological world,
with conferred resistance likely a key protection mechanism.
For example, resistance-conferring defensive symbionts in
pea aphids have been shown to cause a reduction of up to
41.5% in the parasitized host population depending on the
strain of symbiont (Oliver et al., 2003). Our results suggest

that for a symbiont such as this to provide adequate protec-
tion, the cost of protection must be moderate to low, whilst
the symbiont must also invest a moderate to large amount of
its resources towards conferred resistance. Moreover, if costs
of host protection accelerate, then this is more likely to lead
to stable coexistence of protective symbionts with the para-
site. However, symbionts may also reduce disease severity in
addition to preventing infection. In honeybees, for example,
the protective bacterium Snodgrasella alvi has been shown
to cause both a reduction in CFU for the pathogen Serratia
marcescens and an increase in survivability for infected
hosts (Horak et al., 2020). This suggests that the within-host
dynamics may be crucial for determining the net effects of
parasite-symbiont interactions. A key simplification of our
model, and others in this area (Ashby & King, 2017; Nelson
& May, 2017; Nelson & May, 2020; Rafaluk-Mohr et al.,
2018; Smith & Ashby, 2023), is that the dynamics focus on
the population level. Future work should therefore also con-
sider how microbes interact with each other and the immune
response at the within-host level to better understand effects
on selection. Example mechanisms at the within-host scale
may be interference or resource competition (Gil-Turnes et
al., 1989; Martin-Vivaldi et al., 2010; Oliver et al., 2003),
immune priming (Hoang & King, 2022) and predation (Iebba
et al.,, 2014). Hybrid models that capture dynamics across
scales are more challenging to work with, but recent advances
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in multiscale modelling techniques promise novel insights
into the key drivers of evolution at within- and between-host
levels (Smith & Ashby 2025).

Overall, our results suggest that while there are some
similarities in outcomes between resistance- and tolerance-
conferring symbionts (e.g., selection for higher virulence
except for when symbionts are cost-free), there are also
crucial differences that can impact on parasite and symbi-
ont evolution, and on host ecology. Moreover, resistance-
conferring symbionts are likely to be better prospects for
biocontrol agents as they can be evolutionarily robust; however,
whether they have a net positive or negative impact on the host
population in the long term depends crucially on the nature of
fitness costs experienced by the defensive symbiont.
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