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Among the wide variety of resistance mechanisms to parasitism, the transgenerational transfer of immunity from mother to

offspring has largely been overlooked and never included in evolutionary or coevolutionary studies of resistance mechanisms.

Here we study the evolution and coevolution of various resistance mechanisms with a special focus on maternal transfer of

immunity. In particular we show that maternal transfer of immunity is only expected to evolve when cross immunity is high

and when the pathogens have an intermediate virulence. We also show that the outcome of the coevolution between various

resistance mechanisms depends critically on the life span of the host. We predict that short-lived species should invest in avoidance

strategies, whereas long-lived species should invest in acquired resistance mechanisms. These results may help understanding the

diversity of resistance strategies that have evolved in vertebrate species. Our framework also provides a general basis for the

study of the evolution of other transgenerational resistance mechanisms.
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Parasites can impose important fitness costs on their hosts

(Grenfell and Dobson 1995) and, in response, hosts have evolved

different costly defense strategies that aim at reducing the dele-

terious effects of parasites (Sheldon and Verhulst 1996; Sandland

and Minchella 2003). Defense strategies can include avoidance

mechanisms that prevent infection by a parasite (e.g., Hart 1990)

or different mechanisms that directly reduce the impact of a par-

asite when it has successfully infected the host. In particular, the

immune system has evolved as a way to fight infection inside

hosts, and in many cases eradicating the parasite. In vertebrates,

the efficiency of the immune system relies on a combination of in-

nate and acquired responses and on the ability of recovered hosts

to remain protected for an extended period of time (Frank 2002).

Moreover, an important arm of the acquired immune response of

vertebrates induces the production of parasite specific immune

compounds, the antibodies, which can be transferred by moth-

ers to their offspring through the transfer of maternal antibodies

(Carlier and Truyens 1995). Although decaying after birth, these

antibodies have the potential to provide newborns with a pro-

tection early in life, a critical time at which their own immune

system may not be fully mature (Grindstaff et al. 2003; Boulinier

and Staszewski 2008; Hasselquist and Nilsson 2009).

It is thus apparent that defense against parasites relies on

a combination of different resistance mechanisms (Schulenburg

et al. 2009; Schmid-Hempel 2011). The generation and coexis-

tence of such a large range of defense strategies has been the focus

of several theoretical studies (see Boots et al. (2009) for a review).

Overall, these studies show that the evolution and coevolution of

resistance mechanisms depend critically on (1) the fitness costs

imposed by the infection, (2) the epidemiological feedbacks, and
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(3) the shape of the trade-off between defense strategies and var-

ious fitness components of the host.

The evolution of resistance to parasites has indeed been ex-

tensively studied from a theoretical point of view using various

methods ranging from population genetics to adaptive dynam-

ics models (Gillespie 1975). Adaptive dynamics has been used

to explore the evolution of a variety of resistance mechanisms

including avoidance (Antonovics and Thrall 1994; Bowers et al.

1994; Boots and Haraguchi 1999), tolerance (Boots and Bowers

1999; Roy and Kirchner 2000), recovery (van Baalen 1998), and

acquired immunity (Boots and Bowers 2004; Miller et al. 2007).

Some of the studies focused on the coevolution of different re-

sistance mechanisms (e.g., Boots and Bowers 1999, 2004; Carval

and Ferriere 2010), whereas some others explicitly tackled the

importance of other characteristics of either the host (Gandon

et al. 2002; Zuk and Stoehr 2002; Miller et al. 2007) or the par-

asite (van Baalen 1998; Alizon and van Baalen 2008). Yet, and

in spite of its impact on the fitness of juveniles and its potential

influence on epidemiological dynamics, the evolution of the trans-

generational transfer of immunity has been largely overlooked in

previous studies.

In an attempt to fill this gap, we study here the evolution and

the coevolution between different resistance mechanisms using a

classical epidemiological model modified to include the transgen-

erational transfer of immunity. Resistance can thus be achieved at

different steps of the interaction between the host and the parasite:

(1) avoidance before the infection by the parasite, (2) recovery,

and (3) transgenerational transfer of immunity. Each of these re-

sistance mechanisms has implications on the epidemiology which

in turns feeds back on the intensity of the selection for resistance

to the parasite. We derive a general invasion condition using the

Next Generation Theorem (van den Driessche and Watmough

2002; Hurford et al. 2010) and use this host fitness function to

study the evolution of the transfer of maternal immunity. We first

consider the force of infection as a constant in a model with one

or two strains of parasite. Then, focusing on the one strain model,

we add epidemiological feedbacks to study the effect of host and

parasite traits on the evolution of the maternal transfer of im-

munity. We also study the coevolution between the transfer of

maternal immunity and recovery rate, and finally add avoidance

as another coevolving resistance mechanism. We discuss how par-

ticular traits of the host life cycle may mold theallocation between

different resistance strategies.

Epidemiological Model
We model a population of asexually reproducing hosts exposed to

several parasites, each of which being characterized by its force

of infection, h, and itsvirulence, α (i.e., additional mortality). We

assume no vertical transmission and no effect of parasites on

Figure 1. Flow diagram of the epidemiological model including

the maternal transfer of antibodies to offspring. The model distin-

guishes four categories of individuals: maternally protected (M),

susceptible (S), infected (I), and recovered and immune (R). The

ability of immune individuals to transfer antibodies to their new-

borns is described by the parameter θ. Other parameters: λ, birth

rate; δR, rate of loss of immune protection; δM, rate of loss of the

maternal protection; h, force of infection (equates to β I when

epidemiological feedbacks are considered); γ, recovery rate; α, vir-

ulence of the parasite (resulting in an increase in the mortality of

infected individuals); μ, natural mortality rate.

host fecundity. Four different types of hosts are considered: sus-

ceptible, infected, recovered, and protected by maternal immu-

nity. The density of hosts in these four different compartments

is noted S, I , R, and M , respectively. The following system

of differential equations (the dot notation refers to differentia-

tion with respect to time) describes the change inthese differ-

ent compartments when a single parasite is considered (see also

Fig. 1):

Ṁ = λθR − (μ + δM)M,

Ṡ = λ (M + S + I + (1 − θ) R) + δM M + δR R

− (μ + (1 − π) h) S,

İ = (1 − π) hS − (μ + α + γ) I,

Ṙ = γI − (μ + δR) R. (1)

We assume that all hosts can reproduce with a rate λ = r

– κN which depends on host fecundity, r, the total host density,

N = M + S + I + R, and a crowding parameter κ (which is related

to the carrying capacity by the relation K = r/κ). Newly produced

offspring are all susceptible except a fraction θ of the offspring of

recovered hosts which are assumed to be fully protected by ma-

ternal immunity. The protection of those individuals is temporary

and depends on δM , the rate of loss of maternal immunity. Sus-

ceptible hosts can become infected with a rate that depends on the

force of infection of the parasite, h, and the ability, π, of the host

to reduce the probability of infection by avoiding infection. The
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natural mortality rate of the host is μ, but infected individuals suf-

fer an additional mortality due to parasite virulence, α. Infected

individuals can recover with a rate, γ, and they remain in the

recovered compartment until they lose immunity, which occurs

with a rate δR. In the absence of the parasite, the host population

reaches a stable equilibrium with a density Ŝ of only susceptible

hosts. The parasite will invade this fully naı̈ve host population

if its basic reproductive ratio is higher than one (see Appendix):

R0 = (1−π)h
μ+α+γ

Ŝ > 1. After this invasion, the system reaches a new

stable endemic equilibrium where all the four different types of

hosts coexist.

In this model, the host may thus defend itself through three

different, yet not mutually exclusive, ways. First, it may try to

limit early on the risk of being infected (avoidance, host defense

trait π). Second, upon infection, it may recover from the infection

(recovery rate, host defense trait γ), and transmit this protection

via maternal immunity (transfer of maternal immunity, host de-

fense trait θ). In the following, we study the evolution of the

maternal transfer of immunity and its coevolution with other re-

sistance mechanisms.

Evolutionary Model
To study host evolution we derive a general invasion criteria for

a rare mutant host that could affect any of the host resistance

traits (see Appendix). This invasion condition depends on the

costs of resistance on both fecundity and survival. In the follow-

ing, however, we will restrict our study to a simple cost function

that will be assumed to affect only fecundity (see Appendix for

the full definition of the trade-off). There is empirical evidence

to support the idea of a cost of resistance to parasites in terms

of reduced birth rate (e.g., through an increase of developmental

period; Boots and Begon 1993). Maternal transfer of antibodies in

particular is likely to be a costly mechanism for the mother given

the amount of antibodies transferred (Kowalczyk et al. 1985; Coe

et al. 1994) and the set up and maintenance of the specific recep-

tors required for the transfer (West et al. 2004; Roopenian and

Akilesh 2007). We further assume a slightly accelerating trade-

off shape which can prevent evolutionary branching (Boots and

Haraguchi 1999; but see Hoyle et al. 2008) because it simplifies

the evaluation of the optimal investment in the different resistance

strategies.

The general invasion condition we derive in the Appendix

can be understood as a quantity that relates to the average number

of offspring produced in one generation by a mutant host in a

resident host population (see Appendix and Fig. A1):

Rm =

(
τm

S→S +
√

4τm
M→Sτ

m
S→M + τm2

S→S

)

2
, (2)

where τm
S→S, τm

M→S, and τm
S→M refer to the different transitions

leading to the production of two types of newborns mutants: the

ones that are susceptible, S, and the ones that are protected by ma-

ternal antibodies, M . Under the hypothesis of adaptive dynamics

(i.e., rare mutations), this invasion condition can be used to find

singular points and to characterize their evolutionary properties to

determine the optimal investment in the different resistance traits.

In all the scenarios we study below, the evolutionary equilibria

we found are both convergence and evolutionary stable and thus

correspond to continuously stable strategies (Geritz et al. 1998).

Note that, although the present analysis is based on the assumption

that the host reproduces asexually, previous studies showed that

the adaptive dynamics can also be carried out for sexual species

(Kisdi and Geritz 1999). The results discussed below may thus be

relevant under a broad range of reproductive systems.

Evolution of Maternal Transfer of
Immunity with a Constant Force
of Infection
The evolutionary stable investment in the maternal transfer of

immunity is an increasing and saturating function of the force of

infection, h (see Fig. S1A). It means that, not surprisingly, higher

levels of resistance are evolving when the rate of acquisition of

a new infection is increasing. In other words, when the force of

infection increases, the mean age at infection decreases which

in turn favors higher levels of maternal protection. Perhaps more

surprisingly we find that an increase of pathogen virulence has

a nonmonotonous effect on the evolution of maternal transfer

(see Fig. S1B). This is because when virulence becomes very

high it is not worth investing in a resistance mechanism that will

never be expressed as most individuals die from the infection and

never recover (recall that only recovered individuals can transfer

immunity). In addition, we also find a nonmonotonous effect of

recovery on the evolution of maternal transfer of immunity (see

Fig. S1C). Indeed when recovery becomes very high, the best

strategy is to let the offspring encounter the parasite as they will

recover very fast from the infection anyway. We will come back

to these effects in the following section where we will allow the

force of infection to be a dynamical variable that depends on

parasite density and transmission rate.

The model with a constant force of infection can also be

used to illustrate the potential effects of being exposed to multi-

ple parasites on the evolution of maternal transfer of immunity.

We explain in the Appendix how to modify the above model

to account for the circulation of two different strains (described

by their force of infection h1 and h2). We assume that a host

that has recovered from an infection by one strain can trans-

fer immunity to this strain, but the cross immunity against the

other strain is imperfect and measured by the parameter χ. When
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χ = 0 there is no cross immunity and, in contrast, when χ = 1

cross immunity is perfect and the two parasites model reduces

to the previously described model with h = h1 + h2. We further

introduce a parameter η describing the potential bias toward the

transmission of one strain over the other. More precisely, holding

the total force of infection constant and equal to h = h1 + h2,

we assume the force of infection of each strain to be equal to

h1 = ηh and h2 = (1 − η)h. A value of η of 0.5 maximizes

the symmetry of the force of infection (h1 = h2), whereas any

deviation from 0.5 increases the bias toward one strain.

Figure 2 shows that lower levels of cross immunity select for

decreased levels of maternal transfer of immunity. When cross

immunity is high, the own protection of mothers is a good pre-

dictor of the efficiency of the protection they can provide to their

newborns and they are thus expected to transfer their immune pro-

tection. A bias in the force of infection toward one strain increases

also the predictability of the environment and always selects for

higher levels of maternal transfer of immunity.

As outlined by Boots et al. (2009), one important force driv-

ing the evolution of resistance mechanisms is how epidemiology

feeds back on the selection gradients. In the following section, we

investigate how such epidemiological feedbacks will affect the

evolution of the transfer of maternal immunity.

Evolution of Maternal Transfer of
Immunity with Epidemiological
Feedbacks
Here, we focus on the evolution of the ability to transfer maternal

immunity when the force of infection includes the effects of epi-

demiology, h = βI. For the sake of simplicity, we will restrict our

analysis to the one strain model. The duration of transgenerational

protection and the life span of the host have monotonous effects on

the evolutionary stable ability to transfer immunity to offspring.

The optimal transfer of immunity is an increasing function of

the host life span (Fig. 3A) because, as outlined by Miller et al.

(2007), increasing host life span modifies the prevalence of the

parasite and increases the force of infection. Thus, it increasingly

pays off to invest in transgenerational protection with longer life

expectancy. In contrast, the evolutionary stable level of transfer

is a decreasing function of the rate of loss of maternal protec-

tion (Fig. 3B): the longer the maternal protection, the higher the

benefits of this mechanism. Ultimately, when maternal protection

is lost sufficiently quickly, there is no more investment in ma-

ternal transfer of immunity and the model reduces to a classical

Susceptible - Infected - Recovered - Susceptible (SIRS) model.

Increasing the virulence of the parasite has a nonmonotonous

effect on the evolution of the maternal transfer of immunity

(Fig. 3C). At first, the investment in the transfer of maternal

immunity increases toward a maximum and then decreases until

eventually reaching a point when there is no more investment

in the transgenerational transfer. This drop is due to two effects.

First, as mentioned earlier (see above section “Evolution of ma-

ternal transfer of immunity with a constant force of infection”),

higher virulence reduces the number of recovered individuals,

and thus the efficacy of the transfer of immunity. Second, when

virulence reaches high values, infected hosts die rapidly which

causes a rapid drop in the force of infection. As a consequence,

the transfer of maternal immunity is only expected to evolve for

intermediate levels of parasite virulence.

Optimal investment in the transfer of maternal immunity is

also a nonmonotonous function of the recovery rate (Fig. 3D).

Because only recovered individuals can transfer immunity, low

recovery rates do not offer the possibility for an efficient transfer

of immunity. Evolutionary stable maternal transfer increases with

the rate of recovery and reaches a maximum for intermediate

recovery rates. Beyond this point, larger recovery rates reduce the

fitness cost of infection (see above section "Evolution of maternal

transfer of immunity with a constant force of infection") and

select for lower levels of transfer. This effect is amplified by the

epidemiological feedback as higher recovery rates decrease the

force of infection. Increasing the rate of loss of immunity in adults

decreases the maximal level of transfer but allows the selection

for this mechanism on a wider and higher range of recovery rates.

Relaxing some assumptions in the life cycle of the host does

not qualitatively modify these results (see Supporting Informa-

tion). In particular, when newborns (either maternally protected

or susceptible) are not allowed to reproduce or when the de-

cay of immune protection in resistant individuals is taken into

account (so that resistant hosts can be protected without trans-

ferring protection), all the qualitative results mentioned above

remain unchanged.

Coevolution Between Maternal
Transfer of Immunity and Other
Traits
The invasion criteria derived in the Appendix can be used to de-

termine the coevolutionary stable set of strategies (CoESS, see

also van Baalen 1998). We first consider the coevolutionary dy-

namics between maternal transfer of immunity and recovery. The

CoESS of both traits is an increasing saturating function of the

baseline duration of the life span (Fig. 4A) with maternal trans-

fer of immunity (black curve) starting to increase after recovery

rate (gray curve) and reaching lower coevolutionary stable levels.

These levels are maximized for intermediate values of the rate

of loss of immunity (Fig. 4B). When immunity decays quickly

enough, there is no more transfer of maternal immunity and ac-

quired resistance only relies on recovery. Similarly, virulence has

a nonmonotonous effect on the coevolutionary outcome. First,
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Figure 2. Evolutionary stable investment in the ability to transfer maternal immunity (θ) as a function of the level of cross immunity of

such maternal protection (χ) and of the symmetry of the force of infection (η) in a model with two strains of parasites described by their

force of infection, respectively, h1 and h2. Increased cross protection and less symmetric forces of infection select for a higher investment

in maternal immunity as the environment of mothers becomes a better predictor of the environment of their offspring. Other parameter

values: r0 = 1.5, μ = 0.05, κ = 0.1, cr ,θ = 0.075, kθ = 1/0.9, α = 5, π = 0, γ = 0.8, h = 2, δR = 1, δM = 1.

an increase in virulence selects for higher investment in both

recovery rate and maternal transfer of immunity (Fig. 4C). Sec-

ond, for higher virulence levels, both recovery and maternal trans-

fer decrease with virulence. As outlined earlier, the effects of all

those parameters are mediated by different epidemiological feed-

backs acting on the prevalence of the parasite. Finally, it is inter-

esting to note that the transfer of immunity is consistently selected

for on a smaller range of parameter values than recovery rate. This

is because the evolution of the transfer of maternal immunity is

constrained by the requirement of a prior evolution of recovery

(only recovered individuals can transmit).

Recovery and maternal transfer of immunity are both ac-

quired responses to parasites that represent only part of possible

responses to parasites. Avoidance is another resistance mecha-

nism relying on an ability of the host to directly reduce the in-

fection probability. Not surprisingly, we find that an increase in

the ability to avoid infection by the parasite results in decreased

coevolutionary levels of both recovery and maternal transfer of

immunity (Fig. 4D). When avoidance is sufficiently high, there

is no more investment in acquired resistance mechanisms. Yet,

these results rely on the assumption that avoidance mechanisms

are fixed quantities. This alternative resistance mechanism may,

however, coevolve with the other strategies.

When we allow the three different resistance mechanisms to

evolve jointly, we find that the coevolutionary outcome is very

sensitive to the host life span (Fig. 5). When the life span is

short, evolution leads to investment into the ability to avoid the

infection by the parasite. When the life span increases above a

threshold value, a bistability emerges where two coevolutionary

outcomes may occur. Depending on the initial investment in the

different resistance traits, the host may continue to invest only

in avoidance or may invest only in a combination of recovery

and maternal transfer of immunity. This is because increasing

the host life span increases the probability of encountering the

parasite again and thus increases the benefits of developing an

acquired resistance. To summarize, short-lived individuals are

expected to invest in innate (i.e., avoidance) rather than acquired

(i.e., recovery rate and maternal transfer of immunity) defense

mechanisms, whereas longer lived individuals are expected to

display the opposite pattern.

Discussion
In spite of an abundant literature on the evolution of various

host defense mechanisms against parasites (van Baalen 1998;

Miller et al. 2007; Boots et al. 2009), the evolution of the
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Figure 3. Evolutionary stable investment in transgenerational transfer of immunity ability (θ) as a function of different parameters. (A)

Effect of the host life span (1/μ). (B) Effect of the rate of loss of maternal protection (δM). (C) Effect of the virulence of the parasite (α).

(D) Effect of the recovery rate (γ) for different rates of loss of immune protection (δR). Default parameter values used in the figures: r0 =
1.5, μ = 0.1, κ = 0.1, cr,θ = 0.075, kθ = 1/0.9, α = 2.75, β = 2, δR = 1, δM = 1, γ = 0.6.

transgenerational transfer of immunity has been largely over-

looked in previous studies. This is probably due to the intrinsic

complexity which arises when one wants to model this effect as

it becomes necessary to add a class of individuals which are tem-

porary protected by a vertically transmitted immunity. Here we

provide a general theoretical framework to study the evolution of

this trait, as well as more classical resistance mechanisms against

parasites (i.e., avoidance of infection and recovery).

We first analyze the evolution of the transgenerational trans-

fer of immunity when the other traits remain fixed. This allows us

to show that several parameters like parasite virulence and host

recovery rates have a nonmonotonous effect on the evolution of

this trait. This effect is partly mediated by the feedback of epi-

demiology on this evolution via the force of infection (see Boots

et al. 2009 for a general discussion of these feedbacks on other

resistance mechanisms). Another important result of our study is

that, when two strains of parasite are circulating, the evolutionary

outcome depends on the level of cross immunity provided by the

protection acquired vertically. Less cross immunity hinders the

evolution of this resistance mechanism. This result illustrates that

what matters for the evolution of the transfer of immunity is the

correlation between the environment of the mother and the envi-

ronment of the offspring (see also Mousseau and Fox 1998 for a

discussion of the importance of these correlations for the evolu-

tion of maternal effects). Considering the variations in time and

space of the distribution of parasites and their hosts could bring

more insight into our understanding of the evolution of passive

protection by transfer of maternal immunity.

We also studied the coevolution between maternal transfer

of immunity and other resistance mechanisms. In particular, our

3 0 7 2 EVOLUTION OCTOBER 2012



EVOLUTION OF MATERNAL TRANSFER OF IMMUNITY

Figure 4. Coevolution between recovery rate (γ, gray line) and transgenerational transfer of immunity ability (θ, black line). (A) Effect

of the host life span (1/μ). (B) Effect of the rate of loss of immunity (δR). (C) Effect of the virulence of the parasite (α). (D) Effect of the

avoidance ability (π). Default parameter values used in the figures: r0 = 1.5, μ = 0.1, κ = 0.1, cr ,θ = 0.075, cr ,γ = 0.2, kθ = 1/0.9, kγ =
1/0.9, α = 2.75, β = 2, π = 0, δR = 1, δM = 1.

model shows that parasite virulence can mould the investment in

both recovery and transfer of immunity, with maternal transfer of

immunity being selected for on a more restricted range of values.

We also show that the host life span has a massive impact on the

allocation between avoidance and acquired resistance strategies

like recovery and maternal transfer of immunity: short-lived hosts

always invest in avoidance, whereas long-lived hosts display a

bistability between an investment in innate or acquired immunity.

Life span has indeed been suggested as one of the life-history traits

that could modify the evolution of physiological processes such

as resistance to parasites (Ricklefs and Wikelski 2002). Because

they are more likely to encounter the same parasites on multiple

occasions during their lifetime, long-lived species are expected to

favor investment in acquired responses (Lee 2006). The results of

our theoretical analyses support this hypothesis and highlight the

need for more empirical studies of the variability of (maternal)

immunity in species with contrasted life histories.

PERSPECTIVES

In our model, transgenerational immune protection fully protects

newborns with maternal antibodies (M) from an infection by a par-

asite their mother encountered. Such protective transgenerational

immunity is notably used in the poultry industry to protect chick-

ens against some pathogens (Davison et al. 2008) and it likely

occurs in natural host–parasite systems, although little evidence

exists yet (Boulinier and Staszewski 2008; Garnier et al. 2012).

High maternal antibody levels early after birth have been shown

to prevent newborns from mounting a potentially costly immune

response (Staszewski et al. 2007; Garnier et al. 2012). Later in

early life, decaying levels of maternal antibodies could provide

a partial protection resulting in an activation of the newborns

immune system at reduced costs (Zinkernagel 2003; Navarini

et al. 2010). This would increase the infectious period and the

prevalence of the parasite, and the effect on the CoESS would be

very similar to a reduction in the virulence of the parasite (see

Fig. 4C). Even after complete disappearance of the passive pro-

tection, newborns having received antibodies could benefit from

higher recovery rates when later exposed to the parasite (Lemke et

al. 2003; Grindstaff et al. 2006). Accounting for that sort of effect

would add a direct link between maternal transfer of immunity

and recovery rate and would certainly modify the CoESS between

those acquired resistance traits. Our modeling framework could

be readily modified to explore the quantitative consequences of

this new scenario.
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Figure 5. Effect of the host life span (1/μ) on the coevolutionary

stable investment in recovery rate (γ, light gray lines), maternal

transfer ability (θ, dark gray lines), and avoidance ability (π, black

lines) depending on initial conditions (plain curves: πstart = 0.7;

γstart = 0.01; θstart = 0.01; dashed curves: πstart = 0.01; γstart =
0.7; θstart = 0.7). When life span is short (gray background), selec-

tion favors investment in avoidance ability only. When life span

increases (white background), however, the coevolutionary out-

come depends on the initial conditions. Two endpoints are possi-

ble where the host could either invest solely into avoidance (top

black line) or solely into recovery and maternal transfer of immu-

nity (dashed line and lower black line). Default parameter values:

r0 = 1.5, μ = 0.1, κ = 0.1, cr ,π = 0.3, cr,γ = 0.2, cr ,θ = 0.08, kr,π =
0.5, kr ,γ = 1/0.9, kr,θ = 1/0.9, α = 2.75, β = 2, δR = 0.5, δM = 0.75.

Our model does not account for the age structure of the host

population. Age structure may indeed modify the evolution of the

transgenerational transfer of immunity as newborns may face less

virulent parasites. Several disease agents indeed show a strong

age dependent virulence. For instance, varicella zoster virus leads

more often to complications and death in adults than in children

(Preblud 1981; Guess et al. 1986). Moreover, as mentioned above,

the immune system requires time to achieve its full efficiency and

newborns only display part of their future adult ability to recover

from the infection. Accounting for age structure in our frame-

work may thus give interesting insights on how the occurrence

of such variable patterns of virulence and ability to recover may

modify the evolution of acquired resistance mechanisms. In par-

ticular, accounting for both the dynamics of passive protection

and the dynamics of the development of the immune system in

the newborn could bring insight on key periods for early life in-

fectious risk such as the “window of susceptibility” (e.g., Day and

Schultz 2011).

Our model focused on the evolution of host defense strategies

but host resistance feeds back on the evolution of the parasite. In

particular, increase in recovery rate has been shown to result in

an increase in parasite virulence (van Baalen 1998). As maternal

transfer of immunity is associated with recovery and results in the

protection of another part of the population, accounting for this

mechanism should thus lead to decreased levels of virulence. We

also showed that considering several strains of parasite modified

the evolution of the transfer of maternal immunity. How mater-

nal transfer of immunity would affect the coexistence and the

characteristics of different parasite strains remains to be deter-

mined. Our theoretical framework, in particular when accounting

for two strains, could be readily modified to provide insight on

that question.

CONCLUDING REMARK

Although we primarily built this framework with vertebrate mod-

els in mind as the transfer of maternal antibodies is a mechanism

specific to this group, there is no reason to exclude the possi-

bility of specific acquired resistance mechanisms in invertebrates

(Schmid-Hempel 2005). There is also increasing evidence for

specific transgenerational immune priming in invertebrates (Little

and Kraaijeveld 2004; Sadd and Schmid-Hempel 2007; Tidbury

et al. 2011) and our approach could be easily extended to un-

derstand the evolution of those biological systems. The analysis

of a modified version of our model to fit the general assump-

tions of insect–pathogen interactions led to qualitatively similar

results (see the description of the MSI model in Supporting In-

formation). It could also be developed to explore the evolution of

genetic resistance mechanisms such as CRISPR (Clustered Reg-

ularly Interspaced Short Palindromic Repeats) in bacteria (Sorek

et al. 2008) or epigenetic resistance mechanisms like herbivory

in plants (Agrawal 2002). By inserting some more specific bio-

logical features and including yet other resistance mechanisms,

the general modeling framework we develop here could thus con-

tribute to a better understanding of the evolution and coevolution

of transgenerational resistance mechanisms.
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and T. Boulinier. 2012. Maternal antibody persistence: a neglected life
history trait with implications from albatross conservation to compara-
tive immunology. Proc. R. Soc. Lond. B: 279:2033–2041.

Geritz, S. A. H., E. Kisdi, G. Meszena, and J. A. J. Metz. 1998. Evolution-
arily singular strategies and the adaptive growth and branching of the
evolutionary tree. Evol. Ecol. 12:35–57.

Gillespie, J. H. 1975. Natural selection for resistance to epidemics. Ecology
56:493–495.

Grenfell, B. T., and A. P. Dobson. 1995. Ecology of infectious diseases in
natural populations. Cambridge Univ. Press, Cambridge, UK.

Grindstaff, J. L., E. D. Brodie, III, and E. D. Ketterson. 2003. Immune function
across generations: integrating mechanism and evolutionary process in
maternal antibody transmission. Proc. R. Soc. Lond. B 270:2309–2319.

Grindstaff, J. L., D. Hasselquist, J. A. Nilsson, M. Sandell, H. G. Smith, and
M. Stjernman. 2006. Transgenerational priming of immunity: maternal
exposure to a bacterial antigen enhances offspring humoral immunity.
Proc. R. Soc. Lond. B 273:2551–2557.

Guess, H. A., D. D. Broughton, L. J. Melton, III, and L. T. Kurland.
1986. Population-based studies of varicella complications. Pediatrics
78(Suppl):723–727.

Hart, B. L. 1990. Behavioral adaptations to pathogens and parasites: five
strategies. Neurosci. Biobehav. Rev. 14:273–294.

Hasselquist, D., and J. A. Nilsson. 2009. Maternal transfer of antibodies in
vertebrates: transgenerational effects on offspring immunity. Phil. Trans.
R. Soc. B 364:51–60.

Hoyle, A., R. Bowers, A. White, and M. Boots. 2008. The influence of trade-
off shape on evolutionary behaviour in classical ecological scenarios. J.
Theor. Biol. 250:498–511.

Hurford, A., D. Cownden, and T. Day. 2010. Next-generation tools for evolu-
tionary invasion analyses. J. R. Soc. Interface 7:561–571.

Kisdi, E., and S. A. H. Geritz. 1999. Adaptive dynamics in allele space: evo-
lution of genetic polymorphism by small mutations in a heterogeneous
environment. Evolution 53:993–1008.

Kowalczyk, K., J. Daiss, J. Halpern, and T. F. Roth. 1985. Quantitation
of maternal-fetal IgG transport in the chicken. Immunology 54:755–
762.

Lee, K. A. 2006. Linking immune defenses and life history at the levels of the
individual and the species. Integr. Comp. Biol. 46:1000–1015.

Lemke, H., H. Hansen, and H. Lange. 2003. Non-genetic inheritable potential
of maternal antibodies. Vaccine 21:3428–3431.

Little, T. J., and A. R. Kraaijeveld. 2004. Ecological and evolutionary impli-
cations of immunological priming in invertebrates. Trends Ecol. Evol.
19:58–60.

Miller, M. R., A. White, and M. Boots. 2007. Host life span and the evolution
of resistance characteristics. Evolution 61:2–14.

Mousseau, T. A., and C. W. Fox. 1998. Maternal effects as adaptations. Oxford
Univ. Press, Oxford, U.K.

Navarini, A. A., M. Krzyzowska, K. S. Lang, E. Horvath, H. Hengartner, M. G.
Niemialtowski, and R. M. Zinkernagel. 2010. Long-lasting immunity by
early infection of maternal-antibody-protected infants. Eur. J. Immunol.
40:113–116.

Preblud, S. R. 1981. Age-specific risks of varicella complications. Pediatrics
68:14–17.

Ricklefs, R. E., and M. Wikelski. 2002. The physiology/life-history nexus.
Trends Ecol. Evol. 17:462–468.

Roopenian, D. C., and S. Akilesh. 2007. FcRn: the neonatal Fc receptor comes
of age. Nat. Rev. Immunol. 7:715–725.

Roy, B. A., and J. W. Kirchner. 2000. Evolutionary dynamics of pathogen
resistance and tolerance. Evolution 54:51–63.

Sadd, B. M., and P. Schmid-Hempel. 2007. Facultative but persistent trans-
generational immunity via the mother’s egg in bumblebees. Curr. Biol.
17:R1046–R1047.

Sandland, G. J., and D. J. Minchella. 2003. Costs of immune defense: an
enigma wrapped in an environmental cloak? Trends Parasitol. 19:571–
574.

Schmid-Hempel, P. 2005. Evolutionary ecology of insect immune defenses.
Annu. Rev. Entomol. 50:529–551.

———. 2011. Evolutionary parasitology: the integrated study of infections,
immunology, ecology and genetics. Oxford University Press, Oxford,
U.K.

Schulenburg, H., J. Kurtz, Y. Moret, and M. T. Siva-Jothy. 2009. Introduction.
Ecological immunology. Phil. Trans. R. Soc. B 364:3–14.

Sheldon, B. C., and S. Verhulst. 1996. Ecological immunology: costly para-
site defence and trade-offs in evolutionary ecology. Trends Ecol. Evol.
11:317–321.

Sorek, R., V. Kunin, and P. Hugenholtz. 2008. CRISPR—a widespread system
that provides acquired resistance against phages in bacteria and archaea.
Nat. Rev. Microbiol. 6:181–186.

Staszewski, V., J. Gasparini, K. D. McCoy, T. Tveraa, and T. Boulinier. 2007.
Evidence of an interannual effect of maternal immunization on the im-
mune response of juveniles in a long-lived colonial bird. J. Anim. Ecol.
76:1215–1223.

EVOLUTION OCTOBER 2012 3 0 7 5



ROMAIN GARNIER ET AL.

Tidbury, H. J., A. B. Pedersen, and M. Boots. 2011. Within and transgenera-
tional immune priming in an insect to a DNA virus. Proc. R. Soc. Lond.
B 278:871–876.

van Baalen, M. 1998. Coevolution of recovery ability and virulence. Proc. R.
Soc. Lond. B 265:317–325.

van den Driessche, P., and J. Watmough. 2002. Reproduction numbers and
sub-threshold endemic equilibria for compartmental models of disease
transmission. Math. Biosci. 180:29–48.

West, A. P., A. B. Herr, and P. J. Bjorkman. 2004. The chicken yolk sac IgY
receptor, a functional equivalent of the mammalian MHC-related Fc
receptor, is a phospholipase A2 receptor homolog. Immunity 20:601–
610.

Zinkernagel, R. M. 2003. On natural and artificial vaccinations. Annu. Rev.
Immunol. 21:515–546.

Zuk, M., and A. M. Stoehr. 2002. Immune defense and host life history. Am.
Nat. 160:S9-S22.

Associate Editor: K. Dyer

Appendix
EPIDEMIOLOGY

In the absence of the parasite the dynamics of the host is deter-

mined by the balance between density-dependent reproduction

and mortality of susceptible individuals in the following way:

Ṡ = (r − κS − μ) S (A1)

with κ being a crowding parameter, related to the carrying capacity

for the host population by the relation K = r/κ. At the parasite-free

equilibrium the host density is thus: Ŝ = (r − μ)/κ. The ability

of a few parasites to invade the host population can be determined

from the dynamics of the parasite when it is rare. The parasite

will invade when its basic reproductive ratio, R0, is above 1:

R0 = (1 − π) hŜ

α + γ + μ
> 1. (A2)

When the above condition is fulfilled, the system (see

equation (1)in the main text) reaches a new endemic equilib-

rium with different types of hosts coexisting (M̄ , S̄, Ī , and R̄).

The overbar refers to the endemic equilibrium. In particular, the

endemic density of susceptible hosts is:

S̄ = α + γ + μ

(1 − π) h
. (A3)

For the other types of hosts there is no simple analytical

expression but they can easily be obtained numerically.

EVOLUTION OF THE HOST WITH A SINGLE PARASITE

Let us now assume that the above system has reached an endemic

equilibrium and that a new mutant host appears (i.e., its frequency

is initially rare). Will this mutant invade the host population? Be-

cause we assume that the resident system has reached an endemic

equilibrium and that the mutant is initially rare, the invasion condi-

tion can be derived from the linearization of the system (equation

(1)in the main text) near the endemic equilibrium of the resident

(the superscript m refers to the mutant):

H m = Am · H m, (A4)

where H m = (Mm Sm I m Rm)T is the vector of the densities of

the mutant in the different states of the hosts, and Am describes

the growth of the mutant in these different states:

Am =

⎛
⎜⎜⎜⎝

− (μm + δM ) 0 0 θmλm

λm + δM λm − (μm + (1 − πm)h) λm (1 − θm) λm + δR

0 (1 − πm) h − (μm + γm + α) 0

0 0 γm −μm − δR

⎞
⎟⎟⎟⎠ . (A5)

We assume that the mutation may act on various host defense

traits and that this mutation is supposed to be associated with costs

on reproduction or survival. More specifically we assume:

λm = r0(1 − Cr )(1 − N̄/K ) and μm = μ0(1 + Cs), where

N̄ = M̄ + S̄ + Ī + R̄ is the equilibrium density of the total host

population, r0 and μ0 are the intrinsic birth and death rates of

the host, respectively. The parameters Cr and Cs refer to the

costs on reproduction and on survival, respectively; and are of the

form:

Cr =
∑

x

cr,x xkx ,

Cs =
∑

x

cs,x xkx .

The coefficients cr,x and cs,x measure how an increase in

host trait x affects reproduction and survival, and the coefficients

kx measure the shape of the relationship between the trait and

the cost. In the present article, we consider the evolution of three

different host defense strategies: x ∈ {πm, γm, θm}. Moreover, for

the sake of simplicity, we only assume host defense affects fecun-

dity (a cost on survival does not modify qualitatively the results).

In other words we assume throughout the article that Cs = 0 and

μm = μ = μ0.

The above matrix can be written as Am = Fm − V m , where

Fm refers to fecundity (how many mutant hosts are created in

each of the four different types) and V m refers to the transition
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between the different types:

Fm =

⎛
⎜⎜⎜⎝

0 0 0 θmλm

λm + δM λm λm (1 − θm) λm + δR

0 0 0 0

0 0 0 0

⎞
⎟⎟⎟⎠ , (A6)

V m =

⎛
⎜⎜⎜⎝

μ + δM 0 0 0

0 μ + (1 − πm)h 0 0

0 −(1 − πm)h μ + γm + α 0

0 0 −γm μ + δR

⎞
⎟⎟⎟⎠ , (A7)

Note, however, that the gain of S individuals through the loss

of immunity endured by M and R individuals described by the

parameters δM and δRare included in the Fm matrix. Although

they do not correspond to reproduction events, including those

transitions in Fm greatly simplifies the expression of V m−1 which

in turn allows for the derivation of a simpler invasion condition

for the mutant (see below). It can be readily shown that, as the

parameters of our model are all positive quantities, the conditions

required to satisfy the Next Generation Theorem are all fulfilled

(van den Driessche & Watmough 2002; Hurford et al. 2010). In

other words, the spectral bound of −V m is negative and all the

elements of Fm and V m−1 are greater than or equal to zero.

The mutant host will invade the resident equilibrium when

the dominant eigenvalue of Am is positive or, equivalently, when

the dominant eigenvalue of Bm = Fm · V m−1
is higher than one

(Diekmann, O., J. A. P. Heesterbeek, and J. A. J. Metz. 1990. On

the definition and computation of the basic reproduction ratio R0

in models for infectious diseases in heterogeneous populations.

J Math Biol 28:365-382. Hurford et al. 2010). We focus on the

latter criteria because it yields a pergeneration measure of parasite

population growth rate. This matrix Bm is of the form:

Bm =

⎛
⎜⎜⎜⎝

0 τm
S→M

τm
M→S τm

S→S

τm
I→M τm

R→M

τm
I→S τm

R→S

0 0

0 0

0 0

0 0

⎞
⎟⎟⎟⎠ , (A8)

where the coefficients τm
i→ j are the rates of production of host

type j by a host type i . The dominant eigenvalue of this matrix is

as follows:

Rm =

(
τm

S→S +
√

4τm
M→Sτ

m
S→M + τm2

S→S

)

2
. (A9)

Hence, this expression depends only on three elements of

Bm .

τm
S→M = (1 − πm) h

((1 − πm) h + μ)

γm

(αm + γm + μ)

θmλm

(μ + δR)
,

(A10)

τm
M→S = λm + δM

μ + δM
, (A11)

τm
S→S = λm

(1 − πm) h + μ
+ λm (1 − πm) h

((1 − πm) h + μ) (αm + γm + μ)

+ (1 − πm) h ((1 − θ∗) λm + δR) γm

((1 − πm) h + μ) (αm + γm + μ) (μ + δR)
. (A12)

These three coefficients correspond to the different transi-

tions between M and S hosts (see Fig. S1). For instance, focusing

on the expression of τm
S→M , there are three steps for a susceptible

individual to produce maternally protected newborns: the individ-

ual has first to get infected (S to I ), then to recover to become

resistant (I to R) and finally to reproduce depending on its immu-

nity transfer strategy (R to M). Equation (A10) is the product of

these three terms. The same reasoning applies to the expression

of τm
M→S , which includes both reproduction of M individuals and

loss of immunity. Finally, in τm
S→S , each term of the sum describes

three different ways in which a susceptible individual can produce

new susceptible individuals (see Fig. S1).

 

 M S 
 

M 

Figure A1. Diagram showing the transitions represented by

τm
M→S, τm

S→M, and τm
S→S.

EVOLUTION OF THE HOST WITH TWO PARASITES

Here we expand the previous model to a situation where two

strains of parasites (1 and 2) are circulating in the host population.

With regard to each parasite, individuals can thus be sensitive (S),

infected by either strain 1 (I1) or strain 2 (I2), recovered from

infection (R1 or R2), and protected by maternal immunity (M1 or

M2). For the sake of simplicity, we consider that when individuals

have recovered from an infection by a given strain (R individuals),

they cannot be infected by the other strain. Individuals can thus

only develop their immunity against one of the strains. Maternally

protected (M) individuals for a given strain may, in contrast, be

infected by the other strain. How maternal transfer of immunity

against one strain efficiently prevents infection by the other strain

is described by an additional parameter, χ, which measures the

level of cross immunity of the maternal transfer.

As for the one strain model, the invasion of a mu-

tant host requires a description of the dynamics of the sys-

tem near the endemic equilibrium of the resident (the su-

perscript m refers to the mutant) using equation (A4) with
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H m = (Mm
1 Mm

2 Sm I m
1 I m

2 Rm
1 Rm

2 )T and where Am can be de-

composed as Am = Fm − V m with Fm and V m :

Fm =

⎛
⎜⎜⎜⎜⎜⎝

0 0 0 0 0 θmλm 0
0 0 0 0 0 0 θmλm

λm + δM λm + δM λm λm λm (1 − θm ) λm + δR (1 − θm ) λm + δR

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 γ 0 0 0
0 0 0 0 γ 0 0

⎞
⎟⎟⎟⎟⎟⎠

V m =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

μ + δM + (1 − χ) h2 0 0 0 0 0 0

0 μ + δM + (1 − χ) h1 0 0 0 0 0

0 0 μ + (1 − πm) (h1 + h2) 0 0 0 0

0 − (1 − χ) h1 − (1 − πm) h1 μ + γm + α 0 0 0

− (1 − χ) h2 0 − (1 − πm) h2 0 μ + γm + α 0 0

0 0 0 −γm 0 μ + δR 0

0 0 0 0 −γm 0 μ + δR

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

The same calculation using the Next Generation Theorem

can be applied to obtain an expression of the invasion criterion

Rm that determines whether a mutant can invade the resident host

population. This expression, however, is a bit more complicated

and we only use it to derive the evolutionary stable level of ma-

ternal transfer of immunity in Fig. 2.
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