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1. RÉSUMÉ

Les parasites et les pathogènes peuvent affecter la survie, la croissance et la reproduction

de leurs hôtes. Ces effets néfastes ont conduit, parmi les populations d'hôtes, à la

sélection de nombreux mécanismes de résistance. Parmi ceux-ci, le système immunitaire

des animaux est l'un des plus répandu. Malgré l'importance de la pression de sélection

exercée par les parasites, les populations d'hôtes présentent des niveaux de résistance ou

d'immunocompétence très variés. Pour expliquer cette grande variation, des discussions

récentes en écologie et en évolution ont émis l'hypothèse selon laquelle l'immunité serait

coûteuse et contraindrait l'expression d'autres composantes de la valeur sélective (ou

fitness). Par conséquent, la sélection naturelle favoriserait l'accroissement de

l'immunocompétence uniquement lorsque celle-ci serait bénéfique.

Afin d'examiner la véracité de cette hypothèse, j'ai étudié, au cours de cette thèse, les

coûts sur la fitness associés à l'utilisation du système immunitaire. Cette étude a été

réalisée sur le bourdon Bombus terrestris (L.), un insecte social facile à élever en

laboratoire. B. terrestris est connu pour être la cible de nombreux parasites et doit, par

conséquent, soliciter très fréquement son système immunitaire. L'utilisation du système

immunitaire requière des ressources (nutriments et énergie) et pourrait imposer un coût

capable d'affecter la fitness de l'hôte. Dans cette étude, pour forcer les bourdons à activer

leur système immunitaire, des ouvrières ont été exposées à des stimulations

immunogéniques standards. En fonction de la disponibilité de ressource, il a pu être

démontré qu'une réponse immunitaire impose un coût substantiel sur la survie des

ouvrières. De plus, lorsque les ouvrières utilisent leur fonction immunitaire pendant une

période prolongée du cycle de vie de la colonie, le succès reproducteur de cette dernière

est diminué. Des données supplémentaires montrent que des compromis d'allocation (ou

trade-offs) pourraient exister entre les composantes mêmes du système immunitaire des

bourdons. Par conséquent, les résultats présentés ici supportent l'hypothèse mentionnée

plus haut selon laquelle le coût des défenses immunitaires pourrait contraindre

l'évolution de l'immunité.
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Cependant, cette étude montre aussi que des changements phénotypiques de l'histoire de

vie des colonies de bourdons peuvent résulter de l'activation du système immunitaire.

Ces modifications de l'histoire de vie aideraient à réduire l'impact du coût des défenses

immunitaires lorsque celles-ci sont nécessaires. Ainsi, la combinaison du coût de la

fonction immunitaire et de la nécessité de se défendre contre les parasites pourrait avoir

conduit à la sélection d'adaptations permettant le maintient d'un niveau

d'immunocompétence élevé mais avec un coût atténué au mieux.
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2. SUMMARY

Parasites and pathogens can negatively affect the survival, growth and reproduction of

their hosts. These negative effects lead, in host populations, to selection for various

resistance mechanisms. Among these, the immune system of animals is one of the most

widespread. Despite the strong selective pressure imposed by parasites, host populations

exhibit high natural variation in pathogen resistance or immunocompetence. To explain

this variation, recent discussion in evolutionary ecology entertained the hypothesis that

immunity might be costly and trade-off against other fitness components. Hence, natural

selection would favour enhanced immunocompetence only when it is beneficial.

To examine the extent to which this hypothesis could be supported I investigated, in this

thesis, the fitness costs associated with the use of the immune system. In this study, the

model system used was the bumblebee Bombus terrestris (L.), which can be easily bred

in the laboratory. B. terrestris is known to be targeted by many parasites and thus may

face frequent challenges to its immune system. Here, to induce bumblebees to use their

immune system, workers were exposed to standardised immunogenic challenges.

According to levels of environmental stress (resource limitation) a substantial individual

cost of the immune response was seen to decrease worker's survival. In addition, forcing

workers to use their immune system over prolonged periods of time during the colony life

cycle resulted in a decrease in a colony's reproductive success. Furthermore, additional

data showed that trade-offs between components of the immune system of bumblebees

exist. Therefore, the results presented here support the hypothesis above in which the cost

of the immune defences may constrain the evolution of immunity.

However, also in this study, adaptive phenotypic changes of life history patterns were

observed due to the activation of the immune system. These may help to decrease or

compensate for the cost of immune defences. This suggests that the cost of immune

defences associated with the necessity of defence against parasites may also select for

adaptations leading to an affordable, albeit costly immunity.
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3. GENERAL INTRODUCTION

Organisms are permanently attacked by numerous and diverse parasites and pathogens

that try to infect, multiply, and eventually to be transmitted to a new host. The broad

range of parasite life cycles is accompanied by a high diversity of ways to succeed in

these objectives. The resulting selective pressure exerted by such diverse parasite attacks

led to the selection of many means of defence in hosts. These include parasite avoidance

behaviours (Hamilton & Zuk 1982; Clayton 1991; Müller & Schmid-Hempel 1993),

which prevent contact between the host and its parasites, modifications of individual life

histories that may reduce or compensate for fitness losses from parasites (Minchella

1985; Agnew et al. 2000), protective structural and chemical barriers that prevent the

entry of parasites into the host's body cavity (Glinski & Jarosz 1995b), and, finally, the

immune system (Millar & Ratcliffe 1994; Glinski & Jarosz 1995a; Glinski & Jarosz

1995b; Roitt et al. 1996). Arguably, the immune system of animals is the most common

resistance mechanism used against unavoidable parasite infections.

The immune system of animals commonly consists of two kinds of system. Both,

invertebrates and vertebrates, possess an innate immune system whose cells (the

haemocytes) destroy pathogens by releasing soluble molecules (lyzozymes and

antimicrobial peptides: the humoral response) or by engulfing them (phagocytosis: the

cellular response). In addition to innate immunity, vertebrates possess an adaptive

immune system in which different types of cells (the lymphocytes) carry a highly diverse

array of receptors (immunoglobulins) that recognize an almost unlimited range of

antigens.

The benefits of the immune system are obvious. While parasites, by exploiting their

host's resources affect its survival, growth or fecundity, an effective immune system will

help to reduce these negative effects. However, recent studies have shown that artificial

selection for increased resistance (the end product of successful immune defences) to

parasites is associated with reductions in at least some other components of fitness e.g.,
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egg viability of Indian meal moth (Boots & Begon 1993) or larval competition in fruit

flies (Kraaijeveld & Godfray 1997). These results suggest the occurrence of genetic

trade-offs between immune defences and life history traits that could potentially lead to

evolutionary changes under selection (Bell & Koufopanou 1986).

In addition, the immune system is known to require some resources for its maintenance

and its activation (Demas et al. 1997; Svensson et al. 1998). In the case where organisms

have access to limited resources, the amount of resources invested in the immune system

will necessarily reduce the amount of resources available for other needs (Sheldon &

Verhulst 1996). Thus, increased allocation to immune defences has to be traded-off

against resource allocation to other traits. Individuals that differ in their pattern of

resource allocation between immune defences and life history traits are expected to have

different fitness depending on parasite pressure and resource availability in the

environment (Van Noordwijk & de Jong 1986). Natural selection will favour individuals

with patterns of resource allocation that maximise survival and reproductive success.

Note here that this trade-off is a problem of using the immune system once it is existent.

Former studies have shown that immune defences could not be sustained with other

demanding tasks e.g., foraging activity in bumblebees (Koenig & Schmid-Hempel 1995)

or reproductive effort in birds (Svensson et al., 1998). Reciprocally, increased resource

allocation to immune defences was correlated with a reduction in reproductive effort in

some birds (Unionen et al. 2000; Raberg et al. 2000) and in damselflies (Siva-Jothy et al.

1998). However, up to now there has been no report of the substantial fitness costs

associated with the use or the activation of the immune system itself. In this thesis, I

investigated the evolutionary ecology and adaptiveness of immune defences in relation to

ecological factors in the social insect, Bombus terrestris (L.) (Hymenoptera: Apidae). The

main aim of this work was to analyse the fitness costs associated with using the immune

system.
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Social insects

Nests of social insects often contain a large group of individuals that are closely related to

each other and occur at a high density, this represents ideal targets for parasites. Close

genetic relatedness between individuals favours the spreading of an infection, as a

parasite infecting one member of the group is likely to be pre-adapted to infect other

individuals of the group (Baer & Schmid-Hempel 1999; Schmid-Hempel 1998; Schmid-

Hempel 1994). Social insects harbor a broad range of parasites including viruses, bacteria

and other prokaryotes, fungi, protozoa, nematodes, helminths, mites, and parasitoids

(Schmid-Hempel 1998). To reduce the risk of contracting and transmitting diseases

within nests, social insects either use several behavioural adaptations such as the

selection of nesting sites, food choice and the immune system of individuals which must

provide protection at the colony level. Because social insects are almost permanently in

contact with parasites, individuals of the colony may have to use their immune system

extremely frequently. Therefore, faced with the necessity of preserving their integrity

against parasites and their reproductive success, colonies of social insects have to balance

the benefits and the costs of their immune response.

As in other insects, the immune system of social insects is innate and based both on

cellular and humoral mechanisms that are interdependent (Rattclife & Rowley 1979;

Rattclife et al. 1985; Hoffmann et al. 1996). These defences are initiated by the

recognition of a broad spectrum of factors that are released by or present at the surface of

parasites entering the insect haemocoel. The proteins that recognise these factors are

pattern recognition proteins (PRP) (Thörnqvist 1997), which recognise targets like

lipopolysaccharides (LPS) from bacteria or ß-l,3-glucans from fungi. When recognition

is possible, foreign particles can be immediately phagocytosed by haemocytes or

coagulated during a reaction called nodulation (Rattclife & Rowley 1979; Pathak 1993).

If targets are too large to be engulfed, they are encapsulated within one hour by an

aggregation of haemocytes that become melanised (Schmid-Hempel 1998; Söderhäll &

Cerenius 1998; Allander & Schmid-Hempel 2000). This latter process relies on the

prophenoloxidase (proPO) cascade, which is responsible for melanin synthesis (Söderhäll
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& Cerenius 1998). Within a few hours, a set of different antimicrobial peptides will also

be produced and secreted in the haemolymph by the cells of the fat body (a functional

analogue of the vertebrate liver) (Cociancich etal., 1994). The antimicrobial activity then

appears in the blood and reaches a plateau after several days (Cociancich et al., 1994).

The bumblebee Bombus terrestris

The bumblebee Bombus terrestris (L.) is a primitive eusocial insect inhabiting cold and

temperate habitats. Colonies of this insect are annual and founded by a single queen in

spring (Alford 1975). When the first generation of workers emerge they take over the

brood care and foraging activity for the colony. The colony grows in worker number until

mid-summer, when the first sexuals (drones and young queens) appear. Then the sexuals

leave the nest to mate. In autumn, while the mother queen, the workers and the males die,

the young mated queens look for a shelter in the ground to hibernate until the next spring.

B. terrestris was chosen as a model system for this study because this species can easily

be bred and kept in laboratory conditions (Pomeroy & Plowright 1980). Each colony

contains a large number of closely related workers, which acts as a control for genetic

variation within the colony. This bumblebee species has been the object of several studies

about immunocompetence in our laboratory using a well-established immune

measurement (Koenig & Schmid-Hempel 1995; Schmid-Hempel & Schmid-Hempel

1998; Allander & Schmid-Hempel 2000) (see Appendix 1). In addition, the individuals of

each caste (queen, male and worker) are ideal in size for the extraction of sufficient blood

samples for measurement of immune characteristics such as the haemocyte count, the

antibacterial (see Appendix 2) and phenoloxidase (see Appendix 3) activities of the

haemolymph.
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Thesis outline

CHAPTER 4. Even when infected by parasites, hosts do not necessarily show obvious

effects, indicating that they might succeed to control infections within bounds or manage

to get rid of them using their immune system. However, it is likely that this control of the

infection through the activation of the immune system does not come cheaply. If such a

cost exists, one might speculate as to why it is not more often evident. One reason could

be that hosts may compensate for increased demands by an increased resource intake.

Costs are thus masked and no outward signs of a parasitic infection are observed,

although the host pays a cost to prevent the establishment and spread of the parasite. In

this chapter, the survival cost for the activation of the immune system was analysed when

the host was denied compensation for increased resource demand. In particular, the host's

condition was experimentally "frozen" by adopting a starvation protocol at the point

when an "infection" - a standardised immunogenic challenge - occurred. Workers of the

bumblebee were challenged with LPS and micro-latex beads to induce their immune

system under starvation (i.e., not allowing compensatory intake). Compared to controls,

survival of induced and starved workers was significantly reduced (by 50 - 70 %).

CHAPTER 5. In the previous chapter, an immune response was shown to be costly. The

next step was to see to what extent the allocation of resources to the immune system is in

agreement with the predictions of the life history theory. That is, whether the allocation

of resources to immune defences could constrain the host's reproductive success. In this

study, using the split-nest protocol described in Schmid Hempel & Schmid Hempel

(1998), we forced workers to increase their allocation to their immune function by

challenging them with LPS, administered over prolonged periods of time during the

colony cycle. The experiment was repeated under both stressful and good conditions as

set by ambient temperature (i.e., low and high ambient temperature). We used the

working hypothesis that resources used for the immune system of workers would

consequently not be available for work (foraging and brood care). The shortage of

resource availability for work might therefore result in a decrease in the production of

sexuals (drones and queens) at the end of the colony cycle. The results indeed showed an



16

impact of using the immune defences on the reproductive success of the colony,

particularly under otherwise stressful conditions. Interestingly, we also found that

colonies that had their immune defences challenged accelerated their reproductive effort

as compared to controls.

CHAPTER 6. Vertebrates that provide extensive brood care are known to be able to

transfer specific immunity to offspring, as an induced response to the local presence of

parasites in the environment (Buraphacheep & Sullender 1997; Hanson 1998; Coste etal.

2000). Social insects also have extensive brood care and colony fitness depends on the

post emergence survival of sexuals, especially after they left the parental nest and when

being exposed to a parasite-loaded parapatric habitat (Schmid-Hempel 1998). Assuming

that the parental colony can facultatively alter the immunocompetence of sexuals we

hypothesised, in analogy to the situation in vertebrates, that offspring of parental colonies

experiencing a heavy parasite load in their environment should endow offspring with

increased levels of immunocompetence. Alternatively, the substantial cost of the elicited

immune defence in the parental colony (Koenig & Schmid-Hempel 1995) could lead to a

decrease in reproductive output and immunocompetence of offspring, as has also been

demonstrated in vertebrates (Deerenberg et al. 1997; limonen et al. 2000). In this study

we tested the immunocompetence of male offspring from colonies kept in good

conditions from the study described in chapter 4. We observed that the immune system of

male offspring from challenged parental colony sides was intrinsically more competent

than that of offspring from the control sides. Interestingly though, this difference in

immunocompetence was seen only in phenoloxidase (PO) activity, while haemocyte

count and antibacterial activity did not differ. Some workers of each side were also tested

for these three immune parameters. As expected from the treatment, workers in the

challenged sides showed higher antibacterial activity than workers in the control sides.

However, the PO acitvity was lower in the challenged sides as compared to controls.

CHAPTER 7. After an injury, an insect is exposed to the risk of being infected by

opportunistic microbes, which take advantage of the wound to invade the haemocoel. To

avoid this, following the trauma, prophylactic antimicrobial peptides are produced and
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secreted by the fat body into the haemolymph. This antimicrobial activity is maintained

for hours or days, during which the risk of septicaemia will be reduced. The efficiency of

this prophylaxis depends on how long it lasts. However, some metabolic costs are also

expected to be associated with a long-term prophylaxis. Therefore, the predictability of

the risk of opportunistic infection after an injury, as assessed by the immunogenic

recognition, is expected to modulate the duration of the prophylactic production of

antimicrobial agents. Because antimicrobial agents are costly to produce, we expect such

long-term prophylaxis might decrease the general protection against a broad range of

parasites, which is provided by the activation of the proPO cascade. In this chapter, we

investigated whether long-term antibacterial prophylaxis can be altered by the

predictability of opportunistic infections through the recognition of bacterial cell wall

molecules (LPS). In addition, we looked at the effect of long-term prophylaxis on the

strength of the proPO response. We found different dynamics of the antibacterial activity

across time following the facultative recognition of LPS. Furthermore, the strength of

proPO activity of workers that had a long-term prophylaxis was indeed reduced, which is

consistent with the results of previous chapter. This negative correlation between

antibacterial and PO activities is discussed.

General discussion

Life history theory predicts that life history traits are physiologically constrained by the

amount of resources an individual has access to (Roff 1992; Stearns 1992). As more

resources will be allocated to one trait, fewer will be available for the others. In line with

this constrains, an increase in resource allocation to the immune function of bumblebees

was found to be correlated with a decrease in the expression of other traits. We showed

that increased allocation to the immune system affects individual worker survival

(chapter 4), colony reproductive success (chapters 5 and 6) and that there are possible

trade-offs between components of the immune system (chapters 6 and 7). However, the

reduction of individual survival and colony reproductive success was only visible when

resource availability was limited. In chapter 4, the cost on survival was demonstrated
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only in starved workers, while non-starved workers survived normally whatever the

immune challenge they were treated with. In chapters 5 and 6, the reduction in the

number of offspring produced increased with stress. Indeed, in good conditions (high

temperature) the increased allocation of resource to immune defences affected the

production of young queens only, while in harsh conditions (low temperature) both queen

and male production were affected. Therefore, from these results we can conclude that

immune defences are costly and trade-offs with important fitness parameters exist, which

is in agreement with life history theory. This cost could have many implications for host

survival and resistance strategies according to the environmental parasite pressure. In

particular, the cost impacts of immune defences are limited by the host's ability to

compensate through increasing resource acquisition. Faced with the necessity to defend

themselves against parasites by maintaining an efficient immune system, which is

presumably costly, hosts should be also able to decrease the cost of resource acquisition.

In addition, because of the cost and the necessity of maintaining an efficient immune

system, hosts may have been selected for adaptations that minimise the cost of immune

defences when they are needed. This is suggested by the acceleration of the reproductive

effort as a consequence of the use of the immune system in chapter 5. This phenomenon

was previously only known from hosts exposed to living parasites. In our study, the

activation of the immune system of individual workers alone was sufficient to trigger

such a shift in life histories. The cost imposed by the activation of the immune system

might have been larger without this modification of the colony reproductive effort.

Again, this shift in life histories was found only in stressful conditions, which suggests

that this life history response might be more costly than beneficial in good conditions as

shown by previous a study (Minchella & Loverde 1981).

The facultative phenotypic plasticity of the offspring immunocompetence as a result of

parasitism in the parental colony represents another such adaptation. It may provide an

alternative to costly constitutive defences at a critical period of the life cycle (here during

the mating period). For instance, male bumblebees have a relative short life during which

survival and mating determine their individual and part of their colony reproductive
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success. The permanent maintenance of a high concentration of enzymes involved in the

proPO providing a better resistance might be metabolically expensive and could constrain

male survival or mating success. These costs will have a larger effect on male fitness in

the absence than in the presence of parasites. Here, risk of infection in males is predicted

by the infection status of the parental colony, which leads to the enhancement of

constitutive immunocompetence (the proPO system) only when it is profitable.

Unfortunately, we do not know the cost that is associated with the maintenance of a

powerful proPO system. Future studies are needed to investigate the adaptiveness of the

proPO system as it is a key component of insect resistance in general (Ratcliffe et al.

1984; Söderhäll 1982; Söderhäll et al. 1996).

In this thesis, I investigated whether immune defences could be traded-off against other

important correlated fitness components. My results showed that the activation of the

immune system is associated with substantial costs but these are only revealed under

conditions of limited resource availability; such conditions are likely to occur frequently

in nature. These results suggest that a relatively high level of defences is always

maintained. The inducible characteristic (i.e., the antibacterial immune response) of these

defences allows, already, the maintenance of a costly immunity with a minimum negative

impact on the host's fitness. In line with the development of inducible defences, the cost

of immune defences may not only select for lower level of defences but could also select

for mechanisms leading to affordable, albeit costly defences.
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4. SURVIVAL FOR IMMUNITY: THE PRICE OF IMMUNE SYSTEM

ACTIVATION FOR BUMBLEBEE WORKERS*

Abstract

Parasites do not always harm their hosts because the immune system keeps an infection at

bay. Ironically, the cost of using immune defences could itself reduce host fitness. This

indirect cost of parasitism is often not visible because of compensatory resource intake.

Here, workers of the bumblebee, B. terrestris, were challenged with lipopolysaccharides

and micro-latex beads to induce their immune system under starvation (i.e. not allowing

compensatory intake). Compared to controls, survival of induced workers was

significantly reduced (by 50 - 70 %).

*

Moret, Y and Schmid-Hempel, P Science 290, 1166-1168
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Introduction

Parasitic infections are pervasive but hosts often show no obvious effects. Alas, this does

not mean that parasites impose no fitness costs on their host, since the immune system is

often able to keep the infection within bounds. Recent discussions in the field of

evolutionary ecology have concentrated on the idea that the evolution of the immune

system is traded-off against other fitness components (7). In addition, the activation and

use of the immune system is thought to be costly and therefore cannot be sustained

simultaneously with other demanding activities (2). With such costs, the main effect of

infection is not the direct damage by the parasite itself but the cost imposed when the host

immune system is activated. Why, if these costs exist are they not more often evident?

One reason is that hosts may compensate for increased demand by increased resource

intake. Costs are thus masked and no outward signs of a parasitic infection are observed,

although the host pays a cost to prevent the establishment and spread of the parasite. To

date such fitness costs have only been shown indirectly, for example, by forcing the

individual to increase its parental effort and measuring the corresponding decrease in the

immune response (2).

Here, the survival cost for the activation of the immune system was analysed when the

host is denied compensation for increased demand. In particular, the host's condition was

experimentally "frozen" by adopting a starvation protocol at the point when an

"infection" - a standardised immunogenic challenge - occurred (3). When an individual is

starved, any future allocation to defence reduces the resources available for other needs

and thus eventually for maintenance and survival. The starvation paradigm also mimics

some important ecological conditions, such as the natural occurrence of adverse weather

and limited food availability, which is typical for most animal populations.

In this study, workers of the bumblebee, Bombus terrestris (L.), were used as hosts.

Bumblebees are primitively eusocial insects inhabiting temperate habitats where weather

conditions often vary over short time periods. Foraging activity is often interrupted by

spells of rain and cold weather, leading to the starvation and demise of the colony if
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workers fail to collect sufficient amounts of pollen and nectar (4). Starved workers cannot

survive for long (20 to 30 hours). In field populations, most workers are infected by some

parasite but nevertheless show normal behaviours and activities (5). Bumblebee workers

usually do not reproduce themselves. Hence, worker (inclusive) fitness is determined by

their survival and therefore any cost of immunity that reduces survival also reduces

fitness (6). As in other insects, immunity in bumblebees is innate and based both on

cellular (7) and humoral mechanisms (8). An immune response starts with the recognition

of immunogens released by or present on the surface of parasites entering the host

haemocoel. Various pathways of the immune system then become activated (9), leading

to the destruction of the parasite and its removal by cellular reactions such as

phagocytosis or encapsulation.

Methods and Results

To measure the survival cost of the immune reaction, the worker's immune system was

experimentally activated with two kinds of established immune elicitors. (a)

Lipopolysaccharides (LPS, Sigma L-2755), i.e., surface molecules extracted from

Escherichia coli. This nonpathogenic and nonliving elicitor is specifically recognised by

pattern recognition proteins of the invertebrate immune system (9). LPS induces several

pathways of the immune response (8, 10) that persist over many hours (77). LPS is

cleared from insect haemolymph by lipophorin, a transport protein that shuffles LPS to

the fat body (77, 72). Hence, the clearance of LPS should not involve processes that are

responsible for clearing bacteria from the haemolymph such as phagocytosis, (b) Sterile

micro-latex beads (Polysciences Inc., diameter 4.5 urn) are a similar size to bacteria and

are cleared from the haemolymph by a combination of processes (8, 10), including

phagocytosis. In both cases, the immune system is activated but the artificial "parasite"

unable to generate any pathogenic effect.

A first experiment tested whether decreased survival might result from a toxic side effect

of the immune elicitors, assuming that such effects would also decrease the survival of
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nonstarved animals. In addition, survival should then correlate with dose (73). Indeed,

survival of nonstarved workers for 72 hours after injection did not depend on dose of LPS

[mean survival of workers in relation to dose: r = - 0.312; F (1,6)= 0.65, P = 0.45, N =

235 workers] nor on numbers of micro-latex beads [r = 0.410; F (\,5) = 1.02, P = 0.36, N

= 202 workers], and, in particular, was not different from noninduced control animals

(73). In addition, survival rate never dropped below 90%. Hence, neither LPS nor micro-

latex beads appear to exert any toxic side effect, even when concentrations are 10-fold

(LPS) or 100-fold (beads) as high as in the subsequent experiments.

Activation of the immune system by LPS and latex beads was measured by the

antibacterial activity of hemolymph using a zone of inhibition assay (14). Antibacterial

activity increased with dose of LPS [mean activity in relation to dose: r = 0.895; F(l,6) =

24.25, P = 0.003, N = 216 workers]. Induction, but no relationship with dose [r = 0.144;

F(l,5) = 0.11, P = 0.76, N = 188 workers], was found for latex beads. LPS and micro-

latex beads may thus induce different pathways of the immune system.

The survival of challenged and control bees under starvation was tested in the same way.

Two LPS-treatments (low-LPS, high-LPS) and one bead treatment (Beads) were used, in

addition to a combined challenge of micro-latex and LPS (75). All inferences were made

with Cox-regression and with respect to the survival observed under the control (16).

Three hundred workers were used in the analysis. As before, the activation of the immune

system was checked by the zone of inhibition assay. The induction lasted as long as the

experiment. Not surprisingly, starvation decreased survival time to a few hours (mean:

20.8 ± 0.67 hours, S.E., n = 51, for control bees). However, survival time was reduced, by

factors of 1.5 - 1.7 (odds ratios), for workers that were challenged by LPS or beads (Fig.

1). There was no significant difference in survival between high-LPS and low-LPS

treatments. The addition of beads to LPS had an additive survival cost compared to LPS

and beads alone (Fig.l) (no significant two-way interaction terms in the Cox regression

were found). Given the experimental paradigm and the biology of the species, the

differences among colonies probably reflect genotypic differences among colonies.
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Figure 1. Survival of workers under different treatments. The top, near horizontal, lines

refer to nonstarved animals (no difference found among treatments). Low-LPS + Beads

and high-LPS + Beads refer to the combined injection of LPS and beads. Cox regression

analysis for the starved animals (sloping lines) shows that injection of beads reduces

survival by a factor of 1.56 (odds-ratio; Wald statistic = 13.58, df = 1, P < 0.001).

Similarly, injecting a low dose of LPS (odds-ratio = 1.73; Wald = 13.18, df = 1, P <

0.001) or a high dose of LPS (odds -ratio = 1.75; Wald = 13.86, df = 1, P < 0.001)
reduces survival, but both the two doses produce a similar effect (comparing low-LPS

with high-LPS: P = 0.85). Survival was also affected by colony of origin (P < 0.001) and

its interaction with injection of beads (P < 0.001), LPS (P = 0.002), and the

corresponding three-way interaction (i.e., colony, beads, LPS: P < 0.001). All other terms

were non-significant; in particular, there was no two-way interaction of beads and LPS.

[for further statistical details, see supplementary data available at Science Online (75)].
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Discussion

Here, a hidden survival cost is demonstrated that is continuously paid to keep infections

in check. It will go unnoticed when enough resources are available to compensate. Hence,

even when no externally visible infections are observed in natural populations (77), such

hidden costs can still have major effects on host survival strategies and ramify into many

aspects of population biology and host-parasite coevolution. Future studies must

therefore clarify to what extent resource allocation to defense is varied and whether such

variation is in agreement with predictions of life history theory. Our results also suggest

that the relative efficiencies of innate immune response in insects and acquired immunity

in vertebrates (2) may be similar when costs are taken into account.
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Bead vs. no Bead 0.44 0.12 13.58 1 0.0002 1.56

LPS 17.64 2 0.0001

low-LPS vs. no LPS 0.55 0.15 13.18 1 0.0003 1.73

high-LPS vs. no LPS 0.56 0.15 13.86 1 0.0002 1.75

low-LPS vs. high-LPS 0.03 0.14 0.03 1 0.8527 1.03

Col. 47.36 8 < 0.0001

Col.*Bead 27.36 8 0.0006
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The full model is: Survival, S(t) = S0(t)p, where:

p
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ô-Bead*Col.*LPS)}
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Treatments: "low-LPS": (0.1 mg/ml); "high-LPS": (0.5 mg/ml) "Bead": Latex
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5C

6,
Significance level for Wald statistics

Odds ratio of survival for variable relative to control (= exp(b)).
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5. ACTIVATION OF THE IMMUNE SYSTEM ACCELERATES THE

REPRODUCTIVE EFFORT, BUT REDUCES COLONY SUCCESS OF

THE SOCIAL INSECT BOMBUS TERRESTRIS"

Abstract

Parasites typically reduce host survival or fecundity. To minimise fitness loss, hosts can

make temporal adjustments of their reproductive effort (1-3). To date such plastic shifts

of life history traits in response to parasitism are only known from solitary organisms

where infected individuals can react by themselves (1, 2, 4). In the case of social insects,

where brood care and reproductive effort is shared between reproductive individuals

(typically the queen) and workers, adjustments of the reproductive effort would depend

on collective decision making. Here, we use colonies of the bumblebee Bombus terrestris

(L.) to demonstrate that social systems can also respond in similar ways. We

experimentally activated the immune response of individual workers without an actual

parasitic infection. This induction resulted, in combination with environmental

conditions, in a reduction of fitness of the social unity (i.e., colony success, measured by

number and biomass of offspring) and a collective response towards earlier reproduction.

As both phenomena are expressed at the level of the colony, the result suggests that key

elements of the use of immune defence have been maintained through the evolutionary

transition to sociality (5).
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Introduction

A parasitic infection typically affects one or several of the three key parameters, growth,

survival and fecundity, which, together determine host life history (6, 7). Infections can

often be checked by the host's immune system but at a cost to the organism, for example,

lower survival rates (8). Although the negative fitness consequences of an infection

cannot be avoided, its magnitude can in principle be reduced by variation of the life

history parameters (1-3, 9, 10). For example, freshwater snails that become infected by

castrating parasites shift their life history and accelerate the time of maturity. In this way,

the snails manage to produce at least some offspring before the effect of castration sets in

(1).

Plasticity of life history in response to parasitism is so far only known from solitary

organisms where the individual itself is infected and can react accordingly (1, 2, 4).

Despite the many similarities of life history traits that are shared with socially living

organisms, fitness in social animals is the result of cooperative effort (11). Therefore, any

shift in the reproductive schedule in response to parasitism in a social system would

depend on some kind of "collective decision-making" which must be a considerably more

complex phenomenon. We here investigate whether, despite this added complexity,

social animals have the ability to cooperatively vary life history parameters in response to

parasitism in similar ways as known from solitary organisms (1, 2, 4). In particular, we

used the primitively eusocial bumblebee, Bombus terrestris (L.), as a model system to

test for this possibility.

In B. terrestris, colony survival, growth and reproduction are based, both, on the success

of the founding queen and efforts of her workers (11). After the colony has been founded

by the queen in spring, it grows by addition of new workers until reproduction takes place

in late summer. At this point, sexual offspring, i.e., the males and young daughter queens,

are produced and leave the colony to mate. Bumblebees have annual colonies and only

the daughter queens enter hibernation. Success and time of reproduction vary among

colonies and among populations (12, 13).
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Bumblebees are known to be host to a wide range of parasites that mostly infect the

workers (14, 15). As is the case in other insects, bumblebees can respond to such

infections by activating their immune system (15, 16). Experimentally, an immune

response can be elicited, for example, by injecting a small dose of bacterial surface

molecules (lipopolysaccharides: LPS) which results, among other things, in the

measurable production of antibacterial peptides (8). Here, we have used this technique to

experimentally mimic an environment with a high and persistent level of parasitism to

test for eventual life history variation. In particular, we immune-challenged the workers

with LPS, administered over prolonged periods of time during the colony cycle. As we

have shown previously, this immune challenge activates the immune system, at a cost to

individual survival, while not having any direct pathogenic effect as would be caused by

a living parasite (8). Increasing worker mortality is akin to the effect of castration in

solitary animals, since without the help of her workers, the queen will not manage to

reproduce. Under the hypothesis that hosts facultatively respond to parasitism by varying

their life history, we therefore expected to observe a shift in reproductive timing.

Especially, we expected to find that immune-challenged colonies reproduce earlier than

control colonies, since this could reduce the anticipated loss of reproductive capacity

associated with increased worker mortality rates. We also expected that such plasticity

would primarily emerge under harsh conditions, where worker survival is paramount, and

not be expressed under benign conditions where worker mortality adds less to eventual

colony fitness. Here, we use a split-colony design (17) to test this hypothesis.
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Methods

Queens of B. terrestris collected in the field around Zurich in spring 2000, were allowed

to start a colony in the laboratory. As soon as the workers of the first brood had emerged,

the colonies were transferred into a nest divided into two equal sides with a fine wire

mesh. Half of the workers and the brood were each carefully placed into one of the two

nest sides. The wire mesh prevented exchange of food, workers and brood but allowed

effective pheromonal and other communications between the two sides. The queen was

rotated from one side to the other every 24h to ensure egg laying in both sides and colony

cohesion through the physical presence of the queen. Bumblebees of each side were fed

ad libitum with sugar water and pollen. Treatment started as soon as the colony was

transferred to the split nest (i.e. immediately after the first brood had emerged).

Harsh and good environmental conditions were experimentally generated by keeping the

colonies, respectively, at 18° and 24°C for their entire life cycle. Due to practical

limitations, the two experiments were carried out successively. Previous experience from

our laboratory cultures showed that the lower temperature is rather marginal for B.

terrestris colonies, since it forces workers to spend additional time and energy to heat the

brood as compared to the good condition. The higher temperature is probably more

typical for the natural habitat and during a normal season. For each colony used in this

study, one side of the experimentally-split nest was randomly assigned to the treatment

"challenged", while the other was kept as the control. Every week, between 70 to 80% of

the workers in both sides were randomly selected to be injected with 5 ul of insect

Ringer. While the control-side workers received Ringer only, the injection of the

challenged-side workers also contained a small dose (0.5 mg / ml) of bacterial surface

molecules (LPS; Sigma L-2755). These LPS are non-pathogenic and non-living surface

molecules extracted from E. coli which are highly immunogenic (18-20). LPS elicits a

persistent response of production of antibacterial peptides over many hours (18, 19, 21).

For the injections, the workers were chilled and immobilised on ice. Injection was

through the pleural membrane between the second and the third tergite, using a sterilised

glass capillary that had been pulled out to a fine point. Hence, in this experimental
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paradigm, the two halves of each nest represented the same colony headed by the same

mother queen and sister workers but which experienced a different environment

(challenged vs. control). In addition, the whole colony either lived in a good or harsh

environment.

Every week, four days after injections, a 10% random sample of workers from both sides

was collected and tested for the antibacterial activity of their haemolymph. The workers

were chilled on ice and lOul of haemolymph per worker was taken using a sterilised glass

capillary. Each haemolymph sample was put into a 0.5 ml Eppendorf tube containing 50

ul of cold Ringer's solution. The tubes were stored at -80°C until the antibacterial test

was carried out (few weeks later). Antibacterial test plates (diameter 9 cm, Sterlin) were

7
prepared by adding 0.05 ml of live Arthrobacter globiformis bacteria suspension (10

cells/ml) to 5 ml of sterile broth medium (10g Bactotryptone, 5g Yeast extract, 10g NaCl,

1000 ml of distilled water, pH 7.5), with 1% of bacto-agar at 45°C. Plates were swirled to

disperse the bacteria and left to settle at room temperature. Ten holes (diameter: 2 mm)

per plate were made in the agar, and 2 ul of the haemolymph solution extracted from the

workers was added per hole for the test. The plates were then incubated at 28°C

overnight. During this time, the antibacterial substances in the haemolymph could inhibit

the growth of bacteria on the plate, leading to a circular, clear zone around each hole with

a diameter proportional to the strength of the antibacterial activity. The diameters of these

zones of inhibition were then measured. We used the mean of the minimum and

maximum diameters (in mm) of each zone of inhibition as our data point.

Body condition of the sampled workers was estimated by measuring the size of their fat

body, using an ether extraction method (22, 23). The fat body of insects is considered to

be an important storage organ as well as the principal site of synthesis of immune

proteins (24, 25). Percentage values are given as dry mass of fat body / dry mass of the

abdomen. The size of the colonies was estimated by counting the total number of workers

in both sides of the nest. Also, the number of young males and queens produced from the

mother queen in each side as well as their fresh mass were recorded as an indication of

the reproductive success. The timing of the production of sexuals was measured as the

day of emergence of the sexuals since the start of the treatment.
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Within each environment (cold vs. warm), the data obtained in each of the two nest sides

were treated as a paired sample (per colony) and therefore treatment effect was analysed

with a Wilcoxon's matched pairs sign test validated with Bonferroni's correction for

repeated tests within the same data set. The timing of production of sexuals between the

two sides was compared with a time-dependent Cox-regression analysis for all the

colonies taken together within each temperature condition. This analysis compared the

production of sexuals over time (days since the start of the treatment) in the challenged

sides with the control sides. Differences in reproductive timing between harsh and good

conditions were analysed by testing the distribution of time to maturity (emergence of

median sexual) for the colony as a whole with a two samples Komolgorov-Smirnov test

All the analyses were done using SPSS 6.1.1 (SPSS Inc., Chicago, IL).

Results

We could use thirteen colonies for the harsh condition and eleven for the good condition.

As expected from the treatment, in both temperature conditions, workers in the

challenged halves showed higher antibacterial activity than workers in the control halves

over the entire colony cycle (Table 1). The challenge therefore resulted in workers

activating and utilising their immune system for the duration of the experiment. However,

within each colony, the number of workers produced was similar in the challenged and

the control side (Table 1). Surprisingly, the body condition of workers, estimated by the

relative size of their fat body (percentage fat), did no show any difference due to the

treatment, that is, comparing harsh with good condition (Table 1).
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Table 1. Colony characteristics (means, SE), f-value refers to treatment effect

(Wilcoxon's matched pairs sign test), n is the number of colonies (sample size).

Temperature Variables ' Control Challenge n P3

18°C Number of 25.54 25.15 13 0.780

workers (2.81) (3.39)
Worker ZI (mm) 3.24 11.04 11 0.003*

{172} (0.85) (0.63)
Fat body (%) 12.02 12.40 11 0.328*

{172} (0.40) (0.86)
Males 22.92 10.92 13 0.036

{440} (8.39) (4.99)
Queens 0.69 0.61 13 0.715

{17} (0.47) (0.26)
Biomass (mg) 6,367.82

(2,307.46)

2,907.80

(1,152.61)

13 0.028

24°C Number of 204.18 186.18 11 0.307

workers (19.63) (22.00)
Worker ZI (mm) 6.79 9.94 11 0.016*

{198} (0.51) (0.78)
Fat body (%) 9.13 8.80 11 0.182*

{198} (0.21) (0.26)
Males 89.45 70.00 11 0.109

{1754} (15.93) (12.23)
Queens 4.18 0.73 11 0.012

{54} (1.58) (0.63)

Values in curled brackets are sample sizes (number of workers, males or queens).
2ZI: average diameter from zone-of-inhibition assay

3P-values with asterisk evaluated with Bonferroni-correction for repeated measurements

(Pent =0.025).

However, challenging the workers had an effect on reproductive success of the entire

colony (the half nests, respectively). In harsh conditions, fewer males (Table 1) and fewer

queens were produced (a non-significant effect due to the small number of queens

produced overall, see Table 1) in the challenged sides as compared to the control sides.

The biomass of sexuals (males plus queens) was also smaller in the challenged sides of

colonies (Table 1). A similar effect of the immune challenge resulted in good conditions,

although, as expected, the magnitude of the effect was not as strong. Only the number of
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queens produced in the challenged sides was reduced compared to the control sides while

the number of males and the biomass of sexuals did not differ (Table 1).

With respect to the shift in life history, environmental conditions per se (i.e., independent

of treatment) caused a change. In particular, the colonies in harsh conditions produced the

males and young queens earlier than colonies in good condition (Fig.l; comparing the

two samples, Komolgorov-Smirnov z = 1.878, df= 1, P = 0.002). In addition, and as

expected from the hypothesis, the immune-challenge also caused a condition-dependent

change in life history. For colonies in harsh conditions, the challenge caused reproduction

to be earlier than the controls (Fig.l). Time-dependent Cox-Regression analysis showed

that over the duration of the experiment, the number of sexuals hatching per day in the

challenged side was a significant 2.24-fold that of the control side ("Treatment": odds

ratio, Wald statistic = 30.70, df= 1, P < 0.0001), although the period over which sexuals

were produced ended earlier than in the controls (Fig. 1.). Furthermore, the fecundity

functions of the two halves shown in Fig.l did not have the same slopes over time

(interaction "Time*Treatment": odds ratio = 0.98, Wald statistic = 24.61, df = 1, P <

0.0001). This pattern was not observed for colonies placed in good condition (Fig. 1.).

Under good condition, the fecundity functions were similar for both challenged and

control sides, evaluated for the production of sexuals per day ("Treatment": odds ratio =

0.84, Wald statistic = 2.02, df = 1, P = 0.155) and for their slopes over time

("Time*Treatment": odds ratio = 1, Wald statistic = 1.37, df=\,P = 0.240).
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Figure 1. Cumulative percentage of sexuals (young males and queens) produced over

time for all the colonies together within temperature conditions.

Discussion

In this study, we found major, but condition-dependent effects of an immune-challenge of

individual workers on the reproductive success and the life history their colonies. This

study thus provides the evidence for a fitness cost to social groups due to individual

immune defence. Obviously, the activation of the immune system not only has a potential

cost to individual survival (8) but also a potential fitness cost to the society as a whole. In

addition, both, lower individual survival (8) and reduced reproductive success of the

colony (Table 1, in this study) as a consequence immune-challenge is revealed under

harsh environmental conditions. This suggests that compensatory food intake or the

absence of demanding concurrent needs (e.g. thermoregulation) under good conditions

typically mask the costs of using the immune system (8) also at the level of the entire

colony.



44

Interestingly, neither the number of workers produced nor their body condition (fat body)

was different between control and immune-challenge colony halves (Table 1). The

reasons for this are unclear. However, the findings indicate that individual workers can

control their individual costs within the context of their social environment, and that the

colony can maintain its growth rate, so that the collective costs of immune defence

affects the reproductive success of the social group.

Results of previous studies showed that food limitation, under otherwise good conditions,

did not change the reproductive timing of colonies (17). In contrast to these results, we

now find that an immune-challenge and harsh conditions (low temperature) lead to clear

shifts in reproductive timing (Fig.l). It appears that the two stress factors, food limitation

vs. immune challenge, have drastically different consequences. Although as yet nothing

can be said about the physiological mechanisms involved in this response nor on the

eventual fitness balance, the shift in reproductive timing in colonies of B. terrestris is

similar to the phenomenon of fecundity compensation reported for snails that are infected

or challenged by trematodes (1, 26). Note, however, that in the snail studies it is not

known whether the immune system was indeed activated or whether the response was

triggered by another signal indicating the presence of the trematodes. In our study, the

only difference was the presence of LPS in the workers' haemolymph that induced the

production of antibacterial peptides. No pathogenic effects due to a living parasite were

possible.

Our results are partially compatible with the observation of a correlation between the

relative time of reproduction and the average level of parasitism by conopid flies in

different natural populations of bumblebees (12, 27). For example, in B. pascuorum

increased parasitism was found to be associated with earlier reproduction, similar to the

present finding under harsh conditions. In the mixed B. terrestrislB. lucorum populations,

however, higher levels of parasitism were associated with later reproduction—a finding

that is somewhat at variance with the present study unless even more benign conditions

than used here would lead to delayed reproduction under immune-challenge.
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Most importantly, we here find a collective response that leads to life history variation in

a social animal. However, the challenge of individuals alone was sufficient to elicit a

social response. We therefore conclude that plasticity in life history traits in response to

parasitism is not restricted to solitary organisms but has been maintained through the

evolutionary transitions towards sociality (5).
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6. TRANS-GENERATIONAL INCREASE OF IMMUNE RESPONSE IN

A SOCIAL INSECT*

Abstract

In mammalsl'2, humans^, and possibly in birds^, immune-challenged females are known

to transfer specific immunity to their offspring. In invertebrates, specific immunity is

generally absent. Instead, innate and constitutive defences can be activated upon

challenge. Given these differences, it is unclear whether a similar process of trans-

generational transfer of immunity occurs in invertebrates. A priori evolutionary reasoning

suggests that, if anything, analogous patterns might be expected in species with extensive

brood care, such as is found in social insects. Here, we show that offspring (sons) of the

bumblebee, Bombus terrestris (L.), indeed show a higher level of constitutive immune

defence when the parental colony is immune-challenged. Such a facultative "priming" of

the immune system of offspring in response to parasite pressure is, to date, quite unique

among invertebrates but might reflect analogous selection pressures and solutions as

those found in vertebrates.

*

Moret, Y Schmid-Hempel, P Nature, in press
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Introduction

Despite many similarities and homologies, the invertebrate immune system differs from

the vertebrate immune system in the general absence of specific immunity based on

antibodies^. On the other hand, the immune system of higher insects is characterised by

the inducible expression of a large array of antimicrobial peptides^ as well as by the

melanisation-encapsulation response based on the prophenoloxidase (proPO) cascade^.

The latter represents a common generalised response to invasion by a parasite and can be

experimentally triggered by elicitors such as lipopolysaccharides (LPS), peptidoglycans,

or ß-l,3-glucans that characterise the surface of micro-organisms^. The immediately

available potential of the proPO cascade is represented primarily by the standing activity

of the phenoloxidase (PO) enzyme in the haemolymph, with an additional small reservoir

located in the circulating haemocytes^'lO. Hosts having a high level of PO activity are

therefore expected to be able to respond to parasitic infections more swiftly and

efficiently.

Social insects are characterised by cooperative, extensive brood care by the workers and

considerable investment of the parental colony into offspring. Strictly speaking, parental

efforts for brood care are shared among queen and workers, similar to the well-known

roles of parents and helpers in birds. Therefore, we here use the term "trans-generational"

to mean the step from parental colony (queen and her workers) to sexual offspring that

form the next generation, rather than the strict genetic definition according to which

sexual offspring and workers are siblings. In annual species, such as in bumblebees,

reproduction occurs at the end of the colony cycle. At this point, the colony invests its

potential and resources into the production of sexuals, daughter queens and males, that

leave the colony to mate and disperse^ 1. While body mass is decisive for the success of

daughter queens to hibernate and start a new colony in the next yearly males cannot

hibernate but seek reproductive success through the rare chance of a mating with a

female. Therefore, it is very likely that, for males, reproductive success depends primarily

on post-emergence survival, especially after leaving the parental nest and being exposed
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to a parasite loaded parapatric habitat^. Assuming that the parental colony can

facultatively alter the immunocompetence of sexuals, we hypothesised, in analogy to the

situation in vertebrates, that male offspring of parental colonies that experience a heavy

parasite load in their environment should show an increased level of immunocompetence

as compared to controls. Alternatively, the substantial cost of the elicited immune

defence in the parental colony 14'15 COuld lead to a decrease in reproductive output and

immunocompetence of offspring, as has also been demonstrated in several studies in

vertebrates 16" 17

In field populations of B. terrestris, workers and sexuals are exposed to many

parasites 18-20 Here, an environment with a high and persistent level of parasitism was

experimentally mimicked by injecting workers of colonies of B. terrestris with immune

elicitors, administered over prolonged periods of time during the colony cycle. These

experimental injections activate specifically the immune system as described above but

without a direct negative effect of a real parasite. We investigated the consequences of

this environment on the level of immune defenses in adult offspring (young males)

produced at the end of the colony life cycle. As in other insects, immunity in bumblebees

is innate and based both on cellular and humoral mechanisms 13>21 Previous studies have

shown that an immune response in workers can be elicited, for example, by injecting a

small dose of LPS which results, among other things, in the measurable production of

antibacterial peptides^.

In the experiment, we used eleven colonies of B. terrestris and applied a split-colony

design to increase precision^ that is, nests were each split into two halves (treatment

and control). The mother queen was swapped between the two halves on a regular basis

to maintain egg laying and social integrity (see Methods). Assignment of a given side of a

colony to either treatment (challenge by elicitor) or control (no challenge by elicitor) was

randomised. In the treatment sides ("challenged"), 70 to 80% of the workers were

challenged weekly with an injection of LPS, extracted from E. coli (Sigma L-2755), and

dissolved in Ringer's solution. LPS is known to activate the immune system for
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prolonged periods of time^. Workers of the other half of the nest ("control") were

treated identically except that only Ringer's solution was injected. The colonies could

otherwise complete their life cycle in the laboratory under standard conditions (Methods).

To verify that workers of the challenged side did indeed activate their immune system, a

random sample of 10 % of the worker force was removed every week and checked for the

activity of their immune system by measuring the antibacterial and PO activity of the

haemolymph (Methods). The latter assay measures the rate at which substrate (phenols)

is converted into quinone that polymerizes non-enzymatically to melanin, both being

toxic to micro-organisms^. Finally, the number of sexuals produced by each colony half

was counted as the colony reached the end of its cycle. Furthermore, the activity of the

immune system of sexuals was measured in the same way as for the workers (Methods).

The hypothesis was tested using male offspring only, as too few queens were produced

for meaningful statistical analysis.

Results and Discussion

As intended with the treatment, workers in the challenged halves showed higher

antibacterial activity than workers in the control halves during the entire colony cycle

(Fig. 1). No significant difference was found for the haemocyte count (z = -0.35, df= 10,

N.S.). However, the PO activity was lower in the challenged sides as compared to

controls (Fig. 1), indicating the possibility of a trade-off within the immune system

against antibacterial activity.
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Figure 1. Antibacterial and PO activities of workers and males from the control and the

challenged sides of the experimental nests. In workers, the antibacterial activity was

higher in the challenged side than in the control side; Wilcoxon's matched pairs sign test:

z = -2.40, df= 10, P = 0.016, n = 192, but their PO activity was lower in the challenged
side than in the control side; z = -2.61, df= 10, P = 0.008. In males, the antibacterial

activity of males did not differ between sides (Table 1) but their PO activity was higher in

the challenged side than in the control side (Table 1).

Previous studies^'lS showed that the use of the immune system entails substantial costs.

In line with this expectation, immune-challenge resulted in a substantial loss of

reproductive output at the colony level (MANOVA for number of males and queens:

Hottelings F2,9 = 1.23, P = 0.027). In particular, few of the colonies managed to produce

daughter queens when challenged (i7^ 10
= 11.24, P = 0.007). Therefore, a persistent

immune challenge not only causes a survival cost for individuals^ but also reduces the

success of entire colonies. More importantly for the test of trans-generation

immunisation, we found that the immune system of male offspring from the challenged

sides was indeed intrinsically more competent than that of offspring from the control

sides (Fig. 1). Interestingly though, we found no difference in the haemocyte count nor in
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the more specific component of the immune system, that is, the activation of antibacterial

activity but a drastic increase in the more constitutive component, the activity of the pro-

phenoloxidase cascade in male offspring of the challenged side (Table 1; Fig. 1).

Therefore, it appears that colonies that experience a persistent challenge from parasites

produce sexual offspring equipped with an immune system that is more competent

generally rather than having just an increased antibacterial activity. Supplementary

experiments (see Methods) showed that such an investment indeed pays off because an

increased PO-enzyme activity in bumblebee males correlates with an increased ability to

mount an encapsulation response against an invader (F^ 23
= 5.25, P = 0.031).

Table 1. ANOVA for immune parameters in males according to treatment side colony

origin and their interaction. For the statistical analysis, haemocyte and PO activity was

square root-transformed to normalise variances.

Variable Source of variation df M.S. F P

Haemocyte Treatment 1 2.98 0.00062 0.981

Colony 10 4.36 5.62 < 0.001

Colony x Treatment 10 4.36 0.68 0.740

Residual 203 5.63

Antibacterial Treatment 1 79.98 0.17 0.686

activity Colony 10 23.61 2.95 0.002

Colony x Treatment 10 23.61 3.39 0.001

Residual 174 29.10

PO activity Treatment 1 147.91 7.67 0.020

Colony 10 241.51 2.13 0.025

Colony x Treatment 10 241.51 0.61 0.802

Residual 170 244.07

Mammalian milk is thought to prime the immune system of new-borns so as to provide

long-lasting protection for infants-^24,25 jt js not known whether an analogous process

occurs in social insects with their extensive brood care, for example, by compounds

transferred from salivary glands of nurse workers to larvae^. This question was beyond

the scope of this study, but given our results, the possibility of facultative adjustment of

immunocompetence in offspring that form the next generation appears not to be restricted
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to mammals and higher vertebrates but is a more general phenomenon that deserves

further study in invertebrates as well.

Methods

Animals. Queens of B. terrestris were allowed to start a colony in the laboratory. We used

a split-colony design as described in Schmid-Hempel and Schmid-Hempel22. As soon as

the workers of the first brood had emerged, the colonies were transferred into a nest

divided into two equal sides with a fine wire mesh. Half of the workers and the brood

were each carefully placed into one of the two nest sides. The wire mesh prevented the

exchange of food, workers and brood but allowed effective pheromonal and other

communications between the two sides. The queen was moved from one side to the other

every 24h which ensured egg-laying in both sides and colony cohesion through the

physical presence of the queen. Bumblebees of each side were fed ad libitum with sugar

water and pollen and kept in a climate chamber at 24°C and 60% relative humidity for

their entire life cycle.

Experimental protocol. For the treatments, one side of the experimental nest was

randomly assigned to the challenge while the other side was assigned to the control

treatment. Injections were performed every week on a random sample of 70 to 80% of the

workers of each nest side. Workers of the challenged side were injected with 5 ul of a

solution of sterile Ringer containing lipopolysaccharides (LPS, Sigma L-2755, 0.5 mg/

ml) and those of the unchallenged side were simultaneously injected with a solution of

sterile Ringer only. For the injections, bumblebee workers were chilled on ice to

immobilise them. The actual injection was through the pleural membrane between the

second and the third tergite, using a sterilised glass capillary that had been pulled out to a

fine point.

Measuring immunity. The insects were chilled on ice and a lOul haemolymph sample per

worker was taken using a sterilised glass capillary. Each haemolymph sample was put
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into a 0.5 ml Eppendorf tube containing 50 ul of cold sodium cacodilate/CaC12 buffer

(0.01 MNa-Cac, 0.005 M CaC12). Ten ul of this haemolymph solution was immediately

used for the haemocyte count, using an improved Neubauer haemocytometer. The rest of

the solution was dropped into liquid nitrogen and stored in a freezer (-80°C).

To measure the cost of the antibacterial immune response, a 10%> random sample of

workers from both sides was removed each week to check the activity level of their

immune system. For this, the workers were bled and the haemolymph sample was

analysed for three immune measurements, (i) The antibacterial activity was assayed using

a zone of inhibition test to estimate the specific immune response resulting from the LPS

challenge. The potential ability to mount a general immune response was estimated by

(ii) counting haemocytes and (iii) assaying the enzymatic activity of the PO.

The methods for the zone of inhibition test used here was the same as the one described

in Moret and Schmid-Hempel 15
except that the assay was performed using haemolymph

diluted 6 times with sodium cacodilate/CaCb buffer.

For the PO activity assay, samples of frozen haemolymph solution (dilution 1/20;

haemolymph/sodium cacodilate/CaC12 buffer) were thawed on ice followed by

centrifugation (6500 r.p.m., 15 min, 4°C). The supernatants were removed and vortexed

after which 20 ul of the supernatant was added into microplate wells containing each 140

ul of distilled water, 20 ul of phosphate buffer saline (PBS: 8.74 g NaCl; 1.78 g

Na2HP04, 2H20; 1000 ml distilled water; pH. 6.5) and 20 ul of. L-Dopa solution (4mg

per milliliter of distilled water). The reaction allowed to proceed at 30°C in a microplate

reader (SpectraMAX-340PC) for 5 min. Readings were taken every 10 seconds at 480 nm

and analysed using SOFTmax®PRO 3.1 software. The enzyme activity was measured as

the slope of the reaction curves during the linear phase of the reaction

Supplementary experiments. From 5 bumblebee colonies 6 males per colony were bled to

assay the enzymatic activity of the PO from their haemolymph (see above). Immediately

after bleeding, a small nylon implant (diameter 0.16 mm, length 0.8-1.0 mm) was placed
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into the abdomen of each individual through the intersegmental membrane between the

second and the third sternite. These implanted males were kept 12 hours with sugar water

during which time the encapsulation response proceeded. Then the surviving individuals

were freeze-killed and the implant was removed from the haemocoel. The encapsulation

response was estimated by measuring, on a light table, the mean grey value of the implant

against a control background using a black and white video camera associated with the

NIH Image 1.62 system^. The relation between PO activity value and encapsulation

response was investigated using a linear regression.

Statistics. The measurements obtained from workers in each of the two sides were

considered to form a paired sample (per colony) and therefore treatment effect was

analysed with a Wilcoxon's matched pairs sign test and statistical results were validated

with a Bonferroni correction. Data concerning sexuals were analysed using multivariate

analysis of variance (MANOVA) with treatment side (fixed) colony origin (random) and

their interaction. All analyses were done with SPSS 6.1 (SPSS Inc., Chicago, IL).
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7. THE DYNAMICS OF THE ANTIBACTERIAL IMMUNE RESPONSE

AND THEIR CONSEQUENCES FOR THE IMMEDIATE IMMUNITY

OF BUMBLEBEE WORKERS

Abstract

Following injuries, insects use their immune system to reduce the risk of opportunistic

microbial infections that might take advantage of the wound to invade the host

haemocoel. In such a situation, the immediate immune response involving the

prophenoloxidase (proPO) cascade provides rapid protection against foreign invaders,

whether microbial or not. Later on, the antibacterial immune pathway is activated for

hours to days, providing a period of prophylaxis during which the risk of septicaemia

post-trauma is reduced. The duration of this period of prophylaxis must be linked to the

predictability of microbial infection post-injury, which depends on microbial cell wall

recognition by the insect immune system. The use of the antimicrobial immune pathway

is known to be costly and consequently is predicted to trade-off with other immune

pathways such as the proPO cascade, which provides immunity against non-microbial

parasites. Here, using the bumblebee Bombus terrestris as model system, we investigated

the dynamic across time of the antibacterial immune response in high (through the

injection of bacterial surface molecules diluted in Ringer solution) and low (injection of

Ringer solution only) risk of bacterial infection. In addition, we estimated the

consequence of the use of the antibacterial immune prophylaxis on the strength of the

proPO. We found that the dynamic of the antibacterial immune response depends on the

risk of infection and that the use of this immune response is associated with a decrease in

phenoloxidase (PO) activity. This suggests that immunity against a broad range of

parasites may be constrained due to trade-off between immune pathways.
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Introduction

Animals defend themselves against invasion and colonisation by foreign organisms with

a variety of defence mechanisms. The first line of defence is structural such as the

exoskeleton, which covers foregut, hindgut and tracheae, and the peritrophic membrane

that protects the midgut. Additionally, the insect midgut contents an environment with

extreme pH values and accumulates digestive enzymes and antimicrobial lysozymes.

However, when microorganisms can cross these barriers, an efficient mechanism of

controlling and eliminating them exists, the immune system. Although insects lack the

complexity of the vertebrate immune system, they have developed alternative defence

mechanisms providing a similarly efficient protection against parasite infections (1, 2).

Thereby, to combat infection, insects rely on both constitutive and inducible mechanisms.

Despite many similarities and homologies, the immune system of insects differs from the

vertebrate immune system in the general absence of specific immunity based on

antibodies (3, 4). Infection activates multiple systemic responses, including phagocytosis

or encapsulation by haemocyte blood cells (1, 5) and accompanying melanisation

reactions (6, 7). These latter reactions are based on the prophenoloxidase (proPO)

cascade (6), which is a common generalised response to invasion by a parasite that can be

experimentally triggered by elicitors such as lipopolysaccharides (LPS), peptidoglycans,

or ß-l,3-glucans that characterise the surface of microorganisms (6, 8). The immediately

available potential of the proPO cascade is represented primarily by the standing activity

of the phenoloxidase (PO) enzyme in the haemolymph, with an additional small reservoir

located in the circulating haemocytes (9, 10). The proPO system represents one of the

most important mechanisms of immediate immunity against infection (11). In addition,

the recognition of microorganism cell walls induces the production of a large array of

antifungal or antibacterial peptides by the fat body which are secreted into the

haemolymph where they accumulate to high concentrations (3, 12). This antimicrobial

immune pathway is induced during the hour post-challenge and the synthesis of

antimicrobial peptides can last for hours up to many days (13) during which the risk of

septicaemia is reduced. This antibacterial immune response of insects is also induced by a
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trauma, for example, a wound (14). The protection provided by this immune pathway

depends on how long the production of antibacterial peptides lasts. The longer it lasts, the

better is the protection. However, if the risk of suffering from an opportunistic microbial

infection after an injury is low, the synthesis of antibacterial peptides over prolonged

periods of time, due to its costs (15), must be disadvantageous. Indeed, the resources

spent on the antibacterial immune response could constrain the allocation of resources to

other immune pathways such as the proPO system that provides an immediate defence

against non-microbial parasites.

Here, we investigate the dynamics of the antibacterial immune response across time

following different immune challenges in workers of the bumblebee Bombus terrestris.

Colonies of this primitively eusocial insect are annual and founded by a single queen in

spring. Colonies grow in worker number across the season and reproduction takes place

at the end of the colony life cycle, in summer, with the emergence of new queens and

drones. Workers usually engage in brood care and foraging activity. These tasks expose

them to a high risk of becoming infected either by microbial parasites or by parasitoids

eggs (e.g., from conopid flies) (16-18). As in other insects, immunity in bumblebees is

innate and based, both, on cellular and humoral mechanisms (19, 20). Previous studies

have shown that an immune response in workers can be elicited with the implantation of

a novel immunogen into the haemocoel, which results in the melanisation of the implant

within one hour (21). Additionally, injections of small doses of bacterial surface

lipopolysaccharides (LPS) induce a measurable production of antibacterial peptides in the

haemolymph (15). The recognition of molecules of LPS released by or present at the

surface of bacteria entering into the haemocoel predict a risk of bacterial infection and

lead to the activation of the inducible antibacterial immune pathway. The antibacterial

response correlates with the amount of LPS recognised as a prediction of a more or less

sever infection (15). In a first experiment, workers were injected with Ringer solution

with or without LPS. The injection itself induced a trauma and the presence of LPS in the

Ringer solution mimicked the occurrence of a bacterial infection. Different dynamics

across time are predicted in the antibacterial immune response if workers are injected

with Ringer only (low risk of microbial infection) or LPS (high risk of microbial
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infection). In addition, in a second experiment, we investigated the effect of the activation

of this prophylactic antibacterial immune pathway on the potential strength of the

immediate immunity provided by the proPO cascade.

Materials and methods

The animals

B. terrestris workers used in this study were collected from colonies kept in the lab under

standard conditions (28°C and 60%> relative humidity in continuous red light). The

colonies were fed ad libitum for their entire life cycle. For the following experiments the

workers were kept in groups of the same colony in wooden (14 x 18 x 10 cm) boxes with

sugar water and pollen ad libitum.

Temporal dynamics ofthe antibacterial immune response.

Forty-eight workers were collected from each of the 3 colonies used in this experiment.

Half of these workers were randomly assigned to be injected with 5 ul of sterile Ringer's

solution containing LPS (LPS-treatment) extracted from E. coli (0.5 mg/ml; Sigma L-

2755). This LPS-treatment mimics a high risk of bacterial infection post-injury. The

remaining 24 workers were injected in the same way but with Ringer solution only

(control-treatment) mimicking a low risk of bacterial infection. The workers were kept in

groups of 4 in wooden boxes according to their colony of origin and their treatment.

Then, every 24 hours post-injection, 4 workers of each treatment and colony were

collected randomly to be bled (details on bleeding procedure are given below) in order to

test the antibacterial immune response of their haemolymph using a zone of inhibition

assay. Data here were collected from 24 to 144 hours post treatment. Each animal was

only used once.
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Antibacterial activity vs. PO activity.

Out of 3 colonies different from those used in the previous experiment, 24 to 30 workers

per colony were collected. For each colony, 3 groups of 8 to 10 workers were set up and

randomly assigned to one of the three treatments used in this experiment. In the "LPS-

treatment" workers were injected with 5 ul of LPS (0.5mg/ml) diluted in sterile Ringer

solution. The effect of the injection was controlled for with the "Ringer-treatment" where

workers were injected with Ringer solution only. In the third treatment, the "Naive-

treatment", workers were anaesthetized on ice only. The workers were kept for 4 days in

wooden boxes according to their colony of origin and their treatment. The insects were

then bled to count their haemocytes and to test their haemolymph for antibacterial

activity and PO activity. Data for antibacterial and PO activities were compared with a

multivariate analysis of variance (MANOVA) performed with the SPSS 6.1.1 statistical

software.

Injections, bleeding and haemocytes count

Workers to be injected were chilled on ice for 10 minutes to immobilize them. The

injection was into the haemocoel through the pleural membrane between the second and

the third tergite, using a sterile glass capillary that had been pulled out to a fine point.

To bleed the workers, the insects were chilled on ice and a 10 ul haemolymph sample per

worker was taken using a sterilised glass capillary. The sample was taken between the

fifth and the sixth sternite. Each haemolymph sample was put into a 0.5 ml Eppendorf

tube containing 50 ul of cold sodium cacodilate/CaC12 buffer (0.01 M Na-Cac, 0.005 M

CaC12). Ten ul of this solution was taken to estimate the haemocyte count using a

Neubauer improved haemocytometer.

Antibacterial assay.

Antibacterial test plates (diameter 9 cm, Sterlin) were prepared by adding 0.05 ml of live

7
Arthrobacter globiformis bacteria suspension (10 cells/ml) to 5 ml of sterile broth

medium (10g Bactotryptone, 5g Yeast extract, 10g NaCl, 1000 ml of distilled water, pH

7.5), with 1%) of bacto-agar at 45°C. Plates were swirled to disperse the bacteria and left

to settle at room temperature. Ten holes (diameter: 2 mm) per plate were made in the
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agar, and 2 ul of the haemolymph solution extracted from the workers was added per

hole for the test. The plates were then incubated at 28°C overnight. During this time, the

antibacterial substances activated in the haemolymph could inhibit the growth of bacteria

on the plate, leading to a circular, clear zone around each hole with a diameter

proportional to the strength of the inhibition. The diameters of these zones of inhibition

were then measured. We used the mean of the minimum and maximum diameters (in

mm) of each zone of inhibition as our data point.

PO assay

For the PO activity assay, samples of frozen haemolymph solution (dilution 1/20;

haemolymph/sodium cacodilate/CaC12 buffer) were thawed on ice followed by

centrifugation (6500 r.p.m., 15 min, 4°C). The supernatants were removed and vortexed

after which 20 ul of the supernatant was added into microplate wells containing each 140

ul of distilled water, 20 ul of phosphate buffer saline (PBS: 8.74 g NaCl; 1.78 g

Na2HP04, 2H20; 1000 ml distilled water; pH. 6.5) and 20 ul of. L-Dopa solution (4mg

per milliliter of distilled water). The reaction was allowed to proceed at 30°C in a

microplate reader (SpectraMAX-340PC) for 5 min. Readings were taken every 10

seconds at 480 nm and analysed using SOFTmax®PRO 3.1 software (Molecular Devices

Corporation, Sunnyvale, California 94089). The enzyme activity was measured as the

slope of the reaction curves during the linear phase of the reaction.

Results

Temporal dynamics ofthe antibacterial immune response.

LPS and Ringer-treated workers showed a similar antibacterial immune response when

assayed 24 hours post-challenge (figure 1). This suggests that the early antibacterial

immune response is mainly caused by the trauma (the injection itself) rather than the

treatment (LPS vs. control). However, for periods after the first 24 hours, the antibacterial

activity of LPS-treated workers is maintained at high levels for at least 120 hours before

it starts to decrease. In contrast, the zones of inhibition measured in Ringer-treated
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workers decreased continuously after the first 24 hours (figure 1). This maintenance of

the antibacterial activity of LPS-treated workers here results from the recognition of LPS,

which should be a predictor of a high risk of microbial infection. For Ringer-treated

workers for whom the signal (Ringer) indicated that the risk of bacterial infection was

low, the antibacterial activity decreased progressively instead to stop immediately after

the trauma. This progressive reduction of the antibacterial immune response may result

from a mechanism of inertia leading to a progressive decrease of antibacterial peptide

production. Interestingly, figure 1 shows that the confidence intervals of the antibacterial

activity in Ringer-treated workers become larger with time suggesting the existence of

variation in the synergetic decrease of the antibacterial activity among workers. In

contrast, the confidence intervals remained narrow in LPS-treated workers until 120

hours post-injection.

Time in hours

Figure 1. The temporal dynamics of antibacterial activity following an injection of sterile

Ringer solution only (in grey) and an injection of LPS solution (0.5 mg/ ml in Ringer
solution) (in black). The antibacterial activity is measured as the diameter of the zone of

inhibition. Each dot is the mean of twelve measured individuals (4 workers taken in each

of the three colonies used in this experiment).
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Antibacterial activity vs. PO activity.

Values for haemocyte count and PO activity were square root transformed to improve the

homogeneity of the variance. The results of the MANOVA showed a significant effect of

the treatments on the immune parameters (zone of inhibition and PO activity) measured

in workers (Figure 2; Hotelling's test: F^ 2
= 553.39, P = 0.002). As expected from the

treatments, the haemolymph of LPS-treated workers had a higher antibacterial activity

than that of Ringer-treated and naive workers (figure 2; ANOVA for zone of inhibition:

F2, 4= 45.60, P = 0.002). Therefore, LPS-treated workers were using their antibacterial

immune pathways for the four days post-injection. On the other hand, the workers from

the Ringer and naive treatments did not show any difference in the antibacterial activity

of their haemolymph four days post-challenge (figure 2). This shows that four days after

a trauma, the antibacterial immune response drop down to the basic level found in non-

challenged workers, while the recognition of a potential risk of bacterial infection led to

the maintenance of a high level of antibacterial activity. The haemocyte count was not

affected by the different treatments (F2, 4= 0.57, P = 0.604). However, while the PO

activity did not differ between Ringer and naive treated workers (figure 2), the PO

activity in LPS-treated workers was reduced (figure 2; F2, 4= 14.37, P = 0.015). This

clearly indicates the possibility of a physiological trade-off within the immune system

since antibacterial activity and PO activity are negatively associated.
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Figure 2. Antibacterial (grey bars) and PO (dark bars) activities of the haemolymph from

naive, Ringer and LPS treated workers four days after treatment.

Discussion

The dynamics of the antibacterial immune response across time appears to vary according

to the risk of infection predicted by the presence or absence of microbial immunogens.

According to our results the dynamics of the production of antibacterial peptides depend

on two factors: the trauma resulting from a wound or an injury (here due to the injection

itself) and then, the presence of cues predicting a microbial infection. The elevation of the

antibacterial activity within the first 24 hours post challenge seems to be mainly due to

the trauma itself as no differences were found in antibacterial activity between Ringer

and LPS-treated workers. Then, if no immunogens are recognised by the immune system,

the synthesis of antibacterial peptides decreases linearly across time. In contrast, the

recognition of molecules from the cell wall of bacteria leads to the maintenance of a high

rate of antibacterial peptide production for a longer period of time. This will provide

protection against opportunistic bacterial infections. Interestingly, when no immunogens

are recognised, the antibacterial activity does not stop immediately but decrease

progressively. This is similar to a phenomenon of inertia where the antibacterial activity
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uniformly and slowly decreases as the risk of microbial infection post-trauma is reduced.

Indeed, after the injury and the wound healing, if no or few microbes entered into the

haemocoel of the host, the risk of the development of a microbial infection is reduced

across time. This decrease of the risk of microbial infection would result from the

synergism of the wound healing associated with the activation of the proPO system

avoiding the entrance of new microbes into the haemocoel, and then the activation of the

antibacterial immune response, which help to cure the few bacteria that could have

managed to enter into the haemocoel. But since the risk of infection does not become

immediately null after wound healing, the antibacterial activity is slowly stopped.

In contrast to the case where the infection risk is high, the reduction of antibacterial

production in the absence of immunogens predicting a low risk of infection helps to save

resources that would otherwise have been necessary to keep the production going. This

could be suggested by the reduction in PO activity in workers treated with LPS. Indeed,

the use of the prophylactic antibacterial immune response during four days correlates

with a substantial decrease in the strength of the proPO system, which provides immunity

against non-microbial infections. This latter result suggests the possible existence of a

physiological trade-off between the immune functions. Therefore, the antibacterial

immune response does not only impose a survival cost (15) but also reduce the strength

of other immune pathways. One might argue that the decrease in PO activity in

challenged workers could results of the use of proPO system leading to a depletion of PO

activity. However, a previous study in B. terrestris showed that depletion in the

encapsulation response is weak after a challenge (21). Alternatively, the reduction of PO

activity could be caused by the LPS molecules themselves, which are known, depending

on the bacterial origin of the LPS and the host insect species, to be able to either induce

or inhibit the PO activity (22, 23). Such an inhibition of PO activity could result from a

reduction of heamocyte number, containing the proPO enzymes (24), due to possible

damage caused by LPS (23), which seems to not be the case in our results since the

number of haemocytes did not differ between treatments. The proPO system also plays an

important role in the activation process of numerous immune responses through its

involvement in non-self recognition (8, 25). It is likely that this proPO system, associated
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with specific recognition receptors (26), is also a key element that could control the

activation of appropriate immune responses by also inhibiting the activation of other

immune pathways. Further studies must clarify the origin of this negative correlation

between immune pathways. Whatever its origin one could imagine that it may have

implications for resistance against co-infections by bacterial and non-bacterial parasites.

Nevertheless, the facultative maintenance of antibacterial activity consecutive to an

injury may be viewed as adaptive. Indeed, this mechanism avoids a long lasting use of

the prophylactic antibacterial immune pathway when it is not needed and allows the

reallocation of resources to survival (15) and eventually to other immune pathways

providing a more efficient general immunity (against a broad range of parasites).

However, in the case of low-risk of infection post-injury, the slow decrease of the

antibacterial immune response across time is more and more variable among individuals.

If this variation is associated with a relative cost, it seems plausible that individuals who

decrease their allocation to antibacterial peptide synthesis more slowly would pay a

higher cost when a late infection does not occur. Future studies must clarify to what

extent the relative cost of such false infection alarms might explain this variation.
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APPENDIX 1: A GENERAL IN VIVO ENCAPSULATION ASSAY

USING AN ABIOTIC IMPLANT

Introduction

Potential pathogens entering the body cavity of insects are usually attacked by the

immune system of the host. While microbial pathogens are dealt with by phagocytosis,

nodule formation, and production of antimicrobial proteins, larger invaders, such as

metazoan parasites, are encapsulated by the aggregation of haemocytes and/or a layer of

melanin around the foreign invader. Here we present a technique that allows us to

measure the encapsulation ability of an individual insect. We use an abiotic implant to

stimulate the encapsulation response and then measure the level of darkness around the

implant as a result of haemocyte aggregation and/or melanisation. The assay described

here is a slight modification of the method used by Koenig and Schmid-Hempel (1995)

with the bumblebee Bombus terrestris, but it can be generalised to many other insects.

Materials

1- Insects to be tested for encapsulation ability.

2- Nylon fishing line (diameter 0.16 mm, length 0.8-1.0mm) cut in appropriate pieces.

3- Ethanol 95% in which to sterilise nylon implants.

4- Anaesthesia for insects (C02 or ice).

5- Dissecting microscope.

6- A fine sterile hypodermic needle.

7- Microscope slides with coverslips.

8- Eukitt® to mount encapsulated implant on slide.

9- Light table (constant light source, uniform illumination).

10-Video camera mounted on stereoscopic microscope connected to an imaging system

(NIH Image 1.62)
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Method

The method described here is used for adult bumblebee workers, B. terrestris.

1- Prepare sterile nylon implants by immersing the pieces cut from the nylon fishing line

into ethanol 95% for 10min.

2- Anaesthetise the bumblebee in C02 or on ice.

3- Place the insect on an apparatus that holds the insect on its back.

4- Using the fine and sterile hypodermic needle, a small incision is made into the inter¬

segmental membrane between the third and the second sternite. None or a small drop

of haemolymph may appear. The implant is then placed into the incision. The wound

is left unsealed it will quickly heal. Any animal that bleeds excessively or shows

signs of septicaemia is discarded.

5- Two hours later the bumblebee is freeze-killed (-80°C) and can be stored in the

freezer (at -80°C) for later examination. Encapsulation times shorter or longer than

this are possible, depending on questions.

6- The implant is removed from the haemocoel and placed on a slide to be mounted into

Eukitt®.

7- The degree of the encapsulation response is measured by viewing the implant against

a constant background illumination using a light table. A picture of the whole implant

is taken with the black and white video camera and this picture is saved in a computer

file. The mean grey value of the passing light for the whole implant is measured using

the NIH Image 1.62 system. The degree of darkness of the implant is determined by

calculating the mean grey value of the whole implant compared to a control

background grey value. To get the degree of encapsulation (encapsulation response),

the value of this background is subtracted from the observed value of the implant.

Results and Discussion

This assay could be easily adapted for other species of insects of more or less similar size

to bumblebees. The fact that the nylon implant is an abiotic object means that the host
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resources are not exploited by a living parasite. It also avoids the potentially confounding

problem of coevolution between a natural parasite and its host. For these reasons the

measurement given by this assay corresponds to the general ability of an individual insect

to encapsulate an abiotic foreign object.

In insects the encapsulation response can be divided into cellular encapsulation (Rattclife

& Rowley 1979) and humoral encapsulation (Götz et al. 1977). During cellular

encapsulation, the foreign invader is enclosed in several layers of haemocytes and the

resulting capsule is melanised. Unlike cellular encapsulation, during humoral

encapsulation, few haemocytes aggregate on the surface of the foreign object, but instead

it is covered by a layer of melanin produced by haemocyte degranulations. The assay

presented here cannot determine which kind of encapsulation has occurred. This is

another reason to consider this assay as a technique to measure a general response.
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APPENDIX 2: MEASUREMENT OF RELATIVE ANTIBACTERIAL

ACTIVITY USING THE ZONE OF INHIBITION ASSAY

Introduction

Insects have effective immune systems composed of both cellular (Rattclife & Rowley

1979) and humoral components mechanisms (Bréhelin 1986). Cellular immune reactions

include phagocytosis, nodule formation and cellular encapsulation, whereas humoral

immune reactions include humoral encapsulation (Götz et al. 1977) and involve the

synthesis and the release of several antibacterial immune proteins (Boman & Hultmark

1987; Götz & Boman 1985). One of the simplest techniques to measure the antibacterial

activity of these immune proteins is to perform a zone of inhibition assay. This assay is

based on the ability of immune proteins to inhibit bacterial growth when placed onto a

plate seeded with bacteria. The effect is recorded as a zone of inhibited bacterial growth.

Materials

The insects

Bumblebees Bombus terrestris (L.) to be tested for the antibacterial activity of their

haemolymph.

Haemolymph collection

Equipment

1- Wet-ice bath with ice

2- Sterile lOul glass capillaries

3- A dissecting microscope

4- A fine sterile hypodermic needle

5- 1.5 ml Eppendorf tubes

6- A container with liquid nitrogen
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Buffer
Sodium cacodilate/CaC12 buffer (0 Ol M Na-Cac, 0 005 M CaC12), pH 6 5

The zone ofinhibition assay

Bacteria

1- Arthrobacter globiformis bacteria can be obtained from various microorganism

collections (e g Institut Pasteur collection http //web pasteur fr)

2- Autoclaved Broth (10 g bacto-tryptone, 5 g yeast extract, 10 g NaCl, 1000 ml

distilled water, pH 7 5)

3- 28°C incubator with a shaker

To make 10 test plates
1- 0 6 g bacto-agar

2- 60 ml Broth

3- 10 bacterial plastic petri dishes (diameter 9 cm)

Methods

Haemolymph collection

1- Chill the bumblebee for 10 min on ice

2- Puncture the pleural membrane between the 5th and the 6th sternite of the abdomen,

collect the droplet of haemolymph into a prechilled glass capillary tube until to get a

lOul sample, and flush it into an Eppendorf tube containing 50 ul of cold Sodium

cacodilate/CaC12 buffer (cooled on ice)

3-1 necessary the diluted haemolymph can now be frozen by immersing the tube in

liquid nitrogen and then stored at - 20°C for later examination

The zone ofinhibition assay

Bacteria
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1- Grow a single colony of Arthrobacter globiformis overnight or until the solution

becomes turbid in 10 ml of sterile Broth (described above) at 28°C. The incubation is

done in a shaker to keep the bacteria suspended.

2- The bacterial concentration is then estimated with a haemocytometer.

The bacterial solution can be stored in the refrigerator (4°C) for 1 or 2 weeks.

To make 10 test plates

1- Add the 0.6 g. of bacto-agar into the 60 ml of Broth and autoclave it.

2- Adjust the temperature to 45°C in a water bath.

3- Add a volume of the bacterial solution to the bottle containing the Broth and the

melted bacto-agar at 45°C. The final bacterial concentration of this Mix is 105

bacteria /ml.

4- Spread 6 ml. Of the Mix to a petri dish on a horizontal table and let it set for ten

minutes at room temperature.

The plates can be stored 1 or 2 weeks in plastic bags in the refrigerator.

Assay
1- Thaw the haemolymph solution on ice.

2- Punch 2-mm diameter holes in the agar (a total of 10 holes per plate) and remove the

plug with a sterile Pasteur pipette.

3- Add 2-ul sample of haemolymph solution per hole.

4- Incubate at 28°C overnight in a plastic bag.

5- Record the diameter of the clear zones.

Results and Discussion

There is a relationship between the antibacterial activity and the diameter of the zone of

inhibition. A larger zone of growth inhibition is expected for a sample that has a

relatively higher concentration of antibacterial proteins compared to a sample where the

antibacterial protein concentration is low. The zone of inhibition assay is usually used for
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purified substances. According to the substance type, the diameter of the zone of

inhibition can vary due to its diffusion coefficient in the agar and its toxicity for the

microorganism used. For these reasons, in immunological studies, purified substances are

compared with reference samples to estimate the substance concentration.

In our case, we currently use this assay to test directly bumblebee's haemolymph.

Therefore, we do not know what kind of antibacterial proteins generate the antibacterial

activity. Thus, the method described above only gives the relative antibacterial activity of

a haemolymph sample.
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APPENDIX 3: MEASUREMENT OF PHENOLOXIDASE ACTIVITY

USING A SPECTROPHOTOMETRIC ASSAY

Introduction

Phenoloxidase (PO) is a key enzyme involved in a number of crucial processes in

invertebrates, e.g., cuticular sclerotization (Sugumaran 1998), wound healing (Lai-Fook

1966), and immune defense reactions (Gillespie et al. 1997). The PO enzyme is involved

in melanin formation during the encapsulation of a foreign object in the host haemocoel.

The enzyme is an oxidoreductase that catalyses the oxidation of phenols to quinones,

which then will polymerize non-enzymatically to melanin (Söderhäll & Cerenius 1998).

The quinones, as well as the melanin itself generated by the PO, are toxic for

microorganisms (Nappi et al. 1995; Söderhäll et al. 1996). Invertebrate PO is present as

an inactive proenzyme (proPO) in haemocytes (Ashida 1971; Kopacek et al. 1995).

When a foreign intruder in the insect haemocoel has been recognized, proPO enzyme are

released and are activated to PO in a stepwise process involving serine proteinases, which

have been previously activated by microbial cell wall compounds. The PO is a key

enzyme in resistance against a number of pathogen types (Chapman 1982). Internal

parasites are usually isolated within a melanized layer of haemocytes (Gillespie et al.

1997) and insects with a greater ability to melanize their internal parasites are less

susceptible to pathogenesis (Nappi et al. 1991). Thus PO activity and, hence, melanin

synthesis is potentially a key determinant of resistance to parasites. It is possible to

measure the PO activity of the haemolymph of insects using a spectrophotometric assay,

which is based on the measurement of the convertion of L-Dopa to L-Dopaquinone by

the insect haemolymph, across time. The assay described here is a slight modification of

the method described in Kopacek and Sugumaran (1998).
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Materials

The insects

Bumblebees Bombus terrestris (L.) to be tested for the PO activity of their haemolymph.

Haemolymph collection

Equipment

1- Wet-ice bath with ice.

2- Sterile lOul glass capillaries.

3- A dissecting microscope.

4- A fine sterile hypodermic needle.

5- 1.5 ml Eppendorf tubes.

6- A container with liquid nitrogen.

Buffer

Sodium cacodilate/CaC12 buffer (0.01 MNa-Cac, 0.005 M CaC12), pH 6.5.

Measurement ofthe PO activity

Equipment

1- Centrifuge.

2- Spectrophotometric microtiter plates.

3- Spectrophotometric microtiter plate reader. We used SpectraMAX-340PC with good

success associated with SOFTmax®PRO 3.1 software.

Reagents and buffers

1- Phosphate buffer saline (PBS: 8.74 g NaCl; 1.78 g Na2HP04, 2H20; 1000 ml

distilled water; pH. 6.5).

2- L-Dopa solution (4mg per ml of distilled water).
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Methods

Haemolymph collection

1- Chill the bumblebee for 10 min on ice.

2- Puncture the pleural membrane between the 5th and the 6th sternite of the abdomen,

collect the droplet of haemolymph into a prechilled glass capillary tube until a lOul

sample has collected, and flush it into an Eppendorf tube containing 200 ul of cold

Sodium cacodilate/CaC12 buffer (cooled on ice).

3- Immediately freeze the diluted haemolymph by immersing the tube in liquid nitrogen.

4- Store the frozen haemolymph at -80°C.

Measurement ofthe PO activity
1- Thaw the frozen haemolymph on ice (or in a water bath with tap water)

4- Centrifuge the haemolymph at 6500 r.p.m., 15 min, 4°C.

5- Collect the supernatant.

6- Place a microtiter plate on ice and fill the wells with 140 ul of cold distilled water and

the 20 ul of cold phosphate buffer saline (PBS) (cooled on ice).

5- In one of these wells add 20 ul of distilled water. This well will be used as negative

control or blank (without haemolymph or PO enzyme). This well will be the control

for non-enzymatic production of Dopaquinone.

6- Add 20 ul of the supernatant into the other wells.

7- Last, add 20 ul of. L-Dopa solution in all the wells (in the control and in experimental

ones). The microtiter plate in then immediately transferred to the microtiter plate

reader.

8- Measure the change in absorbance at 480 nm for 20 min at 30°C. Allow the software

program to read the absorbance every 10 seconds.

9- The enzyme activity is measured as the slope (Vmax value) of the reaction curve

during the linear phase of the reaction (between 10 to 20 min after the reaction mix is

made).
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Results and discussion

The assay measures the synthesis of Dopaquinone resulting from the oxidation of L-Dopa

by the PO enzyme. As the concentration of L-Dopa used in this assay is in excess of what

can be used by the enzyme one can hardly observe the formation of a plateau when

plotting the changes in absorbance within the 20 min of the measurements. Therefore we

used the linearised curves of absorbance vs. time from which the slope (Vmax value) can

be calculated. Vmax values used as data point are corrected by the negative control (or

blank), which removes the changes of absorbance due to other things than the PO enzyme

activity. As the concentration of L-Dopa is in excess of use, the variation among

individuals in PO activity results from the concentration of active PO enzyme in the

haemolymph of each insect. If the haemolmph concentration of the PO enzyme is high, a

relatively large amount of L-Dopa will be converted to Dopaquinone, which will give a

reaction curve with a very steep positive slope.

This assay measures the PO activity of enzymes that are spontaneously activated. Hence,

it is likely that PO activity measures obtained with this method does not reflect the

activity of all the PO enzymes in the haemolmph as some might stay in their inactive

form (proPO). To quantify the total enzyme activity of the haemolymph sample, it is

necessary to activate all the proenzymes. Since the activation process in native

haemolymph involves the cleavage of a peptide from the proenzyme by a serine

proteinase, one could use commercially available serine proteinases (such as

chymotrypsin or trypsin) to activate the proPO. However, the use of such commercially

available serine proteinases should be done with caution as these enzymes might act on

other enzymes or peptides that could lead to side effects in the measurement and

therefore to erroneous results (Kopacek & Sugumaran 1998).



85

References

Ashida, M. 1971 Purification and characterization of the prophenoloxidase from the

hemolymph of the silkworm, Bombyx mori. Arch. Biochem. Biophys. 144, 749-762.

Chapman, R. F. 1982 The insects: structure andfunction. London: Hodder & Stoughton.

Gillespie, J., Kanost, M. R. & Trenczeck, T. 1997 Biological mediators of insect

immunity. Annual Review ofEntomology 42, 611-643.

Kopacek, P. & Sugumaran, M. 1998 Purifictaion and Characterization of Insect

Prophenoloxidase. In Techniques in Insect Immunity (ed. A. Wiesner, G. B. Dunphy,

V. J. Marmaras, I. Morishima, M. Sugumaran & M. Yamakawa). Fair Haven: SOS

Publications.

Kopacek, P., Weise, C. & Götz, P. 1995 The prophenoloxidase from the wax moth

Galleria mellonella: Purification and characterization of the proenzyme. Insect

Biochem. Mol Biol. 25, 1081-1091.

Lai-Fook, J. 1966 The repair of wound in the integument of insects. J. Insect Physiol. 12,

195-226.

Nappi, A. J., Carton, Y. & Frey, F. 1991 Parasite-induced enhancement of the

hemolymph tyrosinase activity in a selected immune reactive strain Drosophila

melanogaster. Arch. Insect Biochem. Physiol. 18, 159-168.

Nappi, A. J., Vass, E., Frey, F. & Carton, Y. 1995 Superoxide anion generation in

Drosophila during melanotic encapsulation of parasites. European Journal of Cell

Biology 68, 450-456.

Söderhäll, K. & Cerenius, L. 1998 Role of the prophenoloxidase-activating system in

invertebrate immunity. Current Opinion in Immunology 10, 23-28.

Söderhäll, K., Cerenius, L. & Johansson, M. W. 1996 The prophenoloxidase activating

system in invertebrates. In New Direction in Invertebrate Immunology, pp. 229-253.

Fair Haven: SOS publications.

Sugumaran, M. 1998 Unified mechanism for sclerotization of insect cuticle. Adv. Insect

Physiol. 11, 229-334.





87

ACKNOWLEDGEMENTS

Many people have contributed to the accomplishment of this thesis in many ways. To all

of them I am very grateful:

To Paul Schmid-Hempel for his supervision, his great help and support during this thesis.

To Jakob Koella for accepting to be my co-examiner.

To Renate Brunner and Rita Jenny for their numerous administrative helps and even

more.

To Christine Reber-Funk and Roland Loosli for their technical and computational

support.

To Elisabeth Magrot for help in bumblebee breeding.

To Mark Brown for many manuscript readings and for preserving our traditional and

friendly English-French opposition.

To Jukka Jokela, Pia Mutikainen, and Jürgen Wiehn for their support in statistics and

helpful discussions.

To Regula Schmid-Hempel and Pius Körner who were so often available to help.

To Annette Sauter and Stefano Rezzonico for keeping a French speaking atmosphere in

our office and for so often volunteering to help.



88

To Sonja Negovetic, Christine Gerloff-Gasser, Boris Baer, Monika Gsell, Petra

Ramseier, Elmar Benelli, Claudie Doums, Sebastian Bonhoeffer, for their various

contributions.

I would like to also thank Michael Siva-Jothy, John Thompson, Andrew Barnes from the

Department of Animal and Plant Sciences of the University of Sheffield, Rodolphe

Clerval and Wouter Duetz from the Institute of Biotechnology of the ETH-Zürich for

technical instructions and help in immune techniques. Also a big thank you to Kenneth

Söderhäll, Lage Cerenius from the Department of Physiological Botany, University of

Uppsala (Sweden) and Minoru Yamakawa from the National Institute of Sericultural and

Entomological Science Tsukuba, Ibaraki (Japan) for helpful communications.

Thanks to Thierry Rigaud, for his help and support.

I am very grateful to my family for being such great supporters and especially to Sabine

Lemoine for her help and support on many occasions.



89

CURRICULUM VITAE

Yannick Moret

Born 5 February 1973, Montluçon, France

Nationality French

languages French, English, Spanish

Education

2001

1996

Ph.D. in Biology, Swiss Federal Institute of Technology, Zürich,
Switzerland.

"Evolutionary ecology and adaptiveness of immune defenses of the

social insect Bombus terrestris (L.) (Hymenoptera: Apidae)".

Diplome d'Etudes Approfondies (DEA) (Masters) in Population

Biology, Genetics and Eco-Ethology (mention B) at the University of

Tours, France.

1995 Maîtrise of Organism Biology (mention AB) at the University of

Poitiers, France.

Research

1996 9 month in the laboratory of Genetics and Population Biology of

Crustaceans, University of Poitiers, France. As part of my post-graduate

diploma, I worked on the disturbance of reproduction due to parasitic
bacteria (Wolbachia) in the woodlouse Cylisticus convexus.. This work,

supervised by Dr. Thierry Rigaud, was concluded by two research

reports: "Conséquences évolutives des interactions entre les bactéries

endosymbiotiques du genre Wolbachia et leurs hôtes".and "Bactéries

endocellulaires altérant la reproduction de leur hôte: les potentialités
des Wolbachia hébergéespar l'isopode Cylisticus convexus".

Publications

Moret, Y. and P. Schmid-Hempel (2000). Survival for immunity:
Activation of the immune system has a price for bumblebee workers.

Science 290: 1166-1168

Moret, Y., (2000) Le coût du système immunitaire: un facteur important
de la sélection naturelle. M/S médecine sciences 17 (2): 270-271.



90

Moret, Y., P. Juchault, and T. Rigaud (2001). Wolbachia endosymbiont
responsible for cytoplasmic incompatibility in a terrestrial crustacean:

effects in natural and foreign hosts. Heredity 86; (3): 325-332.

Lord, G. M., Matarese, G., Howard, J. K., Moret, Y., Schmid-Hempel,
P. (2001) The Bioenergetics of the Immune System. Science 292: 855-

856

Rigby, M. C. and Y. Moret. Life-history trade-offs with immune

defenses. In Evolutionary Biology of Host-Parasite Relationships:

Theory Meets Reality. R. Poulin, S. Morand, and A. Skorping, Eds

(Elsevier Science, 2000) pp 129-142.

Doums, C, Y. Moret, E. Benelli, and P. Schmid-Hempel. Senescence of

immune defence in Bombus workers. -EcologicalEntomology, inpress.

Moret, Y. and P. Schmid-Hempel. Trans-generational increase of

immune response in a social insect. -Nature, inpress.

Submitted Moret, Y. and P. Schmid-Hempel. Social life history response to

individual immune-challenge of workers of Bombus terrestris (L.) - a

new co-operative phenomenon, -inprep.

Invited talks

Moret, Y. Coût de la fonction immunitaire chez l'insecte social Bombus

terrestris. Université de Montpellier, France, 18 September 2000.

Moret, Y. The cost of the immune function in the social insect Bombus

terrestris University of Bern, Switzerland, 29 November 2000.

Moret, Y. Coût de la fonction immunitaire chez l'insecte social Bombus

terrestris. Université de Dijon, France, 8 December 2000.

Other talks

Moret, Y. and P. Schmid-Hempel. Immune defence increases mortality
in bumblebees Bombus terrestris L. Illrd cycle meeting: Life-history,
immunocompetence and resistance against parasites. University of

Neuchâtel, Neuchâtel, Switzerland, 11-12 March 1999.

Moret, Y. and P. Schmid-Hempel. Survival cost of the immune function

in workers of the bumblebee, Bombus terrestris. Evolutionary Biology
of Host-Parasite Relationships: Theory Meets Reality. Laboratoire

Arago, Banyuls-sur-Mer, France, 3-7 May 1999.



91

Moret, Y. and P. Schmid-Hempel. Survival cost of the immune function

in workers of the bumblebee, Bombus terrestris.L. Workshop Social

Insects as Model Systems, Losehill Hall, Castleton, Derbyshire, UK,

July 23-26 1999.

Moret, Y. and P. Schmid-Hempel. Coût de la fonction immunitaire sur

la survie des ouvrières du bourdon Bombus terrestris. XXIéme réunion

annuelle du groupe de Biologie et Génétique des Populations, Ecole

Nationale Supérieure d'Agronomie, Rennes, 6-9 Septembre 1999.

Moret, Y. and P. Schmid-Hempel. Experimental immune challenge
reduces fitness of bumblebee colonies. Workshop Parasites and Disease,

Zürich, Switzerland, 21-24 January 2000.

Reviewerfor

The Proceedings of the Royal Society of London, series B Biological
Sciences

Ecology Letters


