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S u m m a r y

Bumble bees are eusocial insects that play a key role in ecosystem function as essential 

pollinators for many flowering plants (Alford, 1975). The importance o f their diseases, 

for example damage caused by the microsporidian Nosema bombi, has been recognised 

since early last century (Fantham & Porter, 1914). Generally, N. bombi could be 

expected to be a relatively mild disease as the parasite’s successful transmission to the 

next generation and thus its survival depends on the survival of its annual host during 

the stressful time of hibernation (Bull, 1994; Schmid-Hempel, 1998). However, 

previous work on this parasite has produced a complex and contradictory picture. 

While several authors have indeed found few or no externally visible effects of 

infection, other reports suggest Nosema to be a severe and devastating disease, capable 

of inhibiting mating, and killing individuals and entire colonies. Together these results 

suggest that Nosema has the capacity to evolve to or express high virulence at least 

under certain circumstances. However, interpretation of these reports is difficult as 

studies were often observational rather than experimental, and in many cases involved 

individuals rather than colonies. As a result, very little is known about N. bom bi’s 

ecology or biology and the overall virulence in this system.

The thesis presented here sought to gain a better understanding o f the processes 

involved in shaping the dynamics of the bumble bee-7V. bombi host-parasite 

relationship, and thus to elucidate the conditions responsible for the evolution and 

maintenance o f virulence in this system.

Several observations from this study are in support of previous reports that suggest 

Nosema to be a mild disease. For example, in an experiment that spanned the whole 

colony cycle, from colony founding to sexual reproduction, and employed laboratory 

colonies and controlled inoculations no significant differences between experimentally 

infected and uninfected colonies regarding colony fitness (offspring numbers) were 

observed. Furthermore, when sexual offspring from both experimentally infected and 

uninfected colonies were mated, no differences in mating behaviour and mating success 

between matings involving uninfected mates and matings involving infected males or 

gynes could be noted.



An assessment of the within-colony dynamics of a N. bombi infection found the 

infection of larval brood to be crucial for successful parasite establishment within 

colonies. Because larval infections are also linked to the occurrence of wing 

deformations as well as host death during pupation, natural selection could be expected 

to favour low levels of virulence to ensure the survival of infected brood.

Further support that increased virulence may not be strongly selected for in this system 

comes from the observation that an increase in spore dosage in experimental 

inoculations of adult bees did not lead to an increase in infection intensities, and thus 

suggests the absence of positive feed-backs that could lead to the evolution of increased 

virulence over time. Moreover, cross-species inoculation experiments detected no 

differences in infection success at a biologically meaningful (i.e. transmittable) level 

which supports the presence of frequent cross-species transmission and thus the 

maintenance of reduced virulence.

However, on the other hand, some of my results indicate an impact of the parasite at the 

colony and individual level, which has the potential to substantially affect the host 

population over multiple generations. For example I obsei"ved that a significantly lower 

proportion of infected colonies produced gynes in the first place and that the lifespan of 

infected males was significantly shortened. Additionally wing deformations reduced 

the number of functional males and thus potential mates by almost 6 %. All these 

factors in combination with potentially stressful host-contexts of hibernation and 

colony founding are likely to contribute to a differential representation of host 

genotypes in the population via natural selection against susceptible host lineages over 

multiple seasons. Moreover, context-dependent virulence in the form of co-infection 

with Crithidia was observed. An investigation of the impact of multiple parasitism on a 

bumble bee host population furthermore suggested that the general presence o f various 

parasites in the host population may influence the presence and abundance of other 

parasites in the population, which may lead to fluctuations in the prevalence of 

parasites as has been suggested for Nosema.

Overall, results from this study support the existence of epidemiological patterns which 

favour low levels of virulence. Nevertheless, it is also suggested that the parasite may 

affect its host population more substantially via context-dependent expression of 

virulence and over multiple generation.
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C h a p t e r  1

General Introduction

1.1 INTRODUCTION AND THESIS OUTLINE

Parasites may represent 50% of all living species (Price, 1980), and, as such, play an 

important role in the ecology and evolution of life on earth. They may regulate host 

population cycles and drive the evolution and maintenance of sexual reproduction, as 

well as being important economic pests and health dangers. Consequently, 

understanding the ecology and evolution of host-parasite systems is central to an 

understanding of biology as a whole.

The question why one parasite is benign while another is devastating has received a 

considerable amount o f attention both empirical and theoretical which has led to the 

formulation of several hypotheses, stressing that the evolution o f virulence is a complex 

issue. Thus, unsurprisingly, the epidemiological patterns of many host-parasite systems 

are still far from being understood.

One such system is represented by bumble bees, Bombus spp., and their microsporidian 

parasite Nosema bombi. Bumble bees are eusocial insects that play a key role in 

ecosystem function as essential pollinators for many flowering plants (Alford, 1975). 

The importance of their diseases, for example damage caused by the microsporidian N. 

bombi has been recognised since early last century (Fantham & Porter, 1914). 

However, previous work on this parasite has produced a complex and contradictory 

picture. Seemingly in line with model predictions (Lipsitch et a l,  1996), N. bombi has 

been suggested to be a mild parasite by some authors (Betts, 1920; Fisher & Pomeroy, 

1989; Shykoff & Schmid-Hempel, 1991; Mclvor & Malone, 1995; Imhoof & Schmid- 

Hempel, 1999; Brown & Schmid-Hempel, 2000; Whittington & Winston, 2003). 

However, Nosema has also been reported to be quite virulent, capable of inhibiting 

mating, and killing individuals and entire colonies (Fantham & Porter, 1914; Schmid- 

Hempel & Loosli, 1998; De Jonghe, 1986; Schmid-Hempel, 2001). Together these 

results suggest that Nosema has the capacity to evolve to or express high virulence at



least under certain circumstances. However, interpretation of these reports is difficult as 

studies were often observational rather than experimental, and in many cases involved 

individuals rather than colonies. As a result, very little is known about N. bombi’s 

ecology or biology and the overall virulence in this system.

With this study, I sought to gain a better understanding of the processes involved in 

shaping the dynamics of the bumble bee-Â . bombi host-parasite system, and thus to 

elucidate the conditions responsible for the evolution and maintenance of virulence.

In a first step (chapter 3) towards clarifying the actual impact N. bombi has on its host 

the aim was to conduct a detailed investigation of the effects of N. bombi over a whole 

colony cycle, from colony founding to successful reproduction and mating.

The aim o f chapter 4, which forms a logical continuation of chapter 3, was to 

investigate the within-colony dynamics of a N. bombi infection, and thus gain insight 

into epidemiological processes relevant to the evolution o f virulence in this system.

With the experiments of chapter 5 I sought to clarify points regarding the horizontal 

transmission efficiency of this parasite which were raised in chapter 4. The aim was to 

establish causality in the relationship between parasite transmission efficiency and 

epidemiologically important traits such as dosage, spore source and host age.

Although the investigation of the single host-parasite system is unquestionably 

important in assessing a parasite’s virulence, it has to be remembered that hosts are 

regularly faced by a complex parasite community. Thus, it has to be recognised that 

neither the individual impact of these parasite species nor the response of hosts to 

individual parasite species is likely to be as straightforward as single host-parasite 

systems may suggest. The aim of chapter 6 was to investigate multiple parasitism in a 

bumble bee population with the intention to provide a wider context for my work with 

Nosema. The objective of chapter 6 was to determine the parasite community structure 

in bumble bee spring queens, and to assess the impact of this community and its 

components on the host population and its implications for host ecology and evolution.



1.2 LITERATURE REVIEW

In the following review on the evolution of virulence I will concentrate (although not 

exclusively) on host-parasite systems involving microparasites and their invertebrate 

hosts, and in particular I will consider social insect hosts.

1.2.1 Evolution of virulence

The relationship between a parasite and its host is a story of costs and benefits. While 

the parasite benefits from the host by using its resources to reproduce, the parasite’s 

benefit gives rise to the host’s harm, which is for example expressed as reduced host 

fitness. Thus, host and parasite are typically linked in a coevolutionary arms race, 

where the parasite evolves to exploit the host, and thus sometimes increases virulence, 

while the host evolves to reduce the harm inflicted (Schmid-Hempel, 1998). Studies on 

the evolution of virulence attempt to understand the level of severity of a parasitic 

disease as the result of an evolutionary process, and seek to identify the selective 

processes at work (Ebert, 1999).

What is virulence?

Virulence is generally a measure o f the impact a parasite has on the fitness of its host, 

but it can be defined in various ways. Definitions include, among others, an increase in 

the host mortality rate as a result of the parasite’s presence, reduced host fecundity, or 

parasite replication rate within the host (Bull, 1994). In social insects the relevant 

consequences o f parasitism are at the level of the inclusive fitness of affected 

individuals (i.e. colonies take the place of “individuals” within populations) and thus 

measures of colony success rather than measures of individual welfare, may better 

capture the effective virulence of a pathogen (Schmid-Hempel, 1998). In this review 

the term virulence will be used in a broad sense encompassing these meanings.



What makes one parasite virulent while another one is relatively benign?

The degree of harm (i.e. virulence) inflicted on the host shows tremendous variation 

among infectious organisms, ranging from avirulent (asymptomatic -  e.g. some fungal, 

ectoparasitic and tracheal mite infections in Bombus (Schmid-Hempel, 1998)) to highly 

virulent (rapidly killing -  e.g. Apicystis bombi infecting Bombus (Schmid-Hempel, 

1998)). Although there has long been a general appreciation of these extremes, only 

relatively recently has there been any serious attempt to explain this variation (e.g. 

Messenger et a l,  1999).

At one time, virulence was almost universally considered an initial side-effect o f novel 

host-parasite associations (e.g. Alexander, 1981; Palmieri, 1982). In this view, which 

was termed “conventional wisdom” by May & Anderson (1983b), evolution would lead 

to a gradual reduction in virulence, because parasites that harm their hosts also harm 

themselves, i.e. a fully evolved parasite would not harm its host (Levin, 1996). Many 

observations are in fact consistent with conventional wisdom about parasite-host 

coevolution. For example, trypanosomes that share a long coevolutionary history with 

native ungulates in Africa produce only mild symptoms in these hosts. While cattle 

breeds that have been in Africa for a long time also suffer only little from these 

parasites, recently introduced zebu cattle breeds show severe symptoms (Allison, 

1982). Another prominent example is the myxoma virus, which was introduced to 

control the European rabbit in Australia. The virus was highly virulent when first 

introduced and evolved to intermediate levels within a few years (Fenner & Ratcliffe, 

1965; Fenner & Myers, 1978). Nevertheless, the myxoma virus is still far from being 

benign, and there are many other examples o f intermediate or highly virulent host- 

parasite associations with a long coevolutionary history (e.g. Herre, 1993). However, as 

Levin (1996) put it, one can always rescue conventional wisdom from inconsistent 

observations by assuming that “long” is not long enough for some microparasites to 

evolve to a more amenable relationship with their hosts. Nevertheless, a problem with 

conventional wisdom is that it is based on group selection, which is generally regarded 

as a weak evolutionary force, and also does not account for the actual mechanism 

responsible for the evolution of benign associations (Frank, 1996; Levin, 1996).



In the 1980s conventional wisdom gave way to what Levin & Svanborg Eden (1990) 

dubbed the “enlightened theory”. In this view, high virulence could be the evolved as 

well as the primitive stage. According to the “enlightened theory” natural selection 

depends on the epidemiology and ecology of the parasite, and, in particular, on the 

relationship between its virulence and its rate o f infectious transmission in the host 

population (Levin, 1996). In other words, evolutionary trade-offs, i.e. a linkage 

between traits that constrain their simultaneous evolution, are suggested, and virulence 

evolves because it benefits the parasite. Most commonly it is proposed that parasites 

face a trade-off between persistence (i.e. host survival) and fecundity, given that greater 

host exploitation is likely to increase transmission rate but to reduce host survival and, 

hence, the time available for transmission (Frank, 1996; Galvani, 2003).

Empirical evidence for trade-offs between transmission and some measure o f virulence 

are still uncommon but have been proposed in a number of systems (reviewed in Ebert 

& Bull, 2003). For example, Ebert (1994) demonstrated a positive correlation between 

sporeload and host mortality for a microsporidian gut parasite {Pleistophora 

intestinalis) of the planktonic crustacean Daphnia, and the bacteriophage fl also shows 

a positive correlation between transmission, virulence and virus production (Bull et a i,  

1991; Bull & Molineux, 1992; Messenger a/., 1999).

The role of trade-offs for parasite fitness is captured in terms of the basic reproductive 

ratio Ro (Equation 1.1), which forms the foundation o f epidemic theory (May & 

Anderson, 1983a).

Equation 1.1 The basic reproductive ratio (May & Anderson, 1983a):

K o  -  -----------------
a + b + v

where a is the virulence or infection-related mortality rate, P is the rate of transmission 

of disease, N  is the density o f susceptible hosts, b is the average mortality rate of 

uninfected hosts, and v is the rate o f recovery from infection.



Ro is defined as the average number of secondary infections produced from a single 

infected host introduced into a wholly susceptible population (May & Anderson, 

1983a). In the absence of correlations between these parameters, Rq will be highest 

when a is zero, and a parasite would increase its fitness by evolving avirulence (as 

suggested by conventional wisdom). Virulent parasites can evolve if there are trade

offs between a and P or v, with evolved virulence levels determined by the shape o f the 

trade-off (Ganusov et a l,  2002). Selection is generally expected to favour the 

combination with the highest fitness, i.e., the parasite that optimally balances costs 

(virulence) and benefits (reproduction and survival).

Given the trade-offs between virulence and other fitness parameters, some predictions 

about expected levels o f virulence under different ecological scenarios have been 

suggested. For example. Bull (1994) noted that greater virulence is favoured when host 

density is high, and reduced virulence when host density is low. Likewise, an increase 

in transmission rate was suggested to allow for the evolution of higher levels of 

virulence (Ewald, 1983).

Although Rq gives a fair estimate of parasite fitness in many cases, there are many 

limitations. For example, Rq does not take into account vertical transmission (direct 

parent to offspring transmission), or multiple infections. Also, as Schmid-Hempel 

(1998) pointed out, for social insects an additional complexity sets in as the rate of 

novel infections can refer to the individual hosts as well as to entire colonies. 

Furthermore, is only an accurate measure of parasite fitness at the beginning of an 

epidemic, as calculations generally assume that the uninfected population is at 

equilibrium, and regulated by something other than parasites (Anderson & May, 1991). 

However, once the parasite spreads, the host population is not at its equilibrium 

anymore, and Rq looses accuracy as a predictor of parasite fitness (Ebert & Herre, 

1996).

An extension of the basic model suggests that if  the density of the sensitive host 

population is regulated by the parasite, natural selection in the microparasite population 

can lead to continuous declines (up to a point) in the level of virulence (Lenski & May, 

1994). While increased virulence is favoured during the epidemic phase of an infection, 

when the density of susceptible hosts is still high, less virulent parasites will gradually

- 6 -



be favoured as a consequence o f the declining proportion of susceptible hosts as the 

epidemic spreads. In other words, an evolutionary change in the virulence of a parasite 

will directly influence host population density, which in turn will alter the selection 

pressures acting on the parasite population, and so on. Thus Lenski & May’s (1994) 

model can explain the observation taken as support for the conventional wisdom, 

although by a mechanism which depends on individual rather than group selection.

Numerous other modifications o f the basic model have been proposed to cover a wide 

range of conditions such as: co-or superinfection (Levin & Pimentel, 1981; Nowak & 

May, 1994; May & Nowak, 1995; Frank, 1996), mutation (Bonhoeffer & Nowak, 

1994), the mode of transmission (Lipsitch et al., 1995a; Lipsitch et a i,  1995b; Lipsitch 

et al., 1996), host susceptibility (Frank, 1996; van Baalen, 1998; Gandon & Michalakis, 

2000) and host heterogeneity (Regoes et al., 2000; Ganusov et a l,  2002), and thus 

extend this framework to incorporate increased evolutionary, ecological and 

epidemiological realism (Galvani, 2003).

Within-host dynamics

An important extension of the cost-of-virulence concept is the consideration of within 

host evolution (Levin & Pimentel, 1981; Sasaki & Iwasa, 1991; Antia et al., 1994; 

Bonhoeffer & Nowak, 1994; van Baalen & Sabelis, 1995; Frank, 1996). In the simplest 

models the parasite’s virulence is assumed to be directly proportional to its rate of 

reproduction within the host, and its rate of transmission is directly proportional to its 

within-host density (Sasaki & Iwasa, 1991; Antia et al., 1994). In the absence of 

simultaneous or subsequent infection by another genotype or mutation, this simple 

scenario should select microparasites with intermediate rates o f within-host replication, 

and thus virulence. While a parasite that grows too quickly, and thus becomes too 

virulent may kill its host too quickly, a parasite that grows too slowly produces too few 

propagules before the host dies of other reasons (Sasaki & Iwasa, 1991), or before it is 

eliminated by the hosts immune defence (Antia et al., 1994). From this scenario it 

could also be predicted that parasites in host populations with high background 

mortality evolve toward higher virulence, and Schmid-Hempel (1998) points out that in 

social insects this could be relevant for the short-lived annual type (bees, wasps) in 

contrast to the relatively long lived perennial type (ant-termite).



More complex situations can arise in genetically diverse infections (Read & Taylor, 

2001). Infections with several variants or strains of a parasite are in fact quite common, 

and are for example well documented in the detailed studies o f malaria in humans (Day 

et a l,  1992). Schmid-Hempel (1998) suggests that social insects in particular are likely 

to be infected by more than one strain of pathogen, as they form a large and persistent 

target. Advances in genotyping, for example, suggested the existence o f different 

strains for the trypanosome Crithidia bombi in its host Bombus terrestris (Schmid- 

Hempel & Funk, 2004).

One important aspect o f multiple infections is the potential for within-host competition 

(Read & Taylor, 2001). When more than one parasite genotype simultaneously infects 

a host they are likely to compete for the same resource, and thus, parasite strains that 

exploit the host slowly (and would otherwise be favoured in single genotype infections) 

may be outcompeted by those that exploit the host more rapidly (Frank, 1996). Even if 

an increase in the damage inflicted to the host (as a result of increased virulence) 

negatively affects all coinfecting parasites (e.g. by reducing the host’s longevity), less 

virulent parasites will do disproportionately worse and are thus eliminated by natural 

selection (Read & Taylor, 2001). Consequently, within-host competition does not 

necessarily select for a level of virulence that optimises transmission (Galvani, 2003). 

However, as Lenski & May (1994) point out, different genotypes do not necessarily 

have to exclude each other in the host population. Theory suggests that a limited 

number o f genotypes may coexist stably (Nowak & May, 1994).

For a wide range of microparasites, experiments comparing the performance of clones 

alone and in mixed infections have demonstrated negative effects of the presence of 

other clones (Taylor et al., 1997; Read & Taylor, 2001). Studies by Herre (1993; 1995) 

found that the potential for multiple infections by nematodes increases parasite 

virulence in fig wasps. Many authors suggest that the optimal rate of host exploitation 

and thus virulence is higher in genetically diverse infections because in-host relatedness 

is reduced (Bull, 1994; Frank, 1994; Frank, 1996). Reduced rates o f host exploitation 

have indeed been observed for viral lineages that experienced consistently low within- 

host relatedness (Turner & Chao, 1999). Turner & Chao’s (1999) results were 

interpreted in terms of viral cooperation that resulted in reduced exploitation of a 

“common good”(Brown et al., 2002).
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However, as Chao et al. (2000) point out, faster rates o f host exploitation are not 

necessarily the only adaptation favoured by competition between different strains. For 

example, traits that involve the exploitation or inhibition of competing genotypes may 

be selected. Because interference can also entail a cost, this may actually lead to less 

effective exploitation of the host, and hence to reduced virulence (Read & Taylor, 

2001). Vizoso & Ebert (2005a) showed that inoculations of Daphnia with higher 

genetic diversity of a microsporidian parasite can lead to increased parasite productivity 

without significantly increasing the harm inflicted to the hosts. In this case competitive 

displacement between parasite isolates, or parasite complementation was suggested 

(Vizoso & Ebert, 2005a).

Regardless o f whether within-host evolution favours increasing or decreasing levels of 

virulence, the important evolutionary question will be whether parasites favoured 

within the host are more or less easily transmitted to new hosts. In other words, 

evolutionary processes that determine virulence depend on the interaction between 

selection acting on transmission between hosts and that acting within individual 

infections.

An extreme case of the cost-of-virulence hypothesis develops when within-host 

competition leads to high virulence without transmission. Levin & Bull (1994) propose 

that such a case can arise when parasites regularly produce mutants that migrate to host 

tissues from which they cannot be transmitted, but in which they cause considerable 

damage. Evolution within the host is thus “short-sighted” because genetic changes are 

not passed on to the next generation. Although this type o f evolution appears non- 

adaptive, Ebert (1999) cautions that high mutation rates may be adaptive during the 

within-host arms race between the immune system and the parasite, and thus virulence 

could be seen as a cost associated with high mutation rates.

A special case whereby the parasite’s inclusive fitness is increased may arise when 

parasite mutants infecting dead end tissues (i.e. tissues from which no transmission 

occurs; for example the brain), lead to modifications of the host’s behaviour that 

increase the likelihood of transmission for the parasite strains infecting the “normal” 

tissues (Moore, 2002). Such parasite induced alterations of the host’s behaviour may 

even represent parasite adaptations (Poulin, 1995).
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Mode o f  transmission

Among other factors the mode of disease transmission is believed to be a key 

determinant in moulding parasite virulence over evolutionary time (Ebert & Herre, 

1996; Lipsitch et a l,  1996). The different modes of pathogen transmission can be 

divided into two categories: horizontal and vertical transmission. In a general sense 

horizontal transmission can occur between related and unrelated hosts of the same or 

different generations and between hosts from the same or different species, and 

transmission may occur per os, venereally or via direct invasion (Dunn & Smith, 2001). 

Vertical transmission is characterised by the passing of the parasite from parent to 

offspring. Vertical transmission is mainly uniparental (maternal), where females pass 

the parasite transplacentally, or transovarially (mother to zygote via the cytoplasm of 

the egg) to their offspring. Male gametes are extremely small and rarely contribute to 

the cytoplasm inherited by the zygote, thus paternal transmission is rare (Dunn & 

Smith. 2001).

When considering colonies of social insects in terms o f reproduction whole colonies 

can be regarded as “individuals” and daughter colonies can represent the “offspring”. 

Thus vertical transmission in social insects can occur in a number of ways. Many ants 

and bees (e.g. honey bees) reproduce by colony fission (swarming) and any parasitised 

adult can transmit pathogens to the daughter colonies. In other bees (e.g. bumble bees) 

and wasps, only queens overwinter to produce the next generation, hence “vertical 

transmission” is only possible via infected daughter queens (this can occur in the form 

of traditional horizontal as well as vertical transmission). At the same time vertical 

transmission (in its traditional meaning) of a parasite from a queen to a daughter 

worker is of no greater consequence than horizontal transmission between workers. In 

other words, in annual social insects only reaching the next generation is important for 

the consideration o f vertical transmission in an evolutionary sense.

All else being equal, vertical transmission is expected to reduce virulence, relative to 

horizontal transmission, because vertical transmission depends on host survival and 

reproduction (Anderson & May, 1981; Bull et a i ,  1991; Herre, 1993; Ewald, 1994). 

Bull et al. (1991) tested this prediction by manipulating transmission in a bacteria- 

bacteriophage system. A benevolent interaction resulted when horizontal transmission
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was excluded, thus confirming that vertical transmission alone selects for decreased 

virulence (Bull et al., 1991). Indeed, if vertical transmission is the only route of 

transmission, natural selection against infected hosts will clear the parasite from the 

population if it lowers host fitness at all (Lipsitch et al., 1996). However, not all 

exclusively vertically transmitted parasites are avirulent (and thus symbionts). Parasites 

may offset the selection against infected hosts through increased representation in 

subsequent generations via sex-ratio distortion (or biparental transmission) (Lipsitch et 

al., 1996). For example the microsporidian Nosema granulosis converts genetic male 

hosts {Gammarus duebeni), which represent a transmission dead-end, into functional 

phenotypic females which transmit the parasite vertically to the next generation (Dunn 

et a l,  1995; Terry e? a/., 1998; Dunn & Smith, 2001).

The relationship between the route of transmission and virulence can also be seen in the 

evolution of sex-specific virulence, which is for example known to occur in some 

microsporidia infecting mosquitoes (Kellen et al., 1965; Hurst, 1991). These parasites 

cause benign infections in females, which transmit the parasite vertically, but are highly 

virulent in male hosts where infection leads to host mortality during development. 

Massive spore replication leads to death once the male larva has reached its maximum 

size and spores are subsequently released into the environment for horizontal 

transmission. Thus, sex-specific virulence maximises the opportunities for both vertical 

(through females) and horizontal (through males) transmission (Dunn & Smith, 2001).

When parasites are transmitted horizontally as well as vertically many studies suggest 

that optimal virulence is strongly influenced by the relative opportunities for vertical 

and horizontal transmission (Ebert & Herre, 1996). Evidence for this pattern has been 

found in nematodes infecting fig wasps, where different population structures o f the 

host species present different opportunities for parasite transmission (Herre, 1993). The 

nematode species with the greatest estimated virulence are associated with the host 

wasp species that are characterised by population structures that provide the most 

frequent opportunities for horizontal transmission. The nematodes estimated effects on 

host fecundity are defined by a continuum of relationships from commensal to parasitic 

(Herre, 1993).
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However, model simulations indicate that the generalization that virulence increases 

with the horizontal: vertical transmission ratio is over-simplified and might have 

greater applicability in epidemic than endemic situations (Lipsitch et a l ,  1995b; Frank, 

1996; Galvani, 2003). Mixed transmission dynamics should be important in social 

insect systems, where many parasites are readily transmitted to sexuals within a colony 

as well as to workers of different colonies.

Transmission routes of infection may also have an effect on the within-host dynamics 

o f a parasite. For example, the amount and genetic diversity of the parasite is predicted 

to be higher in horizontal infections, as, all else being equal, horizontally infecting 

parasites may come from more than one host (Frank, 1996). Thus, greater transmission 

is predicted to increase the prevalence of multiple-strain infection. In turn, an increase 

in genotypic diversity o f the parasite is likely to select for increased virulence through 

within-host competition, and hence increased transmission, and so on, possibly 

perpetuating a cycle of escalating virulence. Reciprocally, a reduction in horizontal 

transmission might have a greater effect than is predicted by models that neglect 

within-host dynamics (Galvani, 2003).

Other differences in mechanistic aspects between horizontal and vertical transmission 

which can potentially affect the parasite’s epidemiology and evolution may be found in 

the particular environment where the infection occurs (e.g. the gut of the host versus 

the ovaries o f the mother in the case of transovarial infection). In the case of 

transovarial infections, a restricted number of parasites infects the egg or embryo, as it 

typically occurs through a few cells surrounding the egg (Becnel & Andreadis, 1999; 

Dunn et al., 2000). Thus, even if the mother is infected with several parasite genotypes, 

only a subset of them may be passed to the offspring, possibly dependent on a 

genotype’s ability to parasitise the ovary. Hence the genetic diversity of transovarial 

infections is generally expected to be lower than that of horizontal infections. Vizoso & 

Ebert’s (2005a) result supported this expectation, as vertically infected Daphnia, in 

contrast to horizontal infections, showed reduced difference in spore load between 

double isolate and single isolate inoculations of the microsporidian Octosporea bayeri.

Transmission routes are also likely to differ in the cellular damage they cause (e.g. cell 

piercing in horizontal infection of the gut (Bigliardi & Sacchi, 2001), versus transport
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with the yolk in transovarial infection (Becnel & Andreadis, 1999) in the case of 

microsporidian infection). Vizoso & Ebert (2004) for example suggest that substantial 

wounding (e.g. of the gut epithelium in horizontal infections) may elicit a strong 

immune reaction that could divert resources away from both host and parasite. 

Additionally, the time of exposure differs, as vertically infected hosts come in contact 

with the parasite at an earlier stage (during the development of the eggs or embryo) 

than horizontally infected hosts. These factors may have direct effects on the survival 

and reproduction o f both host and parasite, and thus may influence the relative 

importance of horizontal and vertical transmission. Consequently, these factors may 

shape the evolution of host and parasite life histories, and subsequently also the 

evolution of virulence (Vizoso & Ebert, 2005b). Vizoso & Ebert (2004) showed that 

different routes of infection do indeed have an immediate effect on within-host growth 

of the microsporidian Octosporea bayeri in Daphnia. Here, vertical infection inflicted 

less harm (measured as host mortality rates) on the host than horizontal infection. The 

reduced harm caused by vertical infection was interpreted to be the result o f reduced 

parasite growth and could represent an adaptation of the parasite to increase host 

survival and the likelihood of host (and parasite) reproduction (Dunn et a l,  2000).

Ewald (1994) suggests that indirectly transmitted pathogens (vector-borne parasites) 

are generally more virulent relative to directly transmitted parasites. In general high 

levels of parasitemia (e.g. high cell numbers in the host) would be expected to affect 

the host adversely, and diminish the opportunities for further transmission for example 

through reduced host mobility. However, this effect may be offset by the vector, for 

which host mobility is not important (Ewald, 1994). But again, the generality of this 

hypothesis has been questioned (Day, 2001; Day, 2002). Differences in virulence 

between directly and indirectly transmitted parasites may alternatively be explained by 

other factors such as inoculum dose (Day, 2002) or host population structure (Boots & 

Sasaki, 2000).

Spatial structuring

Traditional models of virulence evolution assume that host populations are 

homogenous. However, spatial and social structuring is fundamental to many 

epidemiological and ecological interactions and models that incorporate this realism

-  13 -



predict lower levels o f virulence than traditional models that ignore spatial dynamics o f 

disease transmission (Galvani, 2003). Generally, decreased virulence may be expected 

in a spatially structured host population as opportunities for horizontal transmission 

might be limited (Lipsitch et a l ,  1996). In these conditions the relative contribution o f 

vertical transmission to parasite fitness increases and a reduction in virulence may thus 

be favoured (Ebert, 1999). Systems where population structure may thus be a crucial 

determinant for the evolution o f  virulence include social insect populations (which are 

characterised by within and between colony transmission). In social insects (as well as 

in many other socially living animals) spatial aggregation also correlates with genetic 

similarity; i.e. individuals from the same colony are normally more closely related than 

the population average (Pamilo, 1981; Schmid-Hempel, 1998). In such genetic 

neighbourhoods, established parasites will be more likely to encounter more o f 

similarly susceptible host genotypes, and similar to serial passage experiments (Ebert, 

1998) increased levels o f virulence may be selected. However, colony organization 

(e.g. nest architecture, division o f labour) can also play an important role in the 

dynamics o f within-colony disease transmission (Schmid-Hempel & Schmid-Hempel, 

1993; Naug & Camazine, 2002; Pie et al., 2004).

Boots & Sasaki (1999) analysed a model in which virulent parasites are rapidly 

transmitted in a local cluster o f hosts and where the persistence o f a parasite depends on 

its dispersal to other clusters before it goes locally extinct. In such a system the 

dispersal mechanism o f a parasite can play an important role as it determines 

connectivity between clusters. As mentioned previously, parasites with long ranging 

dispersal such as vector borne parasites, are thus expected to sustain greater virulence 

than directly transmitted parasites (Boots & Sasaki, 1999; Boots & Sasaki, 2000; 

Haraguchi & Sasaki, 2000).

Similarly, virulence may be favoured in pathogens with long lived propagules (Ewald, 

1994). However, Bonhoeffer et al. (1996) concluded that increased longevity should 

only favour higher levels o f virulence when the host-parasite system is not in an 

equilibrium; once an equilibrium is reached optimal virulence is independent o f 

propagule longevity. Schmid-Hempel (1998) notes that it is likely that many social 

insect host-parasite systems, due to their biology, are indeed not in equilibrium. 

Therefore, Schmid-Hempel (1998) suggests, it is likely that pathogens with long lived
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propagules are typically virulent parasites of social insects, as is for example seen in 

American foulbrood infecting honey bees (Bailey & Ball, 1991).

Another ecological factor that potentially increases connectivity and thus transmission 

between clusters, in the absence of territoriality, is the shared use of food resources by 

hosts. In social insects transmission via flowers has for example been demonstrated for 

a trypanosome {Crithidia bombi) parasite of bumble bees (Durrer & Schmid-Hempel, 

1994).

Host heterogeneity and coevolution

While transmission to a new host primarily depends on the chances of encountering 

new hosts, the establishment, development and the level of virulence expressed by a 

pathogen are generally affected by a host-parasite interaction (Ebert, 1999). Besides 

environmental effects such as dosage, host condition and interactions with other 

parasites within the host, genetic variation and interactions among hosts and parasites 

are believed to play an important role in the expression of virulence (Read, 1994; 

Herre, 1995; Ebert. 1999; Mackinnon et a l,  2000). Indeed wherever host-parasite 

interactions have been investigated, genotypic variation in both host and parasites has 

been found to critically affect the patterns of infection and parasite impact (Grenfell & 

Dobson, 1995; Schmid-Hempel, 1998).

However, in the last two decades far more consideration has been given to parasites 

than to hosts in the evolution of virulence (Messenger et al., 1999). This conventional 

evolutionary approach of focusing on the evolution of the parasite alone, has generally 

been justified by the fact that parasites often have shorter generation times, higher 

population densities and higher mutation rates than their hosts, and thus allow much 

faster evolution through parasite dynamics than host dynamics (Hafner et al., 1994). 

Furthermore, virulence can negatively affect the parasite as well as the host, and thus a 

wide range of virulence levels are actually compatible with parasite evolution alone 

(Levin & Svanborg Eden, 1990; Ewald, 1994; Bull, 1994; Frank, 1996). Nevertheless, 

there are also many host-parasite systems where the parasites have generation times 

that are similar to, or even longer than their host’s, e.g. microsporidian (Becnel, 1994) 

or mermithid (Blackmore, 1994) parasites of mosquitoes and parasitic nematodes of
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bumble bees (Poinar & van der Laan, 1972). While host evolution may be neglected for 

a first approximation (Anderson & May, 1982), for a better understanding of the 

evolution o f diseases it is essential to consider the influence of host evolution as well 

(Hamilton, 1980).

While parasites evolve to maximise their fitness, hosts may “escape” by sexual 

reproduction and the associated re-shuffling o f genetic information (Hamilton et a l ,  

1990); indeed it has been widely recognized that parasite evolution may be a major 

factor in the selection for sex in hosts (Hamilton, 1980). Ebert (1999) notes that with 

reciprocal selection the expressed level of virulence should be between the host’s and 

the parasite’s optimum and varies within the population.

Ebert (1994) also suggested that such co-evolutionary dynamics should cause novel 

host-parasite combinations to express a level of virulence that is below or above the 

level that would presumably result in highest fitness. Although conventional wisdom 

held that newly introduced parasites are more harmful than adapted parasites (e.g. 

Alexander, 1981) several studies in a variety o f host and parasite taxa have for example 

shown that parasites are more damaging, more infective, and grow faster in sympatric 

than allopatric hosts. Examples include trematode infections of snails (Lively, 1989) 

and minnows (Ballabeni & Ward, 1993), a microsporidian infection of daphnia (Ebert, 

1994) and a filarial worm infection of a mosquito (Failloux et al., 1995). Ebert (1994) 

suggested that this pattern (parasites are more damaging on sympatric hosts) might 

constitute a “rule”, which is contradicted only by rare instances of highly virulent 

introduced pathogens which receive disproportionate attention because o f their extreme 

effects (Read, 1994; Ebert & Herre, 1996). Ebert (1994) furthermore indicated that a 

parasite’s ability to infect and exploit a novel host decreases with geographic, and 

presumably genetic, distance separating the parasite population form the allopatric host 

population.

However, more recent theoretical work suggests that this “rule” is of limited use in 

practice. For example it has been suggested that increased performance of the parasite 

on local hosts critically depends on how well parasites are able to track host genotypes. 

If host strains are closely tracked by parasites (as may be expected for many fast 

replicating and mutating microparasites), on average the parasite will appear to be



locally adapted (Morand et a i,  1996; Kaltz & Shykoff, 1998; Gandon, 2002). How 

parasites track host strains, however, is influenced by several factors including host 

population size and parasite and host dispersal rates, as dispersal between populations 

is capable of introducing new resistance alleles (Lively, 1999; Gandon, 2002; Morand 

et a l,  1996). Thus, models predict that the species with the higher migration rate 

should be locally adapted because it has the higher capacity for evolutionary change 

(Gandon et al., 1996; Gandon, 2002; Gandon & Michalakis, 2002). Hence, contrary to 

Ebert’s (1994) assumption, it is in fact possible that parasites perform better on 

allopatric hosts. However, generally, horizontally transmitted parasites are often 

expected to display higher rates o f dispersal than their hosts and are thus often 

predicted to be locally adapted to their hosts.

Nevertheless, it is also cautioned that the detection of local adaptation may depend on 

several factors. Studies by Kaltz & Shykoff (1998) and Kaltz et a/.(1999) for example 

suggest that local adaptation may only be observed on average over several replicates 

in time. A demonstration of local adaptation may also require that many different 

aspects of host and parasite fitness are measured (Koskela et al., 2000). In addition, 

Imhoof & Schmid-Hempel (1998) noted that geographical scale can be o f critical 

importance. Imhoof & Schmid-Hempel (1998) observed that allopatric infections of 

bumble bees with the protozoan Crithidia hombi caused higher virulence (defined as 

mortality) at the larger regional scale while at the smaller local scale the opposite trend 

was indicated. The higher virulence at the regional scale was interpreted to have been 

caused by substantial migration rates of bumble bee queens, which frequently leave the 

parasite behind, while it was assumed that migration rates of parasites are more similar 

to their hosts at the local scale (Imhoof & Schmid-Hempel, 1998).

A variety o f studies suggests that if  a parasite that is optimally adapted to one host 

resistance genotype is less optimally adapted to another genotype, host heterogeneity 

selects for lower virulence (Ebert, 1998; Regoes et al., 2000) as well as heterogeneity 

in virulence (Ganusov et al., 2002). Schmid-Hempel (1998) notes that this effect of 

host genotypic variability should be particularly relevant for horizontally transmitted 

and cross-species infecting parasites o f social insects. For example, “local adaptation” 

during within-colony transmission should render a parasite less adapted when
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transmitted to other colonies, and frequent passage between colonies should thus select 

for reduced virulence.

Life-history changes

If hosts are subjected to parasite pressure and are unable to resist the parasite via an 

immune system, hosts may reduce the magnitude of adverse effects by changing life- 

history parameters (e.g. Minchella, 1985; Hochberg et al., 1992; Steams, 1992; Forbes, 

1993; Perrin et al., 1996; Agnew et al., 2000; Moret & Schmid-Hempel, 2004). For 

example, freshwater snails that are exposed to castrating parasites compensate for the 

expected future loss in reproductive success by an increase in egg laying soon after 

exposure. Since there is a high probability that infection will lead to “reproductive 

death” of a snail, the eggs produced via fecundity compensation during pre-patency 

may become a significant proportion of an infected snail’s total reproductive output 

(Minchella, 1985). Facultative modification of host life history are not only known 

from solitary organisms but have also been demonstrated for social animals such as 

bumble bees where an experimentally elicited immune response in individual workers 

resulted in a collective response towards earlier reproduction (Moret & Schmid- 

Hempel, 2004). Studies by Koella & Agnew (1999) involving mosquitoes and studies 

by Lafferty (1993) on marine snails also demonstrate that such responses of a host’s 

life-history to parasitism are not restricted to phenotypic changes but can also be 

genetic.

Koella & Restif (2001) point out that studies on life-history generally neglect the 

obvious fact that parasites are different from other environmental pressures in that an 

evolutionary response of the host’s life-history can in turn alter the selection pressures 

on the parasite. Thus, a parasite’s virulence and the host’s life-history will be 

determined by a coevolutionary feedback. Taking into account co-evolutionary 

dynamics can lead to differences from predictions reached with models o f the evolution 

of one of the partners only (Koella & Restif, 2001). The dynamic feedback of 

coevolutionary processes can for example cause a shift in a system from a single 

evolutionary stable level of virulence to a system of multiple states (van Baalen, 1998; 

Koella & Restif, 2001) or even chaotic dynamics (Kaitala et al., 1997). Hence, as 

Galvani (2003) stresses, feedback arising from the interaction between host-parasite 

coevolution can have a major impact on the evolution of virulence (Koella & Restif,
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2001; Restif et al., 2001), and it is thus becoming clear that the relationship between 

parasite virulence and host resistance is more complex than was originally assumed.

The wider context

While much of the theory and most of the empirical studies on host-parasite dynamics 

have concentrated on single host-parasite systems, the general literature suggests that 

hosts are regularly challenged by a complex community o f parasite species (e.g. social 

insect hosts reviewed in Schmid-Hempel, 1998). Evidence from both animal and 

human populations indicates that “concomitant” or multiparasite infections, involving 

two or more parasite species (or genotypes), occur regularly, and in some areas and for 

some species they appear to be the rule (Petney & Andrews, 1997; Cox, 2001). Mixed 

infections and their effects have for example been detailed in a variety of mammal 

(Petney & Andrews, 1997; Cox, 2001), bird (Forbes et al., 1999; Holmstad et al., 2005) 

fish (Barker et al., 2002) and insect (Malakar et al., 1999; Thomas et al., 2003) host 

systems.

In mixed infections, complex interactions between parasites may arise. This fact has for 

example been long recognized by experimental scientists who go to great length to use 

germ free or specific pathogen free animals (Cox, 2001). In mixed infections the 

burden of one or both of the pathogens may be increased, one or both may be 

suppressed, or one may be increased while the other is suppressed (Cox, 2001; Thomas 

et al., 2003). Thomas et al. (2003) furthermore reported that co-infecting pathogens 

may act independently, synergistically or antagonistically depending on environmental 

conditions and order of infection.

However, the mechanisms for these diverse effects are manifold and not always clear. 

The possibility for enhanced performance of individual parasites, for example, may 

arise through suppressive effects on host immune responses, as well as competitive 

interactions such as exploitation, interference and apparent competition (Thomas et al., 

2003). In insects, fat body cells are involved in the synthesis of antibacterial proteins in 

immune defence (Hetru et al., 1989). Thus an infection which causes substantial 

damage to the fat body as is known to occur in microsporidian infections (e.g. 

Nosema spp. in bumble bees and other insects (Becnel & Andreadis, 1999)), may
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reduce the host’s capacity to produce antimicrobial peptides and render the host more 

prone to secondary infections. Prior activation o f the immune system by one parasite, 

on the other hand, may result in increased resistance towards secondary infections. 

Together, these effects can influence the likelihood of successful transmission of 

parasites to other hosts and decreases or increases their overall pathogenic impact. 

Thus, multiple infections have the potential to dramatically influence the population 

dynamics o f a particular host-parasite interaction.

Furthermore, multiple infection of the host population (i.e. the general presence of 

various parasites in the host community), may influence the presence and abundance of 

other parasites in the population. For example, host life history changes induced by one 

parasite may put another parasite at a disadvantage (e.g. in terms o f transmission). 

Also, parasites that have the ability to substantially reduce their host population could 

influence natural selection to favour lower virulence in other parasites as the “carrying 

capacity” should be effectively lowered (Frank, 1996). Multiple infections may be 

particularly important in social insects where a colony (but not necessarily workers 

within a colony) may be simultaneously infected with a variety of pathogens (Schmid- 

Hempel, 1998).

Although certain parasites are known to kill their hosts, it is still unclear to what extent 

parasites are able to regulate their host populations in ecological time (Schmid-Hempel, 

1998). A recent study demonstrated that a whole parasite community rather than single 

high impact parasites on their own may significantly regulate host abundance 

(Holmstad et a l ,  2005). Holmstad et al. (2005) noted (in a long term study on willow 

ptarmigan, Lagopus lagopus) that beside substantial negative effects of single parasite 

species on host body mass and breeding mortality other species in the parasite 

community contributed to reduced host fitness, although none of these species had a 

significant impact on their own.

Besides the influence of parasites, host populations may by regulated or limited by a 

multitude o f factors (e.g. environmental conditions) which naturally are also likely to 

affect parasite community structure (Petney & Andrews, 1997). Thus, a complex web 

of structuring forces which include external factors (which vary with the host 

individual, its species, the environment in which it lives and with time) as well as
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interactions within the community are likely to determine the structure of a given 

parasite community at any given time (Janovy et a l ,  1992; Janovy et a l,  1995; Petney 

& Andrews, 1997). As Petney & Andrews (1997) point out this complexity also means 

that a generalisation about what influences parasite community structure and dynamics 

are likely to be vague and inaccurate. Overall, however, a more realistic approach 

towards an understanding of host-parasite dynamics in natural populations is to study 

the interactions between, and the dynamics of, the whole parasite community and its 

host population (Holmstad et al., 2005). Consequently, in my approach towards an 

understanding of virulence in the N. bombi-humhlQ bee host-parasite system I will also 

consider the wider context of multiple parasitism o f the host population.
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1.2.3 The study system

The host

Bumble bees, Bombus spp. (Hymenoptera, Apidae), are eusocial hymenoptera that play 

a key role in ecosystem functioning as essential pollinators for many flowering plants 

(Alford, 1975). Unfortunately, bumble bees are becoming less abundant across Europe, 

probably due to a combination o f climate change, pesticide/herbicide use and land-use 

patterns (Williams, 1986; Brown, 2002). In recent years, bumble bees have also been 

reared commercially and are o f increasing interest as pollinators of greenhouse 

products (van Heemert et al., 1990). Species that colonize the northern temperate 

regions of the world, such as Ireland, are annual and share a similar life history and 

ecology (e.g. Alford, 1975; Morse, 1982; Goulson, 2003; Prys-Jones & Corbet, 1987; 

von Hagen, 2003) (Plate 1.1).

Plate 1.1 The life cycle o f Bombus spp. (see text below for details) (adapted from Prys- 

Jones & Corbet, 1987).
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In spring, when temperatures rise, over-wintered queens emerge from hibernation and 

start foraging for pollen and nectar to develop their ovaries. After a few days they begin 

to search for potential nesting sites -  the type of nest site is species specific, with some 

species nesting underground and others at the ground surface (Kells & Goulson, 2002). 

Once a queen has located a suitable nesting site, she will start a colony by preparing a 

pollen lump into which she will lay her first batch o f eggs. A few weeks later (15-30 

days), the first generation of workers, her daughters, will hatch and start to take over 

the work of the newly founded colony. At this stage the queen will concentrate on 

laying more eggs and the colony will grow in size as the season progresses. Colonies 

can range in final size from a few tens to hundreds of workers depending, among other 

factors (e.g. weather), on species. Towards the end of the season the colony will start to 

reproduce when the queen lays eggs that develop into daughter queens (gynes) and 

males instead of workers. What exactly triggers the switch from the production of 

workers to sexuals is a matter of ongoing debate (e.g. Duchateau & Velthuis, 1988; 

Muller et a l, 1992). Whatever the pattern, new queens and males will leave the nest. 

After mating the inseminated gynes will build up their fat body to prepare for 

hibernation while males and other colony members die, as the cold season approaches. 

Gynes diapause typically in the soil or under leaf litter in order to survive the 

unfavourable season. The temporal dynamics of this life cycle are species specific, with 

some species emerging in early March and ending their life cycle in June, whilst others 

emerge in April and continue through to October. The lifespan of colonies from 

eclosion of the first worker to reproduction is around 2-4 months.

Bumble bees are hosts to a large number o f parasites of various taxonomic groups 

which include: viruses, bacteria, fungi, protozoa, nematodes, mites, lepidoptera, and 

hymenopteran as well as dipteran parasitoids (MacFarlane et a l,  1995; Schmid- 

Hempel, 1998; Alford, 1975). For most of these parasites very little is known about 

their effects, epidemiology or evolutionary ecology (Schmid-Hempel, 2001) despite the 

significance of bumble bees as natural pollinators and their increasing importance as 

pollinators in greenhouses (Fries et al., 2001). Commercially reared bumble bees are 

nowadays transported across the world, with concomitant risks of introducing novel 

diseases to native bumble bee hosts in new locations (recently a parasitic mite of 

European Bombus terrestris has been transported to Japan, where it now infects native
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Bombus species (Goka et al., 2001)). Thus it is highly desirable to know more about the 

incidence, pathology and impact of the parasites that affect bumble bees (Fries et al., 

2001).

The parasite -  and its relationship with Bombus

Nosema bombi (Microsporidia, Nosematidae) (Fantham & Porter, 1914) is a reasonably 

common protozoan parasite of bumble bees (Schmid-Hempel, 1998) that belongs to the 

phylum Microsporidia, Balbiani, 1882 (Sprague & Becnel, 1998), which comprises a 

cosmopolitan group of obligate intracellular parasites, which are known to infect a 

broad range of invertebrates and vertebrates (Wittner & Weiss, 1999), including 

humans in which they are recognised as a cause of emerging and opportunistic 

infections (Canning & Hollister, 1992).

The microsporidia exhibit a number of unique features such as 70s ribosomes and an 

apparent lack of mitochondria that placed them originally as ancient eukaryotes 

(Vossbrink et al., 1987; Vavra & Larsson, 1999). However, based on the recent 

discovery of mitochondrion-derived organelles (Williams et al., 2002), and revised 

phylogenetic analyses, the microsporidia were reclassified with the fungi (Hirt et al., 

1999; Vossbrink et al., 2004).

Another distinctive feature that unifies all members of the Microsporidia is their unique 

mechanism of infecting host cells (Wittner & Weiss, 1999) (Plate 1.2). Spores, the only 

means by which the parasite can survive outside the host cell, and the stage by which 

microsporidia are typically identified, are equipped with the so-called polar tube which 

is coiled in the posterior half of the spore and connected via a straight section with an 

anterior anchoring disc, the polar sac. When stimulated, usually in the gut of the new 

host, this hollow tube is everted and, if  the tip of the tube chances to penetrate a host

cell membrane, the infective sporoplasm is inoculated into the cell’s cytoplasm. The 

organism then undergoes merogony which is followed by sporogony. Through 

extensive proliferation in merogony and the presence of auto-infective spores (spores 

that evert spontaneously) microsporidia can spread rapidly in the host tissues (Canning 

& Hollister, 1992).
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Plate 1.2 Diagram of a typical developmental cycle of the microsporidia. The three 

regions represent the three phases of the microsporidian life cycle. Phase I contains the 

mature spores in the environment. Spores become activated under appropriate 

conditions (e.g., ingestion by the appropriate host) and enter phase II, the first phase of 

the intracellular development. During this phase the parasite increases in number. Phase 

III is entered when the organism commits itself to spore formation. Spores pass into 

phase I when, for example, they are shed with the host’s faeces or through 

disintegration o f infected tissues following the host’s death (adapted from Cali & 

Takvorian, 1999).

Infecdve/Environinental
Phase

(Extracellular)

Proliferative
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(Intracellular)
^  S p o ro g o n lc ^
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Microsporidian infections have been observed in a number of different bumble bee 

species (Fantham & Porter, 1914; Shykoff & Schmid-Hempel, 1991; MacFarlane et a l,  

1995; Goldblatt & Fell, 1984; Schmid-Hempel, 1998; Tay et al., 2005; Klee et al., 

2005) and so far have all been attributed to Nosema bombi Fantham & Porter (Fantham 

& Porter, 1914). However, because Nosema has typically been identified to species 

only through visual identification o f its spores by light microscopy, a method which is 

not always reliable (Larsson, 1986), it is unclear whether all reported infections are in 

fact by the same parasite. Some authors (Weiser, 1961; Sprague, 1977) for example 

claimed N. bombi to be synonymous with Nosema apis Zander, the microsporidian 

pathogen of honey bees, which was partly based on claims of cross-infectivity of
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bumble bees with N. apis (Fantham & Porter, 1913; Showers et al., 1967) and honey 

bees with N. hombi (Kudo, 1924). More recent work demonstrated that reports of 

successful cross-infection are doubtful (Eijnde & Vette, 1993) and N. bombi was 

clearly distinguished from N. apis by its spore morphology, tissue specificity (Eijnde & 

Vette, 1993; Mclvor & Malone, 1995; Weiser, 1978) and ribosomal RNA sequence 

(Fries et al., 2001). However, it is still unclear if different “strains” of N. bombi exist in 

different bumble bee species (Tay et al., 2005).

In contrast to infections by N. apis which appear confined to adult honey bees - mainly 

workers - and are concentrated in the midgut (MacFarlane et al., 1995), N. bombi has 

been described to infect all adults as well as larval stages (Schmid-Hempel & Loosli, 

1998; van der Steen & Donders, in preparation; Eijnde & Vette, 1993; MacFarlane 

et a l, 1995) and develops primarily in the Malpighian tubules, secondarily spreading 

into the midgut, tracheal matrix, connective tissue and eventually the fatbody 

(MacFarlane et al., 1995; Mclvor & Malone, 1995). More recent investigations also 

found the nervous tissue including the brain to be infective (Fries et al., 2001).

In the field, N. bombi occurs at prevalences which vary among location and year 

(MacFarlane et al., 1995). For example, Swiss studies regularly found the parasite to be 

present in lowland areas where 13.5 % of spring queens, 8 - 50 % of males and up to 

55 % of workers in populations of various species were recorded to be infected 

(Shykoff & Schmid-Hempel, 1991; Durrer & Schmid-Hempel, 1995; Imhoof & 

Schmid-Hempel, 1999), while the parasite was found to be virtually absent in Alpine 

populations (Komer & Schmid-Hempel, 2005). High infestation levels were recorded 

for autumn queens in Denmark by Skou et al. (1963) and for spring queens in England 

by Betts (1920), who claimed that all collected B. lapidarius queens were found 

infected. In New Zealand, where bumble bees have only been introduced in the last 

century, Fisher & Pomeroy (1989) found 61 % of all colonies and 10%  of queens 

infected.

Despite being a common parasite in an economically and ecologically important host, 

little is known of N. bombi’s biology and its transmission between host individuals. 

Bumble bees are thought to typically acquire the parasite by oral ingestion o f spores 

that were previously shed by an infected bee (Fantham & Porter, 1914; Schmid-
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Hempel, 1998). The development of new infective spores, from initial infection until 

they are expelled with the host’s faeces, is suggested to take about 2-3 weeks (Schmid- 

Hempel & Loosli, 1998).

Within a colony the disease is presumably passed among colony members (larvae as 

well as adults) through contact with food or nest material that is soiled by excrement 

from infected bees. Thus the disease eventually reaches the young daughter queens, 

which then vertically transmit the parasite to the next generation. Transovarial 

transmission is known to occur in other Nosema species (reviewed in Dunn et a i,  

2000) and has been indicated for the closely related N. apis in honey bees (von Steche, 

1960), but has so far not been reported from N. hombi and seems unlikely from detailed 

investigations of reproductive structures (Mclvor & Malone, 1995). However, because 

bumble bee colonies display substantial innate variability regarding productivity and 

reproduction of sexuals, especially o f gynes (Muller & Schmid-Hempel, 1992a; Miiller 

& Schmid-Hempel, 1992b), horizontal transmission between colonies should also play 

an important role in the parasite’s ecology. Indeed, uninfected colonies which were 

experimentally placed in the field quickly became infected with N. hombi (Imhoof & 

Schmid-Hempel, 1999).

Horizontal transmission between colonies has been suggested to occur via spores 

deposited on flowers (Schmid-Hempel & Loosli, 1998), as it had been successfully 

demonstrated for the trypanosome Crithidia bombi in the same host (Durrer & Schmid- 

Hempel, 1994). Furthermore, spores o f Nosema have been detected in nectar and pollen 

collected by honey bees (Bailey & Ball, 1991). Transmission of spores via forage 

sources, however, poses the problem of spores being exposed to UV-radiation and 

desiccation, which can substantially reduce spore viability (Brooks, 1988; Becnel & 

Andreadis, 1999; Maddox, 1973).

Another possible route of horizontal transmission may be via inquiline species that 

move between bumble bee nests, such as queens of the socially parasitic Psithyrus 

(Schmid-Hempel, 1998), which have been suggested to disperse the tracheal mite 

Locustacarus buchneri between colonies (Husband & Shina, 1970). Similarly, as has 

been proposed by Schmid-Hempel & Loosli (1998) horizontal transmission could be 

achieved via ‘drifting’ workers (Williams, 1997), i.e. infected workers enter and
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introduce the disease to uninfested colonies or vice versa uninfected workers drift into 

infected colonies and bring the disease back to their natal nest. Increased rates of 

drifting are for example known from honey bees infected by the Varroa mite (Sakofski, 

1990 cited by Schmid-Hempel & Loosli, 1998). Drifting is usually considered an error, 

however, from the parasite’s point o f view drifting should be encouraged, as it would 

enhance the chances of transmission. In this light, drifting may be favoured as a 

parasite adaptation. Microsporidia have been noted to significantly alter the 

biochemical constituents of host tissues (Weidner et al., 1999). Since N. bombi was 

found to infect the nervous tissues of its host the parasite may interfere with its host’s 

behaviour through pathological side-effects of nervous tissue invasion or as an 

adaptation. Parasite induced modifications of host behaviour through chemical 

interference with host physiology (Helluy & Holmes, 1990), and as a result of infection 

of the nervous system (for example metacercariae of Dicrocoelium dentriticus in ants, 

which are associated with significant alterations o f the hosts response to environmental 

stimuli) are known from other host-parasite associations (Moore, 2002; Barnard & 

Behnke, 1990).

An additional route o f horizontal transmission which has been documented for other 

species of Nosema infecting insects is by the ovipositional activities of parasitoids 

(reviewed in Brooks, 1993). Here, spores are generally inoculated into the insect host 

via the parasitoids’s contaminated ovipositor (e.g. Nosema epilachnae transmitted by 

Pediobius foveolatus to the Mexican bean beetle (Own & Brooks, 1986)), but in some 

instances (e.g. Nosema pyrausta transmitted to the European com borer by the braconid 

parsitoid Macrocentrus grandii (Andreadis, 1980)) female parasitoids that develop in 

infected hosts may also become infected and serve as future vectors when they 

subsequently oviposit in uninfected hosts (Becnel & Andreadis, 1999).

Given our current knowledge on the biology of N. bombi and its bumble bee host, 

vertical transmission between the annual generations via hibernating queens should be 

essential for parasite survival (Schmid-Hempel & Loosli, 1998). Thus, it could be 

expected that N. bombi is a relatively mild disease as its survival depends on the 

survival o f its host during the stressful time of hibernation, which should exert a certain 

amount o f selective pressure for low virulence (Bull, 1994). However, N. bombi’s 

effects on individual and colony fitness are apparently quite variable.
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While several other authors have found few or no externally visible effects of 

experimental (Brown & Schmid-Hempel, 2000) or natural infection (Betts, 1920; 

Fisher & Pomeroy, 1989; Whittington & Winston, 2003), and even report increased 

production of sexuals in naturally infected colonies (Imhoof & Schmid-Hempel, 1999), 

or as a result o f casual observation suggest that Nosema infected queens are capable of 

initiating colonies and produce apparently healthy brood (Shykoff & Schmid-Hempel, 

1991; Mclvor & Malone, 1995), other reports suggest Nosema to be a severe and 

devastating disease (Schmid-Hempel, 2001). For example Fantham & Porter (1914) 

and Schmid-Hempel & Loosli (1998) observed that the parasite can reduce the lifespan 

and kill individual workers and larvae; Eijnde & Vette (1993) indicated that infected 

colonies produce fewer gynes, and De Jonghe (1986) and MacFarlane et al. (1995) 

noted that Nosema prevents queens from mating by paralysing their abdomen. The 

parasite has also been suggested to be responsible for the population crash in rearing 

facilities in the late 1990s, as well as the cause of premature colony death in 

commercial greenhouses (Whittington & Winston, 2003).

Thus, although the effects o f N. bombi can be quite mild - MacFarlane et al. (1995) 

described this microsporidian as a chronic but non-fatal disease - there seems to be no 

doubt that the parasite can also be extremely harmful. Schmid-Hempel (2001) suggests 

Nosema to be a “creeping” disease, where effects often only become visible late in the 

colony cycle. However, an interpretation of the overall virulence in this system from 

these reports is not straight forward as studies were in many cases observational rather 

than experimental, and often involved individuals rather than colonies (Table 1.1). 

N. bombi was also noted to show genotype-genotype interactions with its host 

B. terrestris (Schmid-Hempel & Loosli, 1998), and additionally cross infectivity for 

several species of Bombus was suggested (De Jonghe, 1986; Schmid-Hempel & Loosli, 

1998), with N. bombi being less infective in the foreign species, yet causing higher 

mortality in Schmid-Hempel & Loosli’s (1998) study, and displaying generally higher 

susceptibility in the foreign host in De Jonghe’s (1986) report. Together these results 

suggest that not all colonies and individuals are affected in the same way, that generally 

Nosema displays low virulence, but indeed has the capacity to express relatively high 

levels of virulence under certain circumstances.
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Table 1.1 Summary o f reports on the impact o f Nosema bombi in bumble bees

Parasite
Impact Type o f study Remarks Reference

- O and E, 1 Infected bees frequently lose power o f flight; die as a result o f infection (Fantham & Porter, 1914)

-

0,1

0,1

o,c

“heavy infection by Nosema is unaccompanied by disease”

Nosema causes distended abdomen, paralysis of wings, legs and proboscis; diarrhoea; loss 
of sexual attraction

No effect on colony productivity

(Betts, 1920)

(De Jonghe, 1986)

(Fisher & Pomeroy, 1989)

-

0,1

O and E, C and 1 

E,1 

0,1 

E, I and C

Nest founding success o f  infected queens is not affected

In infected colonies viability o f bees decreases, life span is shortened, fewer young queens 
are produced; only larval stages can be infected

Infected queens initiate nests and produce apparently healthy brood

A chronic, non-fatal disease; Nosema distends and paralyses the abdomen, inhibits mating 
and causes diarrhoea; severely infected queens do not differ in body mass fi'om uninfected

Workers become sluggish, die early; affected colonies may perish

(Shykoff & Schmid-Hempel, 1991b) 

(Eijnde & Vette, 1993)

(Mclvor & Malone, 1995) 

(Macfarlane ei a l,  1995a) 

(Schmid-Hempel & Loosli, 1998)

+ o,c Infected colonies produced more sexuals than uninfected colonies (Imhoof & Schmid-Hempel, 1999)

= E,C Infected colonies do not differ from uninfected in colony size and sexual productivity (Brown & Schmid-Hempel, 2000)

= o,c Nosema has no effect on colony productivity (Whittington & Winston, 2003)

Parasite impact: (+) positive, (=) neutral, (- )  negative; Type of study: (O) observational, (E) experimental, on (C) colony, (I) individual.



Other parasites

As mentioned previously, besides N. bombi bumble bees are hosts to a variety of other 

parasites. Here I will give a brief overview of other common pathogens in bumble bees 

which were considered in experiments discussed in this thesis.

The protozoan Crithidia bombi (Trypanosomatidae, Zoomastigophorea) (Lipa & 

Triggiani, 1988) is a prominent gut parasite that can occur at high rates (up to 80 % in 

queens and workers, and 70 % in males) in European field populations (Shykoff & 

Schmid-Hempel, 1991; MacFarlane et a l,  1995). However, prevalences vary among 

localities and the time of year (Schmid-Hempel, 2001). For example, a field study by 

Imhoof and Schmid-Hempel (1999) demonstrated that the chances o f a colony 

becoming infected with Crithidia increase dramatically as the season progresses, which 

is likely to be caused by an increase of infected colonies, combined with an increasing 

number of workers, which are able to transmit the disease during visits to flowers 

(Durrer & Schmid-Hempel, 1994; Schmid-Hempel, 2001). Infection by C. bombi is 

extracellular, develops within a few days and results in large numbers of parasite cells 

lining the wall of the mid-gut and rectum from where the infective cells are shed for 

further transmission. C. bombi is generally considered a very mild disease, since its 

effects are not always dramatic. Under benign laboratory conditions hardly any 

negative effects on individuals or on the reproductive success of colonies can be found 

(Schmid-Hempel, 2001). However, experimental results suggest that virulence of 

C. bombi can significantly increase under the stressful host-contexts of hibernation, 

colony-founding and food shortage (Brown et al., 2000; Brown et a l,  2003b).

Locustacarus buchneri (Acarina, Podapolipodidae) (Stammer, 1951) is arguably one 

of the most common infections with up to 100 % of certain host species being found 

infected in Europe (Cumber, 1949). However, prevalences depend strongly on bumble 

bee species, and early emerging species (such as B. pratorum) are considered to be the 

preferred host of tracheal mites (MacFarlane et al., 1995). Female L. buchneri, which 

over-winter in the trachea o f their hibernating host queens, start laying eggs soon after 

their host emerges in spring. After hatching the young mites mate within the host and 

females disperse to the trachea of other bumble bees in the nest. The life-cycle may be 

repeated several times. However, only mites that successfully infect the young daughter
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queens will be transmitted to the next generation (Stammer, 1951; Husband & Shina, 

1970). Although tracheal mites are considered to have relatively benign effects on 

natural bumble bee colonies (Alford, 1975; MacFarlane et al., 1995) (which could be 

expected as their transmission depends on successful host reproduction, and evolution 

in such a case should favour low levels of virulence (Bull et al., 1991)), at high levels 

of infection L. buchneri may cause extensive damage to the trachea and cause its host 

to become lethargic and cease foraging (Husband & Shina, 1970; Alford, 1975) which 

may put an entire colony at risk.

Sphaerularia bombi (Nematoda, Sphaerularidae) Dufour is the only known nematode 

that parasitises bumble bees and only affects queens, which are generally castrated by 

this internal parasite (Schmid-Hempel, 1998; but see Roseler, 2002). S. homhi infects 

gynes during hibernation through a free-living stage in the soil (Alford, 1975). The 

Sphaerularia female invades the hibernating bumble bee presumable per os (Madel, 

1973) and further develops in the haemocoel where she commonly produces ~ 10̂  

newborns (Schmid-Hempel, 1998). After emergence in spring, sterilized queens visit 

potential overwintering sites rather than starting a colony, and thus disseminate juvenile 

nematodes, which pass from the haemocoel into the rectum and are then shed with the 

faeces (Poinar & van der Laan, 1972; Madel, 1973; Pouvreau, 1974; Schmid-Hempel, 

1998). As infected queens remain foraging while their uninfected conspecifics found 

colonies the prevalence of the parasite rises notably across the season; up to 6-fold 

increases in infection incidence in some species have been reported (e.g. MacFarlane & 

Griffin, 1990). Based on infection rates before colony nesting starts, Macfarlane 

et a/. (1995) estimated the level of true spring queen mortality caused by this parasite in 

Europe, New Zealand and North America to be around 3-15 %. Similar rates (~ 12 %) 

are reported for European populations by Schmid-Hempel et al. (1990) who also 

considered sampling bias.

Apicystis bombi (Neogregarinida, Ophrocystidae) (Lui et al., 1974) is noted to be a 

highly detrimental parasite (Schmid-Hempel, 1998; MacFarlane et a l,  1995) but has so 

far received very little attention, and as a result virtually nothing is known about it’s 

biology. Neogregarinidae are typically transmitted via ingestion of spores, then emerge 

as sporozoites and reach the hemocoel and target tissues, which appears to be the 

fatbody in bumble bees (Schmid-Hempel, 1998). A. bombi infections are noted to be
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quite virulent causing disintegration o f the fatbody and premature host death at a rapid 

rate; all castes of adult bumble bees are known to be susceptible to infection (Schmid- 

Hempel, 1998). Observed frequencies of parasitization are generally very low, with 

rates of ~ 2.5 % recorded for queens in North America (MacFarlane et a l,  1995).

Syntretus spp. (Hymenoptera, Braconidae) (Marshall, 1887) are endoparasitic wasps 

that affect various bumble bee species during an infective period which is suggested to 

extend from mid-May to early July (Alford, 1968; Goldblatt & Fell, 1984). Queens as 

well as workers and males (Schmid-Hempel et al., 1990) are liable to be attacked when 

foraging during the infective period (Alford, 1968; Schmid-Hempel et al., 1990). After 

oviposition development of the gregarious endoparasitic larvae takes place within the 

abdomen o f the host from which three to four weeks later fully-grown parasite larvae 

emerge, which consequently leads to host death (Alford, 1968). Reported overall 

parasitization levels for spring queens range from 2 % in North America (Goldblatt & 

Fell, 1984) to 17% in England (Alford, 1968) o f various species; percentages of ~ 24 % 

have been observed in workers of B. pratorum  (Alford, 1968).

Conopidae (Conopidae, Diptera) are parasitoid flies that vary widely in their 

abundance among sites and year, but generally affect 10-60 % of bumble bee workers 

at any one site and time in lowland areas (Schmid-Hempel et al., 1990; Durrer & 

Schmid-Hempel, 1995), being more sparse in alpine areas in Europe (Komer & 

Schmid-Hempel, 2005). Conopids are noted to attack foraging workers and inject an 

egg into the host’s abdomen (Schmid-Hempel, 1998). The developing larvae then kill 

the host within 10-12 days (Schmid-Hempel & Schmid-Hempel, 1996). The fly 

overwinters in its puparium within the dead host to give rise to a new generation the 

following season, usually in June-July (Cumber, 1949; Schmid-Hempel & Schmid- 

Hempel, 1989). The parasite has also been noted to manipulate its hosts to bury 

themselves into the ground before their death, which presumably increases the 

parasitoids chances o f successful overwinter survival (Muller, 1994).
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C h a pt e r  2

General materials and methods

2.1 ESTABLISHMENT OF LABORATORY COLONIES

2.1.1 Study species o f bumble bee

Based on information which was gained from the dissection of bees (see section 2.2 for 

methods) which had been collected during a 2002 survey of bumble bee species 

prevalence in the Dublin area (Brown, 2002), Bombus lucorum and Bombus pratorum 

were chosen as study species. Three criteria were used in choosing these species. 

Firstly, both species were found to be abundant in the field which facilitates sampling 

effort. Secondly, the parasite Nosema bombi was detected in collected spring queens at 

a percentage o f 9 % in B. lucorum and 12 % in B. pratorum; these infection 

prevalences were considered high enough to ensure the collection of infected animals. 

Thirdly, both bumble bee species have, compared to the more commonly used 

B. terrestris, a short colony life span which enables covering the whole colony life

cycle and fitness measurements in a relatively shorter time span. Also, B. lucorum and 

especially B. pratorum  colonies are noted to have moderate hive sizes consisting of 50 

to 120 individuals in the case of B. pratorum  and 100 to 400 individuals in the case of 

B. lucorum {Bombus terrestris for example in comparison typically lives in colonies of 

100 to 600 individuals and can reach as many as 1000 individuals) (Schmid-Hempel, 

2001; von Hagen, 2003) which highly facilitates colony maintenance in the laboratory 

and colony development recordings. Additionally, most previous work on bumble bees 

with respect to parasitism in general and in particular involving N. bombi, has been 

conducted on B. terrestris (e.g. Fisher & Pomeroy, 1989; Eijnde & Vette, 1993; Mclvor 

& Malone, 1995; Schmid-Hempel & Loosli, 1998; Imhoof & Schmid-Hempel, 1999; 

Fries et a l,  2001). Thus, very little is known about bumble bee species such as 

B. lucorum (but see Shykoff & Schmid-Hempel, 1991) and in particular B. pratorum. 

The development o f new model systems may prove useful for comparison with related 

species, shedding more light on host-parasite dynamics involving bumble bees in 

general.
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2.1.2 Site selection and sampling o f bumble bees

Bumble bee queens and workers were collected from six sites in and around Dublin. 

Two of the sites were chosen because they proved to have abundant bumble bee 

assemblages the previous year. This information was obtained from collection records 

of a 2002 survey on the distribution of bumble bees in the Dublin area (Brovin, 2002), 

which also correlated the high frequency o f bumble bees with ample food supply. 

These sites were the Botanic Garden in Glasnevin (0150372) in the north of Dublin 

and Merrion Park (0167336) in the city centre. The four other sites were: Powerscourt 

Gardens in Enniskerry (02116), the gardens o f the Glenview Hotel (0255118), and the 

garden in Foxborough (0259132), both Glen of the Downs, Co. Wicklow, and the area 

surrounding the Glenasmole Reservoir (00921). These four sites were selected not only 

because they were characterized by good forage resource but also because they were 

situated in less urbanised areas away from the city. Based on the well documented 

“heat island” phenomenon, a function of urbanisation, which leads to increased urban 

air and groundwater temperatures (ERA, 1991; Taha, 1997), I assumed that queens in 

rural locations would remain in hibernation for somewhat longer than in urban areas 

(this was later confirmed -  see chapter 6). Thus, sampling was carried out in an 

approximately successive order, starting at the inner city site and then moving out 

towards less urbanised areas. This approach prolonged my effective sampling season, 

which was valuable especially since B. pratorum  while being widespread can occur at 

low local abundance (Brown, 2002).

All sampling sites were characterised by an abundant food supply (mainly Heather 

{Erica spp. and Calluna spp.), Pulmonaria spp., and other spring flowering shrubs 

(Cotoneaster spp., Prunus spp., Berberis spp., Ribes sanguineum)), as well as easy 

accessibility (especially on weekends) which allowed for sampling trips whenever the 

weather was favourable (bumble bees do not forage in extremely cold or wet 

conditions).

Sampling was carried out using a butterfly net. Bees were caught by first putting the net 

over a bumble bee which was visiting a flower, then, once the bee had flown to the top 

of the net where it got trapped, the bee was collected with a vial which was inserted 

from the bottom. Bees in vials were stored in a cooled thermo box in which they were
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then brought back to the laboratory. Identification o f the species of bees was achieved 

using the keys of the Naturalists’ Handbook by Prys-Jones & Corbet (1987) and von 

Hagen (2003) (Plate 2.1a,b). Sampling effort was not regulated but usually consisted of 

a full day except for interruptions by bad weather. Considering that only a small 

percentage o f field caught queens will initiate a colony (~ 25 % pers. communication, 

Mark Brown), the aim was to collect as many spring queens as possible.

Plate 2.1 Picture of a) B. lucorum and b) B. pratorum  worker (from Prys-Jones & 

Corbet, 1987), showing the relative size difference between both species.

a) b)

2.1.3 Rearing & Maintenance

Each spring queen was placed in a perspex nesting box ( 1 7 x 1 0 x 6  cm) (Plate 2.2) and 

supplied with a “pollen-cake” and sugar water (50:50 w/v diluted Apiinvert®) which 

was accessible through a gravity feeder inserted through a hole in the back wall o f the 

box. Pollen-cakes were made by mixing crushed fresh (thawed) pollen (supplied by 

Hortico Ltd, Ireland) with sugarwater until a dough-like paste was obtained which then 

was moulded into bead-like lumps (pollen-cakes). This lump was then placed beside an 

Eppendorf tube which had been inserted upside down through a hole in the bottom of 

the nesting box. The shape of the round tip o f the Eppendorf resembles a pupated larva 

which is thought to stimulate broodiness and egg laying. The pollen lumps were 

renewed at least every three days unless eggs had been laid into them by the queen. 

After a queen had laid eggs small pieces of pollen were supplied every other day in 

increasing quantities until the first workers emerged, after which bees were given fresh 

unprocessed pollen. This procedure was adapted from methods developed in 

P. Schmid-Hempel’s laboratory in Switzerland (M. Brown, pers. comment).
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Plate 2.2 Picture of a nesting box set-up

Sugar w ater feeder 
(bird w ater feeder)

Rem ovable  
perspex lid

Perforated metal floor 
(allows faeces to drop 
through and ensures 
ventilation)

Eppendorf tube 
(inserted upside 
down through a 
hole in the nest
ing box floor)

Bees were housed in a controlled environment room at 26 °C and ~50 % relative 

humidity in total darkness with minimal disturbance. For handling and maintenance 

purposes the room was illuminated with red light (bees can not perceive light o f this 

frequency).

As soon as four workers had emerged, colonies were transferred to bigger observation 

hives (adapted version of Pomeroy & Plowright, 1980) (Plate 2.3). Artificial hives were 

constructed from plastic buckets (30 cm diameter and 20 cm height) which were fitted 

with see through lids to allow monitoring of colony development. Air-holes were 

drilled through the side and the bottom of the bucket as well as the lid to provide 

ventilation. The transferred brood comb was placed on a wire mesh which was inserted 

on top o f a sieve which was sealed into the bottom of the bucket (the sieve provided 

shape and support for the wire; the wire defined the area which could be used for nest 

building). To control the build up of mould through liquid faeces the area between the 

sieve and the wire mesh was lined with cat-litter (100 % pine wood-shavings pressed 

into pellets -  this particular cat litter was found to be very effective in absorbing 

faeces). For their entire life cycle bees had no access to the field but could “forage” in 

small wooden feeding boxes (21 xi3 x n  cm) provided for each colony (Plate 2.3).
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These boxes were connected to the hive via a tube and were supplied on a daily basis 

with fresh (thawed) pollen and sugar water. Such a closed system was chosen to 

prevent the introduction o f disease from natural feeding grounds.

Plate 2.3 Picture of an observation hive set-up

Opening for handling purposes 
Group of sugar water (covered with a piece of perspex) 
feeders inserted through /
holes in the feeding box lid /  Cat litter lining on bottom of

feeding box (seen through 
see-through perspex lid)

Feeding box (sitting on
spare box to provide Connecting tube
appropriate height for
connecting tube)

Observation hive -  the opening for 
handling purposes in the middle of the lid 
is covered with a piece of perspex. 
Through the lid the inserted wire mesh 
with cat litter lining underneath is visible

Soon after emergence, sexuals were transferred to small plastic boxes ( 1 2 x 1 0 x 7  cm) 

lined with cat litter (for absorption of faeces), in which they were kept separately or in 

kin groups of up to five individuals with pollen and sugar water ad libitum, until further 

use (Plate 2.4). Boxes were changed as often as necessary (~ weekly) to avoid the 

build-up of ftingal growth. Mating experiments were conducted in bare boxes (no food, 

or cat litter lining) of the same size.

- 3 8 -



Plate 2.4 Picture of a small plastic box set-up

Sugar water feeder 
(15 ml Saarstedt tube 
which had feeding 
holes drilled at the 
bottom)

Plastic lid with 
air holes

Petri dish for the 
feeding of pollen

Cat litter lining

2.1.4. Marking o f  bees

To aid colony development recordings in experiments with B. lucorum freshly hatched 

workers and gynes were marked individually with numbered Opalith® tags. To attach 

the tags, bees were first of all removed from the hive and immobilised by chilling on 

ice. The bee was then positioned in a plunging cage, and a tag glued to the thorax with 

resin. After tagging, the bees were transferred to vials and allowed to fully recover 

before being put back into the nest. To aid the removal o f male bees after three days in 

the nest (controlled removal was required in an experiment o f chapter 4), males bom on 

the same day were marked with Tipp-ex dots on their thoraces on alternate days. This 

ensured that no male was removed prematurely (callow bees are easily distinguished by 

their undeveloped colouration and one day old bees can be distinguished from older 

ones by their downward curled wings, however two day old bees can not be visually 

separated from older bees unless they are marked).
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2.2 PROCESSING OF BEES AND PARASITOLOGICAL PROCEDURES

2.2.1 Faeca! samples

Faecal samples were obtained from spring queens soon after their capture, and from 

experimentally infected animals, in order to assess infection status. To collect samples 

bumble bees were confined in sampling vials and agitated by shaking of the vial to 

induce defecation, which is a natural defence mechanism in bumble bees. Defecated 

material was then taken up with a micropipette (10 |j,l), transferred onto a glass slide, 

and screened for the presence of parasitic organisms under a light microscope (refer to 

section 2.2.3).

2.2.2 Dissections

At dissections bees were autopsied under a dissecting microscope in a wax-bed using 

micro-forceps (Dumont, size 5), spring-scissors (Interfocus, F03), and insect Ringer 

solution (made up of: 290ml 0.54m NaCl, 5ml 0.054m KCl, 5ml 0.36m CaCb -  to a 

total volume of 11) as physiological buffer. The abdomen was separated from the 

thorax, pinned down with the ventral side facing upwards, and opened with incisions on 

either side. The contents of the abdomen were thoroughly checked for internal parasites 

(internal mites {Locustacurus buchneri), nematodes {Sphaerularia bombi) as well as 

conopid (Diptera) and parasitic wasp {Syntretus splendidus, Hymenoptera) larvae). 

Samples from the fat body and the malpighian tubules together with contents of the 

hindgut were transferred onto glass slides and examined under a light microscope 

(x 400) for the presence of N. bombi, Crithidia bombi, and Apicystis bombi. Nosema, 

especially in advanced stages, can easily be recognized in the malpighian tubules as 

well as in the hindgut and fatbody; M. bombi is known to colonize and destroy the 

fatbody, and stages o f Crithidia can be detected in smears from the hindgut. Dissected 

(and other dead) bees were stored in the freezer at -20 °C for later spore counts or 

molecular analyses.



2.2.3 Nosema bombi Identification

LIGHT MICROSCOPY

Spores of Nosema bombi in faecal samples or in samples of the fat body, the 

malpighian tubules and the hindgut, were identified under the light microscope, at 

magnification 400, by their rice grain like shape, size o f about 5 ^m, and distinctive 

“halo” (Plate 2.5). Under the phase contrast microscope viable microsporidian spores 

appear highly refractile whereas spores that have already ejected their sporoplasm (and 

are no longer viable) appear “dull” (occasionally the ejected polar tube is visible as a 

very fine filament).

Plate 2.5 Nosema spores as seen under magnification x 400 under the phase contrast 

microscope, in samples from a) fatbody tissue and b) malpighian tubules of a heavily 

infected bee; a) fat body cells (f) packed with spores (N pointing at single spores) 

which can also be seen in the liquid surrounding the cells; b) spores exiting a broken 

malpighian tubule (mpt) which is filled with spores. Spores are ~ 5 |j.m in length.

a) b)
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MOLECULAR ANALYSES

DNA extraction

Abdomens were warmed to room temperature and were either hom ogenised as a whole 

in 0.5 ml ddH20, or, i f  in good condition, had their fat body, malpighian tubules and 

gut removed which were then homogenised in 0.2 ml ddH2 0  with sterile plastic pestles 

in eppendorf tubes. Eggs and larvae were processed in 0.2 ml ddH20.

D N A  was extracted from homogenates using a Chelex® method (Walsh et a i ,  1991). 

Firstly, 100 o f  each homogenate was centrifuged (10 min, 13200 rpm) and the 

supernatant discarded. Pellets were frozen in liquid nitrogen and crushed using sterile 

sealed pipette tips. Then 50 |il o f  a 10 % Chelex® 100 resin (Bio-Rad, catalogue 143- 

2832) solution was added prior to incubation at 95 °C for 15 min, a brief vortex, and a 

further centrifugation step (1 min, 13200 rpm). Extracted samples were kept frozen at - 

20 °C until needed as D N A template in PCR reactions.

Prim ers and polym erase chain reaction

PCRs were carried out using the oligonucleatide primer pair ITS- f2/r2 designed by 

K lee et al. (2005) for the sensitive detection o f  Nosem a bombi. ITS-f2/r2 amplifies the 

internal transcribed spacer, the 3 ’ end o f  SSU (small subunit) rRNA and the 5 ’ end o f  

LSU (large subunit) rRNA to give an amplified product o f  118 or 122 bp in N. bombi 

(Tay et al., 2005). PCRs were performed using a PTC-100 thermal cycler (MJ 

Research) in 25 |il volumes containing 5 |al o f  template DNA, 2.5 |al o f  10 X  Promega 

PCR buffer, 2.5 mM M gCb, 200 o f  each dNTP (Abgene), 0.625 U o f  Taq 

polymerase (Promega) and 0.5 f^M o f  each forward and reverse primer. PCR 

parameters for amplification were: Initial D N A template denaturing at 95 °C for 4 min, 

45 cycles o f  denaturation at 95 °C for 1 min, primer annealing at 48 °C for 1 min and 

primer extension at 72 °C for 50 seconds, followed by a final extension at 72 °C for 4 

min. Then 10 |o.l o f  the PCR products were resolved on 2 % agarose gel (1 X  TBE) and 

visualised by ethidium bromide staining. For each PCR experiment, positive {N. bombi 

extract as template) and negative (ddHiO as template) controls were run along with 

treatments.
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2.2.4 Nosema bombi spore isolation

To obtain spore isolates, which could then be used for the preparation of inocula, the 

whole abdomen o f an infected bee was homogenised in 0.5 ml of 0.01 M NH4 CI 

(ammonium chloride is thought to inhibit the premature germination of spores) using a 

glass mortar and pestle. The resulting spore solution was then washed through gauze 

with 0.01 M NH4 CI to separate out the remaining exoskeleton and hairs and distributed 

as 5 ml each in 15 ml tubes which were subsequently centrifuged at 3000 rpm for 10 

min. The lowermost white part of the resulting pellet was then resuspended in 0.01 M 

NH4 CI and centrifuged again. This process was repeated until the remaining pellet 

appeared pure white, which then was resuspended in 0.01 M NH4 CI, counted in a 

haemocytometer, and diluted to the desired spore concentration. Purified spore 

solutions were stored until further use at -80 °C. During spore preparation all 

equipment and samples were kept on ice and the centrifuge was cooled to 4 °C.

2.2.5 Spore intensity counts

Nosema infected individuals for whom infection intensities needed to be quantified, 

had their abdomens homogenised in 0.5 ml of detergent (20 mM Tris-HCl, pH 7.5, 150 

mM NaCl 1 mM EDTA, ImM EGTA, 1 % NP-40) with a glass mortar and pestle. Each 

abdomen was ground with the pestle 2 0  times in order to standardize the procedure. 

Detergent instead of water was used to facilitate the release of spores from the infected 

tissues, and, thus, to obtain a more homogenous suspension. The resulting spore 

suspension was then diluted by half and counted in a haemocytometer (Neubauer 

chamber) under the microscope at magnification 400.
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C h a p t e r  3

The Ufe-history impact o f parasitism by Nosema bombi on its host Bombus 

lucorum with notes on the effects o f co-infection with Crithidia bombi

3.1 INTRODUCTION

The theory o f host-parasite dynamics has received a considerable amount of attention 

over the last few decades (e.g. Anderson & May, 1982; May & Anderson, 1983; Antia 

et al., 1994; Bull, 1994; Lipsitch et a l, 1995; Frank, 1996; Levin, 1996; Lipsitch et a l, 

1996; Regoes et al., 2000; Ganusov et a l,  2002). Generally, parasite virulence is 

considered as an adaptive trait that evolves to maximise parasite fitness through its 

interaction with transmission and/or within-host multiplication (Schmid-Hempel, 

1998). Lipsitch et al. (1996), for example, modelled the evolution of virulence in 

parasites with both horizontal and vertical transmission, and predicted that increasing 

levels of vertical transmission lead to lower pathogen virulence. Mixed horizontal and 

vertical transmission occurs in a number o f plant and animal viruses (Power, 1992) and 

has been extensively documented in protozoan and in particular in microsporidian 

parasites (Schmid-Hempel, 1998; Wittner & Weiss, 1999; Dunn & Smith, 2001).

Indeed, in many of these host-parasite systems and where detailed knowledge on 

transmission routes is available, observed levels of virulence are in agreement with 

predictions from Lipsitch et al. ’s (1996) model and varying rates of virulence relative 

to the importance of vertical transmission are displayed. For example, severe pathology 

has been documented for microsporidian parasites of fish such as Glugea and 

Pleistophora for which horizontal transmission represents the major route of 

transmission and vertical transmission is virtually absent (Shaw & Kent, 1999; Dunn & 

Smith, 2001). Similarly, horizontal transmission is the primary route of transmission 

for Nosema locustae, a microsporidian parasite o f grasshoppers which can cause severe 

pathology in its host; a characteristic that was decisive for its development as a 

microbial control agent (Lange, 2003). On the other hand, the trypanosome Crithidia 

bombi which is transmitted horizontally within and between colonies o f its host
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Bombus terrestris but depends on vertical transmission via hibernating queens to reach 

the next generation of its annual host is less virulent, and generally tolerated under 

good conditions (Schmid-Hempel, 1998; Imhoof & Schmid-Hempel, 1999; Brown et 

al., 2000; Brown et a i,  2003).

Lipsitch et. al. ’s (1996) model should also be a good approximation to the transmission 

conditions o f N. bombi, which similarly to C. bombi relies on horizontal transmission 

between individuals and colonies, and vertical transmission via hibernating queens for 

its survival. Indeed, in line with model predictions, several authors have found few or 

no visible effects o f parasitism by N. bombi (Betts, 1920; Fisher & Pomeroy, 1989; 

Shykoff & Schmid-Hempel, 1991; Whittington & Winston, 2003); Imhoof & Schmid- 

Hempel (1999) even reported an increased production of males by N. bombi infected 

colonies. However, reports o f more severe effects also exist. For example, Nosema was 

observed to reduce the lifespan and kill individual workers and larvae (Fantham & 

Porter, 1914; Schmid-Hempel & Loosli, 1998), and prevent queens from mating by 

paralysing the abdomen (De Jonghe, 1986). Commercial suppliers also suggested 

Nosema to be a factor in the late 1990s population crash in rearing facilities 

(Whittington & Winston, 2003).

Discrepancies between the observed level of virulence and that suggested by model 

predictions may be explained by the fact that Lipsitch et al. (1996) neglects the 

possibility o f infection by multiple strains, a scenario which has been suggested to 

select for increased levels of virulence (Bull, 1994; Nowak & May, 1994). Differential 

effects of different parasite sources, have also been suggested for N. bombi (Schmid- 

Hempel & Loosli, 1998). Alternatively, as proposed by Schmid-Hempel (2001) 

Nosema may be a “creeping” disease, where negative effects of the infection often 

become visible only late in the colony cycle.

However, results from previous studies on the bumble bee-A .̂ bombi system are 

inconclusive, because they involved (often anecdotal) observations of naturally infected 

individuals and colonies (Fantham & Porter, 1914; Fisher & Pomeroy, 1989; Shykoff 

& Schmid-Hempel, 1991; Imhoof & Schmid-Hempel, 1999; Whittington & Winston, 

2003), which sometimes even carried unaccounted co-infections (De Jonghe, 1986), or 

else are hard to interpret since experiments were conducted on individuals rather than

-45  -



colonies (Eijnde & Vette, 1993; Mclvor & Malone, 1995; Schmid-Hempel & Loosli, 

1998). As a result, very little is known of the general biology and ecology of N. bombi, 

highlighting the need for a more meticulous investigation of this host-parasite 

relationship.

Thus, the aim of chapter 3 was to conduct a detailed investigation of the effects of 

N. bombi over a whole colony cycle, from colony founding to successful reproduction, 

and mating. By using laboratory reared colonies and controlled infection experiments 

I sought to gain a better understanding of the impact and implications parasit;sm by 

N. bombi has for the ecology and evolution of its host.
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3.2 MATERIALS and METHODS

3.2.1 Animal rearing

Foraging and nest-searching Bombus lucorum queens were caught between the 2"*̂  of 

April and the 10̂ '’ o f May 2004 over 21 days from five field sites in and around Dublin, 

Ireland (refer to section 2.1.2). Each sampling day started at 10:00-11:00 hours and 

ended at 17:00-18:00 hours except for interruptions by bad weather.

In the laboratory all collected B. lucorum queens were inspected for parasitic 

infestation by examination o f faecal samples. Queens that were identified as infected 

with Nosema bombi were stored in the freezer for later use as spore sources for the 

inoculum. Other parasitised bees were discarded, and the remaining queens were 

established in the laboratory under standard rearing conditions (controlled environment 

room, 28°C, 50% relative humidity, illuminated with red light for handling purposes, 

food ad libitum', refer to section 2.1.3).

After queens had established nests and at least 4 workers had hatched, each colony was 

again screened for parasitic infection through examination of faecal samples from the 

queen and one randomly selected worker. Some queens (and workers from the same 

colonies), although initially classified as uninfected, were at this stage found to be 

infected with the trypanosome Crithidia bombi. These additional infections can be 

explained by the fact that the queens in question were carrying only recently 

established infections which were not detectable in faecal samples at the time of the 

first screening. These C. bombi infected colonies were not discarded.

3.2.2 Treatments

As soon as the fifth worker had hatched, both parasite-free and trypanosome-infected 

colonies were, within sampling location so as to balance possible confounding effects 

o f place of origin, sequentially allocated to control and experimental groups and 

colonies in the experimental group were presented with a standardised inoculum. The 

inoculum which was used for all the infections was prepared from a mixture of two 

different spore isolates, which were obtained from queens that originated from a 

sampling location not represented in the experimental or control group in order to
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balance potential biasing ‘strain’ effects which have been suggested before (Schmid- 

Hempel & Loosli, 1998). The inoculum was administered in the form of 20 )j.l o f spore 

suspension containing 2.5 x 10"̂  spores per )o,l of 0.01 M NH4CI (ammonium chloride is 

thought to inhibit the premature germination of spores), dispensed onto a pollen pellet -  

this treatment mimics transmission via flowers in the field through collection of 

contaminated pollen similar to transmission via contaminated nectar which has been 

suggested before (Durrer & Schmid-Hempel, 1994). The choice of dose was based on 

dosage levels which had lead to successful experimental infections in previous studies 

(Mclvor & Malone, 1995; Schmid-Hempel & Loosli, 1998; -  both studies used a dose 

of ~ 65 000 spores per individual). In this study a slightly higher dose was used 

(treatments started with an average of ~ 80 000 spores per individual as 6 individuals (5 

workers, 1 queen) were present at the start o f infections) as doses were introduced to a 

growing colony rather than individuals and in order to facilitate disease establishment. 

Control colonies received a pollen pellet prepared with 20 \x\ of clean 0.01 M NH4CI 

solution. Pollen pellets were deposited in colonies twice a week for five weeks (ten 

treatments for a total of 5 x 10̂  spores); other pollen food sources were removed until 

each treated pellet was consumed. Figure 3.1 represents an overview of the 

experimental design.

3.2.3 Maintenance and colony and individual recordings

Queens and colonies were checked daily throughout the duration of the experiment and 

the number of newly emerged individuals was recorded. Newly hatched workers and 

gynes were individually marked with numbered Opalith® tags, which enabled precise 

lifespan measurements. Dead individuals were removed and dissected immediately, or 

later from frozen. For colonies reaching worker and male numbers of above 30 a subset 

of individuals was dissected. Care was taken that sub-samples covered the whole period 

over which animals were bom, and consisted of (but often exceeded) a minimum of 30 

individuals being chosen for dissections. For example, from a sample of 37 animals 

(number of workers in colony 120) every fifth (as decided by birth-date) was not 

dissected, or in a sample of 71 animals (workers in colony 178) every second animal 

was dissected. However, not every animal could be reliably examined for infection due 

to cases of decomposition (please refer to Appendix lb for more detailed information 

on sample sizes). Date of first male and new queen (gyne) emergence was noted and
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males were removed from the colonies three days and gynes seven days after 

emergence in an attempt to mimic the course of natural events (Alford, 1975). Sexuals 

were transferred to separate boxes (12 x 10 x 7 cm) in which they were maintained 

under standard conditions, with pollen and sugar water ad libitum, for lifespan 

measurements or until further use for mating experiments, as well as for experiments 

outlined in chapter 4. Males kept for lifespan measurements were dissected after natural 

death. The energy invested into the production of sexuals by each colony was 

calculated by using a maleigyne biomass ratio of 1:1.470, which represents the average 

fresh weight o f 287 mg and 422 mg for B. lucorum males and gynes respectively 

(Muller & Schmid-Hempel, 1992a). Colony duration was calculated as days from 

eclosion of the first to eclosion of the last individual or alternatively as days from first 

treatment to eclosion of the last individual. Colonies were terminated 14 days after no 

more brood was present or 27 days (average developmental period for males from egg 

to eclosion, personal observation; Duchateau & Velthuis, 1988) after death of the 

foundress queen, to prevent disproportionate inclusion o f worker-produced males in 

colony fitness measurements. If gyne pupae were present these were allowed to hatch.

No attempt was made to simulate field mortality rates by imposing artificial mortality 

on workers from all colonies. However, two colonies produced an exceptionally large 

number o f workers, and in order to prevent overcrowding of the nest, individuals had to 

be culled from time to time. Workers were randomly removed to maintain colony size 

at ~ 90 individuals per colony. Natural mortality rates o f workers are approximately 

25 - 30 % per week and experiments imposing artificial mortality suggests that bumble 

bee colonies are remarkably resilient to moderate rates o f mortality (Schmid-Hempel & 

Heeb, 1991; Muller & Schmid-Hempel, 1992b).

3.2.4 Mating

Mating trials between gynes originating from infected colonies and uninfected males 

and between gynes originating from uninfected colonies and Nosema infected males as 

well as trials between uninfected mates (i.e. three mating groups) were conducted as 

soon as gynes reached the age of ten days. Mating trials were only conducted with 

gynes from C. bombi uninfected colonies; trials also included two gynes from one 

additional colony which had not reached the required threshold of five workers (and



therefore was not included in the other analyses), but nevertheless had been 

experimentally infected. For each trial two males of similar age but unrelated to the 

gyne were transferred to a plastic box ( 1 2 x 1 0 x 7  cm), to which after five minutes the 

young queen was added. The reason for introducing queens a little later was that in 

pilot experiments this had been observed to shorten the time period until mating started, 

presumably due to males being allowed to spread their pheromones. Mating boxes were 

then exposed to daylight and mating success, i.e. whether a mating occurred or not, as 

well as time to commencement of mating and mating duration was recorded. If 

unsuccessful, mating trials were repeated with fresh males from the same or different 

colonies (dependent on availability) a day or two later. Trials were repeated until 

successful matings were achieved but not more often than ten times. After mating, 

males were freeze culled for later dissections which also included a screening of the 

accessory glands for signs of N. bombi spores in infected males which had successfully 

mated. Gynes were maintained individually in boxes (12 x 10 x 7 cm) for a further 

seven days with an adequate food supply enabling them to build up body reserves prior 

to hibernation. On the 8*'’ day, queens were placed individually in cardboard 

matchboxes in which they were then artificially hibernated in a refrigerator at 4°C. 

Hibernation was terminated after a period o f 80 - 90 days. Unfortunately, due to 

technical characteristics of the fridge which was used for hibernation purposes, the vast 

majority o f gynes, including all gynes originating from infected colonies, were found to 

have died of desiccation during hibernation; the few surviving gynes died soon after 

emergence. Unmated queens, who were culled at 40 days of age, and post hibernation 

queens, which died of natural death, were examined for microsporidian infection at 

dissections. Queens that did not survive hibernation (and were not dissectible due to 

desiccation) were molecularly scanned for signs o f infection by N. bombi. Molecular 

analyses were conducted following the protocol developed by Klee et al. (2005) (see 

chapter 2).
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Figure 3.1 Diagram outlining the experimental design and use o f individuals for 
different experiments discussed in chapters 3 and 4.
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3.2.4 Statistical analyses

For all analyses, unless stated otherwise, the data o f CrzY/z/i/Za-infected and -uninfected 

colonies were combined i f  no significant differences within experimental treatment 

groups could be detected for the various relevant measurements. Differences in the 

proportion o f colonies producing sexuals and males with deformed wings, as well as 

variations in prevalence (infection levels o f worker and males; deformed wings) among 

colonies and mating success between mating groups were assessed using G-tests. 

Univariate and multivariate ANOVAs were used to analyse treatment effects on colony 

fitness (offspring numbers) and biomass. Colony duration and lifespan data were
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investigated using Mests and an ANOVA at the colony level, and with Mann-Whitney 

U tests within and between infected colonies. Kruskal-Wallis tests were utilised to 

determine whether the number of mating trials, the length of time until mating 

commenced, and mating duration differed among mating groups. Correlations of 

productivity and prevalence data were analysed with the Pearson correlation 

coefficient, r, a measure of linear association between the variables, if  data were 

normally distributed; Spearman's rho was used as a measure o f association between 

rank orders when data were non-normal and non-transformable. Where necessary, data 

were transformed to meet the assumptions of the tests. All analyses were conducted on 

SPSS 12 for the PC. Results were considered significant at P  < 0.05, and two tailed tests 

of significance were used throughout.
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3.3 RESULTS

A total o f  28 Bombus lucorum  colonies were used in the experiment. The experimental 

group consisted o f  11 Crithidia bombi uninfected colonies and 2 C  bombi infected 

colonies, and the control group included 8  C. bombi free and 7 C. bombi infected 

colonies. Dissections revealed an overall experimental infection success by Nosema  

bombi o f 100% at the colony level. The vast majority o f  TVo^ewa-infected colonies 

could also be visually distinguished from uninfected colonies by the appearance o f 

males with deformed wings (10/12 experimental colonies versus 0/14 control colonies 

produced deformed males; G = 23.833, d f = \,  P < 0.001; no difference between 

C. bombi co-infected and uninfected colonies).

3.3.1 Colony-level effects

Productivity

The total number o f  workers produced throughout the life span o f  a colony showed 

considerable variation among colonies (Table 3.1, Appendix la, lb ) but an ANOVA 

with foundress queen collection date as the covariate yielded no significant effects for 

either treatment (experimentally infected or not) or the covariate (treatment: F /,25 = 

1.320, P = 0.261; covariate: F/,2s = 1.819, /* = 0.189). Results remained non-significant 

when the covariate was removed from the analyses (Fi j 8 = 1.058, P = 0.313) and when 

only C. bombi-uninfected  colonies were considered (F 1J 9 = 1.680, P = 0.212). 

Similarly, a MANOVA with the number o f males and gynes produced (Table 3.1) as 

dependent variables and worker numbers as the covariate did not reveal any effect o f 

treatment per se (Fi j s  = 1.389, P = 0.269); a significant overall effect for the covariate 

(Fi .28  = 9.501, P = 0.001; dependent variable male: Fi jg  = 19.720, P < 0.001,

dependent variable gyne: Fi j s  = 0.510, P  = 0.482) is explained by a highly significant 

correlation between tlie  number o f males and workers produced within a colony (r = 

0.659, P < 0.001, n = 28). Results do not change noticeably when repeated with 

functional male numbers (the number o f  functional males is the number o f  total males 

produced minus the number o f males with deformed wings) instead o f total male 

numbers. Likewise, there was no difference in biomass invested into sexuals between 

treatments (F/,2s = 0.343, P  = 0.563). However, a significantly lower proportion o f
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experimentally infected colonies produced gynes (G = 4.007, df = P  =  0.045), and 

generally, there was an overall tendency for control colonies to perform better across 

the various measurements of productivity (Table 3.1).

Table 3.1 Colony-level productivity measurements; mean (SD) for number of 

individuals produced, biomass, and timing of reproductive events: first male/gyne is the 

day of first male/gyne appearance in the colony after eclosion of the first worker; 

colony duration is time from eclosion of the first to the last individual.

Treatment

No. workers produced 

Total # produced (range)

Control 

n =15

82.53 (120.77) 

1238 (5 -3 8 2 )

Nosema infected 

n =13

35.69 (31.98) 

464 (5 -  94)

No. males produced 

Colonies with males 

Total # produced (range) 

First male (days)

82.87 (86.32)

14

1243 (10 -315 ) 

38.57 (13.03)

67.31 (85.64)

12

875 (12 -327 ) 

32.5 (11.35)

No. gynes produced 

Colonies with gynes 

Total # produced (range) 

First gyne (days)

1.60 (3.26)

9

24 (1 -1 3 ) 

32.66 (22.69)

0.38 (0.87)

3

5 ( 1 - 3 )  

42 (14.36)

Biomass of sexuals 

(as 1:1.47 male:gyne ratio)

Colony duration (days)

85.22 (85.13)

77.13 (24.65)

67.87 (89.75) 

75.31 (24.91)
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Timing o f  reproduction

Treatment did not affect the length o f  time between colony start (time o f  first worker 

eclosion) and the start o f  male and gyne emergence (male: t =  1.194, d f=  24 P  = 0.244; 

gyne: t = -0.598, d f = 10, /* = 0.563) or o f  colony duration (overall duration: t = 0.192, 

d f = 26, P  =  0.849; duration from first treatment: t =  0.652, d f =  26, P  = 0.520) (Table 

3.1). Additionally, AN O V As with foundress queen collection date as the covariate did 

not reveal any significant effects for either experimental treatment or the covariate 

(time until first male -  treatment: Fi j e  = 2.365, P  =  0.138; covariate: F /,26 = 2.920, P  = 

0.102; time until first gyne - treatment: F / , /2 =  0.468, P  =  0.511; covariate: Fi j^  = 

3.406, P = 0.098; overall colony duration -  treatment: < 0.001, P  = 0.996;

covariate: F/,2S = 0.293, P  =  0.593; duration since infection -  treatment: Fi j g  = 0.171, 

P  =  0.683; covariate: Ft j s  =  0.374, P  = 0.546).

Lifespan

Foundress queens from experimentally infected colonies lived on average 106.40 ±  

20.62 days post-capture, which was almost identical to the lifespan o f  control queens, 

which stayed alive for 106.77 ± 21.74 days post-capture (J =  -0.046, d f = 26, P  = 

0.963).

While mean worker lifespan within the control treatment did not vary between 

uninfected and C. bombi infected colonies {t =  1.304, d f =  \ 3 , P  = 0.215; please refer to 

Appendix 1 for sample sizes involved) and was subsequently combined, significant 

differences emerged within the experimental treatment group {t =  2.838, d f =  11, P  = 

0.016) (Fig. 3.2). Workers from co-infected colonies lived for a significantly shorter 

amount o f  time than workers from the remaining Nosem a infected colonies, and 

workers from combined control colonies, whereas workers from N. bom bi singly 

infected colonies did not differ from control workers with regards to lifespan (one-way 

ANOVA: F 2.27 = 8.319, P  = 0.002; Tukey post-hoc comparison: double infected vs. 

control P  = 0.001, double infected vs. exp. excl. C. bom bi P  =  0.005; exp. excl. C. 

bombi vs. control P  = 0.582; Fig. 3.2). After elimination o f  C. bombi infected colonies 

from the analyses, worker lifespan from experimentally treated colonies remained 

similar to control colonies {t =  1.083, d f = 17, P  = 0.294).
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Figure 3.2 Differences in mean average lifespan of workers (days) from control 

colonies (uninfected and C. bombi infected combined) and N. bombi single- and C. 

bombi co-infected colonies. Data points are mean values ± standard error bars, adjacent 

numbers show the number o f colonies in each sample.
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In contrast, male mean lifespan was significantly shortened in experimentally infected 

colonies, regardless of the presence of C. bombi {t = 8.091, df = 14, P  < 0.001; 

Crithidia colony excluded: t = 7.549, d f = 13, P < 0.001; Fig. 3.3). Results remained 

highly significant when mean lifespan was calculated excluding males with deformed 

wings {t = 7.741, d f = 14, P  < 0.001); in other words, deformed males did not account 

for the significantly lowered lifespan at the colony level.
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Figure 3.3 Differences in mean average lifespan of males (days) from control colonies 

(only uninfected) and experimental (N. bombi single- and C. bombi co-infected 

combined) colonies. Data points are mean values ± standard error bars, adjacent 

numbers show the number o f colonies in each sample.
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3.3.2 Within-colony effects

For the majority of these analyses, only data from experimentally A^o^ewa-infected 

colonies were included.

Prevalence o f  infection and deformations

Across A^05ewa-infected colonies, a variable percentage of individuals were 

successfully infected by N. bombi. The level of infection in workers and males varied 

primarily across colonies, independent o f C. bombi involvement in the case of males; 

regarding workers C. bombi-miQcXtd colonies had a higher average infection 

prevalence (95.57 ± 2.22 %, n = 2) than Crithidia uninfected colonies (70.5 ± 21.26 %, 

n = 11) (for workers 13 colonies analysed: G = 59.694, df = \2, P < 0.001; C. bombi 

in f vs. C. bombi uninf. Z =  -1.974, P = 0.048; for males 12 colonies could be analysed: 

G = 107.639, d f = 11, P  < 0.001; C. bombi inf. vs. C  bombi uninf. Z = -1.750, P = 

0.080). The infection prevalence statistic for males (which is used throughout chapter 3
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and 4) includes both data from animals which died o f natural death and animals used in 

the male infection dynamics experiment in chapter 4; their inclusion is justified by 

results, discussed in section 4.3.1, chapter 4). On average, 74.36 ± 21.85 % o f workers 

and 82.27 ± 28.55 % o f males showed signs o f infection at dissections; both variables 

were positively correlated (Spearman’s = 0.812, P = 0.001, n = 12 colonies; Fig. 3.4) 

and did not significantly differ from each other (paired sample t-test: t = -0.831, d f = 

11 , P  = 0.424).

Figure 3.4 The average percentage o f workers infected within a colony in relation to 

the average percentage o f  males infected within the same colony.
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The prevalence o f  infection in both workers and males correlated with the number o f 

workers produced within colonies (worker: = 0.676, P  = 0.011, n = 13; male: =

0.577, P = 0.050, n = 12; Fig. 3.5) but not with male, functional male or gyne 

production (partial correlations with worker number as the control variable: all P  > 

0.700).
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Figure 3.5 The average percentage of a) workers and b) males infected within a colony 

in relation to the total number o f workers produced within the same colony.
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Dissections and molecular analyses after mating experiments revealed an average 

infection prevalence of 55.56 ± 50.92 % for gynes (daughter queens were only 

produced in 3 colonies and thus the sample size was too small for meaningful further 

analyses). Only 2 out of the 13 foundress queens (15.38 %) in the experimental 

treatment group were found to be infected at dissections post colony-death.

Similar to the prevalence of infections among individuals, the occurrence of deformed 

wing individuals (Plate. 3.1) among infected males (all animals with deformed wings 

carried an infection) varied highly among colonies (G = 33.687, df = 11, P < 0.001; no 

influence of C. bombi: Z = -1.186, P  = 0.236). However, no relationship with the 

prevalence of infection in males {rs= -0.098, P = 0.761, n = 12) or workers (r  ̂= -0.062, 

P = 0.848, n = 12) nor with the number o f males produced (r  ̂= -0.512, P = 0.089, n = 

12) could be established. Among all 5 gynes produced in experimentally infected 

colonies 1 daughter queen also hatched with deformed wings (this gyne was excluded 

from mating experiments).
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Plate 3.1 Picture o f a) male witli normally developed wings and b) of male with 

deformed wings.

Lifespan

Similar to worker lifespan comparisons at the colony level, infection with C. bombi did 

not show any influence on lifespan across A^o^ewa-uninfected individuals (i.e. 

uninfected workers within overall infected colonies) (Z = -1.297, P = 0.196), yet it 

significantly reduced the lifespan of workers that were simultaneously infected with 

N. hombi and C. bombi. Again, the lifespan of N. bombi-mfQcXQd workers that were co

infected with C. bombi (29.06 ± 20.52 days, n = 81) differed significantly from both 

N. hombi-xxnmiQciQd (combined C. 6omd/-infected and C. bombi-ixQQ\ 50.44 ± 25.68 

days, n = 45; Z = -4.355, P < 0.001) and N. bombi singly infected workers (56.25 ± 

28.91 days, n = 151) (Z = -7.212, P < 0.001). However, N. 6owZ)/-uninfected 

individuals in experimentally infected colonies had a significantly lower average life 

expectancy than workers in control colonies (57.72 ± 19.46 days, n = 227; Z = -2.031, 

P = 0.042) regardless of C  bombi co-infection (excluding C. bombi co-infected 

samples - control workers: 63.13 ± 19.04 days, n = 132; uninfected experimental 

workers: 51.79 ± 25.34 days, n = 42; Z = -2.957, P = 0.003). All statistical tests were 

restricted to non-parametric methods as worker lifespan data from certain colonies was 

neither normally distributed (bimodal distributions) nor transformable (consequently, 

“colony” was also not used as a variable in tests)

Due to lack of lifespan data of uninfected males within experimentally infected 

colonies, for male bees only effects within N. bombi infected individuals could be 

analysed.



Males with deformed wings lived for a significantly shorter amount o f time thar their 

non-deformed counterparts (Z = -2.834, P = 0.005). However, this was not true within 

every colony (Fig. 3.6; sample sizes were not big enough in all categories for a rested 

ANOVA approach; comparisons by colony showed significant differences fo' two 

colonies: colony 179, Z = -2.101, P  = 0.036; colony 181, Z = -2.679, P = 0.007).

Figure 3.6 Differences in days alive for N. bombi infected functional and defcrmed 

males between affected colonies. Data points are boxplots, showing the median value 

with the box marking the interquartile range; numbers above bars indicate the simple 

size in each colony; circles above and below bars indicate outliers.
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3.3.3 Mating effects

Over a total of 75 mating trials, 4 out o f 4 N. bombi infected gynes and 12 out cf 14 

uninfected gynes were successfully mated with males from uninfected control coloiies, 

and 4 out o f 5 gynes from control colonies were successfully mated with Noxma  

infected males (colony o f origin had no effect on mating success: G = 10.762, d f = 7, P 

= 0.149). While overall mating success (i.e. the likelihood of a successful mating per 

queen and mating group) appeared to be independent of infection status (G = 1.321, df 

= 2, P = 0.516), the number of trials until a successful mating was initiated differed
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significantly between groups (Kruskal-Wallis x  ̂= 10.741, d f = 2, 0.005). Matings

involving infected gynes and males were successful on average after 3.25 ± 0.957 and 

5.50 ± 3.109 trials respectively, in contrast to an average o f 1.83 ± 0.86 pairings for 

matings involving uninfected mates. However, not only were sample sizes quite small, 

there was also somewhat o f a shortage o f males for certain mating trials and therefore 

queens and males could not always be paired with same age individuals which may 

have biased mating success, therefore the meaning of these results is difficult to 

ascertain. No differences between mating groups were noted for the time span until 

matings occurred (Kruskal-Wallis x'^= \ .924, df = 2, /* = 0.832) (on average 7.7 ± 9.11 

minutes), and similarly, once mating had commenced, no obvious differences in mating 

behaviour and duration of mating (Kruskal-Wallis = 3.253, d f = 2, P  = 0.197) (on 

average 28.25 ± 7.51 minutes) could be observed.

A surprising and interesting finding, at dissections and the molecular analyses, was that 

2 out of 4 gynes from uninfected control colonies, which were successfully mated with 

N. bombi infected males, as well as 1 gyne, which was unsuccessfully paired with 

infected males, were found to be infected by N. bombi. At dissections spores of 

N. bombi were also observed in the accessory glands o f infected males.
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3.4 DISCUSSION

My results show that, at least for first generation infections, Nosema bombi has low 

virulence with respect to colony level characteristics. Results of the present study are in 

line with predictions on virulence from theoretical models such as Lipsitch et al. ’s 

(1995) which addresses parasites that can reach high equilibrium prevalences due to 

high horizontal transmission but at the same time can transmit vertically.

Nosema is known to reach prevalences as high as 61% among colonies (Fisher & 

Pomeroy, 1989) and infection levels of up to 50% and 55% among males and workers 

respectively (Shykoff & Schmid-Hempel, 1991); horizontal transmission also occurs at 

high rates. For example Imhoof & Schmid-Hempel (1999) recorded that 53.2% of 

colonies became infected shortly after transfer into the field. In this study higher levels 

of infection success at the colony (100%) and individual level (74.4% and 82.3% for 

workers and males respectively) were reached, probably due to enhanced contact with 

infective spores caused by experimental treatments. Thus, results from this 

experimental infection should over- rather than under-estimate the impact this parasite 

has on its host under natural conditions. On the other hand, colonies were restricted 

from foraging in the field and thus did not potentially come in contact with a wider 

variety of different “strains” of parasites than represented in the inoculum (mixture of 

spores from two separate sources), a scenario which is neglected in models by Lipsitch 

et al. (1995; 1996) and which according to theory can select for increased virulence. 

However, it could be argued that the spores which were harvested from the source 

queens already include a variety o f strains.

Overall, no significant differences between experimentally infected and uninfected 

colonies regarding the number o f workers, males and gynes that were produced could 

be observed. Thus, my results do not confirm findings by Imhoof & Schmid-Hempel 

(1999), who reported an increased production o f males in infected colonies. To the 

contrary, I found an overall tendency for lowered fitness in infected colonies, and 

altogether a lower proportion of experimental colonies produced gynes. Since Imhoof 

and Schmid-Hempel’s (1999) resuhs were based on observations of naturally infected 

colonies, it could be argued that their reported increase in male production was not the 

effect but the cause of infection by N. bombi. Although they reported that infection was
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not associated with obvious correlates such as colony size, an increased production of 

sexuals will require a higher investment in biomass, which could be translated into 

more intense foraging by workers and hence an increased likelihood of transmission via 

food sources.

Brown et al. (2003) pointed out the importance of genotypic variation in the outcome 

o f an interaction as an indicator for context-dependent expression of virulence in host- 

parasite associations that otherwise appear benign. They showed that significant 

virulence may manifest itself only under stressful conditions such as hibernation, and 

shortage of food (Brown et al., 2000; Brown et al., 2003). Genotype-genotype host- 

parasite interactions have been suggested for the N. bombi-humhlQ bee system 

(Schmid-Hempel & Loosli, 1998) and were also suggested in this study by significant 

variation in levels of infection of individuals across colonies. Evidence for genotypic 

variation also exists from breeding attempts for improved resistance against the closely 

related N. apis in honey bees (Rinderer et a l,  1983). Strong context-dependent 

expression of virulence has been well documented in the N. apis system where 

infections only break out when honey bee colonies are stressed (Bailey & Ball, 1991). 

Benign laboratory conditions with food ad libitum could thus have obscured the true 

impact of N. bombi. Additionally, my results suggest that context-dependent virulence 

in the form of co-infection may be a contributor to the observed genotypic variation in 

this host-parasite system. Co-infection by C. bombi, an otherwise relatively benign 

parasite (Shykoff & Schmid-Hempel, 1991; Imhoof & Schmid-Hempel, 1999, but see 

Brown et al., 2000 and Brown et al., 2003), significantly reduced the average lifespan 

of N. bombi infected workers (Fig. 3.1). Although such a reduction in individual life- 

expectancy did not seem to impact substantially on colony performance under benign 

laboratory conditions it may prove to affect colony fitness in a more substantial way 

under stressful natural conditions.

Male lifespan, however, was negatively affected by N. bombi regardless o f co-infection 

with C. bombi, which could reflect a generally less effective immune response in males 

as compared to females (Zuk & Stoehr, 2002; Gerloff et al., 2003). Schmid-Hempel 

(2005) points out that a priori reasons such as lower investment into raising offspring 

and variance in mating success should select for lower investment in immune defences 

by males. Accordingly, foundress queens, which are ultimately responsible for the
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welfare o f the whole colony, proved extremely resistant (only 2 out of 13 foundress 

queens became infected by experimental administration of N. bombi). Similar to 

foundress queens, not all workers within an overall infected colony became infected 

themselves, even though they were continuously re-exposed through contact with 

contaminated food or infective material shed by infected workers within the nest. Thus, 

although the immune system of invertebrates such as bumble bees is far less complex 

than that o f vertebrates it nevertheless can be highly efficient (Schmid-Hempel & 

Ebert, 2003) often preventing the establishment o f an infection (Schmid-Hempel, 

2001). However, such an effective immune response entails costs, as was suggested by 

the significantly reduced life expectancy of workers which successfully defended a 

challenge by N. bombi, compared to unchallenged workers.

The occurrence of individuals with deformed wings was clearly correlated with 

infection by N. bombi as this phenomenon only affected animals in infected colonies. 

Deformations have been noted to occur in animals infected at the larv'al stage (Schmid- 

Hempel & Loosli, 1998). However, no associations with infection prevalences were 

observed which could suggest that the expression of deformed wings is a pathogenic 

side-effect of parasitism by N. bombi (e.g. Brown et ah, 2001). Alternatively, the 

presence o f Nosema may “activate” a viral infection which induces the deformation of 

wings, and the preferential expression in males (one single gyne was also deformed) 

may be attributable to differences in immune defence (see above). Evidence for such a 

potential relationship of Nosema with a viral infection comes from the intimate 

association of filamentous virus, black queen cell virus and bee virus Y with N. apis in 

honey bees -  the viruses multiply almost exclusively only in bees also infected with N. 

apis (Bailey & Ball, 1991). The fact that the prevalence o f deformities among colonies 

was quite variable may further suggest genotype-genotype interactions. While infected 

males lived long enough to engage in potential matings, although for a more limited 

amount of time than their uninfected counterparts, deformations reduced the number of 

functional males, and thus reduced the population of potential mates by almost 6 % in 

affected colonies.

As for mating itself, no obvious signs of avoidance of infected mates could be 

observed. Additionally, similar to observations in a previous study (Sauter & Brown, 

2001), mating success appeared to be a more or less random event, with no obvious
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behavioural signs indicative o f whether mating is to happen or not. Therefore subtle 

differences in matings involving infected mates may have gone unnoticed. Of course, 

mating conditions might also have been too artificial for natural mating behaviour 

(Hovorka et a l,  1998; Svensson, 1979). However, results nevertheless contradict De 

Jonghe’s (1986) and MacFarlane et al. ’s (1995) claims that infection by Nosema 

inhibits mating in queens. Moreover, together with the observation that uninfected 

queens can pick up an infection during mating, and the presence o f N. bombi spore? in 

male accessory glands, a possibly important route o f horizontal transmission is 

suggested. For future foundress queens the possibility o f venereally acquiring the 

parasite represents a risk which could have contributed to the development o f the sirgle 

mating system found in B. lucorum (Schmid-Hempel & Schmid-Hempel, 2000). The 

reduced risk of transmission in single- as compared to multiple- matings may offset the 

reduced likelihood of having genotypic diverse offspring, and associated higher fitress 

(Baer & Schmid-Hempel, 1999; Baer & Schmid-Hempel, 2001).

Fisher & Pomeroy’s (1989) data suggest that Nosema could be a prime cause of 

overwinter mortality o f queens. However, Shykoff & Schmid-Hempel (1991) found no 

differences in the infection prevalences between spring queens and previous summer 

workers, indicating that infection does not necessarily reduce hibernation success. 

Since gynes remain in the nest for some time before they mate and often revisit their 

natal colony to feed on resources in preparation for hibernation they should be exposed 

to the same risks of transmission as workers and thus worker prevalences should be 

representative for gynes. However, this argument does not take into account the 

increased horizontal transmission potential through matings as indicated by my results, 

which could result in higher than expected gyne infection prevalence. Thus, hibernation 

could in combination with the reduced mating potential o f infected males, (caused by 

shorter lifespan and reduction of functional males), intensify the differerrial 

representation of host genotypes in the population, through selection against host 

lineages which are susceptible to infection.

It is also interesting to note, that the infection prevalence o f workers and males vas 

positively correlated with the number o f workers that were produced within colones. 

This could for example arise when an increase in individuals causes a build-up of 

infectious material (through defaecation) within the nest and as such results in a
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stronger force of infection. Consequently, while colonies with higher worker numbers 

are more likely to produce sexuals and as such have higher fitness they are also likely 

to be more heavily affected by the presence of Nosema than colonies consisting of 

fewer workers. Although smaller colonies are less likely to produce gynes they may 

still produce a substantial number of males (Duchateau & Velthuis, 1988; Muller & 

Schmid-Hempel, 1992a). Because males from these colonies have relatively lower 

chances of becoming infected than males from bigger colonies, they could be relatively 

fitter, more successful mates. Thus parasitism by Nosema may effectively reverse a 

colony’s initial fitness and may also have contributed to evolution of two distinct 

reproduction types as described by Duchateau and Velthuis (1988) and Muller and 

Schmid-Hempel (Muller & Schmid-Hempel, 1992a): 1) production of males and 

queens late in the colony cycle at a large size, and 2) production of males only at an 

earlier point in the colony cycle at a smaller size.

The possible participation of males in transmitting the disease venereally could initially 

be interpreted to select for an increase in virulence as infected colonies do not 

necessarily have to produce queens themselves to ensure the parasite’s survival -  

Nosema can utilise males as “vectors” for transmission to queens from other colonies. 

However, this increase in virulence will be constrained by the males’ mating ability and 

of course colony fitness with regard to male production.

In contrast to previous studies (e.g. Shykoff & Schmid-Hempel, 1991; Schmid-Hempel 

& Loosli, 1998; Imhoof & Schmid-Hempel, 1999) this is the first study to examine a 

whole colony cycle of the Bombus-Nosema host-parasite system under controlled 

laboratory conditions. Contradictory to some previous reports yet in line with 

predictions from theoretical models (Lipsitch et a l,  1995; Lipsitch et a l,  1996), my 

results suggest N. bombi to be a relatively benign parasite, with little effect on colony 

fitness. However, Nosema may significantly influence the population dynamics of its 

host species through context-dependent expression o f virulence in the form of co- 

infection with C  bombi, effects on mating and possible effects on hibernation. My 

findings also highlight the importance o f considering interactions between parasites for 

an understanding of the pathogenic significance o f parasites, which is ultimately 

relevant to the evolution of both host and parasite.
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C h a pt e r  4

Within-colony dynamics o f a Nosema bombi infection in Bombus lucorum 

4.1 INTRODUCTION

For obligate, intracellular parasites such as Microsporidia, successful host-host 

transmission is essential for survival (Dunn & Smith, 2001). In host-parasite systems 

such as the Nosema-Bombus system, where the host is a social insect with an annual 

life-cycle, i.e. only queens overwinter to produce the next generation, the parasite’s 

success depends on several factors. Firstly, the ability to find, infect and multiply 

within an individual. Secondly, in contrast to solitary hosts, in social insects Nosema 

needs to spread to other individuals within a colony, and ensure a sufficient parasite 

load that results in the infection o f sexuals, in particular daughter queens which have 

the potential to carry the parasite into the next generation. However, bumble bee 

colonies show considerable variation with respect to reproductive performance, even if 

kept under laboratory conditions with ample food (own results, see chapter 3; Muller & 

Schmid-Hempel, 1992a; Muller & Schmid-Hempel, 1992b), and additionally, 

parasitism (including parasites other than Nosema) is likely to negatively impact on 

host fitness, particularly the production o f gynes (chapter 3, chapter 6). Thus, given that 

not every colony is guaranteed to produce sexuals, a third critical step in the parasite’s 

life-history is its successful transmission to and subsequent establishment in new 

colonies, and thus gynes. Transmission of spores to individuals from different colonies 

has been suggested to occur through shared use and contamination o f food sources 

(Durrer & Schmid-Hempel, 1994; Schmid-Hempel & Loosli, 1998). However, the 

consequent dynamics o f N. bombi in new colonies, which ultimately determine parasite 

fitness, have received little if  any attention.

As Fries & Camazine (2001) point out, the number o f experimental studies of social 

insects that have direct bearing on evolutionary epidemiology and transmission of 

parasites are very limited. Among these few, for example, Eijnde & Vette (1993) and 

Schmid-Hempel & Loosli (1998) examined aspects o f horizontal transmission, such as 

differences in N. bombi susceptibility o f larvae as compared to adult bumble bees.
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Other studies investigated the influence that factors such as nest architecture and 

division of labour have on disease transmission in social insect hosts (Schmid-Hempel 

& Schmid-Hempel, 1993; Pie et a l,  2004). Nevertheless, virtually nothing is known 

about the general within-colony dynamics of a N. bombi infection.

Chapter 4 is thus a logical continuation o f chapter 3, with the aim to gain a better 

understanding of the within-colony dynamics of a N. bombi infection. I addressed the 

following questions: does parasite virulence (parasite replication) increase over the 

colony cycle?, how quickly does an infection become established within individuals? 

And, how important is larval exposure for disease establishment within colonies? 

Furthermore, I investigated whether transovarial transmission is a possible route of 

passing the disease to new individuals in this system. The results from this 

investigation should help to create a clearer picture o f the epidemiology o f a N. bombi 

infection and allow for more accurate predictions of virulence in this system.
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4.2 MATERIALS & METHODS

4.2.1 Experimental animals

To investigate the within colony dynamics of a N. bombi infection, B. lucorum 

colonies, which were infected under controlled laboratory conditions, were utilised 

(these colonies were infected as part of a previous experiment described in chapter 3).

All colonies were founded by B. lucorum spring queens, collected in the vicinity of 

Dublin in 2004, and were experimentally infected with a standardised inoculum 

containing 5 x 1 0 ^  spores (mixture of two different spore isolates) per single dose. 

Infections started as soon as five workers were present and were administered twice 

weekly for a period of five weeks. Colony development was recorded on a daily basis 

and freshly hatched workers were marked with numbered Opalith® tags. Males and 

gynes were removed from colonies at three and seven days of age respectively, which 

mimics the course o f natural events (Alford, 1975), and transferred to separate boxes in 

which they were kept for lifespan measurements, mating experiments (see chapter 3) 

and an experiment on infection dynamics. Please refer to chapters 2 and 3 for detailed 

Materials & Methods on establishment, maintenance and infection procedures of these 

colonies.

4.2.2 Experiments and measurements

In addition to the information gathered in chapter 3, I investigated infection dynamics 

within colonies by assessing the infection status and infection intensities of males 

which were selectively culled during the colony cycle. Additionally, males and workers 

which had died a natural death also had their infection intensities recorded. In order to 

assess the importance of larval exposure workers were grouped with respect to larval 

exposure at time o f infection. The question of possible transovarial transmission was 

addressed with a preliminary investigation into the infection status of eggs and larvae.



M A LE INFECTION D Y N A M IC S

After removal from the nest at three days of age a subset of males were sequentially 

allocated to be culled at 3, 5, 7, 9, 11, 13, 15, 17, 19 and 21 days of age; i.e. the first 

male bom during the experiment was culled at 3 days o f age, male number 10 was 

culled at 21 days of age and male number 11, again, was culled at 3 days o f age, and so 

on. Animals that died a natural death prematurely to their allotted lifespan category 

were discarded from the experiment (however, these animals were also used for 

dissections and together with males from the experimental and the lifespan recordings 

contributed to data on male infection prevalence; these data were also incorporated into 

results of chapter 3). After being culled, males were stored frozen until assessment of 

infection status through dissections and measurements o f infection intensities. Infection 

dynamics were assessed in males and not in workers (which would have been equally 

interesting) as a removal o f workers from the colony would have possibly affected 

overall colony development and thus would have potentially biased colony life-history 

recordings, which were assessed in chapter 3. Males in contrast naturally leave the nest 

at ~ 3 days of age (Alford, 1975).

INFECTION INTENSITIES

Males which were culled at specific days and were classified as infected, as well as 

N. bombi-infQcted workers and males which had died a natural death as part of 

experiments in chapter 3, had their infection intensities quantified according to methods 

outlined in section 2.2.5, (chapter 2).

L AR VA L  EXPOSURE

The average developmental period from egg to eclosion for workers o f Bomhus 

terrestris, a species closely related to B. lucorum is approximately 31 days: after a 

seven day egg stage, larvae are continuously fed through a larval period o f about 14 

days until the pupal stage is entered, which lasts about ten days (van der Steen & 

Donders, in preparation). Larvae are progressively fed on pollen and nectar (sugar 

water), which is regurgitated by the nurse bumble bees (Alford, 1975). As colonies 

were offered inoculated pollen, which was presumably also passed on to larvae, larval 

exposure for workers was calculated as positive if an animal eclosed on the 11'*’ day or
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later after the first introduction o f  N. bombi spores to the colony. Animals which 

eclosed prior to this time were regarded as unexposed at the larval stage.

INFECTION STATUS OF EGGS AND LARVAE

Workers from one infected colony which carried high levels o f  infection (heavy 

infections can be visually distinguished by a lobate and porcelain-white appearance o f  

the fatbody tissue which is the result o f  the accumulation o f  large masses o f  spores; 

established at dissections), and had been observed to be egg laying [towards the end o f  

the colony cycle the queen loses her dominance, which can result in worker oviposition  

(Roseler & Honk, 1981; Honk et a l ,  1981)], and their brood, were utilized for this 

experiment. The ovaries o f  these bees were dissected out under the binocular 

microscope and repeatedly washed in petri dishes filled with fresh deionised H2O 

(dH20). A minimum o f  six well-developed eggs were then dissected from these ovaries 

and again washed five times in fresh dHiO. A single egg o f  each batch (originating 

from the same worker ovary) was then examined under the microscope for any 

evidence o f  adhering spores. In every case no spores could be detected and the whole 

batch o f  eggs was then stored in 200|j,l o f  dH20 in the freezer at -80 °C until molecular 

analyses. Eggs that had been laid by one o f  the workers and a larvae at a late 

developmental stage (just before pupation) were dissected out o f  their respective brood 

cells, washed repeatedly as described above, and frozen separately for later molecular 

analyses. Molecular analyses were conducted following a protocol developed by Klee 

et al. (2005) (please refer to section 2.2.3).

4.2.3 Statistical analyses

Univariate AN O V As and a Kruskal-Wallis test were used to identify differences in 

infection intensities between lifespan categories, workers and males, larval exposure 

groups, and colonies o f  origin. Student-/ tests as well as Mann-Whitney U  tests were 

utilised for comparison o f  male and worker infection prevalences and larval exposure 

between colonies, and for comparison o f  infection prevalence and infection intensities 

between males which died a natural death and males culled at specific days. Fisher’s 

exact tests were used for within colony comparisons o f  differences in infection 

prevalence o f  males which were culled and those which died a natural death.



Differences between males with deformed wings and functional males (males with 

normally developed wings) regarding infection intensities among males which died of 

natural death were also investigated with /-tests. Data on infection prevalence of 

workers with respect to larval exposure were analysed using binary logistic regression 

with the backward log-likelihood procedure. Larval exposure was coded as an indicator 

variable, while colony was coded as a deviation variable. Regression analyses were 

used on the influence of birth day and larval exposure as well as infection prevalence of 

workers on infection intensities. Correlations between prevalence data (infection, larval 

exposure, deformed wings) and infection intensities were analysed with the Pearson 

correlation coefficient, r, a measure of linear association between the variables, if  data 

were normally distributed; Spearman's rho was used as a measure o f association 

between rank orders when data were non-normal and non-transformable. Where 

necessary, data were transformed to meet the assumptions o f the tests. All analyses 

were conducted on SPSS 12 for the PC. Results were considered significant at /* < 

0.05, and two tailed tests of significance were used throughout.
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4.3 RESULTS

4.3.1 Male infection dynamics

Overall, male bees from five colonies were sacrificed at specific days for this 

experiment (Table 4.1). For colony 159 only a subset of animals was examined; within 

lifespan categories that consisted of more than five samples a subset o f animals was 

dissected and had their spore counts taken. Care was taken that subsets were evenly 

spread according to birth date (sub samples covered animals bom early and late during 

the experiment). For some infected males spore counts could not be reliably established 

due to decomposition (result of the time an animal was dead until removal from the 

nest and storage in the freezer) and thus were excluded from further analyses.

Table 4.1 Summary of sample sizes used in the male infection dynamics experiment.

Number o f individuals
Colony ID ---------------------------------------------------------------------------------------------

culled dissected infected spore count

5 49 49 36 34
159 119 83 82 63
161 11 11 11 11
172 22 22 8 7
168 6 6 6 6
Total 209 171 143 121

For colony 5 and 159 data on infection intensities of males for every single lifespan 

category with a minimum of two repeats per category were obtained (Fig. 4.1). Only 

these two colonies were used for the following analyses o f infection intensities in 

relation to the age at which an animal was culled. In the remaining three colonies, due 

to premature death o f experimental animals and low male production within colonies in 

combination with the use of males for lifespan recordings, an insufficient number of 

males could be culled resulting in missing or only single intensity values for certain 

categories.
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EFFECT OF AGE

In both colony 5 and colony 159 the average level of infection was not influenced by 

the length of time an animal was allowed to live (colony 5, data is non-transformable: 

Kruskal-Wallis = 5.760, df = 9, P  = 0.764; colony 159: one-way ANOVA Fggs = 

1.011, P  = 0.443) (Fig. 4.1). In other words, individuals that were culled shortly after 

eclosion did on average not carry lower (or higher) spore loads than animals that were 

culled at a later stage.

Figure 4.1 Differences in mean infection intensity o f lifespan categories for males from 

colony 5 and 159. The x-axis shows the different lifespan categories in days. The y-axis 

shows the amount of spores in l|il homogenate (based on 1ml dilution of the original 

homogenate). Data points are mean values ± standard error bars, adjacent numbers 

show the sample size for each lifespan category.
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However, an ANCOVA on the data from colony 159 with lifespan category as the fixed 

factor and the birth day of males (the day a male eclosed relative to the start of colony 

infection procedures) as the covariate indicated a significant effect for the time when a 

male was bom (birth day: F |,63 = 27.736, P  <  0.001; lifespan category: F963 = 1.675, 

P =  0.119). That is, as time went by males carried increasingly heavier parasite 

burdens. This time effect was investigated in more detail in the following analyses.
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EFFECT OF TIME

For the following analyses on the effect o f time (when an animal was bom), data for 

lifespan categories were pooled (as no differences between lifespan categories were 

found in the previous analyses) and included results from all five colonies.

For three o f  the colonies (159, 161 and 168) a strong relationship between birth day and 

infection intensity was observed (Fig. 4.2). However, regression analyses revealed a 

significant influence o f timing on intensity only for colony 159 (r^ = 0.282, P < 0.001); 

colony 168 showed marginal (r^ = 0.582, P = 0.078) and colony 161 non significant 

{r^ = 0.232, P = 0.134) effects. Both colony 5 and 172 displayed weak, non significant 

relationships (colony 5; = 0.007, P = 0.649; colony 172: = 0.137, P  = 0.413).

These latter two colonies also distinguished themselves from the other three colonies 

by the presence o f  extremely low infection intensities throughout the experimental 

period (Fig. 4.2), and overall lower average infection prevalences for worker and males 

(significant for workers: t = -33.882, d f = 3, /* < 0.001, but non significant for males: 

Z= -1.732, P -  0.083) (Table 4.2). Both male and worker prevalence are highly 

correlated as described in chapter 3 {P = 0.001). The infection prevalence statistic for 

males (which is used throughout chapters 3 and 4) includes both data from 

experimental males and animals which had died o f  natural death. This was justified by 

the absence o f any significant differences regarding prevalence between these two 

groups within the three colonies for which data on both groups existed (Fisher’s exact 

tests - colony 5: P = 0.067, colony 159: P  = 1.000 and colony 161: P = 1.000), and the 

suggestion o f  independence o f age as described above. Similarly, no differences for 

infection intensities were observed between males which died o f natural death (see 

following section 4.3.2 for details on selection o f  sample size) and males culled at 

specific days within the three tested colonies (colony 5: Z = -1.951, /* = 0.061; colony 

159: r = -0.816, d f = 70, P = 0.417; colony 161: / = 0.661, d f = 18, P = 0.517) (Fig. 

4.3). Significant relationships were observed between male average infection intensities 

and both male and worker infection prevalences (ks = 0.925, P < 0.001 and Vs = 0.818, 

P = 0.004 respectively, n = 10).



Figure 4.2 Regression o f infection levels of males culled at various days (see text) on 

the day males were bom (day o f eclosion since the start of colony infections). Circles 

represent individual males.
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Figure 4,3 Differences in infection intensities of males culled at specific days and 

males which died of natural death. Data points are boxplots, showing the median value 

with the box marking the interquartile range; numbers above bars indicate the sample 

size; circles above and below bars indicate outliers.
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Table 4.2 Prevalence of infection for males (combined natural death males and males 

culled at specific times) and workers and occurrence of larval exposure by colony.

Colony

5 172 159 161 168

% male infected 79.36 45.83 97.47 96.67 100

% worker infected 57.10 58.34 92.85 95.45 94.00

% worker with
45.84 15.38 81.05 73.68 93.59

larval exposure

Colony 5 and 172 were also noted to have an overall significantly lower percentage of 

workers that were exposed at the larval stage than colonies 159, 161 and 168 (t = 

-3.832, df = 3, /* = 0.031) (Table 4.2). Larval exposure correlates across colonies, but 

not necessarily strongly, with male prevalence data (including all 12 experimental 

colonies: = 0.538, P = 0.071) (Fig.4.4).



Figure 4.4 Correlation between infection prevalence of males and prevalence of larval 

exposure among workers. This graph includes data from all experimentally infected 

colonies for which male prevalence data is available (n = 12, see chapter 3, table 3.1). 
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4.3.2 Male vs. worker infection intensity

For the following analyses infection intensity data from males and workers that had 

died of natural death were considered. The data on males originated from animals 

sampled towards the end of male production (earlier bom males were used for the male 

infection dynamics experiment). For both workers and males a subset of 10 infected 

animals (as established at dissections, refer to section 3.2.3, chapter 3, for details on 

sample selection), were chosen to have their spore counts taken; again care was taken 

that subsets were evenly spread across birth dates. Sample size, especially for workers 

was limited by animal numbers produced, the number of animals found infected and 

decomposition, thus sample size did not always consist of 10 individuals; only colonies 

for which a minimum of 4 samples could be obtained were included in the following 

analyses (refer to Appendix lb for sample sizes). Because results in chapter 3 showed 

an effect of Crithidia bombi co-infection on worker lifespan (although overall, no 

difference with regard to mean infection intensities were found for workers from C. 

bombi affected colonies (colony 168 and 178) as compared to workers from C. bombi-



uninfected colonies: t =  -0.534, d f = 8, P  = 0.608) worker data from Crithidia  affected 

colonies were excluded from the following analyses o f  infection intensities. Data on 

males included males with deformed wings. This was justified since infection 

intensities o f  males with deformed wings did not differ from those o f  males with 

functional wings within the sample (analyses o f  m ales which died o f  natural death from 

colonies with both functional and deformed males present: t =  -0.590, d f = 26, P  = 

0.560; deformed males n = 6, functional males n = 22). Overall, the percentage o f  

males with deformed wings per colony also showed no correlation with the average 

intensity o f  male infections = 0.061, P  =  0.867, n = 10 colonies).

The following analyses included colonies (n = 7) in which spore intensity data for both 

males and workers was available.

Although no differences for infection intensities o f  males were found between colonies 

(ANOVA - F 6 ,49  = 0.579, P  =  0.745), an AN O V A and subsequent post-hoc analyses on 

infection intensities o f  workers identified colony 179 to differ significantly from most 

other colonies by carrying significantly lighter infections (^ 6,46 = 4.887, P  < 0.001; 

Tukey post-hoc -  colony 179 vs 196: P  = 0.080; all other five pair-wise comparisons 

with colony 179: P  <  0 .005) (Fig. 4.5). This variation in infection intensity could not be 

explained by variations in bee longevity (worker lifespan in colony 179 vs. other 

colonies: Z =  -0.095, P =  0.924).

Workers from colony 179 could be discriminated from all other colonies by an absence 

o f  workers with larval exposure. This is also reflected in the absence o f  a significant 

relationship o f  larval exposure with male infection intensity {r =  -0.492, P  =  0.263, n = 

7) (Fig.4.6). Colony 179 was subsequently excluded from further analyses, which only 

considered colonies with worker data that included larval exposure measurements.
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Figure 4.5 Differences in mean infection intensities for workers and males. The x-axis 

shows the different colonies from which individuals originated. The y-axis shows the 

mean infection intensity per |̂ 1 homogenate (lOOO’s) (based on 1ml dilution o f the 

original homogenate); square-root transformed data. Data points are mean values ± 

standard error bars; numbers below and above bars show the sample size in each 

category.
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A two-way A N O V A  with the birth day (day o f  eclosion since the start o f  colony 

infections) and lifespan o f  individuals as the covariates revealed no significant effects 

o f  sex, colony o f  origin, or their interaction on mean infection intensity before or after 

removal o f  insignificant covariates (2-way ANOVA - sex: F 175 = 0.402, P  =  0.551; 

colony: F ijs  = 2.392, P  =  0.180; sex x colony: F\j$ =  0.420, P = 0.833). This suggests 

that infection intensities do not differ between workers and males regardless o f  the 

colony they originate from. Similar to results on infection intensities o f  males (see 

section 4.3.1 above) the covariate lifespan did not yield any significant influence, yet 

unlike previous results the covariate birth day also had no significant effect. However, 

this result was driven by data on workers, which, in contrast to males (although this 

varies between colonies, see Fig. 4.2, and is marginal in this sample), do not display 

any correlation o f  intensity with date o f  birth (worker: r =  -0.002, P  =  0.992, n = 43; 

male: r = 0.294, P =  0.053, n = 44).

4.3.3 Effects o f larval exposure on worker infection intensity

For this analysis, unless stated otherwise, data from colonies, which included both 

exposed and unexposed larval stage workers within colonies, was used.

Although previous results (section 4.3.2 above) suggest that workers which did not 

experience larval exposure experience significantly lower infection intensities than 

workers which were exposed at the larval stage, results from a two-way AN O V A with 

exposure category as the fixed and colony as the random factor indicate that this is not 

necessarily the case; no effects o f  exposure, colony, or their interaction on infection 

intensity could be detected (exposure: F \ 2 % =  0.227, P  =  0.655; colony: ^ 4^28 =  0.771, 

P  = 0.596; exposure x colony: F 4 28 = 1.295, P  =  0.296) (Fig. 4.7).



Figure 4.7 Differences in mean infection intensities for workers exposed and 

unexposed at the larval stage. The x-axis shows the different colonies from which 

individuals originated. The y-axis shows the mean infection intensity per |j.l 

homogenate (lOOO’s) (based on 1ml dilution o f the original homogenate); square-root 

transformed data. Data points are mean values ± standard error bars; numbers below 

and above bars show the sample size in each category.
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However, low infection intensities may at least be partly attributed to an absence o f 

workers experiencing larval exposure within the same colony (i.e. none o f the workers 

within a colony experienced larval exposure), since overall, including all colonies for 

which data are available, infection intensities were noted to display a strong
■y

relationship with the percentage o f larval exposure within colonies (r = 0.772, P = 

0.001) (Fig. 4.8a). The overall prevalence o f worker infection within colonies was less,
■y

yet still significantly, influenced by the prevalence o f larval exposure (r = 0.348, P = 

0.034) (Fig. 4.8b).
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Figure 4.8 Regression of a) worker mean infection intensity (lOOO’s) (square-root 

transformed data) and b )  prevalence of worker infection, on the percentage of workers 

exposed at the larval stage, c) Regression of mean intensity on the prevalence of w orker 

infection. Circles represent individual colonies.
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A binary logistic regression with successful N. bombi infection as the dependent 

variable and larval exposure, colony of origin, and the interaction term as the candidate 

variables, resulted in a final model containing both colony origin and the interaction 

between colony and larval exposure, which assigned 88% of the experimental animal 

correctly. However, neither of these terms were themselves significant within the
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model (colony: Wald-statistic = 6.418, df = 8, P  = 0.601; colony x exposure: Wald- 

statistic = 4.078, df = 8, P  = 0.085). Excluding the interaction term resulted in a model 

containing both colony of origin and larval exposure as significant predictive variables, 

correctly classifying 83.7 % of the experimental animals (exposure: Wald-statistic = 

7.448, df = 1, P = 0.006, Exp (B) = 3.675; colony: Wald-statistic = 23.271, df = 8, P =

0.003). Unsurprisingly, given the assignment percentages, the second model has less
2 2 explanatory power (r = 0.357) than the first (r = 0.568). Thus, this result further

indicates that it is somehow more likely for workers to become infected within colonies

that produce workers exposed at the larval stage, but differences between colonies

nevertheless exist (Fig. 4.8b), which are also reflected in a non-significant relationship

between the prevalence of worker infection and average intensity (r^ = 0.190, P =

0.208) (Fig. 4.8c).

4.3.5 Infection status o f eggs and larva

Three samples consisting of five eggs each which were dissected from the ovaries of 

individual worker bees and two samples o f laid eggs as well as one larva from the same 

worker were molecularly analysed. Analyses identified the presence of microsporidian 

DNA in every egg sample as well as the larval sample (Plate 4.2).

Plate 4.2 PCR amplicons of N. bombi, amplified with the primer pair ITS-f2/r2 

(expected amplicon length 118 or 122 bp), resolved in 2 % agarose gel and stained with 

ethidium bromide. Lane M, lOObp DNA marker; lane 1, worker laid eggs; lane 2,3 and 

4, eggs dissected from worker ovaries; lane 5 and 9, purified N. bombi; lane 6 and 8 

negative; lane 7, male larva.

M 1 2 3 4  5 6  7 8 9 M

500 bp ^

200 bp ^

100 bp ^
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4.4 DISCUSSION

As pointed out in the introduction, for parasites of social insects such as Bombus 

lucorum, which have an annual life cycle and for which considerable variation exists 

for reproduction (e.g. Muller & Schmid-Hempel, 1992a), parasite survival depends to a 

large degree on successful establishment in other colonies. Results from this study 

suggest that the time of colony contact with Nosema bombi with respect to colony 

reproduction should play a crucial role in disease establishment.

All colonies in this study were brought in contact with N. bombi via the introduction of 

inoculated pollen after the fifth worker had eclosed, i.e. at a time when workers start to 

take over foraging activity and the queen remains in the nest and concentrates on egg 

laying (Alford, 1975). This infection procedure should thus simulate natural contact 

with the parasite via collection of contaminated pollen by foraging workers. Horizontal 

transmission through infective material deposited on flowers has for example been 

reported for the trypanosome C. bombi in the same host (Durrer & Schmid-Hempel, 

1994), and spores of Nosema have been noted to occur in nectar and pollen collected by 

honey bees (Bailey & Ball, 1991). Results from a previous study, where uninfected 

colonies quickly became infected by N. bombi after transfer into the field also suggest 

that this route of transmission can occur at substantial rates (53 % of colonies became 

infected, Imhoof & Schmid-Hempel, 1999). The average spore content per |xl faeces of 

experimentally infected workers has been found to be as high as 2 x 10  ̂ spores (with an 

average around 1.2 x 10  ̂spores) (Oliver Otti, unpublished result). The volume of faeces 

excreted by worker bees is commonly around 10 |il but can be as high as 20 fil 

(Rutrecht, pers. observation). Therefore, the spore dosage of 5 xlO^ which was 

introduced per single treatment in this study does not seem to be a too unreasonable 

amount, especially since spores even if exposed to direct sunlight with its substantial 

UV component, are known to retain their viability for several hours (Schmid-Hempel, 

1998; Rutrecht, pers. observation) which lies well within revisiting times for flowers 

(depending on flower resource ~15min - 1 hour) in field conditions (Mario Ruiz 

Gonzalez, pers. communication).

As mentioned before in chapter 3 the overall (colony-level) experimental infection 

success which was achieved in this study was higher than that previously reported from
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natural infections in the field (Imhoof & Schmid-Hempel, 1999). Hence, this 

experiment may represent a situation where environmental contamination is very high; 

a situation which may be encountered in the case of limited or spatially concentrated 

forage resource.

Since all colonies used for this study were infected in a standardised way, my 

investigation of infestation dynamics was mainly based on analyses of the influence the 

observed innate variability among colonies regarding colony development (Miiller & 

Schmid-Hempel, 1992a; Muller & Schmid-Hempel, 1992b) exerts on disease 

establishment and within colony dynamics o f N. bombi. Further experiments will be 

needed to confirm causality in relationships reported below.

Overall, my results suggest that a critical variable for infestation success and parasite 

fitness is the presence of larval brood, especially of workers, at the time o f parasite 

contact with the colony. Indeed, in insects larval instars can often be more susceptible 

to disease than adults (Bailey, 1963; Bailey, 1960; Aruga & Watanabe, 1964; Milner, 

1973) and thus can represent prime targets for parasite attack. The exploitation of the 

vulnerability of larvae to gain access to adults who then ensure further transmission is 

known from almost all types of parasites that affect social insects (reviewed in Schmid- 

Hempel, 1998). Examples include viruses (black queen cell virus in honey bees, Bailey 

& Ball, 1991), bacteria (European foulbrood {Melissococcus pluton) in honey bees, 

Bailey & Ball, 1991), fungi (chalkbrood (Ascosphaera apis) in honey bees, Bailey & 

Ball, 1991), and protozoans (Burenaella dimorpha a microsporidian parasite of the fire 

ant, Jouvenaz et al., 1981), as well as nematode (mermithid nematodes in various ants. 

Bedding, 1985) and helminth parasites (Anomotaenia brevis, a cestode infecting ants, 

Stuart & Alloway, 1988). Infection typically occurs via the ingestion o f contaminated 

food which is introduced by individuals who attend the brood and which can either 

become infected themselves or merely act as mechanical vectors.

Previous work on the Bombus-N. bombi host parasite system has produced a rather 

confusing picture regarding susceptibility to the disease. While Eijnde & Vette (1993) 

claimed that only larvae are infective, and thus suggest that adults act as passive 

vectors, a study by Schmid-Hempel & Loosli (1998) reported equal susceptibility of 

larvae and adults. In my study, statistical analyses suggested that workers which were



exposed to N. bomhi at the larval stage were more likely to become infected than their 

unexposed counterparts, thus, unlike Schmid-Hempel & Loosli’s (1998) findings, my 

results confirm Eijnde & Vette’s (1993) report of increased infectiveness of lar/ae, but 

at the same time also contrast with the latter study by unambiguous observa.ions of 

adult susceptibility to the disease. However, because these adult infections were 

sometimes associated with lower infection intensities than larval infections which 

could not be explained by variations in longevity, i.e. bees did not die before the 

infection had the chance to develop fully, this may further support the idea that adult 

workers are less susceptible. Nevertheless, considerable differences existed between 

colonies regarding the susceptibility of adults to the disease, both in prevalence as well 

as in infection intensity, which deserves further explanation.

Several observations in this study suggest that a higher susceptibility of larvae per se, 

in combination with colony size (which naturally relates to the number of workers that 

are likely to be exposed at the larval stage, as infections all started at the same ;tage of 

colony development), may actually explain these variations. For example, low infection 

intensities in adults were strongly associated with low or even an absence of larval 

exposure in workers within colonies. However, any male brood which was present in 

these colonies was observed to develop substantial infections (Fig. 4.6). This 

observation firstly supports the observed higher susceptibility of worker Urva as 

compared to adults (presuming that male and female brood are equally susceptille) and 

secondly also implies that the force o f infection which was exerted hrough 

contaminated pollen (which was part of the experimental treatment) was noi strong 

enough to cause substantial infections in adults. Furthermore it also suggests thit adult 

infection intensities are related to the amount o f larval exposure experienced within 

colonies. Indeed, both the overall prevalence of infection within colonies and especially 

the average infection intensities recorded for workers correlated positively and 

significantly with the prevalence of larval exposure within colonies. This is a pattern 

which could be expected if an increasing number of larvally infected workers gve rise 

to an accumulation of infective material in the nest (through defaecatioi). An 

importance of larval infections for nest contamination is further suggested by the 

observation that larval infections of males can reach peak parasitemia as early ai 3 days 

after eclosion, in contrast to adult infections of bumble bees which often only >ecome 

visible and transmittable after up to 2-3 weeks (Schmid-Hempel & Loosli 1998;
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chapter 5). A build up o f infective spores in turn is likely to increase pathogen contact 

with the host, which could consequently facilitate parasite establishment, both in larval 

brood as well as in adults. Dosage related infection prevalence has for example 

previously been noted for N. apis infections of adult honey bees (Malone et a l ,  2001; 

Fries, 1988), and is also known from other microsporidian, fungal and bacterial 

infections (e.g. Ebert, 1995; Ebert et al., 2000).

The proposed importance o f larval infection of workers for an accumulation o f spores 

and thus the establishment of the parasite may also be reflected in the observed 

differences in infection intensities o f males from the male dynamics experiment. 

Although overall males reached similar infection intensities (average ~ 7.5 x lO’ 

spores/bee), generally, two patterns could be distinguished among colonies: 1) the 

presence of extremely low infection intensities throughout the experimental period 

besides males with “normal” infection intensities (low infection intensities were on 

average ~ 1.5 x 10  ̂ and differed by one or two orders of magnitude from “normal” 

intensities), and 2) the presence o f low intensities (if at all) only at the beginning of the 

experiment and not throughout the experimental period, as well as a positive 

relationship of infection intensity with time (Fig. 4.2). Similar to observations on adult 

worker intensities described above, extremely low infection intensities of males 

occurred across all age groups. Colonies in the first category further differed from other 

colonies by a significantly lower percentage of larvally exposed workers (as well as 

overall lower infection prevalences for both males and workers) (Table 4.2). 

Subsequently, if  lower larval exposure results in lower worker induced contamination 

of the nest, it could be argued that in colonies in the first category male infections 

mainly resulted from contact with experimentally contaminated pollen. Inoculated 

pollen was presented to colonies only in limited amounts and in intervals of three to 

four days. As soon as this pollen was consumed, which was observed to depend on the 

amount of brood that was present at the time, uncontaminated pollen was reintroduced. 

As a consequence, through “patchy” feeding as well as low worker induced 

contamination, some male larvae may not have come in contact with sufficient amounts 

of contaminated pollen and hence only experienced very low dosages which may have 

resulted in the observed light infections. A similar pattern o f very low beside heavy 

infection intensities was reported by Malone et al. (2001) in infection experiments of 

adult honey bee workers with N. apis. They also noted no relationship with bee
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longevity, and suggest that such a reduction in spore load only occurs when extremely 

low numbers of spores are ingested. Thus, a certain dosage “threshold” may have to be 

reached to ensure full parasite establishment. In colonies in the second category 

substantial contamination within the nest could have ensured more widespread 

infection at or beyond such a threshold dosage.

Microsporidian parasites such as N. bombi commonly infect their hosts by piercing 

epithelial cells in the gut into which they then inject infective sporoplasm (Wittner & 

Weiss, 1999; Bigliardi & Sacchi, 2001). This process may cause considerable 

wounding of the gut, which is likely to elicit an immune response. When an infection 

occurs at low dosage the host’s defence may be able to keep parasite replication under 

control, which could also explain the absence of an age- as well as time-related increase 

in spore load. In contrast, contact with higher doses or substantial re-exposure may 

simply overwhelm or deplete the host’s defence (but see Allander & Schmid-Hempel, 

2000) as well as cause considerable physiological damage which could potentially 

weaken the host’s ability to raise an appropriate response (e.g. Turell et a l,  1984).

However, spore replication in males which were presumably infected by such a 

threshold dosage was also limited in time as spore load was not found to be related to 

animal age (Fig. 4.1). Males culled as young as three days old already carried spore 

loads undistinguishable from those culled at older age (up to 21 days old). One 

explanation may be that the growth of the parasite is limited by a carrying capacity, 

which is determined by host resources, and that this capacity can be reached as soon as 

shortly after eclosion. Evidence for density dependent within-host regulation of 

microparasites comes from a number o f systems. For example Castaneda et al. (1987) 

reported that growth of the fungus Paracoccidioides in mice was regulated by a within- 

host carrying capacity which was dose independent but was reached more quickly at 

higher doses. Studies by Vizoso & Ebert (2004; 2005b) noted that the microsporidium 

Octosporea bayeri showed saturating within-host growth in both vertically and 

horizontally infected Daphnia. Similarly fungal and bacterial infections of Daphnia 

were noted to be density dependent at all tested doses (Ebert et al., 2000). In addition, a 

constant shedding of spores could have contributed to the observed lack of increase of 

within-host spore loads.

- 9 0 -



Alternatively, host immune dynamics might explain the observed patterns. For 

example, a certain delay in the host’s immune response could be proposed. While hosts 

which were challenged with substantial spore doses may (for reasons suggested above) 

not be able to avoid heavy infections they may nevertheless be capable o f  regaining 

control over the parasite at a somewhat later stage (suggested to be the latest at three 

days o f  age for males). In this case, if  the time until an effective response is mounted is 

dose dependent (once a threshold has been reached) an increased force o f  infection, 

through time related accumulation o f infective material, could also have resulted in the 

observed increase o f final spore load in relation to colony age (e.g. Fig. 4.2, colony 

159). Additionally, as for example suggested for cestode (Wedekind, 1997) and 

microsporidian (Vizoso & Ebert, 2005a) infections o f copepods, host resistance might 

be weakened when challenged with more than one parasite genotype, allowing 

parasites to proliferate more freely (also see Taylor et a l ,  1998). Different genotypes o f 

a pathogen may accumulate over time through mutation. An accumulation o f diverse 

parasite genotypes over time may also have resulted in the occupation o f a broader 

niche space and as such could have led to a more efficient exploitation o f host 

resources and thus associated higher spore loads over time (Schmid-Hempel et al., 

1999; Read & Taylor, 2001).

Furthermore, the presence o f  more than one parasite genotype could also be linked to 

the observed increase o f spore loads (over colony age) as genotypic diversity is also 

associated with intra-host competition which is thought to enhance selection for 

parasite reproduction and thus virulence (e.g. van Baalen & Sabelis, 1995). Another 

factor which could be interpreted as an active selection for fast replicating (i.e. more 

virulent) strains is the fact that male bees were removed from the nest as soon as 3 days 

after eclosion (which however is similar to field conditions); i.e. only parasites that 

reproduced quickly would have been shed in the nest. Because the host is constrained 

from adapting (all colony members descend from the same queen and her mate) this 

scenario effectively resembles a serial passage through genetically similar hosts, which 

can lead to an increase in parasite virulence through parasite adaptation (Ebert, 1998; 

Messenger et al., 1999). Incidentally, the colony (colony 159) in which a significant 

increase o f spore load was observed over time, also happened to be the most productive 

in terms o f worker and male numbers in the entire experiment, i.e. provided the highest 

number o f passages.
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In any case, the likelihood of any o f the above suggested scenarios remains uncertain, 

as sample size was limited, and experiments which controlled for dosage were not 

carried out; hence these questions deserve further analyses. In general, it appears that 

the level o f infection for adult males is to a certain extent already laid down by the 

spore amount they received as larvae.

Regardless o f the mechanism which led to the observed increase in parasite 

reproduction over the colony cycle, no such pattern was suggested for worker 

infections. However, unlike males, workers did not leave the colony and thus it is 

conceivable that constant re-exposure to the pathogen could have confounded the 

observation o f such an effect.

Nevertheless, an interesting finding of the analyses was that males were not more 

heavily infected than workers (both male and females had spore loads of on average ~ 8
n

X 10 spores/bee excluding colony 179, see Fig. 4.5). Considering that results in 

chapter 3 indicated lower resistance to the pathogen for males as compared to females 

(lifespan o f males was significantly shortened when infected), it may be expected that 

males also carry higher spore loads. Again, this might partly be explainable in terms of 

re-exposure (see above), i.e. if  males had also been re-exposed their spore loads may 

have been higher. Indeed, since males do not contribute to the production of gynes and 

are not directly involved in vertically transmitting the parasite into the next generation 

an a priori expectation may be a stronger selection for virulence in males, which could 

benefit the parasite via facilitating the spread of the disease in the environment (Bandi 

et a l, 2000; Dunn & Smith, 2001). However, the fact that males did not display 

significantly higher infection levels, may further indicate an importance of males 

beyond pure environmental spread (and besides their limited involvement in within- 

colony spread as they leave the nest shortly after eclosion), as has been suggested in 

chapter 3 in the form of venereal transmission. A somewhat reduced potential of 

horizontal spread in the environment could be off-set by a higher possibility of 

transmitting the disease into the next generation through venereal transmission, if the 

attractiveness as a mate is negatively related to higher virulence.
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Although selection might favour a short-term increase in pathogen virulence (increased 

parasite loads as suggested above) as the season progresses, over multiple seasons the 

evolution o f high virulence will be constrained by the nature of the bumble bees annual 

life cycle (as transmission into the next generation requires successful infection of 

gynes and their survival of the stressful time o f hibernation). Thus, this trade-off may 

result in an evolutionary optimum of a relatively benign host-parasite relationship as 

has also been demonstrated in chapter 3. Furthermore, as larval infections appear to be 

of prime importance for disease establishment, selection should favour low 

pathogenicity to ensure survival of infected brood. Moreover, low levels of virulence 

may be important to ensure the development of functional bees. Schmid-Hempel & 

Loosli (1998) for example, noted that experimental infection of larvae can be 

associated with strong deformations and early death. The occurrence o f deformed 

wings was also noted in my study, but could not be correlated with spore loads of 

affected males. The lack of such a correlation with spore load may support the 

previously suggested by-product nature of deformed wings (see chapter 3). However, 

sample size o f males with deformed wings was extremely small and this question 

deserves further analyses.

Another important result of this investigation was the detection of microsporidian DNA 

in eggs that had been laid as well as in eggs dissected out of ovaries from heavily 

infected workers, which suggests the occurrence of transovarial transmission in this 

host-parasite system. This result is particularly interesting as it has not been described 

so far for N. bombi. Previous studies for example by Mclvor & Malone (1995) and 

Fries et al. (2001) excluded this possibility. However, Mclvor & Malone based their 

examination on visual identification of spores by light microscopy, a method which 

may be insensitive when hosts carry light infections (Rinder et a i,  1998); and although 

Fries et al. (2001) used a more sensitive molecular approach their finding was 

preliminary in nature since only one single queen had their reproductive structures 

screened for the presence of Nosema. Transovarial transmission has been reported for 

several species in the Phylum Microsporidia and particularly also in the genus Nosema 

(Raina et al., 1995; Wittner & Weiss, 1999; Dunn et al., 2000; Dunn & Smith, 2001). 

In fact, severe infections o f the ovary have been reported for the closely related N. apis 

in honey bees (Steche, 1960). Thus, infection of the reproductive structures by 

N. bombi may after all not be such a surprising find, and the absence of positive
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findings in the previous Hterature due to a lack o f thorough assessments (Dunn & 

Smith, 2001). However, as only heavily infected bees were examined it can not be 

excluded that infection of the ovaries resulted as a by-product of heavy infection, i.e. 

spores eventually reached the ovaries through cell to cell spread of the infection. Thus 

it is not known if transovarial transmission is a regularly adopted strategy of N. bombi. 

This route o f transmission may boost the establishment of the parasite in the following 

generation if  foundress queens are affected; in the absence of significant contamination 

of the nest, (and early queen death or the queen’s loss of dominance) transo\'arial 

transmission by workers could ensure infection o f males, which contribute to 

environmental contamination or venereal transmission.

Overall, chapter 4 showed that inter-colony variation in colony development in 

conjunction with the timing of parasite contact can have a major influence on disease 

establishment, the likelihood of successful further transmission, and thus also on the 

evolution o f virulence. Furthermore, this is the first study to demonstrate the possibility 

of transovarial transmission in a bumble bee-A .̂ bombi host-parasite system, and thus 

stresses the need for detailed life-cycle investigations for evaluating the evolutionary 

forces that influence virulence. This finding together with the potential importance of 

males for venereal transmission, and the significance o f larval infections for pathogen 

transmission, further underlines (alongside the need for vertical transmission to reach 

the next generation via hibernating gynes) the existence of strong selection on N. bombi 

to evolve/maintain low levels of virulence.
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C h a p t e r  5

Horizontal transmission efficiency of Nosema bombi to adult bumble bees 

in relation to dosage, spore source and host age

5.1 INTRODUCTION

The epidemiology of host-parasite systems is often far from being understood. Partly, 

this can be attributed to a lack of understanding of transmission dynamics and their 

consequences. Specific mechanisms of parasite transmission may play a crucial role in 

explaining the evolutionary epidemiology of a disease. For example, in host-parasite 

systems with mixed transmission routes, the relative importance of horizontal versus 

vertical transmission can be a key determinant in the evolution and maintenance of 

virulence (Herre, 1993; Ebert & Herre, 1996; Lipsitch et a l,  1996; Dunn & Smith, 

2001). An understanding of these dynamics is crucial to test theory and to be able to 

manipulate and control disease.

It is generally expected that increased opportunities for horizontal transmission can lead 

to the evolution of higher pathogenicity, while increased levels o f vertical transmission 

are predicted to favour reduced virulence (e.g. Bull et al., 1991; Bull, 1994; Ebert, 

1999; Dunn et a l, 2000). The efficiency and relative importance of horizontal 

transmission can be influenced by a variety of factors and their interactions. Among 

others, these factors include ecological traits such as inoculating dose (Bailey & Ball, 

1991; Malone et al., 2001) and history o f exposure (Nowak & May, 1994; May & 

Nowak, 1995; Frank, 1996; Allander & Schmid-Hempel, 2000), as well as host 

susceptibility (Gandon & Michalakis, 2000; Doums et al., 2002) and heterogeneity of 

the host population (Ebert, 1994; Morand et al., 1996; Ebert, 1998; Regoes et al., 2000; 

Ganusov et al., 2002; Hatcher et al., 2005). Such traits are also of relevance for shaping 

the opportunities for horizontal transmission in the bumble bee-A .̂ bombi host-parasite 

system, and thus can influence the optimal level o f virulence in this system.
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For example, results from chapter 4 indicated that increases in dosage can lead to 

higher infection prevalence as well as intensity. However, the relevant spore dosages 

were not controlled for in this experiment and hence this interpretation is only 

speculative. Studies on the closely related Nosema apis in honey bees have shown that 

the proportion o f infected bees can be directly correlated to the dose of spores received 

by each bee (Fries, 1988; Malone et a l,  2001). Such a positive relationship between 

infectivity and spore dose is important because standard theory assumes that pathogens 

should evolve towards higher virulence if this increases the expected rate of 

transmission (Frank, 1996; Bull, 1994). If transmission correlates with the amount of 

infective cells shed from the host, and if the amount of cells which are shed in turn 

correlates with virulence, then high virulence should be favoured. In contrast, if 

establishment o f an infection at a low dosage is not very different from establishment at 

higher dosage then there should be little benefit to the parasite of high virulence. A 

recent study which investigated the susceptibility of bumble bee larvae to N. bombi 

noted that two dosages which differed in an order of magnitude resulted in similar 

infection prevalences (van der Steen & Donders, in preparation).

Age and health status as well as environmental conditions are noted for influencing 

immunocompetence and thus potentially host susceptibility to Nosema (Schmid- 

Hempel, 1998). For example, different developmental stages of the host may be more 

or less susceptible. Nosema apis in honey bees and Crithidia bombi in bumble bees 

appear unable to infect larval stages o f their host (Schmid-Hempel, 1998). Contrary to 

N. apis infections in the honey bee, N. bombi seems to be especially infective for larvae 

of its bumble bee host (Eijnde & Vette, 1993; Schmid-Hempel & Loosli, 1998; 

chapter 4). The susceptibility of adult bumblebees to N. bombi is more controversial as 

it is for example suggested to be equal to larval susceptibility by Schmid-Hempel & 

Loosli (1998), less likely, yet still possible, by my own results (chapter 4) but also 

regarded as impossible or at least highly unlikely by Eijnde & Vette (1993). However 

none of these studies controlled for the age o f adults at the time of exposure. Doums et 

al. (2002) reported that the efficiency o f a bumble bee’s immune system significantly 

decreases with age. If the immune response can prevent infection by N. bombi, which 

may be suggested as not necessarily every individual in an overall infected colony 

shows signs of infection (chapter 3, 4), and previous experimental infections also noted 

variable infection success, age could indeed significantly influence infectivity to
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N. hombi. In a recent study, an age effect has been noted for the susceptibility of larval 

stages -  here increased larval age was linked to reduced susceptibility to Nosema (van 

der Steen & Donders, in preparation).

Cross-species transmission is another potentially important aspect of horizontal 

transmission in this system. Since Nosema is most likely to be transmitted to new hosts 

(between-colony transmission) via flowers (Imhoof & Schmid-Hempel, 1999; Durrer & 

Schmid-Hempel, 1994) and bumble bee species often share foraging resources (Alford, 

1975; von Hagen, 2003; but see Inouye, 1978), cross-species transmission should 

effectively increase the genotypic diversity among potential hosts. Results from serial 

passage experiments suggest that an increase in virulence is host-genotype dependent. 

Since serial passage through genetically similar hosts can lead to an increase in 

virulence (Ebert, 1998), in general, pathogens evolving in a heterogeneous population 

should evolve to be less virulent (Ebert & Hamilton, 1996; Regoes et a l ,  2000). Cross

species infectivity of N. bombi has for example been suggested by De Jonghe (1986) 

and Schmid-Hempel & Loosli (1998). Both studies noted differences in susceptibility 

which suggests a certain degree o f host specificity - the former study (which was 

however rather anecdotal) noted higher susceptibility in the foreign host species while a 

tendency for lower prevalence was reported in the latter.

The aim of chapter 5 was thus to expand our knowledge of transmission processes in 

the bumble bee-A .̂ bombi host-parasite system. In particular I wanted to investigate the 

influence that epidemiologically important aspects such as dosage and host age have on 

disease establishment and, at the same time, elucidate the importance of cross-species 

infections. All of these factors are likely to influence horizontal transmission success 

and hence can have repercussions for the evolution of virulence.



5.2 MATERIALS AND METHODS

5.2.1 Experimental animals and maintenance

Workers from five commercially raised colonies of Bombus terrestris terrestris 

(purchased from Koppert Ltd. through Hortico Ireland Ltd.) served as experimental 

hosts in the first experiment. Because infection success in the first experiment was 

extremely low, two additional colonies were purchased from the same supplier and 

used as the worker source for a second follow up experiment with increased dosages.

Prior to experiments all colonies were checked to ensure that they carried no natural 

parasite infections and were transferred to observation hives (adapted from Pomeroy & 

Plowright, 1980) for ease of handling. This also ensured that bees did not feed on 

treated sugar water (commercially used colonies are supplied with sugar water that 

contains additives). Colonies were kept under standard rearing conditions (26°C; 60% 

R.H.) (refer to chapter 2 for details on maintenance). Colonies were left for ~ 3 ‘/2  

weeks before callow workers were sourced from the colonies in order to ensure that 

only workers which had not come in contact with treated sugar water were used in the 

experiments. Callow bees were removed daily, and for each colony sequentially 

allocated to experimental groups. Experimental animals were kept individually in small 

plastic boxes ( 1 2 x 1 0 x 7  cm) supplied with pollen and sugar water ad libitum and at 

room temperature (min. 17.8 °C max. 21.2°C; average 18.8°C; measurements taken 

with: barigo max/min digital thermometer) under natural light conditions.

5.2.2 Inoculum preparation and administration

Two types of inoculum were used in this experiment. Each type consisted of Nosema 

bombi spores that were isolated from either B. terrestris or B. lucorum queens that had 

been caught in the wild in the area o f Dublin, Ireland, and which had heavily infected 

fat-bodies and malpighian tubules. The terrestris inoculum consisted of a mixture of 

three different spore isolates which originated from B. terrestris queens caught in the 

spring of 2005. The lucorum inoculum contained a mixture of spore isolates from three 

B. lucorum spring queens caught in the spring of 2004. Inocula were prepared from a 

mixture of isolates in order to ensure a sufficient amount of inoculum for all
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experimental treatments; i.e. every bee that was infected with one of the two types of 

inocula received the same mixture of spores. Inocula were stored in the freezer at 

-80°C until use in the experiments. All bees were starved for 4 hours before receiving 

their respective treatments. The inocula were administered in the form of 10 |al 

droplets, containing the respective amount of spores suspended in diluted sugar water, 

dispensed onto the floor of small plastic vials in which starved bees were confined until 

all of the inoculum was imbibed; in each case spore suspensions were quickly 

consumed.

5.2.3 Experimental treatment

EXPERIMENT 1

Workers of two different age groups, 2 and 10 days old, were infected with one of three 

different dosages: low = 10 ,̂ medium = 10“̂ and high = 10  ̂ spores per 10 |il of the 

terrestris inoculum. Per colony (5 colonies were used in total) and age/dosage category 

ten individuals each received treatments (i.e. 60 workers per colony). To investigate 

possible cross-species effects, a further set of ten workers per colony was infected with 

a single high dosage (10^ spores per 10 jil) of the lucorum inoculum at two days o f age. 

Since environmental transmission of N. bombi is thought to occur via spores deposited 

on flowers (Durrer & Schmid-Hempel, 1994; Imhoof & Schmid-Hempel, 1999), a 

foraging individual is likely to encounter spores repeatedly. Thus, a trickle dose may be 

more comparable to natural exposure. An additional set of ten workers per colony was 

infected at two days of age with a trickle dose: a single low dosage (10 spores per 

10 |al) administered at five consecutive days (5 xlO^ spores in total) (Table 5.1a).

EXPERIMENT 2

All workers in the second experiment were 2 days o f age at infection. Ten workers each 

per colony (2 colonies were used) were treated with a single dose of 5 x 10  ̂ lucorum 

spores per 10 ^1 of inoculum. Two additional sets of ten workers per colony were 

infected with a trickle dose of lucorum and terrestris spores: single dosages of 10  ̂

spores per 10 |il inoculum offered to individuals at 5 consecutive days (5 xlO^ spores in 

total) (Table 5.1b).



T able 5.1a O verview  o f  treatm ent groups and sam ple allocation in experim ent 1.

Age category
Treatment category Individuals per Pattern o f sample 

category and colony allocation (by birth) 
(overall x 5 colonies) per colonySpore origin dosage

high 10(50) 1 11

2 days terrestris medium 10(50) /
low 10(50) /
high 10(50) /

10 days terrestris medium 10(50) /
low 10(50) /

lucorum high 10(50) /
2 days r

terrestris Trickle 10(50) 10 and so on

T able 5.1b O verview  o f  treatm ent groups and sam ple allocation in experim ent 2.

Treatment category Individuals per Pattern o f sample 
category and colony allocation (by birth) 
(overall x 2 colonies) per colonySpore origin dosage

2 days
lucorum

single

trickle

1 0 (20)

1 0 (20)

1 . 4

terrestris trickle 1 0 (20) i/3  Jand so on

Please refer to text for explanations on dosage levels and other details 

5.2.4 Assessment of infection success

Infection success w as evaluated 10 days post infection by faecal sam ple analyses and 

21 days post infection (in the case o f  trickle infections post infection refers to the last 

adm inistered infection, i.e. 26 days after the first infection) through dissections (refer to 

section 2.2.2). At dissections besides exam ination o f  the fat-body and m alpighian 

tubules special attention w as given to the screening o f  hindgut samples. W hen only 

sub-sam ples o f  tissues are exam ined, as was the case in this study, a positive infection 

o f  the fat-body and m alpighian tubules m ay be overlooked at very low  infection 

intensities. How ever, a positive identification o f  spores in the hindgut indicates that a 

transm ittable infection is nevertheless present, and the presence o f  spores in the other
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tissues is then usually detected by a more thorough examination of these tissues. In any 

case in this chapter a visible infection of the fat-body and/or malpighian tubules was 

always associated with the presence of spores in the hindgut, and when spores were at 

first only detected in the hindgut, a second examination always revealed the presence of 

N. bombi in the fat-body and/or the malpighian tubules. It was noted that infections 

were not always present in the fat-body and malpighian tubules simultaneously. 

However, this may also be due to the use o f sub-samples in combination with low 

infection intensities. In the following discussion the term visually infected does not 

differentiate these cases as they always included a positive detection o f spores in the 

hindgut. A sub-sample o f individuals from experiment 1 was also scanned molecularly. 

Molecular analyses were conducted following a protocol developed by Klee et al. 

(2005) and involved the scanning of abdominal homogenate (refer to section 2.2.3). For 

bees which were visibly infected at dissections, infection intensities were assessed by 

spore counts o f homogenised abdomens (refer to section 2.2.5).

5.2.5 Statistical analyses

Differences in the proportion of individuals infected by N. bombi among the various 

treatment groups (dosage, age, single/trickle dose) were assessed using Fisher’s exact 

tests. Data for spore intensities were very limited and non-normally distributed, and 

thus were assessed by a Mann-Whitney U test. All analyses were conducted on SPSS 

12 for the PC. Results were considered significant at /* < 0.05, and two tailed tests of 

significance were used throughout.
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5.3 RESULTS

E X P E R IM E N T  1

Out of a total o f 392 individual B. terrestris terrestris workers that were inoculated 

during the course of experiment 1, and could be analysed (8 bees from various 

treatment groups escaped and were lost from the experiment), only a single bee, which 

was treated at age 2 with a single high dosage (10^ spores) of lucorum spores, was 

found to be visually infected at dissections; no signs of infection were noted in the 

faecal samples taken at day 10 post infection. Thus, the overall average infection 

success (0.25 %), as determined through dissections, was extremely low. The single 

infected worker carried ~ 4 x 10  ̂spores.

In order to establish if infections were successful at a level that could have escaped 

visual detection (Kinder et al., 1998), a subset of 3 treatment groups (high dosage 

terrestris spores for age groups 2 and 10, and high dosage lucorum spores at age 2) 

from the colony from which the single visually infected worker originated (colony 1) 

plus a second, randomly chosen, colony (colony 2) were scanned molecularly. 

Molecular analyses revealed significant effects for both the age o f animals when the 

inocula were administered as well as for the source of spores (Table 5.2).

Table 5.2 Numbers of infected and non-infected individuals as determined by 

molecular analyses of homogenised abdomens 21 days after inoculation with N. bombi.

Treatment group 

(single d ose  of 

10^ spores)

Colony 1 Colony 2 Total

healthy infected healthy infected healthy infectec

terrestris, age 2* 2 8 2 6 4 14

terrestris] age  10 5 5 9 1 14 6

lucorum, age 2 8 2 7 3 15 5

* Two individuals in colony 2 were lost from the experiment



Within the treatment group that received terrestris spores the likelihood of becoming 

infected was overall significantly higher for animals at 2 days of age (77.78%) as 

compared to individuals at 10 days of age (30.00%) (Fisher’s exact P = 0.004; 

differences between colonies were non-significant within both age groups: Fisher’s 

exact - 2days: P = 1.000; 10 days, P  = 0.141). Infections were also caused significantly 

more frequently by spores sourced from conspecific queens {terrestris) than by spores 

from non-conspecific queens {lucorum) (25.00%) within the 2 days age group. 

(Fisher’s exact P = 0.003; there was no difference between colonies for the lucorum 

spore source: Fisher’s exact P = 1.000).

EXPERIMENT 2

A total o f 57 infected individuals that were inoculated during the course o f experiment 

2 were examined for signs of infection at dissection (3 individuals died prematurely and 

were excluded from the analyses; no signs of infection were noted in these animals at 

dissections) (Table 5.3). Again, no signs of infection could be detected in faecal 

samples at 10 days post-inoculation.

Table 5.3 Numbers of infected and non-infected individuals as determined by 

dissections and visual detection of spores 21 days after inoculation with N. bombi.

Treatment group Colony A Colony B Total

(age 2 days) -----------------------------  ------------------------------
healthy infected healthy infected healthy infected

terrestris', trickle*
10 0 7 1 17 1

5 x ( i 0 spores) 

lucorunr, trickle*
5 7 2 9 1 16 3

5 X (10 spores)

lucorum, single
5 6 4 6 4 12 8

5 x 1 0  spores

* One animal in colony A and two animals in colony B died prematurely, and were 

excluded
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Although administration of a single dosage, within animals treated with lucorum 

sourced spores, overall led more frequently to an infection (40.00%) than a trickle 

dosage (15.79%), the difference was not significant (Fisher’s exact P = 0.155; 

differences between colonies were non-significant both within trickle- and single

treatment: Fisher’s exact -  trickle dose; P = 0.582; single dose: P = 1.000). The 

infection intensities within affected animals also did not differ significantly between 

single- and trickle-infected animals (Mann-Whitney U: Z = -1.429, P = 0.153), yet, 

appeared less intense in bees that had received a single inoculum (Figure 5.1). 

However, sample sizes (especially within the trickle dose treatment) were too small to 

reliably interpret any trends.

Figure 5.1 Differences in N. bombi spore counts (based on 1ml dilution of 

homogenate) between animals infected by single and trickle lucorum spore dosage. 

Data points are boxplots, showing the median value with the box marking the 

interquartile range; numbers above bars indicate the sample size in each colony; the 

circle above the bar indicates an outlier.

8 -

(/)
O

rac
0)
O)o
Eo

(AOu
OQ.
(A

5 -

4 -

2 -

1 -

single dose trickle dose

treatment

-  104 -



Unlike in molecularly analysed bees from experiment 1, the origin of spores did not 

influence the likelihood o f infection through trickle dose, as determined by visual 

detection (success with terrestris spores 5.56%) (Fisher’s exact: P  = 0.604; no 

significant differences between colonies P = 0.444). The single individual that was 

found to be infected in the terrestris trickle dose treatment was found to have an 

infection intensity o f ~ 3 x 10  ̂spores which is similar to the intensities recorded in 

animals treated with lucorum spores (Fig. 5.1).

Overall (spanning both experiments), there was a clear difference in visually detected 

infection success regarding the dosage at which spores were administered. Among bees 

that were treated with a single dosage o f lucorum spores, a five fold higher dosage (5 x 

10  ̂ spores compared to 10  ̂ spores) increased the average infection success from 2% 

(1/50 i.e. five colonies with ten workers each for this particular treatment group) to 

40% (8/20) (Fisher’s exact: P < 0.001), however, infection intensities remained similar 

(sample size was too small for meaningful statistical analyses).
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5.4 DISCUSSION

Overall, results from this study demonstrate that factors such as dosage as well as host 

age and spore source can significantly influence the likelihood of horizontal 

transmission o f Nosema bombi to adult bumble bee workers. However, my results also 

suggest that significant effects may only become apparent under certain contexts and 

that an interpretation of how these traits may affect epidemiological processes requires 

the consideration o f different measures of transmission success.

Generally, an increase in dosage resulted in a significant increase in infection 

prevalence. Similar observations have been made for N. apis infections in the honey 

bee (Malone et a i,  2001; Fries, 1988). In my study the percentage of visually infected 

animals rose from 2% to 40% after a 5 fold increase in dosage. Nevertheless, my results 

also suggest that a minimum dosage in the range of 10  ̂ spores has to be encountered by 

an animal to ensure the establishment of a transmittable infection, i.e. an infection that 

is characterised by the presence of spores in the hindgut. No visual signs of infection 

were detected in animals that were treated with any lower dosage level. However, 

inspection by light microscopy and especially the use o f sub-samples involves a certain 

risk of overlooking low concentrations of spores (Larsson, 1986). Indeed, molecular 

analysis, which is significantly more sensitive than visual inspection (Rinder et a l, 

1998; Klee et a l,  2005), revealed a substantially higher overall infection success (Table 

5.2). For example, an increase of infection prevalence from 2% to 25% was noted when 

bees that had received a single dosage of 10  ̂ spores were scored molecularly rather 

than visually. The molecularly recorded prevalences in this study are similar to results 

from a previous study by Schmid-Hempel & Loosli (1998) who used a similar dosage 

to induce infections (6 x 10'' spores) and scored presence or absence of spores via 

microscopic examination of abdominal homogenate -  a method which is also more 

sensitive, as it is not restricted to the inspection of tissue sub-samples.

Although molecular analyses and the microscopic inspection of abdominal homogenate 

are far more accurate in detecting a successful transmission of the pathogen per se, both 

of these methods neglect the difference between a biologically meaningful 

establishment of an infection, i.e. one which is characterized by the shedding of 

infective spores via the host’s faeces, and an establishment that is unlikely to contribute
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to further transmission of the pathogen. Thus, the inspection of hindgut contents (or 

faeces) is essential when the potential for further transmission is under consideration. 

Even though a visual examination of hindgut contents carries the risk of overlooking a 

low concentration of spores, this risk may be negligible as evidence from the likelihood 

of disease establishment in this study suggests that concentrations of spores that are so 

low that they are likely to be overlooked are equally very unlikely to actually cause a 

transmittable infection, i.e. it is highly unlikely that the presence of ~ 10  ̂spores, which 

appears to be the minimum dosage, is missed by visual inspection (Rutrecht, pers. 

observation). Nevertheless, one could argue that a classification of infections that were 

only detected molecularly as non-transmittable is rather arbitrary, as infection success 

was established 21 days post-infection, and it may be reasoned that these infections 

would have grown to more substantial, and thus transmittable, levels over time. 

However, it has to be considered that the average life expectancy of a bumble bee 

worker in the wild is about 20-30 days (Rodd et a l ,  1980; Goldblatt & Fell, 1987; 

Schmid-Hempel & Heeb, 1991), thus, if a worker has not developed a transmittable 

infection after a period of 21 days the chances that the disease will be spread in the 

environment should be very low.

Although infection prevalence was found to be positively related to dosage in a 

biologically significant way, which could be interpreted to select over time for 

increased dosage and thus higher virulence, as suggested in the introduction, no such 

relationship with dosage was found for the resulting infection intensities in animals 

which had developed a transmittable infection. Contact with a low dosage was 

observed to result in an infection intensity which was very similar to intensities which 

resulted from contact with a higher dosage. This observation also suggests that contact 

with an increased dosage may not lead to an increased concentration of spores that are 

shed with the faeces, and thus, does not provide a positive feedback which could 

indicate selection for an increase in parasite virulence (Bull, 1994; Frank, 1996). 

Furthermore, and in support o f this argument, my study also noted that a certain 

amount o f re-exposure to a lower dosage (5 x (10^) in this study) can lead to similarly 

increased chances o f disease establishment as an increased single dosage (5 x 10^) 

(Table 5.3). Re-exposure also did not cause higher infection levels than a higher single 

dosage (Fig. 5.1) or low dosage treatment. However it has to be acknowledged that the
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relationship between overall infection intensity and the concentration of spores shed 

with the faeces was not investigated, and thus deserves further analyses.

Results from a previous study (chapter 4) suggest that infection intensities o f the 

magnitude recorded in this study, in general, resemble very mild infections that differ 

from “normal” infections by one or two orders o f magnitude. In comparison with 

results from chapter 4 this study thus suggests that contact with up to 5 x 10  ̂ spores (as 

a single dose or as total of re-exposure) is below the threshold level for substantial 

disease establishment, and thus an absence of a dosage related increase o f infection 

intensity may be explained by an apparently efficient immune system capable of 

controlling parasite replication (see chapter 4 for detailed discussion).

Recently it has been shown that larval contact with a similarly low dosage (1.75 x ]Q̂  

spores/larvae) as used in the experiments of this study led to an average infection 

prevalence o f 50 % in eclosed workers (van der Steen & Donders, in preparation). 

When compared to van der Steen & Donders’s results (they also used microscopic 

examination o f tissue sub-samples for identification of Nosema) my own observations 

on adult infectivity (2 % infection prevalence when infected with 10  ̂ spores) support 

previous suggestions of higher susceptibility in larvae as compared to adults (Eijnde & 

Vette, 1993; chapter 4). Thus, more generally, my findings are in support o f the 

conclusions made in chapter 4 which propose that larval exposure is crucial for disease 

establishment and that at least in the initial stages of disease establishment workers are 

primarily responsible for vectoring infective material to the brood.

Further support that workers, which have not come in contact with the parasite at the 

larval stage themselves (and thus are unlikely to carry a transmittable infection -  

presuming that the parasite has not yet been established in the natal nest) are 

predominantly involved in “vectoring” the disease to larvae (which then leads to 

disease establishment within a colony and then in turn can lead to “normal” infection of 

adults -  which can spread the disease in the environment), arises from the observation 

that adult infectivity decreases significantly with age. This observation appears to 

contradict Doums et al.'s (2002) observation of immune defence senescence. However, 

the measures of immune defence which were used in their study may not be relevant 

for defence against Nosema. Molecular analyses in my study suggested that 10 day old
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workers are only half as susceptible as 2 day olds (Table 5.2). First of all this finding 

has to be considered in the context of the age at which an animal is likely to commence 

foraging in the wild, and thus possibly contact the parasite. Although age-dependent 

division of labour in bumble bees is not very pronounced, workers tend to stay in the 

nest for the first hours to days of life (Schmid-Hempel & Schmid-Hempel, 1993), thus 

the highest chances of becoming infected is in the nest through food vectored by 

another worker. Secondly, it has to be remembered that a bumble bee worker’s life 

expectancy is only around 20 days in the field (Rodd et a i,  1980; Schmid-Hempel & 

Heeb, 1991; Schmid-Hempel, 1998), and that it is suggested that adult infections often 

only become visible in the faeces after 2-3 weeks (Schmid-Hempel & Loosli, 1998) - 

an observation which is supported by both the fact that no signs of infection were 

detected in any faeces samples which were taken 10 days post infection in this study 

and the low level of infections at 21 days post-infection.

Overall, the findings from this study support the existence of epidemiological processes 

that should favour low levels of virulence - for example, through selection favouring 

the survival of infected brood (workers, gynes and males), to facilitate gyne survival 

into the next generation, and not to impede possible venereal transmission o f the 

disease by males (see chapter 4).

As pointed out in the introduction, another aspect that could prevent the evolution of 

high virulence and support the maintenance o f low virulence in the bumble bee- 

Nosema system is a high rate of cross-species transmission, which can prevent optimal 

adaptation to (and exploitation of) one particular host species (Ebert & Hamilton, 1996; 

Ebert, 1998). Along with studies by De Jonghe (1986) and Schmid-Hempel & Loosli 

(1998), the fact that Fries et al. (2001) reported identical nucleotide sequences for 

Nosema isolates from three different species of Bombus (B. terrestris, B. lucorum and 

B. hortorum) is strong evidence that N. bombi does indeed infect a range o f different 

bumble bee species. The results from my experiments appear to support the presence of 

frequent cross-species transmission for N. bombi as no differences in infection success 

of different spore sources could be determined at a biological meaningful (i.e. 

transmittable) level.
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Nevertheless, a certain amount of host specificity may still exist as significant effects 

became apparent when data were analysed molecularly and host age was controlled for 

(Table 5.2). Since larvae were previously noted to be generally more susceptible to the 

disease than adults (see above), it may be conceivable that more clear effects could be 

seen at the “transmittable level” when larval infections are involved. If foreign hosts 

are indeed, to a certain extent, less susceptible to the pathogen, as suggested by 

molecular analyses and studies by Schmid-Hempel & Loosli (1998), rare host species 

(genotypes) may experience a competitive advantage in the presence of Nosema, as the 

parasite should be relatively more adapted to the most common host species’s 

genotypes. Hence, N. bombi may, through divergent impacts on different host species, 

play a role in structuring bumble bee assemblages (Feener, 1981; Schmid-Hempel, 

2001).

In conclusion, results from chapter 5 demonstrate that a detailed assessment of factors 

that can influence parasite transmission, on their own and in combination with each 

other, contributes to a more thorough understanding of epidemiological processes and 

allows a more accurate evaluation o f the evolution of virulence in a host-parasite 

system. For example, experiments in this chapter served to establish causality in the 

relationship between parasite transmission efficiency and traits such as dosage, age and 

spore source and thus support the existence of previously discussed (see chapter 4) 

epidemiological patterns, which favour low levels of virulence.



C h a pt er  6

The life-history impact and evolutionary implications o f multiple parasites 

for a bumble bee population

6.1 INTRODUCTION

Over the last few decades many attempts, both theoretical and empirical, have been 

undertaken to comprehend the extent to which parasites can affect the biology of their 

hosts. Parasites are now believed to mediate competition among host species (Price et 

al., 1988; Schall, 1992), may be prominently involved in processes that structure local 

species assemblages (Dobson & Hudson, 1986; Minchella & Scott, 1991; Price & 

Clancy, 1983) and induce changes in host life history (Minchella, 1985; Moret & 

Schmid-Hempel, 2004). The potential role that parasites play in both the ecology and 

the evolution of host populations has been a fundamental question of interest.

Previous studies o f how parasitism affects fitness and associated selection pressures on 

hosts have concentrated primarily on single host-parasite systems (e.g. Altizer & 

Oberhauser, 1999; Morand et al., 1999; Levri & Fisher, 2000; Brown et a l,  2003b) 

(see Fig. 6.1a). However, classical parasitological studies show that most hosts are 

constantly challenged by a complex parasite community (e.g. social insect hosts 

reviewed in Schmid-Hempel, 1998). Different parasite species may be sufficiently 

independent in their distribution across the host population that at least their individual 

pathogenic effects can be investigated in single host-parasite systems (Fig. 6.1b). 

Nevertheless, even in this case the presence o f one parasite species may influence the 

presence and abundance of another (Janovy et al., 1992; Janovy et al., 1995), and hence 

may also influence the fitness impact o f the parasite species, the associated selective 

force and the host population’s response.
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Figure 6.1 a) single host-parasite system; b)-d) multiple host-parasite systems (with 

two different parasite species) demonstrating two extremes b) and d) and an 

intermediate structure c).

Single host-parasite system

a) Hosts parasitised 
by species A

Uninfected
hosts

•  Individual effects
•  Population effects
•  Selection potential

All easily 
measured

Multiple host-parasite system

b)

c)

d)

Host population 
parasitised by 
two different 
parasite species 
(A and B) which 
do not overlap

Parasite species 
A and B partly 
overlapping

A

Implications for:

•  Individual effects (except in b)
•  Population effects

Selection potential

Parasite species 
A and B fully j  
overlapping
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Parasite species may also exhibit population overlap to varying degrees (Figs. 6.1c and 

d) leading to a variety o f possible effects on pathogenicity and correlated repercussions 

for host population dynamics (Cox, 2001; Thomas et al., 2003). For example, studies of 

multiparasite infections, although predominantly on vertebrates and mostly 

taxonomically restricted, have shown that synergistic and competitive interactions can 

occur between parasite species. These may influence the likelihood of their successful 

transmission to other hosts and decrease or increase their overall pathogenic impact on 

the host (e.g. Adedeji et a i,  1989; Larson et al., 1991; reviewed in Petney & Andrews, 

1997; Cox, 2001; Thomas et al., 2003) (see also chapter 3 -  Nosema bombi and 

Crithidia bombi co-infection). The greater the number o f parasite species, the greater 

the complexity o f the system and the number o f potential outcomes. Thus, the response 

of hosts to individual parasite species is unlikely to be as straightforward as studies of 

single host-parasite systems might suggest.

The first step towards understanding these complex systems must be to characterise the 

parasite community faced by a host species and the relative impact of the parasite 

species within this community. An interesting study system in which to investigate 

these aspects is represented by bumble bees and their parasites. In recent years, bumble 

bees have been recognised as an excellent model system for the study o f various 

aspects and consequences of parasitism (reviewed in Schmid-Hempel, 2001). First of 

all they are hosts to a large number o f parasites o f various taxonomic groups 

(MacFarlane et al., 1995; Schmid-Hempel, 1998) but most importantly they can be 

easily kept, reared, mated and hibernated in the laboratory. This enables studies both to 

cover the entire life cycle and to take accurate measurements of host life-history which 

are essential in the study of host-parasite relationships. As with vertebrates most studies 

on this invertebrate system have concentrated on investigating the effects o f individual 

parasite species (Muller & Schmid-Hempel, 1992a; Schmid-Hempel & Loosli, 1998; 

Imhoof & Schmid-Hempel, 1999; Brown et a l ,  2000; Brown et al., 2003a; Brown et 

al., 2003b) or have surveyed parasite prevalences (Goldblatt & Fell, 1984; Fisher & 

Pomeroy, 1989; Schmid-Hempel et a l,  1990; Shykoff & Schmid-Hempel, 1991; 

Thomas et al., 2003).



This study had two aims. First, to determine the parasite community structure in 

Bomhus pratorum spring queens. Second, to assess the impact of this parasite 

community and its individual components on three critical steps in the host life cycle: 

spring queen survival, colony founding and reproduction. In order to avoid the 

influence of confounding factors on colony fitness, which cannot be ruled out in field 

observations, the effects of parasitism were investigated under controlled laboratory 

conditions.



6.2 MATERIALS & METHODS

As study species Bombus pratorum, rather than B. lucorum  or B. terrestris, which has 

been commonly used in previous studies (Schmid-Hempel, 1998), was chosen 

primarily because its relatively smaller colony size is more amenable to experiments 

involving a whole colony cycle (see section 2.1.1).

Foraging and nest-searching B. pratorum  queens were caught between the 12'*’ of 

March and the 29'*’ o f April 2003 for 29 days from five field sites in and around Dublin, 

Ireland. The decision to sample bees from more than one location arose from the need 

to collect sufficient spring queen numbers (field records from the previous year 

suggested that B. pratorum  queens are widespread but occur at low local abundance in 

the Dublin area (Mark Brown, unpublished data). Bearing in mind that emergence o f 

spring queens is recognized to be temperature dependent (Alford, 1975), five collection 

sites along a crude urban/rural gradient were selected. Sampling was carried out in an 

approximately successive order, starting at the inner city site (Merrion Park) and then 

moving out towards less urbanised areas (Botanic Garden) and rural sites in the 

Wicklow Mountains (Powerscourt Gardens, Glenview, and Foxborough). I assume that 

the collected animals come from a single population. Estoup et al. (1996), Widmer et 

al. (1998) and Widmer and Schmid-Hempel (1999) indicate that substantial 

geographical barriers such as the Alps or the sea are required to reduce gene flow 

through migration events sufficiently to allow genetic differentiation in bumble bee 

populations. Such barriers are absent from this study area. In addition, since Bombus 

queens are capable o f long distance migration (Mikkola, 1978) and the biggest distance 

between any o f the sampling sites is less than 40 km, I assume that migration and drift 

o f queens is probably sufficiently large to cause genetic homogeneity in this bumble 

bee population. In order to establish how representative spring queen parasitisation 

rates are for the host population in general, summer workers were collected between 

12'*’ o f May and 29'*’ o f June for 12 days for comparison. All workers were frozen 

immediately after collection and stored until dissection. Each sampling day for queens 

started at 10:00-11:00 hours and ended at 17:00-18:00 hours except for interruptions 

by bad weather. Workers were sampled during shorter and varying periods o f time.
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Queens were established in the laboratory under standard rearing conditions (controlled 

environment room, 28°C, 50% relative humidity, illuminated with red light for handling 

purposes, food ad libitum). Please refer to chapter 2 for detailed Materials & Methods 

on colony establishment.

Queens and colonies were checked daily and the number of newly emerged individuals 

was recorded. Dead individuals (queen, workers, males and gynes) were removed and 

queens were dissected immediately, or later from frozen. Date of first male and new 

queen (gyne) emergence was noted and sexuals were removed from the colonies two 

days after emergence in an attempt to mimic the course of natural events, although 

gynes usually remain in the nest for a slightly longer period in the wild (Alford, 1975). 

No attempt was made to simulate field mortality rates by imposing artificial mortality. 

Botnhus pratorum colonies are naturally of quite small size (von Hagen, 2003) and thus 

overcrowding of the nest did not occur. All queens were allowed to finish their life 

cycle and were dissected after natural death.

At dissection the contents of the abdomen were thoroughly examined for internal 

parasites (internal mites (Locustacarus buchneri), nematodes {Sphaerularia bombi) and 

conopid (Diptera) as well as parasitic wasp {Syntretus sp.) eggs and larvae). Samples 

from the fat-body and the malpighian tubules together with contents of the hindgut 

were examined under the light microscope at x 400 for the presence of the protozoan 

microparasites Crithidia bombi, Apicystis bombi and Nosema bombi. Viruses, bacterial 

and fungal infections, which are relatively unknown and uncharacterised in bumble 

bees (Schmid-Hempel 1998), were not checked for. Ovarian development was recorded 

as developed when mature eggs were visible and as undeveloped when mature eggs 

were absent.

Data were analysed using G-tests to investigate whether the distribution of infestation 

was independent among parasite species, to test for associations between nest founding 

and parasitism and to compare spring queen and summer worker parasitisation rates. A 

Mann-Whitney U-test was used to compare queen and worker species richness. Janovy 

et al.'s (1995) multiple-kind lottery model was used to determine whether the observed 

species density distribution deviates from the theoretically expected distribution which 

assumes independence of parasitic events, i.e. a significant deviation suggests
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interspecific interaction. Binary logistic regression with the forward log ratio procedure 

was used to analyse whether parasitism predicts the probability of egg laying and 

successful colony founding. Parasite species were coded as indicator variables. A 

Kruskal-Wallis test was utilised to determine whether the length of time queens 

remained alive post-capture differed among parasite categories and Mann-Whitney U- 

tests were subsequently used to distinguish significant differences. Colony fitness 

(offspring numbers) was compared between infected and uninfected colonies using 

Mann-Whitney U-tests. All analyses were conducted on SPSS 11 for the PC.
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6.3 RESULTS

A total o f  164 Bombus pratorum  spring queens were collected. In line with the assumed 

delay in queen emergence in rural areas, sampling records (Fig. 6.2) for the inner city 

site M errion Park show a pattern o f initial increase in bumble bee numbers which 

peaked in week 2 (22-24 March) followed by a sharp decline, which is generally 

repeated with delay at the more rural site Foxborough (queen numbers peaked at week 

4 (5-8 April)), although the decline was not as steep. The graph for the second Dublin 

site (Botanic Garden) parallels the decline in queen numbers in Merrion Park. 

However, at this location emergence o f  queens had commenced before sampling had 

begun. This was also the case for the remaining two W icklow sites (Glenview and 

Powerscourt). Both show a sharp decline in queen numbers, but were only sampled for 

two and three days respectively, hence emergence patterns are hard to interpret.

Figure 6.2 Number o f Bombus pratorum  queens collected per day and location. Dublin 

sites indicated by round symbols; • o .  and Wicklow sites by square symbols:
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6.3.1 Parasite prevalence in spring queens

At dissection 160 queens were successfully screened for parasitic organisms. This 

revealed the presence of five different parasite species and an overall parasitization rate 

of66 .9% (F ig . 6.3a, 6.b).

Figure 6.3a Percentage of uninfected, single- and multiple-infected queens.
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Figure 6.3b Percentage of queens with multiple infections. The bar patterns correspond 

to those used in Fig. 6.3a and indicate the parasite species with the higher impact.
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Altogether (including multiple infections) a third o f all bees were infested with the 

tracheal mite Locustacarus buchneri and 23.0% with the protozoan Crithidia bombi 

(Fig. 6.3a, 6.3b). 15.6% of individuals were infected by the nematode Sphaerularia 

bombi and 6.9% harboured larvae of the parasitic wasp Syntretus sp. (Figs. 6.3a, 6.3b). 

In a smaller percentage of queens, 3.8%, Apicystis bombi was detected (Fig. 6.3a). No 

case of conopid or Nosema infection was detected. Multiparasite infections were 

present in 15.0% of queens and included double and triple infections (Figs. 6.3a, 6.3b). 

Co-infections of L. buchneri and C. bombi accounted for the majority o f double 

infections (Fig. 6.3b). Further double infections involved either C. bombi or L. buchneri 

in combination with S. bombi or Syntretus sp. (Fig. 6.3b). One queen was noted to be 

infected by L. buchneri, C. bombi and Syntretus sp. simultaneously. Apicystis bombi 

was the only parasite species that did not overlap with another (Fig. 6.4). The mean 

parasite species richness (number of different parasite species found in each queen) is 

0.825 ± 0.687.

Figure 6.4 A synoptic presentation of the parasite community structure found in this 

study. Numbers represent the number of queens in each category. Patterned areas 

indicate high impact parasites. Areas within the ovals are approximate.

L. buchneriC. bombi

Uninfected
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However, no positive association was detected between any parasites, in other words 

parasitization by one parasite did not make the host more likely to be infested by 

another. In contrast, double infestations were somewhat less likely to occur between 

tracheal mites and nematodes, although this was not significant after Bonferroni 

correction (unadjusted: G = 6.902, df = I, P = 0.009). These results are supported by an 

absence of a significant difference between the observed species distribution and the 

distribution which would be theoretically expected if the occurrence of parasite species 

is independent, i.e. it resembles a multiple-kind lottery model, as suggested by Janovy 

etal. (1995) (Table 6.1).

Table 6.1 Observed and expected species density distributions for the parasite species 

assemblage in B. pratorum; expected frequencies are calculated according to the 

algorithm presented by (Janovy et a l,  1995).

Species/host classes ^ P
0 1 2 3 4 5

Observed 53 83 23 1 0 0
7.211 n.s.

Expected 62 68 26 4 0 0

6.3.2 Parasite impact on colony founding

Infection with S. bombi, A. bombi and Syntretus sp. completely inhibited colony 

founding, but in different ways. Queens infected with S. bombi failed to develop 

ovaries (Table 6.2), while bees parasitised by A. bombi died soon after capture (single

infected only: mean days alive ± SD = 9.2 ± 4.5) (Fig. 6.5). Similarly, emerging larvae 

o f the parasitic wasp Syntretus sp. led to early host death in infected queens (single

infected only: mean days alive ± SD = 7.8 ± 2.0). There was a significant effect of 

infection on days alive post-capture (single-infected queens only: Kruskal-Wallis: % = 

30.837, df = 5, P  < 0.001). Pairwise Mann-Whitney U comparisons, adjusted by 

Bonferroni correction, showed that days alive for both A. bombi and Syntretus sp. 

infected bees significantly differ from uninfected and tracheal mite infected individuals, 

as well as from Crithidia infected queens (for all 6 pairwise comparisons: Z < -3.100, 

P < 0.002).
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Table 6.2 Number and percentage o f single- multiple- and uninfected

queens with developed ovaries.

Infection status Total
number

No. with developed 
ovaries (%)

L  buchneri 39 35 (89.7)
C. bombi 16 15 (93.8)
S. bombi 16 0 (0)
A. bombi 6 4 (66.6)
Syntretus sp. 6 2 (33.3)
L. buchneri/C. bombi 10 9 (90)
C. bombi/S. bombi 6 0 (0)
C. bombi/Syntretus sp. 4 1 (25.0)
L. buchneri/S. bombi 2 0 (0)
L. buchneri/Syntretus sp. 1 1 (100)
L. buchneri/C. bomb/Syntretus sp. 1 0 (0)
Uninfected 53 48 (90.6)

Total 160 115 (71.8)

As a consequence, 26% of spring queens are lost from the Bombus pratorum  

population before possible colony founding. Since more than half of all multiple 

infections involved parasitism by either S. bombi or Syntretus sp. (Figs. 6.3b, 6.4), this 

also means that 29.7% of C. bombi infections and 7.5% of all L. buchneri infested 

queens are effectively removed from the population (Fig. 6.3b, 6.4). As a result 

C. bombi’s overall prevalence in the potential colony-founding population is slightly 

lowered (to 22%) and L. buchneri’s rather increased (to 41.5%).
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Figure 6.5 Differences in days alive post capture for uninfected and single- and 

multiple-infected spring queens. The x-axis shows the different infection categories. 

Data points are boxplots, showing the median value with the box marking the 

interquartile range; numbers above bars indicate the sample size in each category.
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To investigate whether colony founding is inhibited by the remaining parasites 

(L  buchneri and C. bombi), all queens parasitised by S. bombi, A. bombi and Syntretus 

sp. were excluded from the following analyses.

O f these remaining queens 42.4% (50/118) laid eggs, which lies well within the range 

of success under laboratory conditions (Beekman et a l,  1998). Almost half of all egg- 

laying queens (24) successfully initiated a colony (defined as worker production). 

Overall there was no effect of parasitism on egg production or colony founding (G = 

0.029, df = \ ,P  = 0.864, and G = 0.129, d f=  \ ,P  = 0.791). A binary logistic regression 

supported this result and showed that parasite category had no predictive power for egg 

laying or colony founding. However, C  bombi infected queens had the lowest 

expectancy (12.5%) to start a colony, whereas 34.5% of tracheal mite infested queens 

successfully established a colony. Double infected queens had a success rate close to 

the average (20%).
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6.33 Parasite impact on colony fitness

For these analyses, only the 24 queens that successfully founded a colony were 

included.

Worker production was, on average, highest in colonies infested with tracheal mites 

(Table 6.3; although not significantly so when compared to uninfected colonies: Z = 

-1.489, P = 0.137). A similar but also non-significant trend was observed for the 

average number of males produced in the various colony categories, which was the 

highest when colonies were infected by L  buchneri (Table 6.3; Z =  -1.763, P = 0.078). 

Males were produced in seven out of ten tracheal mite infested colonies and in five out 

of ten uninfected colonies. In contrast C. bombi infected colonies produced the lowest 

amount o f workers and male production was altogether absent. C. bombi and L. 

buchneri double infections showed an intermediate result with an increase in fitness 

compared to C  bombi single infections and a decrease compared to L. buchneri single

infections (Table 6.3). However, the low sample size for two of the parasite categories 

(n = 2 each) makes it impossible to test for the statistical significance o f these patterns. 

New queens (gynes) were only produced in two colonies (8.3%) which were both 

infested by L. buchneri.

Table 6.3 Average (SD) numbers of workers and sexuals produced; n = the number of 

colonies in each category.

Uninfected 

n = 10

Infected with

L. buchneri 

n = 10

C. bombi 

n = 2

L. buch./C. bombi 

n = 2

No. workers produced 4.3 (3.74) 6.6 (3.78) 2.5 (0.71) 3.5 (0.71)

No. males produced 2.4 (5.54) 7 (6.75) 2 (2.83)

No. gynes produced 0.56 (1.33)
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6.3.4 Parasite prevalence in summer workers

A total o f 181 summer workers were investigated for parasites at dissection. Overall 

(including multiple infections) prevalence of infestation with L. buchneri (22%) and 

C. bombi (8.2%) was found to be significantly lower than rates observed for spring 

queens {G = 5.205, df = 1, P  = 0.023 and G = 14.735, df = 1, P  < 0.001, respectively). 

Levels o f parasitism by A. bombi (5.5%) and Syntretus sp. (2.7%) were similar to 

spring queen prevalences. Infestations by nematodes were absent. In contrast to spring 

queens double infections were only observed between A. bombi and tracheal mites 

(2.2%) (Figure 6.6). Parasite free workers were encountered almost twice as often 

(63.5%) as uninfected spring queens (33.1%) which is also reflected in significant 

differences in parasite species richness (worker = 0.386 ± 0.532, worker vs. queen; Z = 

-6.624, P <  0.001).

Figure 6.6 Percentage of uninfected, single- and multiple-infected summer workers
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6.4 DISCUSSION

Multiple parasites can have a dramatic impact on populations of their bumble bee hosts. 

In the study population of Bombus pratorum, multiple parasitism, including high 

impact parsites, occurred frequently and more than a quarter of spring queens were 

eliminated from the population by parasites prior to colony founding. After the 

elimination o f these queens the effects of the remaining parasite community on host 

reproductive success were more subtle, at least under benign laboratory conditions.

The structure of the parasite community in B. pratorum  resembles that illustrated in 

Figure 6.1c, with partial overlap across parasite species. Consequently, the individual 

and population effects o f the different parasite species are not necessarily simple to 

predict. More than half of all multiple infections involved one of two high impact 

parasites -  Sphaerularia bombi or Syntretus sp.. S. bombi, which requires parasitised 

queens to return to hibernation sites and disseminate juvenile nematodes for its 

successful propagation, has long been known to castrate its host, although several 

studies suggest that host resistance does occur (Alford, 1969; Roseler, 2002). The high 

impact of S. bombi and the potential for resistance imply a strong evolutionary pressure 

on hosts. Host castration appears to be related to chemical inhibition of development of 

the corpora allata (reviewed in Alford, 1975), and one way to avoid this may be an 

increase in host-size and a consequent dilution effect. Interestingly all evidence of 

ovarian development in parasitised bees comes from species significantly larger than B. 

pratorum-. B. hortorum (Alford, 1969); B. hypnorum (Roseler, 2002); B. lucorum 

(Rutrecht, pers. obs.). However, even if this argument is correct, the evolution o f large 

size in the host is probably constrained by both intraspecific competition (e.g. Inouye, 

1978) and the need for a step-change in size before any advantage is seen. The second 

castrating parasite, the braconid wasp Syntretus sp., appears towards the end of the 

colony-founding season (Alford, 1968; Rutrecht, pers. obs.) and may select for earlier 

emergence from hibernation, but again this will be constrained by other factors such as 

the presence of suitable forage resource early in the season.

While the generally high virulence of S. bombi is an essential part o f its life cycle 

(Poinar & van der Laan, 1972), as is true for the braconid wasp (Alford, 1968), the high 

virulence of A. bombi is less explicable, reflecting a general lack of knowledge about
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its ecology and epidemiology. To my knowledge, this is the first demonstration of the 

impact of this parasite. Given its high virulence in spring queens combined with its 

appearance later on in worker samples, it is likely to have complex dynamics and 

would be worthy of further study.

The immediate implication o f these high impact parasites is that the potentially 

complex effects of multiparasite infections (within individuals) on host-parasite 

coevolution are reduced. At the host population level the potential selection arena for 

other parasites in the mixed infections is diminished. For instance, in the case of 

L  buchneri close to 10% of all infections were eliminated due to co-infection with a 

high impact parasite (Fig. 6.4). As L. buchneri is likely to be mainly vertically 

transmitted (Stammer, 1951), such a population reduction should reduce the impact of 

the parasite on its host in both ecological and evolutionary time (Lipsitch et a l,  1996).

The case of C. bombi is more complex. Almost a third of C. bombi infections overlap 

with one of the two high impact parasites, and nearly half of these infections are rapidly 

eliminated from the population due to rapid host death (see Fig. 6.5). In the remaining 

nematode co-infected queens, an arena is provided not only for increased horizontal 

transmission of C. bombi -  as S. bombi infected queens remain foraging significantly 

longer than colony-founding queens and thus can spread C. bombi via flowers (Durrer 

& Schmid-Hempel, 1994) -  but also for increased virulence, as C. bom bi’s benefit from 

not killing its host -  a developing colony to infect -  is lost (Schmid-Hempel, 2001).

Even for parasites that showed no or little overlap with the rest of the community, e.g., 

A. bombi, L. buchneri and S. bombi, there are consequences of being in a multi-parasite 

community. In the presence o f other parasites that negatively impact the host 

population, the carrying capacity for individual parasites must be reduced, leading 

either to the evolution of lower virulence in parasites (Levin, 1996), or to lower 

standing populations of individual parasite species, with consequent implications for 

host ecology and evolution.

Post-queen elimination, the majority of infections were by single parasites, and under 

laboratory conditions there was no correlation between parasitism and reproductive 

fitness. However, previous studies on the C. bombi-B. terrestris system have shown
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that stressful conditions may be needed to elucidate the true impact of parasites on their 

social insect hosts (Muller & Schmid-Hempel, 1992b; Brown et a l,  2000; Brown et a l,  

2003a; Brown et al., 2003b). Consequently, I tentatively suggest, based on my results, 

that C. bombi may be more virulent than L  buchneri, and that this virulence is 

diminished in double infections. This latter speculation is supported by a series of 

observations. C. bombi infections lead to an activation of the phenoloxidase immune 

system in their host (Brown et al., 2003a). Such an activation of the immune system 

has been shown to contain trypanosome infections (Nigam et al., 1997). Given that 

tracheal mite infections are likely to trigger a constitutive immune defence, as the 

parasite’s nature requires contact with the haemolymph, and activity of the immune 

system is evident by melanization of the area around sites of contact (Rutrecht, pers. 

obs.), and tracheal mite infections are generally acquired by newly-emerged callow 

bees before they have an opportunity to be infected by the trypanosome parasite 

(Brown, pers. obs.), such prior activation may render the immune system more 

responsive to secondary trypanosome infections. This speculation remains to be tested. 

The potential positive relationship between L. buchneri and its host could be due to 

selective removal of weaker infested queens during hibernation, which queens might 

otherwise have exhibited a negative effect of parasitism post-hibernation, as has been 

suggested before (Brown et al., 2003b) or to some as yet unknown positive interaction. 

Given the parasitic nature of L. buchneri, which feeds on its host’s haemolymph, I 

favour the former explanation but, again, this remains to be tested.

Judging by the parasite prevalences we obtained for summer workers, spring queen 

parasitization rates appear to be quite representative for population infestation levels in 

general. Both A. bombi and Syntretus spp. prevalences in queens and workers were 

very similar. S. bombi infections were absent in workers, which, however, is not 

surprising given the parasite’s biology (Poinar & van der Laan, 1972). Infestation 

prevalences of both C. bombi and L. buchneri were found to be significantly lower than 

those recorded for spring queens, yet in the latter case of a similar order of magnitude. 

The increased presence of uninfected workers as compared to spring queens may 

further indicate disproportionate colony founding and/or development success by 

uninfected spring queens. Infection levels for all parasites screened in this study are 

generally in line with previous reports with the exception of C. bombi levels which rate
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among the lowest observed for B. pratorum (Stammer, 1951; Alford, 1968; Goldblatt & 

Fell, 1984; MacFarlane et a l,  1995).

The absence of conopids from my sample (queens and workers) may be explained by 

the fact that all my samples were collected at a time before conopid infestation 

becomes prominent (usually in late July). Additionally it has to be considered that 

B. pratorum  represents one of the smallest species in the general bumble bee 

community, while conopids are known to prefer larger host species (Muller et al., 

1996). The absence of Nosema bombi from this sample is harder to explain as the 

parasite had been recorded in the same species (and same sampling location) the 

previous year at a moderate rate of 12% (Brown, unpublished result). Thus, cyclic 

changes in population size may be suggested as are for example known from other 

predominantly horizontally transmitted microsporidians such as Nosema locustae 

(Lange, 2003).

In contrast to earlier studies (e.g. Muller & Schmid-Hempel, 1992a; Imhoof & Schmid- 

Hempel, 1999; Brown et al., 2003b) this is the first study to examine the structure and 

impact of an entire parasite community (including both micro and macroparasites) on a 

social insect population from colony founding to successful reproduction. I found that, 

whilst multiple infections within individual hosts occur, most parasites act individually 

on their hosts. High impact parasites dominated the majority of multiple infections, 

which reduced the presence of mixed infections, and contributed to a knock out of more 

than a quarter of the B. pratorum population at an early stage of the life cycle. 

Nevertheless, multiple parasite species in the host population may still constrain the 

host population’s ability to adapt to single parasites because different host individuals 

are challenged by different parasite species. Studies on other Bombus species would be 

valuable to determine whether the results from my study represent general patterns in 

the parasite communities of bumble bees. In addition, further work needs to be done to 

determine both the cause-and-effect relations between hosts and their multiple parasite 

communities, and the role of inter-annual variation in parasite communities in these 

complex systems.
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C h a p t e r  7

General Discussion 

7.1 DISCUSSION

Generally, N. bombi could be expected to be a relatively mild disease as the parasite’s 

successful transmission to the next generation and thus its survival depends on the 

survival o f its annual host during the stressful time of hibernation (Bull, 1994; Schmid- 

Hempel, 1998). However, previous work on this parasite has produced a complex and 

contradictory picture. Despite anecdotal observations that the parasite can prevent 

queens from mating, kill individuals and whole colonies, and destroy commercial 

breeding programs, several authors have found few or no visible effects o f parasitism.

The overall aim of this study was to gain a better understanding of the processes 

involved in shaping the dynamics of the bumble bee-7V. bombi host-parasite 

relationship, and thus to elucidate the conditions responsible for the evolution and 

maintenance of virulence in this system.

Several observations from this study are in support o f theoretical predictions (Lipsitch 

et a l ,  1996) and previous reports that suggest Nosema to be a mild disease. For 

example, in an experiment that spanned the whole colony cycle, from colony founding 

to sexual reproduction, and employed laboratory colonies and controlled inoculations 

no significant differences between experimentally infected and uninfected colonies 

regarding the number of workers, males and gynes that were produced could be 

observed. Although my observations do not confirm findings by Imhoof & Schmid- 

Hempel (1999) who reported higher production of sexuals in naturally infected 

colonies, my study nevertheless showed that Nosema does not necessarily have a 

significant negative impact on colony fitness.

Furthermore, in a follow up experiment in which the sexual offspring from both 

experimentally infected and uninfected colonies were mated, no differences in mating 

behaviour and mating success were noted between matings involving uninfected mates 

and matings involving an infected male or gyne. While mating conditions in the
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laboratory may have been too unnatural and thus could have obscured possible 

differences, my results nevertheless contradict previous claims (De Jonghe, 1986; 

MacFarlane et al., 1995) that infection by N. bombi altogether inhibits mating in 

queens. In addition, it was observed that uninfected gynes may actually pick up an 

infection during mating, and thus, matings involving infected males might constitute a 

potentially important route of horizontal (venereal) transmission. A possible 

involvement of males in venereally transmitting the disease was also indicated by the 

presence of N. bombi spores in the accessory glands of infected males, and the 

observation that males, in general, did not differ from workers regarding infection 

intensities. Selection may be expected to favour increased virulence in males (sex- 

specific virulence) as it should maximise the parasite’s horizontal transmission 

potential (Dunn & Smith, 2001). Thus, an absence of increased infection levels in 

males may indicate weakened selection for higher virulence if a reduced potential for 

spreading the disease in the environment is off-set by a higher possibility of 

transmitting the disease into the next generation through venereal transmission, and if 

the attractiveness as a mate is negatively correlated with virulence.

Another aspect that is likely to contribute to the maintenance of low levels of virulence 

is the fact that the infection of larval brood was found to be crucial for successful 

parasite establishment within colonies. Establishment in other colonies is critical for the 

survival (and thus success) of Nosema as bumble bees display considerable variation in 

colony productivity (Muller & Schmid-Hempel, 1992a; Muller & Schmid-Hempel, 

1992b). Transmission between colonies is suggested to occur via the shared use and 

contamination of food sources (Durrer & Schmid-Hempel, 1994; Schmid-Hempel & 

Loosli, 1998). Results from my investigation on within-colony dynamics and 

experiments on transmission efficiency suggest that spore dosages in the range of what 

is presumably encountered in the wild (~ 5 x 10  ̂ spores) are unlikely to cause full 

disease establishment in adults, and may only lead to transmittable infections (defined 

as spores shed via faeces) after a substantial amount of time. Thus, a workers 

involvement in active nest contamination appears to be limited, at least in the initial 

stages of disease establishment within colonies. In contrast, larval brood appeared to 

have significantly higher susceptibility for Nosema than adults as contact with similarly 

low dosages was suggested to lead to substantial spore loads which were also found to 

reach peak parasitemia (and thus are transmittable) soon after eclosure. Based on my

-  131 -



results the following scenario for disease establishment may be proposed: 1) Workers 

contact spores, which have previously been deposited on food sources by other bumble 

bees (this can include bees of all castes and of a variety of species) while foraging. 

Although workers can become infected themselves, such an infection is unlikely to be 

spread via faeces for a considerable amount o f time. However, the worker will 

introduce contaminated pollen to the colony where it is “vectored” to larval brood. 2) 

Individuals (this includes all castes but particularly concerns workers) that have come 

in contact with the parasite at the larval stage (and at a certain “threshold” dosage) 

develop substantial infections and spread the pathogen via faeces soon after eclosure. 3) 

The resulting accumulation o f infective material in the nest increases the overall force 

o f infection, which not only facilitates further disease establishment in brood but also 

leads to substantial infection in adults which had not come in contact with the parasite 

as larvae (and thus are uninfected or carry only weak infections through environmental 

contact). The development of full disease establishment in adults presumably 

necessitates a certain amount of re-exposure and/or contact with dosages at a level 

which is unlikely to be encountered in the wild. 4) Both larvally infected individuals as 

well as nest-infected adults then have the capacity to further spread the pathogen in the 

environment where in turn non-colony members may contact the parasite. 

Hence, infection of larvae through contaminated food vectored by workers appears to 

be primarily responsible for pathogen establishment. However, larval infections are 

also linked to the occurrence of wing deformations as well as host death during 

pupation (Schmid-Hempel & Loosli, 1998; Oliver Otti, unpublished result -  noted that 

96% of gynes which were bom in colonies that had been exposed to substantial spore 

amounts (an order o f magnitude higher than in experiments from chapter 3) were bom 

with crippled wings). Thus, natural selection should be expected to favour low levels of 

virulence to ensure the survival of infected brood (workers, gynes and males), to 

minimise the occurrence of deformations, and thus also to facilitate gyne survival into 

the next generation, and not to impede possible venereal transmission by males.

Further support that increased vimlence may not be strongly selected for in this system 

comes from the observation that an increase in spore dosage did not lead to an increase 

in infection intensities (and thus presumably spores shed with the faeces) in adult 

workers, and therefore suggests the absence of positive feed-backs that could lead to 

the evolution of increased virulence over time (Bull, 1994). A study by van der Steen &
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Donders (in preparation) also noted that larval infections with two dosages that differed 

in an order of magnitude resulted in similar infection prevalences.

Another factor that could support the maintenance of low virulence in this host-parasite 

system is suggested by results from infection experiments involving spores sourced 

from conspecific and non-conspecific queens. According to theory and evidence from 

serial passage experiments high rates of cross-species transmission can prevent optimal 

adaptation (and exploitation) to one particular host species and thus the evolution of 

high virulence. Previous reports suggest that N. hombi is indeed infective for a wide 

variety o f different bumble bee species (De Jonghe, 1986; Schmid-Hempel, 1998; Fries 

et a l, 2001). Cross-species experiments in my study detected no differences in 

infection success at a biologically meaningful (i.e. transmittable) level and thus support 

the presence of frequent cross-species transmission.

However, on the other hand, it has to be acknowledged that all my experiments were 

conducted under benign laboratory conditions which may have obscured the real cost 

o f parasitism by Nosema in the wild. For example, environmental stress (e.g. food 

shortage, adverse weather conditions) is often associated with a reduction in 

immunocompetence (Steinhaus, 1958). N. apis infections o f the honey bee are noted to 

only break out when the colony is stressed and Brown et al. (2000) showed that another 

protozoan of bumble bees, C. bombi, increased host mortality rate by 50% when hosts 

were starved. Stressful conditions may account for some of the high virulence reported 

in previous studies.

Moreover, it has to be considered that my observations of N. bombi’s impact were 

restricted to a single host generation and did not take into account the following 

generation’s success. Similar to Schmid-Hempel’s (2001) suggestion N. bombi may be 

a “creeping” disease, characterised by a general build up of virulence over several 

generations, with high virulence only showing in the 2"̂ * (or even 3‘̂‘*) generation. 

When colonies are established by gynes which acquired their infections from their natal 

nest the previous year disease establishment and virulence may be boosted via a well 

adapted parasite in combination with early infection of offspring (or even transovarial 

transmission).
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Virulence may substantially increase under the potentially stressful host-context of 

hibernation and colony-founding as has been suggested by Brown et al. (2003b) 

regarding effects of C. bombi in the same host. Brown et al. (2003b) also pointed out 

that genotypic variation in an outcome of an interaction can be an indicator for context- 

dependent expression of virulence in host-parasite associations that otherwise appear 

benign. Genotype-genotype host-parasite interactions have been suggested for the N. 

bombi-h\xmh\c bee system (Schmid-Hempel & Loosli, 1998) and were also indicated in 

this study by significant variation in levels of infection and susceptibility of individuals 

among colonies. Additionally, my results suggested that context-dependent virulence 

can occur in the form of co-infection. Co-infection with the otherwise relatively benign 

parasite C. bombi (Imhoof & Schmid-Hempel, 1999; but see Brovra et a l,  2000; and 

Brown et al., 2003b) significantly reduced the lifespan of affected workers. Although 

such individual effects did not appear to impact significantly on colony performance, 

again, more substantial effects may be apparent under stressful natural conditions.

Incidentally, such co-infection may also help to explain previously reported 

observations o f highly debilitating effects on queens (De Jonghe, 1986; MacFarlane et 

al., 1995). DeJonghe (1986), who reported that Nosema distends the abdomen of 

infected queens and inhibits mating also mentioned co-infection by “moving 

flagellates”, but was not sure if they were pathogenic.

While the various observations which are discussed above generally suggest low levels 

of virulence, some of my results indicate impact o f the parasite at the colony and 

individual level, which has the potential to substantially affect the host population over 

multiple generations. For example I observed that a significantly lower proportion of 

infected colonies produced gynes in the first place and that the lifespan of infected 

males was significantly shortened. Additionally, wing deformations reduced the 

potential number o f functional males and thus potential mates by almost 6% in affected 

colonies. The reduced mating potential of infected sexuals (caused by a shorter lifespan 

and reduced number of functional males; and a lower percentage of gynes) could in 

combination with negative effects of parasitism on hibernation and colony founding 

intensify the differential representation of host genotypes in the population through 

selection against host lineages which are susceptible to infection. Natural selection 

against infected individuals may be further emphasized in the presence o f co-infecting
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parasites. An investigation of the impact of multiple parasitism on a bumble bee host 

population indeed suggests that the general presence of various parasites in the host 

population may influence the presence and abundance of other parasites in the 

population. High impact parasites for example were noted to be responsible for a knock 

out of more than a quarter of the host population. This not only reduced the presence of 

mixed infections but may also effectively lower the carrying capacity for other 

parasites in the community. Such effects may also lead to fluctuations in the prevalence 

of Nosema as has been suggested by the noted absence of the parasite in experiments of 

chapter 6 despite its moderate prevalence the previous year. Thus, investigations that 

are restricted to within-season observations of the parasite’s impact and do not consider 

multiple parasitism are likely to underplay the actual level of virulence in this system.

Observations of high virulence of Nosema in commercial breeding programs 

(MacFarlane et a l,  1995; Whittington & Winston, 2003) may be linked to 

bombicultural management practices that promote opportunities for horizontal 

transmission (e.g. via hive inspections with contaminated tools), while at the same time 

maximising hibernation survival. In these situations natural selection against virulence 

will be repressed as natural constraints (trade-offs between virulence and reproduction) 

are weakened, which allows for a more virulent host-parasite relationship. Bumble bees 

reared for pollination purposes are also likely to suffer from increasing levels of 

inbreeding because of the closed breeding systems o f commercial breeders (Duchateau, 

2000), and thus also provide a genetic background that facilitates increased parasite 

adaptation and hence exploitation.

In conclusion, results from this study support the existence of epidemiological patterns 

which favour low levels of virulence. Nevertheless, N. bombi may substantially affect 

its host population via a reduced mating potential by infected males, as well as via 

context dependent expression of virulence, in the form of co-infection and potentially 

via reduced survival during stressful times of hibernation and colony founding. These 

factors may even lead to substantial reductions of the infected host population and thus 

also cause fluctuations in parasite prevalence at a local level. My study highlights the 

importance of considering interactions between parasites for an understanding of the 

pathogenic significance o f Nosema, and suggests the importance o f considering 

multiple generations (seasons) for a more accurate evaluation of virulence.
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7.2 FUTURE DIRECTIONS

The resuhs of this study have shed light on various aspects regarding the ecology and 

epidemiology of N. bombi which illuminated the dynamics of this host-parasite 

relationship. However, many questions remain to be answered.

My study provided some insight into the impact N. bombi has on its host population, 

however, as pointed out previously I only investigated the effects of an infection within 

the first generation. The likelihood of hibernation survival in case of infection could not 

be investigated, and furthermore, the likelihood of colony establishment by queens that 

were infected in their natal nest is also not known. Knowledge of these aspects would 

certainly help to gain a better understanding of the regulatory effect (impact) Nosema 

exerts on populations of its host.

Another aspect for which clarification is highly desirable is the question o f what 

constitutes a biological meaningful dosage. Although chapter 5 provided some insight 

into infectiveness and dosage, still nothing is known about naturally occurring dosages, 

which would ultimately give an idea of how likely transmission and establishment of an 

infection really is. So far no information exists about the actual force of infection which 

a worker experiences in the wild, as it is for example not known to what extent 

individuals are re-exposed and which spore concentrations they are likely to encounter.

As my investigation of the infection dynamics within a colony was conducted 

simultaneously with colony development recordings, and thus had to be restricted to 

males, information regarding infection dynamics in workers including worker larval 

infectivity is missing. Such information would give a more rounded understanding of 

N. bom bi’s epidemiology.

My project suggested the possibility o f parasite transmission during matings; however 

mating experiments were conducted under conditions that were to a certain extent 

unnatural. For example, matings took place in small plastic boxes where gynes were 

not given the option to escape an unattractive mate. Thus, firstly the likelihood of 

mating for infected mates may have been biased. Secondly, pathogen transmission may 

have been promoted in these small mating boxes e.g. via contamination of the box
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through male faeces, and thus could have been achieved primarily through contact with 

deposited spores. Hence, more natural mating experiments would help to clarify how 

likely it is for infected individuals to mate and transmit the disease (venereally or via 

contact).

Furthermore, transovarial transmission was suggested, however sample sizes were very 

small and involved only heavily infected animals, thus the actual importance of this 

transmission path remains unclear and deserves further study.

Sadly missed in the investigation of the impact of multiple parasitism was N. bombi 

which pre-empted more detailed investigations o f the effects o f double infections. 

Nosema as well as Crithidia and tracheal mites would lend themselves to experimental 

investigations as both are easily obtained and manipulated in the lab.

Another interesting future study may be an investigation into the cause of deformed 

wings in larvae. This may be achieved through the development of probes which are 

capable of detecting microsporidian DNA within larval stages of the bumble bee. This 

could potentially show if Nosema accumulates in regions responsible for wing 

development, or, if N. bombi acts as an activator for other viral diseases.

Although some general information exists on the functionality of insect immune system 

there is still a lack of information regarding age related development of immunity (i.e. 

when is an immune system fully developed?, and at what age does a significant decline 

set in?).

Thus, understanding the evolution of virulence in this system continues to pose 

challenges.



A p p e n d i x

Appendix la . Summary of worker and male sample sizes from control 
colonies used in experiments discussed in chapters 3 and 4._______________

Number o f individuals per colony

Colony ID Worker Male

Total Total
measurement

Nat. death

uninfected

3 15 4 70 52
20 10 1 13 3
28 47 8 189 110
55 88 27 98 84
77 21 10 12 3
96 90 14 315 219
184 8 1 0
193 382 38 120 65

C. bombi infected

10 22 12 58
12 40 24 14
16 23 7 33
90 94 31 154
148 5 2 10
202 35 29 44
205 359 34 113
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Appendix lb . Summary o f  worker and male sample sizes o f Nosema bomi infected colonies used in experiments discussed in chapters 3 and 4.

Number o f individuals per colony

Colony ID
Worker Male

Total Dissected Infected Spore Larval Lifespan Total Natural Dissected (nat. Infected
Spore counts Functional

counts exposure measure death death + culled*)
Nat. death In f dyn.

males

Nosema single
infected

5 24 21 12 6 11 20 90 13 63 50 6 34 90
29 5 3 2 0 3 12 12 1 11
78 12 n 3 2 9 14 4 10 7 12
120 37 29 27 9 28 15 125 103 33 33 7 117
159 95 28 26 8 77 31 327 116 79 77 9 63 310
161 76 44 42 9 56 40 56 24 30 29 9 11 51
166 11 10 5 6 8 0
172 13 12 7 3 2 1 36 24 11 7 36
179 7 6 5 4 0 3 31 19 20 20 6 28
181 19 14 10 6 14 14 51 27 21 20 7 34
196 17 15 12 6 13 13 23 17 18 17 6 20

Nosema-C. bombi
coinfected

168 78 50 47 7 73 55 29 13 13 6 27

178 71 35 34 9 53 31 81 81 22 22 9 78

Nat. death = natural death (m ales used for lifespan measurements); In f dyn.= infection dynamics;
* culled: includes males culled as part o f  the infection dynamics experiments (see Table 4.1) as w ell as other males culled after removal from the nest.



R e f f e r e n c e s

Adedeji, S. O., Ogunba, E. O. & Dipeolu, O. O. (1989) Synergistic effect of migrating 

Ascaris larvae and Escherichia coli in piglets. Journal o f  Helminthology 63: 19-24.

Agnew, P., Koella, J. C. & Michalakis, Y. (2000) Host life history responses to 

parasitism. Microbes and Infection 2: 891-896.

Alexander, M. (1981) Why microbial predators and parasites do not eliminate their 

prey and hosts. Annual Review o f  Microbiology 35: 113-133.

Alford, D. V. (1968) The biology and immature stages o f Syntretus splendidus 

(Marshall) (Hymenoptera: Braconidae, Euphorinae), a parasite of adult bumble 

bees. Transactions o f  the Royal Entomological Society o f  London 120: 375-393.

Alford, D. V. (1969) Sphaerularia bomhi as a parasite of bumble bees in England. 

Journal o f  Apicultural Research 8: 49-54.

Alford, D. V. (1975) Bumblebees, Davis-Poynter, London.

Allander, K. & Schmid-Hempel, P. (2000) Immune defence reaction in bumble-bee 

workers after a previous challenge and parasitic coinfection. Functional Ecology 

14: 711-717.

Allison, A. C. (1982) Coevolution between hosts and infectious disease agents, and its 

effects on virulence In Population Biology o f  Infectios Diseases (Eds, Anderson, 

R. M. and May, R. M.) Springer-Verlag, Berlin, pp. 245-268.

Altizer, S. M. & Oberhauser, K. S. (1999) Effects of the protozoan parasite 

Ophryocystis elektroscirrha on the fitness of monarch butterflies. Journal o f  

Invertebrate Pathology 74: 76-88.

-  140 -



Anderson, R. M. & May, R. M. (1981) The population dynamics o f microparasites and 

their invertebrate hosts. Philosophical Transactions o f  the Royal Society o f  

London B 29 \: 451-524.

Anderson, R. M. & May, R. M. (1982) Coevolution of hosts and parasites. 

Parasitology 85; 411-426.

Anderson, R. M. & May, R. M. (1991) Infectious Diseases o f  Humans, Oxford 

University Press, Oxford.

Andreadis, T. G. (1980) Nosema pyrausta infection in Macrocentrus grandii, a 

braconid parasite of the European com borer, Ostrinia nubilalis. Journal o f  

Invertebrate Pathology 35: 229-233.

Antia, R., Levin, B. R. & May, R. M. (1994) Within-host population dynamics and the 

evolution and maintenance of microparasite virulence. American Naturalist 144: 

457-472.

Aruga, H. & Watanabe, H. (1964) Resistance to per os infection with cytoplasmic- 

polyhedrosis virus in the silkworm, Bombyx morio (Linnaeus). Journal o f  Insect 

Pathology 6: 387-394.

Baer, B. & Schmid-Hempel, P. (1999) Experimental variation in polyandry affects 

parasite loads and fitness in a bumble-bee. Nature 397: 151-154.

Baer, B. & Schmid-Hempel, P. (2001) Unexpected consequences of polyandry for 

parasitism and fitness in the bumblebee, Bombus terrestris. Evolution 55: 1639- 

1643.

Bailey, L. (1960) The epizootiology o f European foulbrood o f the larval honey bee, 

Apis mellifera L. Journal o f  Insect Pathology 2: 67-83.

Bailey, L. (1963) The pathogenicity for honeybee larvae of microorganisms associated 

with European foulbrood. Journal o f  Insect Pathology 5: 198-205.

-  141 -



Bailey, L. & Ball, B. V. (1991) Honey bee pathology, 2nd ed., Academic Press Inc., 

San Diego, CA.

Ballabeni, P. & Ward, P. I. (1993) Local adaptation o f the trematode Diplostomum 

phoxini to the European minnow Phoxinus phoxinus, its second intermediate host. 

Functional Ecology 7; 84-90.

Bandi, C., Dunn, A. M., Hurst, G. D. D. & Rigaud, T. (2000) Inherited 

microorganisms, sex-specific virulence and reproductive parasitism. Trends in 

Parasitology 17; 88-94.

Barker, D. E., Cone, D. K. & Burt, M. D. B. (2002) Trichodina murmanica 

(Ciliophora) and Gyrodactylus pleuronecti (Monogenea) parasitising hatchery- 

reared winter flounder, Pseudopleuronectes americanus (Walbaum): effects on 

host growth and assessment of parasite interaction. Journal o f  Fish Diseases 25: 

81-89.

Barnard, C. J. & Behnke, J. M. (1990) Parasitism and host behaviour, Taylor & 

Francis, London.

Becnel, J. J. (1994) Life cycles and host-parasite relationships of Microsporidia in 

culicine mosquitoes. Folia Parasitologica 41: 91-96.

Becnel, J. J. & Andreadis, T. G. (1999) Microsporidia in Insects In The Microsporidia 

and Microsporidiosis (Eds, Wittner, M. and Weiss, L. M.) ASM Press, 

Washington, D.C., pp. 447-501.

Bedding, R. A. (1985) Nematode parasites o f  Hymenoptera In Plant and insect 

nematodes (Ed, Nickle, W. R.) Marcel Dekker, New York, pp. 755-795.

Beekman, M., van Stratum, P. & Lingeman, R. (1998) Diapause survival and post

diapause performance in bumblebee queens (Bombus terrestris). Entomologia 

Experimentalis et Applicata 89: 207-214.

-  142 -



Betts, A. D. (1920) Nosema in humble bees. Bee World \: 171.

Bigliardi, E. & Sacchi, L. (2001) Cell biology and invasion of the microsporidia. 

Microbes and Infection 3: 373-379.

Blackmore, M. S. (1994) Mermithid parasitism of adult mosquitoes in Sweden. 

American Midland Naturalist 132: 192-198.

Bonhoeffer, S., Lenski, R. E. & Ebert, D. (1996) The curse o f the pharao: The 

evolution of virulence in pathogens with long living propagules. Proceedings o f  

the Royal Society o f  London B 263: 715-721.

Bonhoeffer, S. & Nowak, M. A. (1994) Mutation and the evolution o f virulence. 

Proceedings o f  the Royal Society’ o f  London B 258: 133-140.

Boots, M. & Sasaki, A. (1999) Small worlds and the evolution of virulence: infection 

occurs locally and at a distance. Proceedings o f  the Royal Society o f  London B 

266: 1933-1938.

Boots, M. & Sasaki, A. (2000) The evolutionary dynamics of local infection and global 

reproduction in host-parasite interactions. Ecology Letters 3: 181-185.

Brooks, W. M. (1988) Entomogenous protozoa In Handbook o f  Natural Pesticides, 

Vol. 5 (Ed, Ignoffo, C. M.) CRC Press, Boca Raton, Fla., pp. 1-149.

Brooks, W. M. (1993) Host-parasitoid-pathogen interactions In Parasites and 

Pathogens o f  Insects (Eds, Beckage, N., Thompson, S. and Federici, B.) 

Academic Press, New York, pp. 231-272.

Brown, M. J. F. (2002) Distribution and abundance of bumble bees in Dublin City. 

Report to the Heritage Council in fulfilment of contract WLD 2002/72, pp. 1-27.

-  143 -



Brown, M. J. F., Loosli, R. & Schmid-Hempel, P. (2000) Condition-dependent 

expression of virulence in a trypanosome infecting bumble bees. Oikos 91: 421 - 

A ll.

Brown, M. J. F., Moret, Y. & Schmid-Hempel, P. (2003a) Activation of host 

constitutive immune defence by an intestinal trypanosome parasite of bumble 

bees. Parasitology 126: 253-260.

Brown, M. J. F. & Schmid-Hempel, P. (2000) Field studies o f  bumble bee parasites 

and implications for breeding programs In Insect Pollination in Greenhouses 

(Eds, Sommeijer, M. J. and de Ruijter, A.) Utrecht University, pp. 59-62.

Brown, M. J. F., Schmid-Hempel, R. & Schmid-Hempel, P. (2003b) Strong context- 

dependent virulence in a host-parasite system: reconciling genetic evidence with 

theory. Journal o f  Animal Ecology 72: 994-1002.

Brown, S. P., Hochberg, M. E. & Grenfell, B. T. (2002) Does multiple infection select 

for raised virulence? Trends in Microbiology 10: 401-405.

Brown, S. P., Loot, G., Grenfell, B. T. & Guegan, J. F. (2001) Host manipulation by 

Ligula intestinalis: accident or adaptation? Parasitology 123: 519-529.

Bull, J. J. (1994) Virulence. Evolution 48: 1423-1437.

Bull, J. J. & Molineux, 1. J. (1992) Molecular genetics of adaptation in an experimental 

model of cooperation. Evolution 46: 882-895.

Bull, J. J., Molineux, I. J. & Rice, W. R. (1991) Selection o f benevolence in a host 

parasite system. Evolution 45: 875-882.

Cali, A. & Takvorian, P. M. (1999) Developmental morphology and life cycles o f  the 

microsporidia In The Microsporidia and Microsporidiosis (Eds, Wittner, M. and 

Weiss, L. M.) ASM Press, Washington D.C.

-  144 -



Canning, E. U. & Hollister, W. S. (1992) Human infections with microsporidia. 

Reviews in Medical Microbiology 3: 35-42.

Castaneda, E., Brummer, E., Pappagianis, D. & Stevens, D. A. (1987) Chronic 

pulmonary and disseminated paracoccidiodomycosis in mice; quantification of 

progression and chronicity. J. Med. Vet. Mycol. 23: 311-1%1.

Chao, L., Hanley, K. A., Burch, C. L., Dahlberg, C. & Turner, P. E. (2000) Kin 

selection and parasite evolution: Higher and lower virulence with hard and soft 

selection. Quarterly Review o f  Biology 75: 261-275.

Cox, F. E. G. (2001) Concomitant infections, parasites and immune responses. 

Parasitology 122: S23-S38.

Cumber, R. A. (1949) Humble-bee parasites and commensals found within a thirty mile 

radius of London. Proceedings o f  the Royal Entomological Society o f  London 

Series A General Entomology 24: 119-127.

Day, K. P., Koella, J. C., Nee, S., Gupta, S. & Read, A. F. (1992) Population genetics 

and dynamics o f Plasmodium falciparum  - an ecological view. Parasitology 104: 

S35-S52.

Day, T. (2001) Parasite transmission modes and the evolution of virulence. Evolution 

55: 2389-2400.

Day, T. (2002) The evolution of virulence in vector-borne and directly-transmitted 

parasites. Theoretical Population Biology 62: 199-213.

De Jonghe, R. (1986) Crossing experiments with Bombus terrestris terrestris 

(Linnaeus, 1758) and Bombus terrestris xanthopus (Kriechbaumer, 1870) and 

some notes on diapause and nosemose (Hymenoptera : Apoidea). Phegea 14: 19- 

23.

-  145 -



Dobson, A. P. & Hudson, P. J. (1986) Parasites, diseases and the structure of ecological 

communities. Trends in Ecology and Evolution 1; 11-15.

Doums, C., Moret, Y., Benelli, E. & Schmid-Hempel, P. (2002) Senescence of immune 

defence in Bombus workers. Ecological Entomology 27: 138-144.

Duchateau, M. J. (2000) Biological aspects of rearing bumble bees for pollination, pp. 

25-29 In Insect pollination in greenhouses: procceedings o f  the specialists' 

meeting. (Eds, Sommeijer, M. J. and de Ruijter, A.) held in Soesterberg, The 

Netherlands, 30 September to 2 October 1999. University of Utrecht, The 

Netherlands,.

Duchateau, M. J. & Velthuis, H. H. W. (1988) Development and reproductive strategies 

in Bombus terrestris colonies. Behaviour 107: 186-207.

Dunn, A. M., Hatcher, M. J., Terry, R., S. & Tofts, C. (1995) Evolutionary ecology of 

vertically transmitted parasites: transovarial transmission of a microsporidian sex 

ratio distorter in Gammarus duebeni. Parasitology 111: S91-S109.

Dunn, A. M. & Smith, J. E. (2001) Microsporidian life cycles and diversity: the 

relationship between virulence and transmission. Microbes and Infection 3: 381- 

388.

Dunn, A. M., Terry, R., S. & Smith, J. E. (2000) Transovarial transmission in the 

microsporidia. Advances in Parasitology 48: 56-100.

Durrer, S. & Schmid-Hempel, P. (1994) Shared use of flowers leads to horizontal 

pathogen transmission. Proceedings o f  the Royal Society o f  London 5  258: 299- 

302.

Durrer, S. & Schmid-Hempel, P. (1995) Parasites and the regional distribution of 

bumble bee species. Ecography 18: 114-122.

-  146 -



Ebert, D. (1994) Virulence and local adaptation of a horizontally transmitted parasite. 

Science 265: 1084-1086.

Ebert, D. (1995) The ecological interaction between a microsporidian parasite and its 

host Daphnia magna. Journal o f  Animal Ecology 64: 361-369.

Ebert, D. (1998) Experimental evolution of parasites. Science 282: 1432-1435.

Ebert, D. (1999) The evolution and expression of parasite virulence In Evolution in 

Health and Disease(E&, Steams, S. C.) Oxford University Press, New York, pp. 

161-172.

Ebert, D. & Bull, J. J. (2003) Challenging the trade-off model for the evolution of 

virulence: is virulence management feasible? Trends in Microbiology 11: 15-20.

Ebert, D. & Hamilton, W. (1996) Sex against virulence: the co-evolution of parasitic 

diseases. Trends in Ecology and Evolution 11: 79-82.

Ebert, D. & Herre, E. A. (1996) The evolution of parasitic diseases. Parasitology Today 

12: 96-101.

Ebert, D., Zschokke-Rohringer, C. D. & Carius, H. J. (2000) Dose effects and density- 

dependent regulation of two microparasites o f Daphnia magna. Oecologia 122: 

200-209.

Eijnde, J. V. d. & Vette, N. (1993) Nosema infection in honeybees {Apis mellifera L.) 

and bumble bees (Bombus terrestris L.). Proceedings o f  experimental and applied 

entomology, N. E. V. Amsterdam 4: 205-208.

ERA (1991) Groundwater investigation of Central Dublin. Final report. Dept, of 

Energy.

-  147 -



Estoup, A., Solignac, M., Comuet, J.-M., Goudet, J. & Scholl, A. (1996) Genetic 

differentiation of continental and island populations of Bombus terrestris 

(Hymenoptera: Apidae) in Europe. Molecular Ecology 5: 19-31.

Ewald, P. W. (1983) Host-parasite relations, vectors, and the evolution of disease 

severity. Annual Review o f  Ecology and Systematics 14: 465-485.

Ewald, P. W. (1994) Evolution o f  Infectous Diseases, Oxford University Press.

Failloux, A.-B., Raymond, M., Ung, A., Galziou, P., Martin, P. M. V. & Pasteur, N. 

(1995) Variation in the vector competence o f Aedes polynesiensis for Wucheria 

bancrofti. Parasitology 111: 19-30.

Fantham, H. B. & Porter, A. (1913) The pathogenicity of Nosema apis to insects other 

than hive bees. Annals o f  Tropical Medicine and Parasitology 7: 569-579.

Fantham, H. B. & Porter, A. (1914) The morphology, biology and economic 

importance of Nosema bombi n. sp. parasitic in various humble bees {Bombus sp.). 

Annals o f  Tropical Medicine and Parasitology 8: 623-638.

Feener, D. H. (1981) Competition between ant species: outcome controlled by parasitic 

flies. Science 214: 815-817.

Fermer, F. & Myers, K. (1978) Myxoma virus and myxomatosis in retrospect, the first 

quarter century o f  a new disease In Viruses and environment Academic Press, 

New York.

Fenner, F. & Ratcliffe, F. N. (1965) Myxomatosis, Cambridge University Press, 

Cambridge.

Fisher, R. M. & Pomeroy, N. (1989) Incipient colony manipulation, Nosema incidence 

and colony productivity of the bumble bee Bombus terrestris (Hymenoptera: 

Apidae). Journal o f  the Kansas Entomological Society 62: 581-589.

-  148 -



Forbes, M. R., Alisauskas, R. T., McLaughlin, J. D. & Cuddington, K. M. (1999) 

Explaining co-occurence among helminth species of lesser snow geese {Chen 

caerulescens) during their winter and spring migration. Oecologia 120: 613-620.

Forbes, M. R. L. (1993) Parasitism and host reproductive effort. Oikos 67: 444-450.

Frank, S. A. (1994) Kin selection and virulence in the evolution of protocells and 

parasites. Proceedings o f  the Royal Society o f  London B 258: 153-161.

Frank, S. A. (1996) Models of parasite virulence. The Quarterly Review o f  Biology 71: 

37-71.

Fries, I. d. (1988) Infectivity and multiplication of Nosema apis Z. in the ventriculus of 

the honeybee. Apidologie 19: 319-328.

Fries, I. d. & Camazine, S. (2001) Implications of horizontal and vertical pathogen 

transmission for honeybee epidemiology. Apidologie 32: 1-16.

Fries, I. d., de Ruijter, A., Paxton, R. J., da Silva, A. J., Slemenda, S. B. & Pieniazek, 

N. J. (2001) Molecular characterization of Nosema bombi (Microsporidia) and a 

note on its sites of infection in Bomhus terrestris (Hymenoptera: Apoidea). 

Journal o f  Apicultural Research 40: 91-96.

Galvani, A. P. (2003) Epidemiology meets evolutionary ecology. Trends in Ecology 

and Evolution 18: 132-139.

Gandon, S. (2002) Local adaptation and the geometrie of host-parasite coevolution. 

Ecology Letters 5: 246-256.

Gandon, S., Capowiez, Y., Dubois, Y., Michalakis, Y. & Olivieri, L (1996) Local 

adaptation and gene fro gene coevolution in a metapopulation model. Proceedings 

o f  the Royal Society o f  London B 263: 1003-1009.

-  149 -



Gandon, S. & Michalakis, Y. (2000) Evolution of parasite virulence against qualitative 

or quantitative host resistance. Proceedings o f  the Royal Society o f  London B 261 \ 

985-990.

Gandon, S. & Michalakis, Y. (2002) Local adaptation, evolutionary potential and host- 

parasite coevolution: interactions between migration, mutation, population size 

and generation time. Journal o f  Evolutionary Biology 15: 451-462.

Ganusov, V. V., Bergstrom, C. T. & Antia, R. (2002) Within-host population dynamics 

and the evolution o f microparasites in a heterogenous host population. Evolution 

56: 213-223.

Gerloff, C. U., Ottmer, B. K. & Schmid-Hempel, P. (2003) Effects o f inbreeding on 

imune response and body size in a social insect, Bombus terrestris. Functional 

Ecology 17: 582-589.

Goka, K., Okabe, K., Yoneda, M. & Niwa, S. (2001) Bumble bee commercialization 

will cause worldwide migration of parasitic mites. Molecular Ecology 10: 2095- 

2099.

Goldblatt, J. W. & Fell, R. D. (1984) Parasites and parasitization rates in bumble bee 

queens, Bombus spp. (Hymenoptera: Apidae), in southwestern Virginia. 

Environmental Entomology 13: 1661-1665.

Goldblatt, J. W. & Fell, R. D. (1987) Adult longevity of workers of the bumblebees B. 

fervidus, B. pennsylvanicus. Canadian Journal o f  Zoology 65: 2349-2353.

Goulson, D. (2003) Bumblebees - Their Behaviour and Ecology, Oxford University 

Press Inc., New York.

Grenfell, B. T. & Dobson, A. P. (Eds.) (1995) Ecology o f  infectious diseases in natural 

populations, Cambridge University Press, Cambridge.

-  150 -



Hafner, M. S., Sudman, P. D., Villablanca, E. X., Spradling, T. A., Demastes, L. W. & 

Nadler, S. A. (1994) Disparate rates of molecular evolution in cospeciating hosts 

and parasites. Science 265: 1087-1090.

Hamilton, W. D. (1980) Sex versus non-sex versus parasite. Oikos 35: 282-290.

Hamilton, W. D., Axelrod, A. & Tanese, R. (1990) Sexual reproduction as an 

adaptation to resist parasites (a review). Proceedings o f  the National Academy o f  

Sciences o f  the USA 87: 3566-3573.

Haraguchi, Y. & Sasaki, A. (2000) The evolution of parasite virulence and transmission 

rate in a spatially structured population. Journal o f  Theoretical Biology 203: 85- 

96.

Hatcher, M. j., Hogg, J. C. & Dunn, A. M. (2005) Local adaptation and enhanced 

virulence o f Nosema granulosis artificially introduced into novel populations of 

its crustacean host, Gammarus dueheni. International Journal fo r  Parasitology 

35: 265-274.

Helluy, S. & Holmes, J. C. (1990) Serotonin, octopamine, and the clinging behaviour 

induced by the parasite Polymorphus paradoxus (Acanthocephala) in Gammarus 

lacustris (Crustacea). Canadian Journal o f  Zoology 68: 1214-1220.

Herre, E. A. (1993) Population structure and the evolution of virulence in nematode 

parasites o f fig wasps. Science 259: 1442-1445.

Herre, E. A. (1995) Factors affecting the evolution of virulence: nematode parasites of 

fig wasps as a case study. Parasitology 111: S179-S191.

Hetru, C., Hoffmann, D. & Bulet, P. (1989) Antimicrobial peptides from insects In 

Molecular Mechanisms o f  Immune responses in Insects (Eds, Brey, P. T. and 

Hultmark, D.) Chapman and Hall, London, pp. 40-66.

-  151 -



Hirt, R. P., Logsdon, J. J. M., Healy, B., Dorey, M. W., Doolittle, W. F. & Embley, T. 

M. (1999) Microsporidia are related to fungi: evidence from the largest subunit of 

RNA polymerase II and other proteins. Proceedings o f  the National Academy o f  

Sciences o f  the USA 96: 580-585.

Hochberg, M. E., Michalakis, Y. & dee Meeus, T. (1992) Parasitism as a constraint on 

the rate of life-history evolution. Journal o f  Evolutionary Biology 5: 491-504.

Holmstad, P. R., Hudson, P. J. & Skorping, A. (2005) The influence of a parasite 

community on the dynamics of a host population: a longitudinal study on willow 

ptarmigan and their parasites. Oikos 111: 377-391.

Honk, C. G. J. V. ,  Roseler, P. F., Velthuis, H. H. W. & Hoogeveen, J. C. (1981) Factors 

influencing the egg laying of workers in a captive Bombus terrestris colony. 

Behavioral Ecology and Sociohiology 9: 9-14.

Hovorka, O., Urbanova, K. & Valterova, I. (1998) Premating behaviour o f Bombus 

confusus males and analysis of their labial gland secretion. J. Chem. Ecol. 24: 

183-193.

Hurst, L. D. (1991) The incidences and evolution of cytoplasmic male killers. 

Proceedings o f  the Royal Society o f  London B 244: 91-99.

Husband, R. W. & Shina, R. N. (1970) A review o f the genus Locustacarus with a key 

to the genera of the family Podapolipidae (Acarina). Annals o f  the Entomological 

Society o f  America 63: 1152-1162.

Imhoof, B. & Schmid-Hempel, P. (1998) Patterns of local adaptation o f a protozoan 

parasite to its bumblebee host. Oikos 82: 59-65.

Imhoof, B. & Schmid-Hempel, P. (1999) Colony success of the bumble bee, Bombus 

terrestris, in relation to infection by two protozoan parasites, Crithidia bombi and 

Nosema bombi. Insectes Sociaux 46: 233-238.

-  152 -



Inouye, D. W. (1978) Resource partitioning in bumblebees: experimental studies o f 

foraging behavior. Ecology 59: 672-678.

Janovy, J. J., Clopton, R. E., Clopton, D. A., Snyder, S. D., Efting, A. & Krebs, L. 

(1995) Species density distributions as null models for ecologically significant 

interactions o f parasite species in an assemblage. Ecological Modelling: 189-196.

Janovy, J. J., Clopton, R. E. & Percival, T. J. (1992) The roles o f ecological and 

evolutionary influences in providing structure to parasite species assemblages. 

Journal o f  Parasitology 78: 630-640.

Jouvenaz, D. P., Lofgren, C. S. & Allen, G. E. (1981) Transmission and infectivity o f 

spores o f Burenella dimorpha (Microsporidae, Burenellidae). Journal o f  

Invertebrate Pathology 37: 265-268.

Kaitala, V., Heino, M. & Getz, W. M. (1997) Host-parasite dynamics and the evolution 

o f  host immunity and parasite fecundity strategies. Bulletin o f  Mathematical 

Biology 59: 427-450.

Kaltz, O., Gandon, S., Michalakis, Y. & Shykoff, J. A. (1999) Local maladaptation in 

the anther-smut fungus Microbotryum violaceum  to its host plant Silene latifolia: 

evidence from a cross-inoculation experiment. Evolution  53: 395-407.

Kaltz, O. & Shykoff, J. A. (1998) Local adaptation in host-parasite systems. Heredity 

81: 361-370.

Kellen, W. R., Chapman, H. C., Clark, T. B. & Lindegren, J. E. (1965) Host-parasite 

relationships o f some Telohania from mosquitoes (Nosematidae: Microsporidia). 

Journal o f  Invertebrate Pathology 7: 161-166.

Kells, A. R. & Goulson, D. (2002) Preferred nesting sites o f  bumblebee queens 

(Hymenoptera: Apidae) in agroecosystems in the UK. Biological Conservation 

109: 165-174.

-  153 -



Klee, J., Tay, W. T. & Paxton, R. J. (2005) Sensitive and specific detection of Nosema 

bombi (Microsporidia: Nosematidae) in bumble bees {Bombus spp.; Hymenoptera: 

Apidae) by PCR of partial rRNA gene sequences. Journal o f  Invertebrate 

Pathology in revision.

Koella, J. C. & Agnew, P. (1999) A correlated response of a parasite's virulence and 

life cycle to selection on its host's life history. Journal o f  Evolutionary Biology 12: 

70-79.

Koella, J. C. & Restif, O. (2001) Coevolution of parasite virulence and host life history. 

Ecology Letters 4; 207-214.

Komer, P. & Schmid-Hempel, P. (2005) Correlates of parasite load in bumble bees in 

an Alpine habitat. Entomological Science 8: 151-160.

Koskela, T., Salonen, V. & Mutikainen, P. (2000) Local adaptation of a holoparasitic 

plant, Cuscuta auropea: variation among populations. Journal o f  Evolutionary 

Biology 13: 749-755.

Kudo, R. (1924) A biological and taxonomic study of the Microsporidia. Illinois 

Biological Monographs 9: 1-268.

Lafferty, K. D. (1993) The marine snail, Cerithidea californica, matures at smaller 

sizes where parasitism is high. Oikos 68: 3-11.

Lange, C. E. (2003) Long-term patterns of occurence of Nosema locustae and IPerezia 

dichroplusae (Microsporidia) in grasshoppers (Orthoptera: Arcididae) of the 

Pampas, Argentina. Acta Protozoologica 42: 309-315.

Larson, E., Stewart, G. L. & Niederkom, J. Y. (1991) Trichinella pseudospiralis 

overcomes innate resistance of the Chinese hamster to Trichinella spiralis. 

Parasitology 103: 465-470.

-  1 54 -



Larsson, R. (1986) Ultrastructure, function, and classification of Microsporidia. 

Progress in Parasitology 1: 325-390.

Lenski, R. E. & May, R. M. (1994) The evolution o f virulence in parasites and 

pathogens: reconciliation between two competing hypotheses. Journal o f  

Theoretical Biology 169: 253-265.

Levin, B. R. (1996) The evolution and maintenance o f virulence in microparasites. 

Emerging Infectious Diseases 2: 93-102.

Levin, B. R. & Bull, J. J. (1994) Short-sighted evolution and the virulence of 

pathogenic microorganisms. Trends in Microbiology 2: 76-.

Levin, B. R. & Pimentel, D. (1981) Selection of intermediate rates o f increase in 

parasite-host systems. American Naturalist 117: 308-315.

Levin, B. R. & Svanborg Eden, C. (1990) Selection and evolution of virulence in 

bacteria: an ecumenical excursion and modest suggestion. Parasitology 100: 

S103-S115.

Levri, E. P. & Fisher, L. M. (2000) The effect o f a trematode parasite (Microphallus 

sp.) on the response of freshwater snail Potamopyrgus antipodarum to light and 

gravity. Behaviour 137: 1141-1151.

Lipa, J. J. & Triggiani, O. (1988) Crithidia bombi sp.n. a flagellated parasite o f a 

bumble-bee Bombus terrestris L. (Hymenoptera, Apidae). Acta Protozoologica 

27: 287-290.

Lipsitch, M., Herre, E. A. & Nowak, M. A. (1995a) Host population structure and the 

evolution of virulence: a "law of diminishing returns". Evolution 49: 747-748.

Lipsitch, M., Nowak, M. A., Ebert, D. & May, R. M. (1995b) The population dynamics 

o f vertically and horizontally transmitted parasites. Proceedings o f  the Royal 

Society o f  London Series B - Biological Sciences 260: 321-327.

-  155 -



Lipsitch, M., Siller, S. & Nowak, M. A. (1996) The evolution of virulence in pathogens 

with vertical and horizontal transmission. Evolution 50: 1729-1741.

Lively, C. M. (1989) Adaptation by a parasite trematode to local populations of its snail 

host, 43; 1663-1671.

Lively, C. M. (1999) Migration, virulence, and the geographic mosaic of adaptation by 

American Naturalist 153: S34-S47.

Lui, H. J., MacFarlane, R. P. & Pengelly, D. H. (1974) Mattesia bombi n. sp. 

(Neogregarinidae: Ophrocystidae) a parasite o f Bombus (Hymenoptera: Apidae). 

Journal o f  Invertebrate Pathology 23: 225-231.

MacFarlane, R. P. & Griffin, R. P. (1990) New Zealand distribution and seasonal 

incidence of the nematode Sphaerularia bombi Dufour, a parasite of bumble bees. 

New Zealand Journal o f  Zoology 17: 191-199.

MacFarlane, R. P., Lipa, J. J. & Liu, H. (1995) Bumble bee pathogens and internal 

enemies. Bee W orldl6\ 130-148.

Mackinnon, M. J., Gunawardena, D. M., Rajakaruna, J., Weerasingha, S., Mendis, K. 

N. & Carter, R. (2000) Quantifying genetic and nongenetic contributions to 

malarial infection in a Sri Lankan population. Proceedings o f  the National 

Academy o f  Sciences o f  the USA 97: 12661-12666.

Maddox, J. V. (1973) The persistence of the microsporidia in the environment. 

Miscellaneous Publications o f  the Entomological Society o f  America 9: 99-104.

Madel, G. (1973) Zur Biologie des Hummelparasiten Sphaerularia bombi Leon Dufour 

1837. Zeitschrift fu r  Parasitenkunde 28: 99-107.

Malakar, R., Elkinton, J. S., Hajek, A. E. & Burand, J. P. (1999) Within-host 

interaction of Lymantria dispar (Lepidoptera: Lymantriidae) nucleopolyhedrosis

-  156 -



virus and Entomophaga maimaiga (Zygomycetes; Entomophthorales). Journal o f  

Invertebrate Pathology 73: 91-100.

Malone, L. A., Gatehouse, H. S. & Tregidga, E. L. (2001) Effects of time, temperature, 

and honey on Nosema apis (Microsporidia: Nosematidae), a parasite o f the 

honeybee. Apis mellifera (Hymenoptera: Apidae). Journal o f  Invertebrate 

Pathology 77: 258-268.

Marshall, T. A. (1887) Monograph of British Braconidae. Transactions o f  the Royal 

Entomological Society o f  London 1887: 51-131.

May, R. M. & Anderson, R. M. (1983a) Epidemiology and genetics in the coevolution 

o f parasites and hosts. Proceedings o f  the Royal Society o f  London B 219: 281- 

313.

May, R. M. & Anderson, R. M. (1983b) Parasite-host coevolution. In Coevolution 

(Eds, Futuyama, D. J. and Slatkin, M.) Sinauer, Sunderland, MA, pp. 186-206.

May, R. M. & Nowak, M. A. (1995) Coinfection and the evolution of virulence. 

Proceedings o f  the Royal Society o f  London 5  261: 209-215.

Mclvor, C. A. & Malone, L. A. (1995) Nosema bombi, a microsporidian pathogen of 

the bumble bee Bombus terrestris (L.). New Zealand Journal o f  Zoology 22: 25- 

31.

Messenger, S. L., Molineux, I. J. & Bull, J. J. (1999) Virulence evolution in a virus 

obeys a trade-off. Proceedings o f  the Royal Society o f  London B 266: 397-404.

Mikkola, K. (1978) Spring migration o f wasps and bumble bees on the southern coast 

of Finland (Hymenoptera, Vespidae and Apidae). Annual Entomology Fennici 44: 

10-26.

-  157 -



Milner, R. J. (1973) Nosema whitei, a microsporidian pathogen of some species of 

Triholium. IV. The effect of temperature, humidity and larval age on 

pathogenicity for T. castaneum. Entomophaga 18: 305-315.

Minchella, D. J. (1985) Host life-history variation in response to parasitation. 

Parasitology 90: 205-216.

Minchella, D. J. & Scott, M. E. (1991) Parasitism: a cryptic determinant of annimal 

community structure. Trends in Ecology and Evolution 6: 250-254.

Moore, J. (2002) Parasites and the Behaviour o f  Animals, Oxford University Press, 

New York.

Morand, S., Manning, S. D. & Woolhouse, M. E. J. (1996) Parasite-host coevolution 

and geographic patterns of parasite infectivity and host susceptibility. Proceedings 

o f  the Royal Society o f  London B 263: 119-128.

Morand, S., Pointier, J.-P. & Theron, A. (1999) Population biology o f Shistosoma 

mansoni in the black rat: host regulation and basic transmission rate. International 

Journal fo r  Parasitology 29: 673-684.

Moret, Y. & Schmid-Hempel, P. (2004) Social life-history response to individual 

immune challenge of workers of Bombus terrestris L.: a possible new cooperative 

phenomenon. Ecology Letters 7: 146-152.

Morse, D. H. (1982) Behaviour and ecology o f  bumble bees In Social Insects (Ed, 

Hermann, H. R.) Academic Press, New York, NY, USA, pp. 245-322.

Muller, C. & Schmid-Hempel, P. (1992a) Correlates of reproductive success among 

field colonies o f Bombus lucorum: the importance o f growth and parasites. 

Ecological Entomology 17: 343-353.

Muller, C. B. (1994) Parasite-induced digging behaviour in bumble bee workers. 

Animal Behaviour 48: 961-966.

-  158 -



Muller, C. B., Blackburn, T. M. & Schmid-Hempel, P. (1996) Field evidence that host 

selection by conopid parasitoids is related to host body size. Insectes Sociaux 43: 

227-233.

Muller, C. B. & Schmid-Hempel, P. (1992b) Variation in life-history pattern in relation 

to worker mortality in bumble bee, Bombus lucorum. Functional Ecology 6: 48- 

56.

Muller, C. B., Shykoff, J. A. & Sutcliffe, G. H. (1992) Life history patterns and 

opportunities for queen-worker conflict in bumble bees. Oikos 65: 242-248.

Naug, D. & Camazine, S. (2002) The role o f colony organization on pathogen 

transmission in social insects. Journal o f  Theoretical Biology 215: 427-439.

Nigam, Y., Maudlin, I., Welburn, S. & Ratcliffe, N. A. (1997) Detection of 

phenoloxidase activity in the haemolymph of tsetse flies refractory and susceptible 

to infection with Trypanosoma brucei rhodesiense. Journal o f  Invertebrate 

Pathology 69: 279-278.

Nowak, M. A. & May, R. M. (1994) Superinfection and the evolution o f parasite 

virulence. Proceedings o f  the Royal Society o f  London B 255: 81-89.

Own, O. S. & Brooks, W. M. (1986) Interactions of the parasite Pediobius foveolatus 

(Hymenoptera: Eulophidae) with two Nosema spp. (Microsporidia: Nosematidae) 

of the Mexican bean beetle (Coleoptera:CoccinelIidae. Environmental Entomology 

15: 32-39.

Palmieri, J. R. (1982) Be fair to parasites. Nature 298: 220.

Pamilo, P. (1981) Genetic organization of Formica sanguinea populations. Behavioral 

Ecology and Sociobiology 9: 45-50.

-  159 -



Perrin, N., Christe, P. & Richner, H. (1996) On host life-history response to parasitism. 

Oikos 75: 317-320.

Petney, T. N. & Andrews, R. H. (1997) Multiparasite communities in animals and 

humans: frequency, structure and pathogenic significance. International Journal 

fo r  Parasitology 28: 377-393.

Pie, M. R., Rosengaus, R., B. & Traniello, F. A. (2004) Nest architecture, activity 

pattern, worker density and the dynamics o f disease transmission in social insects. 

Journal o f  Theoretical Biology 226: 45-51.

Poinar, G. O. J. & van der Laan, P. A. (1972) Morphology and life history of 

Sphaerularia bomhi. Nematologica 18: 239-252.

Pomeroy, N. & Plowright, R. C. (1980) Maintenance of bumble bee colonies in 

observation hives (Hymenoptera: Apidae). Canadian Entomologist 112: 321-326.

Poulin, R. (1995) "Adaptive" changes in the behaviour of parasitized animals: A critical 

review. International Journal fo r  Parasitology 25: 1371-1383.

Pouvreau, A. (1974) Les enemies de bourdons. II. Organismes affectant les adultes. 

Apidologie 5: 39-62.

Power, A. G. (1992) Patterns of virulence and benevolence in insect-borne pathogens 

of plants. Critical Reviews in Plant Sciences 11: 351-372.

Price, P. W. (1980) Evolutionary Biology o f  Parasites, Princeton University Press, 

Princeton, N.J.

Price, P. W. & Clancy, K. M. (1983) Patterns in number of helminth parasite species in 

freshwater fishes. Journal o f  Parasitology 69: 449-454.

Price, P. W., Westoby, M. & Rice, B. (1988) Parasite-mediated competition: some 

predictions and tests. American Naturalist 13: 544-555.

-  1 6 0 -



Prys-Jones, O. E. & Corbet, S. A. (1987) Bumblebees, Cambridge University Press, 

Cambridge.

Raina, S. K., Das, S., Rai, M. M. & Khurad, A. M. (1995) Transovarial transmission of 

Nosema locustae (Microsporidia: Nosematidae) in the migratory locust Locusta 

migratoria migratoriodes. Parasitology Research 81: 38-44.

Read, A. F. (1994) The evolution of virulence. Trends in Microbiology 2: 73-76.

Read, A. F. & Taylor, L. H. (2001) The ecology of genetically diverse infections. 

Science 292; 1099-1102.

Regoes, R. R., Nowak, M. A. & Bonhoeffer, S. (2000) Evolution of virulence in a 

heterogenous host population. Evolution 54: 64-71.

Restif, O., Hochberg, M. E. & Koella, J. C. (2001) Virulence and age at reproduction: 

new insights into host parasite coevolution. Journal o f  Evolutionary Biology 14: 

967-979.

Rinder, H., Janitschke, K., Aspock, H., Da Silva, A. J., Deplazes, P., Fedorko, D. P., 

Franzen, C., Futh, U., Hunger, F., Lehmacher, A., Meyer, C. G., Molina, J. M., 

Sandfort, J., Weber, R. & Loscher, T. (1998) Blinded, externally controlled 

multicenter evaluation of light microscopy and PCR for detection of microsporidia 

in stool specimens. Journal o f  Clinical Microbiology 36: 1814-1818.

Rinderer, T. E., Collins, A. M. & Brown, M. A. (1983) Heritabilities and correlations 

of the honey bee: response to Nosema apis, longevity, and alarm response to 

isopentyl acetatQ. Apidologie 14: 79-85.

Rodd, F. H., Plowright, R. C. & Owen, R. E. (1980) Mortality rates of adult bumble 

bee workers (Hymenoptera, Apidae). Canadian Journal o f  Zoology 58: 1718- 

1721.

-  161 -



Roseler, P.-F. (2002) A scientific note on the production of two bumble bee queens 

(Bombus hypnorum) infested by the nematode Sphaerularia bombi. Apidologie 

33: 423-424.

Roseler, P.-F. & Honk, C. G. J. v. (1981) Evidence o f a bumble bee queen's pheromone 

inhibiting the activity of the corpora allata in Bombus terrestris workers. 

Experientia 37: 348-351.

Sasaki, A. & Iwasa, Y. (1991) Optimal growth schedule o f pathogens within a host: 

Swithing between lytic and latent cycles. Theoretical Population Biology 39: 201- 

239.

Sauter, A. & Brown, M. J. F. (2001) To copulate or not? The importance of female 

status and behavioural variation in predicting copulation in a bumble bee. Animal 

Behaviour 62: 221-226.

Schall, J. J. (1992) Parasite-mediated competition in Anolis lizards. Oecologia 92: 58- 

64.

Schmid-Hempel, P. (1998) Parasites in Social Insects, Princeton University Press, 

Princeton, N. J.

Schmid-Hempel, P. (2001) On the evolutionary ecology of host-parasite interactions: 

addressing the question with regard to bumblebees and their parasites. 

Naturwissenschaften 88: 147-158.

Schmid-Hempel, P. (2005) Evolutionary ecology of insect immune defenses. Annual 

Review o f  Entomology 50: 529-551.

Schmid-Hempel, P. & Ebert, D. (2003) On the evolutionary ecology of specific 

immune defence. Trends in Ecology and Evolution 18: 27-32.

-  1 6 2 -



Schmid-Hempel, P. & Funk, C. R. (2004) The distribution of genotypes of the 

trypanosome parasite, Crithidia bombi, in populations of its host, B. terrestris. 

Parasitology 129: 147-158.

Schmid-Hempel, P. & Heeb, D. (1991) Worker mortality and colony development in 

bumblebees, Bombus lucoruum (L.) (Hymenoptera, Apidae). Mitteilungen der 

Schweizerischen Entomologischen Gesellschaft 64: 93-108.

Schmid-Hempel, P. & Loosli, R. (1998) A contribution to the knowledge of Nosema 

infections in bumble bees, Bombus spp. Apidologie 29: 525-535.

Schmid-Hempel, P., Muller, C., Schmid-Hempel, R. & Shykoff, J. A. (1990) 

Frequency and ecological correlates of parasitism by Conopid flies (Conopidae, 

Diptera) in populations o f bumble bees. Insectes Sociaux 37: 14-30.

Schmid-Hempel, P., Puhr, K., Kriiger, N., Reber, C. & Schmid-Hempel, R. (1999) 

Dynamic and genetic consequences of variation in horizontal transmission for a 

microparasitic infection. Evolution 53: 426-434.

Schmid-Hempel, P. & Schmid-Hempel, R. (1993) Transmission of a pathogen in 

Bombus terrestris, with a note on division of labour in social insects. Behavioural 

Ecology and Sociobiology 33: 319-327.

Schmid-Hempel, R. & Schmid-Hempel, P. (1989) Superparasitism and larval 

competition in conopid flies (Dipt., Conopidae), parasitizing bumble bees (Hym., 

Apidae). Mitteilungen der Schweizerischen Entomologischen Gesellschaft 62: 

279-289.

Schmid-Hempel, R. & Schmid-Hempel, P. (1996) Larval development o f two parasitic 

flies (Conopidae) in the common host Bombus pascuorum. Ecological 

Entomology 21: 63-70.

Schmid-Hempel, R. & Schmid-Hempel, P. (2000) Female mating frequencies in 

Bombus spp. from Central Europe. Insectes Sociaux 47: 36-41.

-  163 -



Shaw, R. W. & Kent, M. L. (1999) Fish microsporidia In The microsporidia and 

microsporidiosis (Eds, Wittner, M. and Weiss, L. M.) ASM press, Washington, 

D.C.

Showers, R. E., Jones, F. A. & Moeller, F. (1967) Cross-inoculation of the bumble bee 

Bombus fervidus with the microsporidian Nosema apis from the honey bee. 

Journal o f  Economic Entomology 60: 774-777.

Shykoff, J. A. & Schmid-Hempel, P. (1991) Incidence and effects of four parasites in 

natural populations of bumble bees in Switzerland. Apidologie 22: 117-125.

Skou, J. P., Holm, S. N. & Haas, H. (1963) Preliminary investigations on diseases in 

bumble bees {Bombus Latr.). Kongelige Veterinaerskole og Landbohoejskole 

Denmark 1963: 27-41.

Sprague, V. (1977) Annotated list o f  species o f  microsporidia In Comparative 

Pathobiology. Systematics o f  the Microsporidia (Eds, Bulla, L. A. and Cheng, T. 

C.) Plenum Press, New York, pp. 31-33.

Sprague, V. & Becnel, J. J. (1998) Note on the name-author-date combination for the 

taxon microsporidies Balbiani, 1882, when ranked as a phylum. Journal o f  

Invertebrate Pathology 71: 91-94.

Stammer, H. J. (1951) Eine neue Tracheenmilbe, Bombacarus buchneri n.g.n.sp. (Acar. 

Podapolipodidae). Zoo/og/5c/2er 146: 137-150.

Steams, S. C. (1992) The Evolution o f  Life Histories, Oxford University Press, Oxford, 

U. K.

Steche, v. W. (1960) Atiologie und Therapie der Nosematose der Honigbiene. 

Zeitschrift fu r  Bienenforscher 5: 49-92.

-  164 -



Steinhaus, E. A. (1958) Stress as a factor in insect disease. Proceedings o f  the 9th 

International Congress o f  Entomology 4: 725-730.

Stuart, R. J. & Alloway, T. M. (1988) Aberrant yellow ants: North American 

Leptothorax species as intermediate hosts o f  Cestodes In Advances in 

Myrmecology (Ed, Trager, J. C.) E. J. Brill, Leiden, pp. 537-545.

Svensson, B. G. (1979) Patrolling behaviour o f bumble bee males (Hymenoptera, 

Apidae) in a subalpine/alpine area, Swedish Lapland. Zoon 7: 67-94.

Taha, H. (1997) Urban climates and heat islands: albedo, evapotranspiration, and 

anthropogenic heat. Energy and Buildings 25: 99-103.

Tay, W. T., O'Mahony, E. M. & Paxton, R. J. (2005) Complete rRNA gene sequence 

reveal that the microsporidium Nosema bombi infects diverse bumble bee 

{Bombus spp.) hosts, yet contains multiple polymorphic sites. Journal o f  

Eukaryotic Microbiology in press.

Taylor, L. H., Mackinnon, M. J. & Read, A. F. (1998) Virulence of mixed-clone and 

single-clone infections of the rodent malaria Plasmodium chabaudi. Evolution 52: 

583-591.

Taylor, L. H., Walliker, D. & Read, A. F. (1997) Mixed-genotype infections of malaria 

parasites: within-host dynamics and transmission success of competing clones. 

Proceedings o f  the Royal Society o f  London B 264: 927-935.

Terry, R., S., Smith, J. E. & Dunn, A. M. (1998) Impact of a novel feminizing 

microsporidian parasite on its crustacean host. Journal o f  Eukaryotic 

Microbiology 45: 497-501.

Thomas, M. B., Watson, E. L. & Valverde-Garcia, P. (2003) Mixed infections and 

insect-pathogen interactions. Ecology Letters 6: 183-188.

-  165 -



Turell, M. J., Rossignol, P. A., Spielman, A., Rossi, C. A. & Bailey, C. L. (1984) 

Enhanced arboviral transmission by mosquitoes that concurrently ingested 

microfilariae. Science 225: 1039-1041.

Turner, P. E. & Chao, L. (1999) Prisoner's dilemma in an RNA virus. Nature 398: 441- 

443.

van Baalen, M. (1998) Coevolution of recovery ability and virulence. Proceedings o f  

the Royal Society o f  London B 265: 317-325.

van Baalen, M. & Sabelis, M. W. (1995) The dynamics of multiple infection and the 

evolution of virulence. American Naturalist 146: 881-910.

van der Steen, J. & Bonders, J. (in preparation). Developmental duration of Bombus 

terrestris females and induction o f a Nosema bombi infection in worker larvae.

van Heemert, C., de Ruijter, A., van den Eijnde, J. & van der Steen, J. (1990) Year- 

round production of bumblebee colonies for crop pollination. Bee World 71: 54- 

56.

Vavra, J. & Larsson, R. (1999) Structure o f  the microsporidia In The Microsporidia 

and Microsporidiosis (Eds, Wittner, M. and Weiss, L. M.) ASM Press, 

Waschington, DC, pp. 7-84.

Vizoso, D. B. & Ebert, D. (2004) Within-host dynamics o f a microsporidium with 

horizontal and vertical transmission: Octosporea bayeri in Daphnia magna. 

Parasitology 128: 31-38.

Vizoso, D. B. & Ebert, D. (2005a) Mixed inoculations of a microsporidian parasite 

with horizontal and vertical infections. Oecologia 143: 157-166.

Vizoso, D. B. & Ebert, D. (2005b) Phenotypic plasticity of host-parasite interactions in 

response to route o f infection. Journal o f  Evolutionary Biology 18: 911-921.

-  1 6 6 -



von Hagen, E. (2003) Hummeln bestimmen, ansiedeln, vermehren, schiitzen, Fauna 

Verlag, Nottuln, Germany.

von Steche, W. (1960) Atiologie und Therapie der Nosematose der Honigbiene. 

Zeitschrift fu r  Bienenforschung 5: 49-92.

Vossbrink, C. R., Andreadis, T. G. & Weiss, L. M. (2004) Phylogenetics: taxonomy 

and the microsporidia as derived fungi In Opportunistic Infections: Toxoplasma, 

Sarcocystis, and Microsporidia (Eds, Lindsay, D. S. and Weiss, L. M.) Kluwer 

Academic Publishers, Boston, pp. 189-213.

Vossbrink, C. R., Maddox, J. V., Friedman, S., Debrunney-Vossbrink, B. A. & Woese, 

C. R. (1987) Ribosomal RNA sequence suggests microsporidia are extremely 

ancient eukaryotes. Nature 326: 411-414.

Walsh, P. S., Metzger, D. A. & Higuschi, R. (1991) Chelex as a medium for simple 

extraction of DNA for PCR-based typing from forensic material. Biotechniques 

10: 506-513.

Wedekind, C. (1997) The infectivity, growth and virulence of the cestode 

Schistocephalus solidus in its first intermediate host, the copepod Macrocyclops 

albidus. Parasitology 115.

Weidner, E., Findley, A. M., Dolgikh, V. & Sokolova, J. (1999) Microsporidian 

biochemistry and physiology In The Microsporidia and Microsporidiosis (Eds, 

Wittner, M. and Weiss, L. M.) ASM Press, Washington, D. C., pp. 172-195.

Weiser, J. (1961) Die Mikrosporidien als Parasiten der Insekten. Monographien zur 

Angewandten Entomologie 17: 181-209.

Weiser, J. (1978) Morphological differences of Nosema apis and Nosema bombi. pp. 

241-242 In Progress in Invertebrate Pathology 1958-1978, International 

Colloquium o f  Invertebrate Pathology, held in Prague, September 11-17, 1978.

-  167 -



Whittington, R. & Winston, M. L. (2003) Effects of Nosema bombi and its treatment 

fumagillin on bumble bee (Bombus occidentalis) colonies. Journal o f  Invertebrate 

Pathology 84; 54-58.

Widmer, A. & Schmid-Hempel, P. (1999) The population genetic structure of a large 

temperate pollinater species, Bombus pascuorum  (Scopoli) (Hymenopters: 

Apidae). Molecular Ecology 8: 387-398.

Widmer, A., Schmid-Hempel, P., Estoup, A. & Scholl, A. (1998) Population genetic 

structure and colonization history of Bombus terrestris s. I. (Hymenoptera: 

Apidae) from the Canary Islands and Madeira. Heredity 81: 563-572.

Williams, B. A. P., Hirt, R. P., Lucocq, J. M. & Embley, T. M. (2002) A mitochondrial 

remnant in the microsporidian Trachipleistophora hominis. Nature 418: 865-869.

Williams, C. S. (1997) Bumble bees {Bombus) (Hymenoptera, Apidae) in non-natal 

colonies. Entomologist's Monthly Magazine 133: 233-242.

Williams, P. H. (1986) Environmental change and the distribution of British bumble 

bees {Bombus Latr.). Bee World 67: 50-61.

Wittner, M. & Weiss, L. M. (Eds.) (1999) The Microsporidia and Microsporidiosis, 

ASM press, Washington, D.C.

Zuk, M. & Stoehr, A. M. (2002) Immune defense and host life history. American 

Naturalist 160: 9-22.

-  1 6 8 -


