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S u m m a r y

I have empirically explored the impact o f  different factors on the coevolution o f a 

multihost-parasite system consisting o f  a gut trypanosomatid and its bumble bee host 

species assemblage. I have studied the potential impact o f different factors on the 

epidemiology o f the parasite, and thus, I have explored both the within host and among 

host species dynamics: host heterogeneity (host nutrition, host sex, host caste, host 

species), the potential for parasite intra- and inter-specific transmission, and the genetic 

structure o f the parasite population at both geographical and temporal scales. While most 

o f these factors have been previously suggested as determinant o f the coevolutionary 

dynamics between host and parasites other factors were studied as a logical extension o f 

some findings or because they are potentially important to further understand the evolution 

o f this system. I found that: (i) the parasite has been forced to adopt a generalist strategy; 

(ii) the driving force in this multihost-parasite system is the host; and (iii) queens are 

responsible for the evolution o f parasite generalism. I further discuss the consequences o f 

my findings in other social insect systems.
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C h a p t e r  1.1

G e n e r a l  In t r o d u c t io n



Host-parasite systems: interactions and evolution

In wild populations, predators impose a selection pressure on prey to avoid death 

while their own fitness relies on capturing their prey, and thus the reciprocal selection 

pressures on predators and prey lead to constant coevolutionary processes (Begon & 

Mortimer, 1981). The host-parasite interaction is considered theoretically as a special case 

of the general predator-prey interaction (e.g., Lotka, 1956; Anderson & May, 1978). 

However, it is normal to differentiate between predators and parasites and define a predator 

as an organism killing the prey for feeding while parasites live at the expense o f other 

organisms and are dependent on at least one host at one stage of or across their overall life 

cycle. Conventional wisdom (May & Anderson, 1983a) suggests that parasites should 

become benign to their hosts because parasite success depends directly on host status and 

host-parasite systems should evolve towards a mutualistic relation (reviewed by Levin, 

1996). However, parasites in general harm their hosts. Consequently, parasites impose 

costs on their hosts by redirecting host resources which hosts could invest into growth 

(Behomme et a l ,  2005) or reproduction and secondary sexual traits (Read, 1988; Hansen 

et al., 2003; Ottova et al., 2005) into defences against parasites (Sheldon & Verlhust, 1996; 

Kraaijeveld et al., 2002). These costs impose a reciprocal selection pressure both on hosts 

to elude or reduce the impact o f parasites and on parasites to infect new hosts. Therefore, 

host-parasite interactions, analogous with predator-prey interactions, lead to constant 

coevolutionary dynamics. Scientific literature has called this phenomenon the Red Queen 

dynamics (Van Valen 1973; Lively et al., 1990; Camacho et al., 2002) after a Lewis 

Carroll character because to avoid extinction these systems should be in constant change to 

persist in a state close to ecological equilibrium.

Parasitic strategies have been adopted by members of nearly all taxa (e.g., de 

Meeus & Renaud, 2002) resulting in an amazing diversity o f specific morphological 

adaptations and extremely complex life-cycles (e.g., Zimmer, 2001). Parasites are grouped 

broadly into two groups, microparasites and macroparasites, which are defined by their 

size, generation times and the rates of reproduction within their hosts (Anderson & May, 

1979, 1981). Empirical studies or theoretical models on microparasites (viruses, bacteria, 

protozoa, fungi and other unicellular eukaryotes) are focused mainly on microparasites of 

vertebrates and, as Grenfell & Dobson (1995) indicate, specially on viruses. Thus, the bias 

towards studies o f microparasites that challenge humans or economically relevant species
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has neglected the impact that parasites' have on wild host species populations. Moreover, 

although the importance of understanding both the population dynamics o f parasites and 

their impact on host populations in the wild and on biodiversity is recognized by a growing 

body of theoretical and empirical studies (Anderson & May, 1978, 1979, 1981; Dobson & 

Hudson, 1986; May, 1988; Begon et a l,  1992; Grenfell & Dobson, 1995; Mouritsen & 

Poulin, 2005), this area is being explored rather slowly.

A parasitic mode of life forces microparasites to undergo two main processes to 

avoid extinction: reproduction and transmission. However, these processes are not 

decoupled because once a parasite has reached a host, the parasite has to survive within the 

host and has to produce enough offspring to be successfully transmitted. Therefore, the 

first process occurs exclusively within the host, while transmission happens between hosts. 

Both within-host and transmission dynamics deserve special attention because 

understanding these two processes is critical to further understanding the evolution and 

epidemiology of host-parasite systems.

Within-host dynamics

To understand the within host dynamics properly, both parasite and host should be 

studied. One fundamental property o f the parasite arises when the host is infected, parasite 

virulence (Galvani, 2003). A clear definition for virulence is necessary because it is an 

influential conceptual tool in the study of parasite evolution (Poulin & Combes, 1999) and 

evolutionary biologists use different definitions (Read, 1994). Modem theoretical and 

empirical studies treat parasite virulence as a consequence o f parasite reproduction to be 

transmitted successfully where higher reproduction rates should cause more serious harm 

to its hosts (May & Anderson, 1982; Steams & Ebert, 2001; de Roode et al., 2005a); the 

costs that virulence imposes can be described as host morbidity, or adverse effects o f 

infection, and host mortality (Levin, 1996). Parasites exhibit different host exploitation 

strategies (examples can be found in Schmid-Hempel, 1998): a prudent strategy which 

exhibits low parasite reproductive rates and imposes low costs to their hosts compared with 

a rapid strategy which confers rapid reproduction and transmission but can damage 

seriously the host. Theoretical expectations suggest that virulence is affected by the

' Because the present study is focused on microparasites I will refer to them generally as parasites, otherwise 
it will be indicated.
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emergence of trade-offs among components o f parasite fitness such as host exploitation 

and parasite reproduction or by competition among parasite strains in such a way as to 

optimise virulence by balancing host exploitation and parasite transmission (May & 

Anderson, 1982; and reviewed by: Bull, 1994; Ebert & Herre, 1996; Frank, 1996). 

However, virulence and parasite replication may not be always positively correlated as 

predicted above, e.g., parasite virulence in intermediate hosts o f heteroxenous 

macroparasites infecting more than one host could be a property depending on resource 

depletion rather than on parasite replication (Davies et al., 2001). More theoretical 

expectations predict that multiple coevolutionary outputs could be selected depending on 

both parasite virulence and transmission (May & Anderson, 1983b) and that successful 

parasite fitness could evolve to intermediate levels o f virulence (May & Anderson, 1979, 

1982, 1983b). Although empirical works testing theoretical models on the evolution of 

virulence are scarce and, as Mackinnon & Read (1999) indicate, these studies are often 

correlational (e.g., in macroparasites: Herre, 1993; Clayton & Tompkins, 1994; in 

microparasites: Ebert, 1994; Lipsitch & Moxbn, 1997) or have an important component o f 

experimental evolution (e.g., in plasmids: Turner et al., 1998; in microsporidia: Ebert & 

Mangin, 1997), recent empirical works strongly support and demonstrate the virulence 

trade-off in microparasites (reviewed by Mackinnon & Read, 2004a; Jensen et al., 2006).

Parasites can drastically impact on their hosts, and thus, both host and parasite 

should coevolve to minimize host fitness costs of parasitism or to maximize parasite 

fitness. Virulence is one important feature shaping host-parasite coevolution and, in 

addition, most theoretical and empirical studies have examined the potential role of 

virulence in host-parasite adaptation. Theoretical or empirical approaches to study 

virulence focus on different direct or indirect effects on hosts, e.g., the most obvious 

effects are increased mortality or reduced fecundity, or on parasites, e.g., higher parasite 

replication rates (Bull, 1994). In the following paragraphs I will summarise the main 

features that have been found, theoretically or empirically, to impact on the ecology and 

evolution of within host parasite dynamics either with the host-parasite system as a whole 

or on the evolution of parasite virulence specifically.

Parasite heterogeneity within the host is suggested theoretically to play an 

important role in the evolution o f virulence due to the emergence o f competition among 

different genetic parasite variants, and thus, selecting for those strains with higher 

reproductive rates (e.g., Frank, 1996). Parasite heterogeneity within the host arises during
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the process o f parasite reproduction by production o f genetically different strains and can 

also be facilitated by coinfection or superinfection (Nowak & May, 1994; May & Nowak, 

1995) although experiments with avirulent and virulent strains have reported that the 

avirulent strains won (reviewed by Read & Taylor, 2001). Nevertheless, empirical studies 

confirmed that virulent clones have an advantage when competing against other strains in 

mixed infections (de Roode et al., 2005b; Bell et al., 2006).

At the parasite population level, the presence of genetic heterogeneity in both 

parasites and hosts is an important factor affecting the coevolution of host-parasite 

systems. The presence of heterogeneous parasite populations within a host can be the result 

o f multiple infections (Nowak & May, 1994; May & Nowak, 1995) but parasites with short 

and rapid cycles that can undergo many generations within a host could also introduce 

variability in the parasite population through mutation and recombination, e.g., in viruses 

(reviewed by Bonhoeffer & Nowak, 1994; Ebert, 1998; Cory & Myers, 2003). This 

situation could lead to the emergence of competition among different strains within the 

host. The simultaneous occurrence o f different competing strains within a host is expected 

theoretically to select for those strains that exploit the host faster (the host as a resource can 

be depleted), and thus, select for higher levels o f virulence (Frank, 1996); Nowak & May, 

1994; May & Nowak, 1995). More theoretical expectations suggest that when genetic 

relatedness is high among parasite strains competition among closely related genotypes 

should select for high levels o f transmission to reduce competition among relatives (Frank, 

1994). However, although theoretical studies are based on the assumption that within host 

competition selects for higher levels of virulence, only recently has the important role of 

within host competition in the evolution of virulence and transmission success been 

demonstrated experimentally (de Roode et al., 2005a).

Host quality also plays an important role in the evolution of host-parasite systems. 

Factors such as host nutrition, host sex and host immune response can affect parasite 

population dynamics. Resources are not always easy to find and often are patchy and 

scarce leading to malnourishment in wild populations (Biro et al., 2004) or the induction of 

behavioural changes (Pazol & Cords, 2005). Malnourished hosts are more susceptible to 

macroparasites (e.g., Ing et al., 2000; Koski & Scott, 2001; Pedersen et al., 2002) and may 

suffer higher costs from parasitism (e.g., in microparasites: Holmes et al., 2000; Anstead et 

al., 2001; in macroparasites: Coop & Kyriazakis, 2001; Koski & Scott, 2001; Pedersen et 

al., 2002). Reciprocally host nutritional status affects further parasite fitness and
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transmission {e.g., in macroparasites: Keymer et al., 1983; Shi et a l, 1995; Sudati et al., 

1997; Petkevicius et al., 2001; Neves et a l ,  2001; Oliveira et al. 2003; Ezenwa, 2004; but 

see Simoes et al. 2002). In invertebrates host starvation decreased parasite populations 

(Kollien & Schaub, 2000, 2002, 2003). Host nutritional status has been suggested to affect 

the host-parasite by three potential mechanisms (Bundy & Golden, 1987): the lack o f 

resources impedes resource allocation to host defences; host malnutrition can result in 

malnutrition of the parasite; and nutritional changes could modify the parasite 

environment. Moreover, recent experimental work indicates that low levels of food are 

related to higher levels of virulence (Krist et al., 2004; Restif & Kaltz, 2006).

Host sex is another important source of heterogeneity among hosts which may 

affect the host-parasite interaction. The existence o f morphological and behavioural 

differences between males and females is well known and documented (e.g., Thompson, 

1892; Darwin, 1894). The observation of higher parasite infection rates and intensities in 

males than in females in vertebrate hosts (reviewed by Zuk & McKean, 1996) suggests that 

sex is an important factor to be considered when studying host-parasite evolution. Zuk & 

McKean (1996) further suggested the interaction between testosterone and the immune 

system as a potential cause for this bias. Sex differences in arthropods have not been found 

(Sheridan et al., 2000) but many taxa remain unexplored. Sex differences may arise 

through differences in parental allocation (Trivers, 1978; but see Frank, 1990) or by the 

ratio o f fertilisable females to sexually active males {e.g., Owens & Thompson, 1994); 

moreover, male and female populations could have different spatial {e.g., Craig et al., 

2005) or temporal {e.g., Schmid-Hempel, 2001) distributions which partially or totally 

overlap. In species where there are sex differences in parasite infection rates and 

intensities, the spatial or temporal distribution o f sexes could be an important factor 

selecting for parasites with different levels o f virulence and transmission strategies and 

thus for parasite population dynamics and evolution. Furthermore, some host populations 

under given conditions such as high mutation rates and low levels of recombination can 

accumulate deleterious mutations which can have an impact on both individual and 

population fitness (Gordo & Charlesworth, 2000, 2001; Estes et al., 2004). Therefore, sex 

is considered an important mechanism to buffer the accumulation o f deleterious mutations 

in populations (Bruggeman et al., 2003). However, few studies have explored the relation 

between mutational load and parasites, although experimental evidence indicates that the
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effect of deleterious mutations is greater in those populations suffering parasitism (Cooper 

et al., 2005).

Host immune defences evolved to minimize the costs of parasitism (e.g., Sheldon & 

Verlhust, 1996), and thus, immune defence is, theoretically, predicted as an important 

factor for the evolution and maintenance of parasite virulence (Antia et al., 1994). The 

immune response of both vertebrates (e.g., Barti et al., 1994; Cohn, 2002) and 

invertebrates (Schulenburg et al., 2004; Schmid-Hempel, 2005a) consists o f an array of 

specific and non-specific responses with different costs associated with the expression and 

maintenance o f both components o f the immune response (Moret & Schmid-Hempel, 

2000; reviewed by Sheldon & Verlhust, 1996; Zuk & Stoehr, 2002). Theoretical studies 

predict that selection favours negative trade-offs into investment between costly 

components o f specific and non-specific immune responses which leads to less investment 

into the costly non-specific immune component in the absence of parasites (Frank, 2000). 

There is experimental evidence for such trade-offs in invertebrates (Cotter, 2004b). Other 

theoretical expectations suggest that host immunity affects the evolution of virulence, e.g., 

by selecting virulent clones in hosts with stronger immune responses (Gandon et al., 

2001); this has been confirmed experimentally in Plasmodium chabaudi (Mackinnon & 

Read, 2004b). The study of the immune response of hosts to parasites, is an important task 

to describe the strength o f this selective pressure acting on the parasite and further 

understand the evolution o f both parasite and host. In addition, hosts can be affected by a 

broad range o f parasite or pathogen species and theoretical expectations predict that 

allocation to defence should decrease as the diversity o f parasitic challenges increases 

because the defence is no longer effective, and thus, tolerance to damage is selected 

(Jokela et al., 2000).

The three host features described above, host nutrition, host sex and host immune 

response are not independent and can operate together. Differences in invertebrate host sex 

and immunity have been found (Schwarzenbach et al., 2005); other experimental work 

suggest that in addition to the trade-off between the immune response and sexual functions, 

food availability may influence the immune response in parasite challenged animals 

(Kolluru et al., 2006). Recent theoretical studies have explored the case where the host is 

able to develop tolerance to the parasite, e.g., by compensating for the damage produced by 

the parasite at different growth rates, when parasites are ubiquitous, and the authors further

8



suggest higher parasite prevalence with increased host mortality (Miller et a l,  2006); 

tolerance could be selected when a selection pressure is ubiquitous, such as parasites or 

herbivores. In addition, heterogeneity within other life-history traits can impact on the 

evolution of both parasite virulence and transmission: senescence is one of these factors 

because selective pressures on many host traits relax as age increases and higher virulence 

is suggested when infection happens at later ages (reviewed by Day, 2003).

Parasite transmission dynamics

After infection, a parasite reproduces within the host and the parasite population 

grows; then, part of the parasite population is forced to leave the host: gut parasites will be 

excreted, e.g., gut trypanosomatids of the genus Crithidia, (Schmid-Hempel, 1998, 2001); 

blood parasites can be picked up by blood-sucking vectors, such as Hemiptera, e.g., 

Triatorna sp., vectors for Trypanosoma cruzi (Dorn et al., 2003) or Diptera, e.g., Lutzomyia 

vexator, vector of Plasmodium mexicanum (Schall, 2000); or the whole host could be 

ingested, e.g., cats eating Toxoplasma gondii infected mice (Cox, 1982). In fact, 

transmission is a very critical moment of parasite life because if the infected host dies 

before transmission, or the parasite propagules are lost, e.g., due to UV-radiation and 

desiccation of parasites released in the wild (Schmid-Hempel et al., 1999), the parasite and 

its offspring will become extinct. Theoretical studies predict that successful transmission 

depends on rapid parasite replication within the host and that the higher the parasite 

replication rate the stronger the impact of the parasite (virulence) on its host (reviewed by 

Read, 1994; Ebert & Herre, 1996; Frank, 1996; Brown et al., 2006); empirical work 

indicates that both virulence and transmission traits are positively phenotypically and 

genetically correlated to parasitaemia (Mackirmon & Read, 1999) and that higher virulence 

imposes transmission costs (Mackinnon et al., 2002).

There are two modes of parasite transmission, horizontal and vertical (e.g., 

reviewed by Ebert & Herre, 1996). The parasites from the examples mentioned above are 

horizontally transmitted. Vertical transmission consists of parasites being transmitted from 

the mother to her offspring, e.g., the Sigma virus in Drosophila melanogaster (Yampolski 

et al., 1999), the endonuclear bacterial parasite Holospora undulata in freshwater ciliate 

Paramecium caudatum (Restif& Kaltz, 2006), and the microsporidian Nosema granulosis 

in Gammarus duebeni (Kelly et al., 2001). Therefore, vertical transmission of parasites

9



occurs intraespecifically. Horizontal transmission can occur between hosts o f the same 

species, intraspecific transmission, or between hosts o f different species, interspecific 

transmission. In addition, some parasites can undergo very complex cycles with necessary 

events o f transmission to different host species or vectors (Cox, 1982; Zimmer, 2001).

Theoretical studies suggest that the two modes of transmission, vertical and 

horizontal, play a critical role in the evolution of virulence, and thus, in the coevolution of 

host and parasite: vertical transmission should select for lower virulence to minimize 

parasite impact on the survival and fecundity of the hosts because parasite fitness depends 

on host fitness and reproduction (Herre, 1993; Frank, 1996). Experimental work with 

bacteria-bacteriophage host-parasite system found that selection favoured those 

bacteriophages exhibiting low virulence when only vertical transmission was allowed (Bull 

et a l ,  1991). Thus, selection of different modes of transmission results in different levels 

o f virulence suggesting the existence of a trade-off between both vertical and horizontal 

modes of transmission (Turner et al., 1998; Messenger et ah, 1999).

The distribution of hosts in the wild is highly variable because the populations of 

different species follow different patterns of aggregation: some populations are small and 

highly scattered, like snail populations such as Cerithium moniliferum (Cannon, 1979) 

while other populations live in closer relation like animals in flocks, e.g., passerine birds 

(Quistion, 2000) or in highly aggregated societies like human societies or insect societies 

(Wilson, 1971). In horizontally transmitted parasites the spatial distribution o f hosts should 

be critical for parasite transmission, because the chance o f successful transmission depends 

both on the quality and quantity o f encounters between hosts (e.g., Gandon, 2004). Thus, 

higher host densities favour the persistence o f pathogens by maximizing their transmission 

rates (Grenfell & Dobson, 1995).

Vertical and horizontal transmission modes do not exclude each other and can be 

adopted by parasites present in host populations where both different host generations 

coexist with contact among patrilines or matrilines. In vertebrates, some viruses spread 

vertically and horizontally, e.g., HTLV-1, human papilloma virus, HIV, hepatitis B and C 

(Lipsitch et a l,  1996). In such situations with mixed modes of transmission theoretical 

work suggests the selection of low levels of virulence when opportunities for both vertical 

and horizontal transmission are high (Lipsitch et al., 1996) and the selection of higher
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levels of virulence when there are more opportunities for horizontal infection (reviewed by 

Ebert & Herre, 1996; Frank, 1996). The timing of transmission is another important factor 

which can shape the evolution of virulence, e.g., early transmission of nuclear polyhedrosis 

virus selects for higher levels of virulence than later transmission, but late transmitted virus 

(milder strains) were more productive (Cooper et al., 2002).

Many parasites are able to produce special resistant stages called propagules or 

spores that allow parasites to persist in a latent stage before transmission to a host, e.g., 

bacterial parasites such as Bacillus anthracis (Jayachandran, 2002). These spore-forming 

parasites could have an impact on host fitness, e.g., by producing toxins, and increasing 

parasite virulence, and thus, host mortality. In spore-producing parasites the interactions 

among propagules could also have an impact on the evolution of virulence because the 

spores can survive the host and the faster strain producing spores have the advantage 

against slower spore-producing strains; therefore, the trade-offs between virulence and host 

fitness could result in different outputs. Theoretical models support the idea that spore- 

producing parasites evolve higher levels of virulence because parasite reproductive success 

and host fitness are decoupled (Day, 2002a). More theoretical predictions suggest that 

parasite virulence depends on a trade-off between parasite reproduction and the effects of 

the number of propagules on host fitness and predict that interactions among propagules 

could lead to low levels of virulence when the propagules have been produced by a single 

infection (Lively, 2001). Long-living propagules are expected to have higher levels of 

virulence than short-lived ones because they can wait for their hosts (Ewald, 1994) but 

some short-lived propagules are highly virulent {e.g., some microsporidian parasites) and 

new theoretical predictions suggest that the virulence of long-lived propagules depends on 

the history of the interaction, and when the host-parasite system is at ecological and 

evolutionary equilibrium the levels o f virulence should be lower than at the beginning of 

the parasite invasion (Bonhoeffer et al., 1996).

Finally, transmission of those parasites with short cycles and rapid reproduction 

could impose tight bottlenecks for these parasite populations. Theoretical work suggests 

that bottleneck size affects the level of competition among strains, and thus, small 

bottleneck sizes select for lower levels of virulence in both horizontally and vertically 

transmitted parasites, although this effect should be stronger in vertically transmitted 

parasites (Bergstrom et al., 1999).
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Different theoretical approaches applied to analyze the impact o f host heterogeneity 

result in contradictory predictions: when host heterogeneity is modelled in such a way as to 

impose a trade-off on parasite traits, e.g., virulence, parasites in heterogeneous host 

populations evolve lower levels o f virulence than parasites in homogenous host 

populations (Ebert & Hamilton, 1996; Regoes et a l ,  2000). However, when host 

heterogeneity is introduced as stochastic heterogeneity in the parameters o f the model 

(initial parasite inoculum, differences in host specific immune responses and different 

parasite densities for lethality), parasites evolve intermediate growth rates confirming 

previous expectations (Antia et al., 1994), but also suggests that when host heterogeneity 

increases virulence also increases and transmission decreases (Ganusov et al., 2002). Host 

heterogeneity is favoured by sexual selection and recombination and can be facilitated 

when there exists high levels of outbreeding or migration among host populations. In 

addition, experimental work indicates that parasites are locally adapted to common host 

genotypes because these genotypes are infected more often than rare genotypes (Lively & 

Dybdahl, 2000); the latter finding suggests higher levels o f virulence in common host 

genotypes and lower levels in rare host genotypes, but this remains to be tested. Long-term 

evolution can lead both to specialist parasites adapted to certain host genotypes but not to 

others or to generalist parasites with higher infectivity in different host genotypes (Little et 

al., 2006), suggesting the existence of strong host-parasite genotype-genotype interactions 

and its importance in the evolution o f both virulence and transmission. High levels of 

genetic homogeneity are expected in societies {e.g., hymenopteran eusocial insects) that 

consist of groups o f variable size that are composed of highly related individuals. These 

‘islands’ or genetically homogeneous neighbourhoods are a potential target for parasites 

that could easily develop higher virulence levels to maximize the spread o f the parasite 

across the colony (as reviewed above).

Furthermore, some parasites are not directly transmitted to new hosts. These 

parasites are transmitted through intermediate hosts or vectors, such as the malaria 

parasites that are transmitted to their hosts by a mosquito vector. Vector-borne parasites 

have evolved a more complex mode of host exploitation, and thus, these parasites are 

expected to be more virulent than parasites transmitted directly because the effect o f high 

levels of virulence within the host causes host illness and facilitates the contact between 

the vector and the diseased host (Ewald, 1994); in addition, in directly transmitted parasites 

diseased hosts can have decreased chances for contact, and thus, stronger trade-offs
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between virulence and host fitness emerge. Nevertheless, other theoretical studies, while 

partially supporting Ewald’s (1994) prediction, also suggest the importance of the timing 

of transmission and the parasite population density and the inoculum size (Day, 2002b). 

Moreover, the opposite output, directly transmitted parasites evolving higher levels of 

virulence than vector-borne parasites is theoretically possible when infection reduces the 

contact among hosts because high levels o f virulence result in fast parasite reproduction 

and maximize the opportunities for transmission while vector-borne parasites do not suffer 

the costs of morbidity in their hosts and their transmission does not depend on direct 

contact (Day, 2001). Finally, parasite virulence can also affect vector fitness. Vector 

mortality is dependent on both parasite genetic heterogeneity, e.g., coinfection by different 

parasite variants, and environmental heterogeneity, e.g., poor vector nutrition results in 

higher vector mortality (Fergusson & Read, 2002). More empirical studies on the evolution 

o f host susceptibility and parasite virulence and infectivity between parasite species and 

intermediate hosts have been conducted in Schistosoma system: schistosome parasites life

cycle involves one asexual phase in intermediate invertebrate hosts (snails) and a sexual 

phase in their definitive vertebrate host (Hoffmann & Dunne, 2003); in this host-parasite 

system factors such as genetic architecture, intermediate host and parasite heterogeneity 

and selective pressures are acting on both intermediate (and possibly also in the definitive) 

hosts and parasites and produce reciprocal effects on both (intermediate) host and parasite 

phenotypes and genotypes (Webster et al. , 2004). All the latter indicates that vectors play 

an important role in parasite evolution because (i) vectors are the main mode o f 

transmission and (ii) vectors can select for different parasite genotypic strains.

The interaction between parasite virulence and transmission is complex and the 

evolution of both parasite traits can depend on the combined action of multiple factors such 

as the stage of the infection, host nutrition and host genetic heterogeneity (Restif & Kaltz, 

2006). This occurs because both parasite virulence and transmission and host factors are 

involved in the coevolutionary dynamics o f host-parasite systems.

In addition, a spatial perspective may be useful to understand the evolution o f both 

parasite virulence and transmission because host populations are not homogeneously 

distributed across space. Heterogeneity at both host population and habitat levels results in 

interactions between genotypes and the environment. Landscape composition and 

configuration impact on disease risk or incidence because ecological processes can provide 

different habitats for hosts and can shape host-parasite and host-vectors interactions
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(Ostfeld et a l ,  2005). Hosts are expected to become adapted to their local habitats 

(Kawecki & Ebert, 2004). Host geographical distribution is important to the parasite 

because parasites with short generation times are expected to become locally adapted to 

their hosts, but local adaptation of these parasites depends on both host quantity and 

quality, and the inflow of new genetic variation (reviewed by Kawecki & Ebert, 2004). 

Although parasite local adaptation is predicted, with parasite virulence decreasing with 

distance o f the original host population (Ebert, 1994), cases o f ‘maladaptation’ are also 

found (Imhoof & Schmid-Hempel, 1998a; Lajeneusse & Forbes, 2002). More theoretical 

expectations suggest that the spread o f parasites in spatially structured host populations 

could drive the host to extinction and transmission and virulence are lower than in 

unstructured populations (Haraguchi & Sasaki, 2000). However, empirical studies on 

parasite adaptation to local hosts and the evolution of parasite traits such as virulence and 

infectivity in these systems are lacking (reviewed by Dybdahl & Storfer, 2003). A 

theoretical framework to analyse coevolutionary interactions across spatial and temporal 

scales, the so called geographic mosaic theory (Thompson, 1999a, b), suggests that results 

showing parasite adaptation or parasite maladaptation in different systems are as likely the 

product of variation in rates o f parasites and host gene flow as the result of differences in 

the structure of selection mosaics across systems (Nuismer, 2006); moreover, the 

geographic mosaic theory predicts that the interaction among organisms, e.g., due to 

migration, can produce local evolutionary dynamics that could lead to maladaptation 

(Nuismer et al., 1999). Local adaptation may not only depend on gene flow and local 

selection as in classical models (e.g., Gandon & Michalakis, 2002) but also on selection 

mosaics and coevolutionary hot and cold spots (Nuismer et al., 1999; Nuismer, 2006). 

Other theoretical work studying the role o f spatial structure on epidemiological invasions 

analyzes the structure o f an interaction network (graph or contact matrix) and predicts that 

intraspecific competition (which arises when the neighbourhood is small with many local 

interactions or connections) leads to reduced invasion success (Keeling, 1999). The study 

o f network structure and its cormections is becoming quite a powerful tool o f analysis that 

can be applied at many different biological scales: from genes and proteins to food webs 

and community stability (reviewed by Proulx et al., 2005). Host diversity in ecosystems 

also plays an important role in the evolution of parasite virulence and transmission: 

diversity can buffer the risk against pathogens or parasites due to the presence of potential 

host species or vectors that dilute the effects o f most competent host species (LoGiudice et 

al., 2003). Finally, local parasite adaptation has been suggested to depend on the quantity
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of host species that a parasite can infect, and thus, parasites infecting multiple hosts are 

expected to be less likely to exhibit local adaptation (Lajeneusse & Forbes, 2002).

I have shown above how host properties such as host spatial distribution, host 

heterogeneity or host density could shape the evolution of parasite transmission and 

parasite virulence by selecting for different parasite strategies. Moreover, the study o f the 

relationships between hosts and parasites is important to further understand the more 

complex multihost parasite systems where different host species could be selecting for 

antagonistic parasite traits. In addition, parasite transmission dynamics which is linked to 

parasite virulence could change drastically when increasing the number o f host species 

Thus, systems consisting o f parasites infecting multiple host species deserve special 

attention.

Multihost parasite systems

Variability at different biological scales is responsible for the evolution o f both host 

and parasite traits (as explained above), and thus, shapes host-parasite interactions 

(reviewed by Schmid-Hempel & Koella, 1994). An important source of variability in 

multihost parasite systems is precisely the presence o f different host species, in addition to 

variability within populations o f both host species and the parasite, because cross-species 

transmission impacts on parasite life history by facilitating or buffering the spread of 

diseases (Dobson, 2004; LoGiudice et a l,  2003) and local adaptation to common hosts 

{e.g., Lively & Dybdahl, 2000) and can select for different levels of virulence depending 

on the system {e.g., Ferguson & Read, 2002); cross-species transmission can further 

promote the coexistence o f different genetic and immunological strains in different host 

species (reviewed by Grenfell & Dobson, 1995) and parasite strategies such as generalism 

or specialism (reviewed by Woolhouse et al., 2001); in addition, cross-species transmission 

can select for sexual rather than clonal host reproductive strategies (Lively et al., 1990) and 

boost biodiversity in their ecological community (Mouritsen & Poulin, 2005). In fact, 

multihost-parasite systems are not isolated examples o f extreme host-parasite interactions. 

Although pathogens are expected theoretically to become specialists (reviewed by 

Woolhouse et al., 2001) most pathogens infect multiple host species {e.g., Cleaveland et 

al., 2001); the latter can be due to a consistent lack of empirical studies. This bias towards

15



single host parasites may be due to the difficulty o f estimating transmission rates in 

multihost-parasite systems (Grenfell & Dobson, 1995; Holt et a l ,  2003). Nevertheless, this 

area has recently begun to be explored theoretically. The transmission mode o f a parasite is 

critical to exploitation o f other host species, and thus, parasites transmitted by direct 

contact (or vertically transmitted parasites) may not have the same opportunities for cross

species transmission than parasites that are transmitted indirectly {e.g., through 

contaminated food) or vector-bome because different transmission routes and transmission 

biology have different costs and benefits associated (reviewed by Woolhouse et a l ,  2001). 

Plant cross-species experimental infection with an anther smut fungus combined with both 

field studies and modelling tools suggests that multihost transmission could increase the 

frequency o f a pathogen by reducing the threshold level of parasite persistence in host 

populations, although different parasite strains were often host-specific (Carlsson-Graner, 

2006).

Understanding parasite transmission in multihost parasites is a critical step in the 

coevolution of parasite traits and their multiple hosts; Holt et al. (2003) indicate that 

transmission rates among species depend partially on resource utilization and host spatial 

distribution and that host species competing for resources may have higher potential for 

parasite transmission among host species. Their model suggests six different evolutionary 

outputs for disease establishment: (/) in «on-interactive hosts parasite establishment 

depends on the carrying capacity o f at least one o f the hosts; (//) when hosts are 

substitutable host density does not affect parasite invasion; {Hi) low cross-species infection 

moderately benefits parasite establishment; (/v) under strong cross-species infection 

parasite establishment depends on the mixture of hosts; (v) when the parasite requires 

altemate hosts, the presence of both hosts is necessary; and (vz) when one o f the hosts is 

inhibitory (dilution host) it impacts negatively on the infection rate o f the other host. Other 

theoretical studies based on trade-offs between transmission and virulence in different host 

species predict that selection for specialist strains (where specialization for one host 

excludes specialization for the other and the expression of virulence is seldom traded-off) 

or generalist strains with intermediate levels of virulence depends on the trade-offs 

between virulence in both hosts (Regoes et al. , 2000); Regoes et al. (2000) further suggest 

the emergence o f stable polymorphisms that could lead to parasite population branching. 

Models that are not based on parasite transmission and virulence trade-offs suggest that 

parasite virulence increases with host heterogeneity (Ganusov et al., 2002). More
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theoretical expectations suggest that host heterogeneity facilitates parasite spread when 

transmission is density-dependent or buffers the impact of pathogen spread when parasite 

transmission is frequency-dependent or vector-borne mediated (Dobson, 2004); in 

addition, Dobson (2004) detected the importance o f the relative magnitude of intraspecific 

and interspecific transmission: when interspecific transmission is less important than 

intraspecific transmission the system may favour parasite persistence, and stronger 

interspecific transmission may lead to the extinction o f one o f the host species. Finally, 

recent theoretical work on multihost-parasite systems has revealed the importance that both 

the relative host quantity and quality and the constraints among traits within and between 

different hosts (Gandon, 2004) have on the study o f evolutionary and coevolutionary 

outcomes in these complex systems.

The empirical study of multihost-parasite systems is important to test the 

predictions suggested in different models and will provide information on how selection 

acts on these systems, the role of different modes o f transmission in wild host populations 

and the potential for parasite adaptation and further speciation o f parasites. Understanding 

multihost-parasite systems will enhance our knowledge of ecological and evolutionary 

processes at different biological scales and will allow the scientific community to generate 

more powerful models, experiments and conservation strategies in natural areas.

Social insects

The classic social insect colony consist o f a mated female, the queen, which 

produce a variable number of daughters, called workers, which assist the queen by 

performing different tasks such as defence against invaders, foraging for food, larval 

feeding or nest-keeping and cleaning (Wilson, 1971); moreover, at a given point of the 

queen life cycle, the queen produces sexual offspring that will leave the colony to found 

their own colonies. Consequently, colonies consist o f a group o f variable number of 

individuals that are closely related among them, and therefore, social insect nests can 

provide parasites with an ideal environment to spread and persist. Social insect colonies 

keep high host densities, with many and diverse interactions among individuals and could 

further select for specific parasite traits such as high levels of virulence and transmission 

(see above).
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Heterogeneity within colonies exists at different biological scales: 1) among 

workers there are genetic differences which depend further on mechanisms such as 

polyandry or polygyny; but there are also differences in age and behaviour (Wilson, 1971; 

Schmid-Hempel, 1998); and 2) among members of the colony there exists morphological 

and behavioural variability (castes and sex). All these sources of heterogeneity can 

potentially impact on parasite epidemiology and select for different parasite and host traits.

Particularly, social insects are host of many different parasites and diseases 

(Schmid-Hempel, 1998). However, the experimental study of the levels of genetic 

variability within insect colonies has revealed higher heterogeneity (e.g., Pearson, 1983; 

Strassmarm et a l, 1989) than expected. Relatedness enhances parasite transmission 

(Shykoff & Schmid-Hempel, 1991) but in those societies polyandry (female multiple 

mating) counteracts the high relatedness among sisters by introducing host genetic 

heterogeneity, and favours host fitness and reduces parasite load (Baer & Schmid-Hempel, 

1999). Social insect traits such as division of labour, nest architecture or worker density 

can have an important impact on both parasite virulence and intra-colony transmission 

(Schmid-Hempel & Schmid-Hempel, 1993; Schmid-Hempel, 1998; Fries & Camazine, 

2001; Pie et al., 2004). Supporting the potential impact o f worker density in social insect 

colonies, theoretical work suggests the strength of the link between both host density and 

high transmission rates (Anderson & May, 1978), and both host densities and 

macroparasite abundance have been found to be strongly correlated (Ameberg et al., 

1998).

Within the colony, if  the original queen is infected by a parasite her offspring can 

also become infected by vertical transmission o f the parasite; however, the parasite can be 

horizontally transmitted among workers within the colony, commonly through faeces (e.g., 

the microsporidian parasite Nosema apis in honey bees, the trypanosomatid Crithidia 

bombi in bumble bees (Schmid-Hempel, 1998)) but transmission can also be facilitated by 

specific host behaviours; honey bee workers can become infected with the bacterium 

Paenicilium larvae when the workers clean the cells o f infected larvae, ant workers can 

transmit the microsporidian Burenella dimorpha when they feed larvae (Schmid-Hempel, 

1998).

Moreover, parasite transmission in social insects should be adapted to both intra

colony and between colony transmissions. Some parasites of annual social insects (e.g..
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bumble bees) or social insects that migrate (e.g., honey bees) produce long-lived 

propagules (e.g., Paenibacillus larvae) that could be transmitted to the new generation of 

hosts across the diapause or can persist in nest sites, and thus, play an important role in the 

transmission of the parasite when nesting sites are a scarce resource, and facilitate infection 

of new host occupants (Schmid-Hempel, 1998). However, and following Bonhoeffer et al. 

(1996) predictions (see above), social insect hosts are not in equilibrium with their 

parasites, and thus, parasites producing long-living propagules are expected to have high 

levels o f virulence (Schmid-Hempel, 1998). At this ecological scale, the spatial distribution 

o f colonies will impact on both the quantity and quality o f interactions among members of 

different colonies, and thus, in the chances of parasite transmission. Resources will play a 

key role in parasite transmission among members o f different colonies present in the same 

geographical area because members o f the same species should have similar physiological 

requirements; then, the abundance and quality o f resources will be responsible for the 

interactions among members of different colonies and will further shape parasite horizontal 

transmission. Several social insect species can be found often coexisting in the wild, e.g., 

ant species assemblages {e.g.. Peck et al., 1998; Sanders et a l, 2003) or bumble bee 

species assemblages (Goulson & Darvill, 2004) and interactions among different species 

occur, e.g., resource sharing. As a consequence, parasites can be transmitted among 

different potential host species. Therefore, social insects provide an ideal scenario to study 

the evolution of multihost-parasites systems.

The multihost-parasite system studied: Bombus sp. assemblage and the

trypanosomatid C. bombi

Bumble bees are important pollinators in both natural areas and agricultural 

systems (Prys-Jones & Corbet, 1991) and different bumble bee species coexist with more 

or less niche overlap due to resource sharing (Dicks et al. , 2002; Goulson & Darvill, 2004). 

Most bumble bee species have similar life cycles. At the beginning o f spring, mated 

bumble bee queens that have survived the diapause period during the harsh season forage 

for pollen and nectar and start their colonies. The colony grows by addition of new workers 

until the moment of reproduction, when the queen lays eggs that will develop into daughter 

queens and males at the end o f the colony cycle. The sexual brood mates in the field and 

only the queens will find a suitable place to diapause until the arrival o f the next spring 

(Schmid-Hempel, 2001). Bumble bee species assemblages can consist of few to many
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different species depending on the period of the year and the quantity and quality o f the 

resources. Bumble bees forage on flowers for nectar and pollen. Although many potential 

resources may be present in the field, the levels of flower sharing are variable among pairs 

o f bumble bee species, and the less abundant species are the most specialized (Goulson & 

Darvill, 2004).

Across different species of bumble bees {Bombus sp.) only one trypanosomatid 

species has been found and described, Crithidia bombi (Gorbunov, 1987; Lipa & 

Triggiani, 1988). The parasite life-cycle is simple. When a bumble bee ingests C. bombi 

cells, the parasite attaches to the host gut epithelium, actively divides and transmission 

stages are released through host faeces (Schmid-Hempel, 2001). C. bombi exhibits a 

seasonal increase in prevalence (Imhoof & Schmid-Hempel, 1999), infecting up to 80% of 

the foraging workers (Shykoff & Schmid-Hempel, 1991a). Parasite transmission is higher 

among related animals (Shykoff & Schmid-Hempel, 1991b). The parasite is transmitted 

among animals of the same colony through faeces within the nest (Schmid-Hempel, 2001) 

or from different colonies (and across bumble bee species) through the shared use of 

flowers by foragers in the field (Durrer & Schmid-Hempel, 1994). Heterogeneity in the 

mode o f transmission selects for different genotypic strains o f C  bombi (Schmid-Hempel 

et al., 1999). While intra-colony transmission may favour strains with rapid life-cycles 

inter-colony transmission may select for strains with slower life-cycles or strains resistant 

to some environmental conditions such as desiccation.

C. bombi cells can be picked up on the hair, legs, abdomen or mouth parts of 

animals that have touched a surface contaminated with the parasite and then transported to 

or among flowers, although the amount of cells present on body parts has never been 

quantified. Hundreds to thousands o f parasite cells are excreted when infected bumble bees 

defecate (Logan et al., 2005), and drops of faeces fall randomly on soil or flowers when 

the animals are flying. The risk o f infection associated with flower visitation depends on 

the complexity of the inflorescences (Durrer & Schmid-Hempel, 1994). Parasite survival 

on flowers can be compromised by UV-radiation or desiccation (Schmid-Hempel et al., 

1999) although it is unknown for how long parasite cells can remain viable on flowers. In 

addition to driving visits by different pollinator species, flower architecture, e.g., flowers 

with anthers or nectaries exposed to direct sunlight and open to direct faecal deposition 

compared with tubular flowers or flowers facing the ground where parasite deposition may 

be harder but where parasite cells would be less environmentally challenged, may play an
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additional important role in parasite transmission. It remains unknown whether C. bombi 

cells can be found on specific parts of the flowers. Finally, different morphological stages 

have been identified in C. bombi (Gorbunov, 1987; Lipa & Triggiani, 1988): amastigotes 

(spherical forms with extremely reduced flagellum) and choanomastigotes (pear-like 

shape, with a “neck” surrounding the flagellar pocket). It is, currently, unknown whether a 

specific parasite stage is adapted for transmission.

Host genotype and host heterogeneity play an important role in determining 

parasite virulence (Imhoof & Schmid-Hempel, 1998b), intensities o f infection and 

prevalence (Baer & Schmid-Hempel, 1999, 2001), and individual susceptibility to the 

parasite (Baer & Schmid-Hempel, 2003). Different genotypic strains of C. bombi are 

selected for by different modes of transmission (Schmid-Hempel et al., 1999) presumably 

leading to the strong genotype-genotype interactions found in this system (Schmid-Hempel 

& Reber-Funk, 2004). These strong genotype-genotype interactions between the parasite 

and its Bombus hosts affect parasite transmission (Shykoff & Schmid-Hempel, 1991b, d), 

parasite prevalence and intensity of infections (Baer & Schmid-Hempel, 1999, 2001), 

individual susceptibility to the parasite (Baer & Schmid-Hempel, 2003) and heterogeneous 

colonies sort different strains out (Schmid-Hempel et al., 1999; Mallon & Schmid-Hempel, 

2004; Schmid-Hempel & Reber-Funk, 2004). Infected colonies grow slower early in the 

season (Shykoff & Schmid-Hempel, 1991c), when differences in worker numbers among 

colonies may result in different levels o f resource acquisition, affecting both colony size 

and colony fitness. Moreover, at the individual level host genotype and heterogeneity 

critically affect C. bombi local adaptation to its host populations (Imhoof & Schmid- 

Hempel, 1998a; Brown et al., 2000); parasite virulence (Imhoof & Schmid-Hempel, 

1998b) and infection by C. bombi delays worker ovarian development and oviposition, 

which affects the level o f intra-colony co-operation (Shykoff & Schmid-Hempel, 1991c). 

The virulence of the parasite has been demonstrated to be condition-dependent, increasing 

by 50% the mortality rate of food-stressed workers (Brown et al., 2000). Infected post- 

hibernating queens are less likely to found colonies, and they produce fewer workers, 

males and gynes, with an overall fitness loss o f 40 % (Brown et al., 2003a). Furthermore, 

recent work shows that the parasite elicits an immune response in its host (Brown et al. 

2003b) and that resistance to C. bombi depends on at least several loci and shows epistatic 

interactions (Wilfert et al. 2004). These genotype-genotype interactions are presumably 

driven by the heavy fitness impact of the parasite on bumble bee colonies (see above).
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Thesis outline

Many different factors have been identified above, theoretically or empirically, as 

potential effectors of within-host parasite dynamics which can further shape both parasite 

epidemiology and the evolution o f parasite virulence and transmission in host-parasite 

systems. Moreover, few o f the above mentioned components of host and parasite 

heterogeneity has been explored in bumble bee hosts, although those factors may play a 

relevant role in C. bombi evolution and its multiple host species. Therefore, and previous 

to study in depth the within-host parasite dynamics, an initial question is posed; How does 

host heterogeneity affect C  bombi dynamics? In microparasites reproduction can 

maximize transmission, and thus, survival. In addition, while reproduction occurs within a 

host, transmission necessarily occurs between pairs o f hosts. Therefore, understanding how 

different aspects of host heterogeneity relate with the within-host dynamics could help me 

to understand the epidemiology of this trypanosomatid parasite, e.g., by identifying those 

aspects that favour parasite reproduction within the host: does host nutrition affect C. 

bombi dynamics? Do different host sexes affect within-host parasite dynamics? Do 

differences in host caste affect parasite dynamics? Does host density impact on host 

quality? Is C. bombi able to infect different host species? Do parasite dynamics differ when 

infecting different host species? How does host immune system interacts with C. bombil 

Furthermore, few studies have been conducted directly on the parasite, and many questions 

remain unanswered about C  bombi biology: Does C. bombi have a sexual or clonal 

reproductive strategy? Which potential mechanisms {e.g., density dependence, chaotic 

dynamics or host immune defence) affect C. bombi dynamics? As a consequence, the 

collection o f studies I present in this thesis has explored the Crithidia-Bombus multihost- 

parasite system at different scales of ecological organization, and thus, I hope to provide 

the most complete empirical picture o f these complex systems. I first group together seven 

studies analyzing different aspects o f the within host parasite dynamics in section II - 

Within host Crithidia bombi dynamics. The potential effects of host quality (host diet, host 

sex, host caste, host density, host species) on Crithidia bombi dynamics could play an 

important role on the later transmission o f the parasite, which is a key factor in the 

epidemiology and evolution o f multihost parasites Then follows section III - Epidemiology 

and spatio-temporal population structure o f Crithidia bombi, which groups three studies on 

parasite transmission and parasite population structure. Finally, I present a series of five 

heterogeneous appendices: two of them describe work that was insufficiently developed to 

include as chapters, two appendices include the source code o f software developed during
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the thesis and that were used in some of the chapters, and the other consists of data 

generated during the research period that were not included in the corresponding chapter.

In Section II I  have tried to build up a robust body of knowledge on the within host 

parasite dynamics by analysing different factors. The section begins (Chapter 2.2) by 

studying the effect o f host diet on parasite development and population dynamics. Chapters 

2.3 and 2.4 explore potential effects o f host caste on parasite dynamics or on the host 

immune responses. Chapter 2.5 analyses host social context and expression o f immune 

defences. Chapters 2.6 and 2.7 are focused mainly on the parasite biology. Finally, in 

Chapter 2.8 I have looked for differences in parasite dynamics and immune defences 

among different host species.

After studying the effects of host quality (host diet, host sex, host caste, host 

density, host species) on Crithidia bombi dynamics. Section III is focused on parasite 

transmission. The section consists of three main chapters. I studied the potential for 

parasite transmission in the field and then I analyzed the parasite genetic population 

structure within a sampling site and the spatio-temporal population structure o f Crithidia 

bombi in spring queens. The last chapter explores the potential role of vectors such as 

honey bees in Crithidia bombi dynamics, an area not studied yet in Crithidia bombi 

transmission dynamics.

As a miscellany, in Appendix 1 I present the results after conducting a histological 

analysis of the host alimentary tract, although the results were not as satisfactory as 

expected. In Appendix 2 I describe a new bumble bee disease, potentially o f bacterial 

origin, that happens exclusively in males. The animals showed a highly swollen and 

strongly melanized proventriculus. In Appendix 3 I present the source code of a program 

developed to simulate genetic processes acting in haplodiploid organisms that was 

employed in Chapter 2.3. During the study developed in Chapter 2.8 I tried to measure and 

analyse the potential for transmission in different places but these data were not included 

because I did not succeed in collecting enough infected animals and these data are 

summarized in Appendix 4. Finally, to analyse the robustness o f my parasite alleles 

sampling effort in Chapter 3.2 and 3.3, I developed the Rarefaction Package and I have 

included in Appendix 5 both the manual, the source code and, as an example, the curves 

obtained to analyze the alleles found with the microsatellite primer Cr/16 in queens.
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C h a p t e r  1.2

G e n e r a l  M a t e r i a l  a n d  M e t h o d s



I have used different approaches and analytical tools to understand the biology of 

C. bombi, the parasite dynamics and the evolution of this single parasite-multihost system. 

I have structured this chapter into five categories: 1) Field Analysis, 2) Rearing colonies 

and Bee-keeping, 3) Parasitological Analysis 4) Immune Response Analysis and 5) 

Genetic Analysis.

1. Field Analysis

Study sites, observation and animal sampling

I selected four main study sites in Dublin County (area studied in brackets): 

Archbishop Ryan Park (~51000 m2). Bull Island Nature Reserve (450 m2), Howth 

(~14000 m2) and Irishtown Nature Reserve (~13000 m2). I based my site selection on the 

species found in previous sampling (892 animals sampled by M. J. F. Brown and B. 

Brogan) in and around Dublin city in 2002, on the levels of parasitism found after their 

dissection (by B. Brogan, M. X. Ruiz-Gonzalez and S. T. Rutrecht) and on the personal 

observation of each site. Plant composition and availability of resources was also 

important; while Archbishop Ryan Park is very rich in flower composition the other three 

places were natural areas and resources followed a natural resource substitution in time and 

geographically across sites. A list with all resources is provided in Appendix 1. I conducted 

my observations spending a full day at each site in succession.

The goal of my observations was to study the foraging behaviour of different 

bumble bee species to understand further the epidemiology of Crithidia bombi. The first 

step was the observation and identification of the resources where the host animals forage. 

I determined the resources by observing where the bumble bees went to forage. I identified 

all bumble bee and some plant species in situ and I determined in the laboratory the other 

plants to genera or species level when possible. The number of flowers per plant was 

calculated as the average after counting all flowers that were fresh and available to be 

foraged for 10 randomly chosen plants o f each resource species. Then I calculated the 

relative abundance of each resource by three different approaches; 1) In Irishtown Nature 

Reserve and Howth I generated a set o f random numbers that I transposed to a map as 

coordinates to outline 10 meter transects; I counted all resources present within 50 cm to
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the right and 50 cm to the left along the 10 meters transects; then, I calculated the average 

for all transects and the resources per square meter. Resources that were highly scattered or 

absent in the random transects were counted following a track, or exhaustively in the full 

area. 2) In Archbishop Ryan Park I counted all the flowers present in the park for each of 

the resources where I recorded bumble bees foraging. 3) In Bull Island I used a square 

meter wood frame. The frame was thrown randomly ten times and I recorded all flowers 

present in the area.

The next step was the direct observation o f the animals. To have an idea o f the 

number o f different species of bumble bee foraging on the same resource, I timed 1 -hour 

intervals for each resource and recorded the total number o f animal landings and their 

species (see Chapter 3.2). I chose 1-hour intervals because transmission and infection 

success are expected to be higher the sooner the parasite infects a new host after deposition 

in the transmission arena, before the parasite suffers desiccation or UV-radiation (Schmid- 

Hempel et al., 1999).

I found different species o f bumble bees: B. hortorum, B. jonellus, B. lapidarius, B. 

lucorum, B. muscorum, B. pascuorum, B. pratorum, and B. terrestris (See Plate 1.2.1). The 

most abundant species were: B. lucorum, B. pascuorum, B. pratorum  and B. terrestris. B. 

hortorum was the least abundant species. B. lapidarius appeared later in the season. I only 

found B. jonellus in Howth.

Plate 1.2.1. Bumble bee species found in the different study sites, a) B. hortorum, b) B. jonellus, c) 
B. lapidarius, d) B. lucorum, e) B. muscorum, f) B. pascuorum, g) B. pratorum, and h) B. terrestris. 
Pictures were taken with a Konica Minolta Dimage ZIO. B. jonellus picture downloaded from 
http://l 38.37.56.212/~ravcrundweii/Photos/Biological%20and%20Chemicai%20Sciences/SBCS% 
20Fover%20Photos/slides/Bombus%20ionellus%20.html.
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I sampled for bumble bees using an entomological net. The animals were 

transferred to a plastic vial and kept at low temperature in a bag with a cold block. When 

both observations and sampling were required I sampled during 1-hour periods after the 

observations. Observations and sampling were only interrupted by adverse meteorological 

conditions. Depending on the experimental design uninfected animals were released or 

freeze-killed for further analyses; generally, at the beginning of the colony cycle 

uninfected workers were released to help colony development because it is a critical 

moment in the life history o f the colony (Beekman & van Stratum, 2000).

The sampling for queens happened in a broader selection of sites to maximize the 

number of queens collected because only a small number of wild queens will rear a colony 

(Brown et a l,  2003a, personal observations). I obtained queens from Dublin city 

(Archbishop Ryan Park, Botanical Gardens, Clontarf and Irishtown Nature Reserve) and in 

natural areas close to Dublin; the peninsula o f Howth, 15 Km to the north; Glenasmole 

Reservoirs (11.3 Km to the southwest from the capital), and Glenview and Foxborough (20 

Km) and Powerscourt Gardens (19.3 Km) to the south. Animals from Glenview, 

Foxborouh and Powerscourt Gardens were supplied by Dr. Rutrecht.

2. Colony Rearing and Bee-keeping

Rearing the hosts; colonies from wild queens

Once in the laboratory each queen was transferred to a Perspex nesting box (17 x 

10 X 6 cm) and supplied with a pollen lump and sugar-water (50% v/v) (Apiinvert) ad 

libitum. In the absence of sugar water, bees die within about 12 hours (Brown et al. 2000). 

The pollen lump was made by mixing crushed pollen (Hortico Ltd., Ireland) with sugar 

water to obtain a dough-like consistence (not too wet but not crumby). The Perspex box 

had emerging close to one side of its base the lower part of an eppendorf tube to stimulate 

the laying of eggs in the pollen lump. Pollen lumps were renewed 2-3 times a week. When 

eggs were detected in the old pollen lump I placed a second pollen lump at 8 to 10 cm of
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distance from the first lump to avoid the queen laying a second batch of eggs in the second 

pollen lump and I also placed a red lid from a feeding tube with fresh pollen inside the 

nesting box. I checked the faeces of each queen two weeks after their capture to confirm 

the parasite-free status or the presence of microparasites, e.g., Crithidia bombi, Nosema 

bombi, Mattesia bombi. Those queens infected with Sphaerularia bombi were freeze-killed 

because these queens will not rear a colony; otherwise I froze all queens the same day they 

died.

As soon as five workers had emerged, I transferred the brood to an artificial hive 

(Plate 1.2.2): plastic bucket (30 cm diameter x 20 cm height) with transparent lid, drilled to 

reduce condensation and with a wire mesh inside to support the mould-free growing of the 

colony by separating the animals and brood from spilled liquids (sugar water or faeces). 

Each artificial hive was cormected to a foraging box, a wooden box (21 x 13 x 11 cm) with 

several sugar water feeders and pollen, and transparent plastic lids. Colonies were fed with 

fresh pollen and sugar water every day. The sexual brood of the successful colonies was 

released at the end of the cycle to minimize the impact of my samplings on the natural 

populations.

Plate 1,2.2. Artificial hives ready to be used.
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Experimental animals

To control for any effects of host age all animals used in experiments were usually 

age controlled (Doums et al., 2002) and these animals were collected the day they eclosed. 

New bom animals are easily detected because they have a pale colouration because they 

need one or two days to develop their natural pigmentation. The animals were transferred 

to labelled individual plastic boxes (10.5 x 13 x 6 cm) with sugar water and pollen ad 

libitum.

Rearing the hosts: commercial colonies

For some experiments I ordered commercial hives of the bumble bee B. terrestris 

dalmatinus sourced by Koppert (Netherlands) and supplied by Hortico Industries (Ireland). 

I waited one day after the arrival of the hives to settle down the animals before I 

transferred all animals to my artificial hives. All workers were first transferred to wooden 

boxes with a maximum of fifty animals per box. I gently placed the queen into a vial to 

obtain a faeces sample, and thus, to confirm the parasite free status o f the colony; in the 

meantime, I carefully placed all the brood onto the wire mesh in the artificial hive. I left 

the queen back with her brood and after 10 minutes I dropped in groups o f five up to a total 

of 35 workers in intervals o f 5 minutes. That procedure tended to minimize the 

aggressiveness of both queen and workers after the stressful event o f the transfer and to 

control for the colony size. All the excess workers were freeze-killed.

3. Parasitological Analysis

Faecal samples and dissections

Faecal samples can be obtained easily once the animal is transferred to a vial. In 

bumble bees defence begins with shooting faeces towards the threat. This mechanism can 

be trigged by blowing into the vial or by gently shaking the vial with short movements.
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Once the faeces were dropped I collected them with a glass microcapillary (Blaubrand 10 

)al micropipettes) for further analyses.

All animals were dissected under a dissecting microscope at xlO optics with xO.1-5 

on the magnifying knob, using micro-forceps (Dumont 5) and spring-scissors (Interfocus, 

F03). I separated the abdomen from the thorax and fixed it, dorsally to a wax-bed with 

entomological pins. I cut the first tergite following the ventral curve and then, and 

perpendicularly to the first incision, I cut either side leaving the last tergite untouched. I 

checked the contents of the abdomen for parasites such as internal mites {Locustacarus 

buchneri), parasitic wasp larvae {Syntretus splendidus), conopid tlies (e.g., Sicus sp., 

Physocephala sp.), fungal mycelia or nematodes {Sphaerularia bombi), melanized areas or 

the degree o f ovary development (workers and queens only). Examination for 

microparasites required the preparation of glass slides with a heterogeneous sample of fat 

body (extracted from at least 2 different parts of the body: ventral and dorsal), malpighian 

tubules and the contents of the hind gut. These preparations were studied under a 

microscope at x400. In the fat body Mattesia bombi (Neogregarinidae) and the 

microsporidian Nosema bombi can be detected, as well as potential fungal or bacterial 

diseases. In the hind gut samples I looked for the trypanosomatid C. bombi, although 

yeasts and bacteria were not unusual. All dissected animals were stored in the freezer at - 

80°C for later analysis.

Inoculation and infection procedures

To prepare the inocula, faeces were collected from animals infected with Crithidia 

bombi. The faeces were mixed and the number o f parasite cells was counted using an 

improved Neubauer slide. The faeces were diluted with sugar water to produce the required 

inocula concentration. Prior to inoculation, the animals were starved for three hours to 

facilitate ingestion. Each bee was then transferred to a vial where it was presented with a 

10 |il drop of the inocula and observed until the drop was drunk. Post-inoculation, bees 

were transferred individually to sterilised plastic boxes with ad libitum pollen and sugar 

water. All the bees were kept in a dark room at 30°C and 59 (± 6) % relative humidity for 

the duration of the experiments.
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Each day post-inoculation and during the time determined for each experiment I 

collected a sample of faeces from each single animal. Then, I counted the total number of 

parasite cells and the total numbers of each three parasite morphotypes and the number of 

parasite cells per |il was calculated using an improved Neubauer slide. This methodology -  

faecal counts rather than dissections -  enabled me to track directly the development of the 

infection in individual bees.

4. Immune Response Analysis

LPS or insect Ringer solution injection

Some animals were exposed to 0.5 mg/ml o f LPS (surface lipopolysaccharides from 

Escherichia coli that act as immune elicitor) dissolved in insect Ringer solution (0.54 mol 

NaCl, 0.054 M KCl and 0.36 M CaCb), and injected as a total volume of 5 |il per insect to 

activate the immune system of the animals (Moret & Schmid-Hempel, 2000). Controls 

only received Ringer but otherwise were treated identically. Before injection, bumblebee 

workers were anesthetized on ice and immobilized. I injected the LPS solution or the 

Ringer solution directly into the haemocoel after piercing the pleural membrane between 

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

a thin point. The inoculated bumblebees were kept under standard conditions in a climate 

chamber and fed with sugar water ad libitum for 24 hours before haemolymph extraction.

Haemolymph Extraction and Constitutive Immune Response Analysis

I analysed both the induced and constitutive immune responses. I measured the 

induced immune response as the antibacterial activity in haemolymph. To study the 

constitutive immune response I analyzed both the levels o f phenoloxidase enzyme activity 

(PO) and its pro-enzyme activity, the pro-phenoloxidase (proPO).

All animals were withdrawn from the experimental set up to collect a haemolymph 

sample. Each individual was chilled on ice for 10 min and the pleural membrane between
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the 5̂ '̂  and the 6*'̂  stemite was punctured with a sterile hypodermic needle. The droplet o f  

haemolymph that came out o f  the wound was collected into a sterile, pre-chilled glass 

capillary. For each insect, 10 |il o f  haemolymph were collected and flushed into a 1.5 ml 

micro-centrifuge tube containing 50 |il o f  cold sodium cacodilate/CaCb buffer (0.01 M 

sodium cacodilate, 0.005 M CaCb, pH 6.5). A 10 |̂ 1 sub-sample was kept in a 0.5 ml 

micro-centrifuge tube coated with phenylthiourea and stored at -80°C  until later 

examination for antibacterial activity using a zone-of-inhibition test. Phenylthiourea 

prevents melanin formation through inhibiting the activity o f  the phenoloxidase enzyme 

(Sugumaran et al., 1987). The remaining haemolymph solution was diluted with 30 |al o f  

cold sodium cacodilate/CaCb buffer and immediately stored at -80°C  for later 

measurement o f  PO and ProPO activities. For each individual, the haemolymph 

concentrations o f  active PO and the proenzyme proPo were measured. PO was quantified 

without further activation, while the proenzyme proPO was assayed after its activation 

with chymotrypsin to active PO. For PO measurements reaction mixtures contained 20 [x\ 

o f  haemolymph solution (dilution 1/20; haemolymph/sodium cacodilate/CaCb buffer), 140 

|il o f  distilled water, 20 |al o f  phosphate buffer saline (PBS: 8.74 g NaCl; 1.78 g N a2HP0 4 , 

2 H2O; 1000 ml distilled water; pH. 6.5) and 20 |il o f  L-Dopa solution (4 mg/ml o f  distilled 

water). For proPO measurements, the 140 |al o f  distilled water contained chymotrypsin 

(0.07 m g/m l) and the mixture was incubated for 5 min at room temperature before reading 

the enzymatic activity. The reaction was allowed to proceed at 30°C in a microplate reader 

(Versamax, Molecular D evices) for 40 min. Readings were taken every 10 seconds at 490  

nm and analysed using SOFTmax®PRO 4.0 software (Molecular Devices). Enzyme 

activity was measured as the slope {V„,ax value) o f  the reaction curve during the linear 

phase o f  the reaction (Barnes & Siva-Jothy, 2000). After haemolymph sampling, animals 

were freeze killed.

Zone o f  inhibition test to measure the antibacterial activity

Although the methods for the zone-of-inhibition test were as described in Moret & 

Schmid-Hempel (2000), for this assay I prepared test Petri plates (diameter: 9 cm) by 

adding 0.05 ml o f  live Arthrobacter globiformis bacteria suspension (10^ cells/m l) to 5 ml 

o f  sterile broth medium (10 g o f  bactotryptone, 5 g o f  yeast extract, 10 g o f  NaCl, 1000 ml 

o f  distilled water, pH 7.5), with 1% o f  bacto-agar at 45°C. Plates were left to settle at room
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temperature. I made ten test holes (diameter: 2 mm) per plate, and 2 |il of the test solution 

was added per hole. Plates were incubated overnight at 28°C. The antibacterial molecules 

present in the haemolymph inhibit bacterial growth, by producing a circular zone that is 

clear o f bacteria around each hole with a diameter proportional to the strength of the 

inhibition. After 24 hours of bacterial incubation I measured the diameter o f each zone of 

inhibition. Because some variation could exist among plates (e.g., bacterial growth, agar 

thickness) the zone of inhibition for each sample must be corrected across plates. To 

correct all data points across plates I always injected the 10̂ '’ hole o f each plate with the 

same sample of Tenebrio mollitor haemolymph; therefore this sample acts as a control 

because I expect the same zone of inhibition for sample 10 across plates.

5. Genetic Analysis

I followed the protocols described in Schmid-Hempel & Reber-Funk (2004) to 

extract total DNA and for the microsatellites analysis.

Total DNA extraction

I dissected the animal, removed the hind part o f the gut and transferred it to a 1.5 

ml eppendorf tube. I used the Chelex® method (Walsh et a l,  1991): I added three times 

the sample volume (-500 |al) o f boiling Chelex solution (10% Chelex solution in deionised 

and autoclaved water). Then, the samples were placed for 10 minutes in a heating block at 

85°C with a vortex after 5 minutes. The samples were transferred to ice and centrifuged at 

13000 r.p.m. for 4 minutes before freezing them at -20°C. When extracting total DNA 

from faeces I added 100-200 |al o f Chelex solution, depending on the volume of the faeces.

PCR

The samples were always centrifuged at 13000 r.p.m. for 4 minutes before using 

them in the PCR reaction. I used the following PCR-reaction mix for 1 sample (13 |il 

reaction):
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MgCb

H2O
Buffer lOx

7.10 |il 

1.30 |il 

0.75 [il

d’NTP’s (2.5 |imol of each nucleotide) 0.75 |il

Primer forward (10 nmol) 

Primer reverse (10 nmol) 

Taq polymerase (5 units/|j.l) 

total DNA

0.50 ^1 

0.50 |il 

0.08 ^1 

2.00 [i\

I used four different microsatellite markers: CriP4, Cril6, Cri2F10 and C rilB6  

(Schmid-Hempel & Reber-Funk, 2004). Each primer has a different annealing temperature 

and that was the only change in the PCR program:

* The annealing temperatures for each primer are: CriP4 (47°C), Cril6  (59°C), Cri2F10 

(48°C) and Cn75(5 (53.5°C).

Electrophoresis

I used the Elchrom submerged gel electrophoresis system to analyze the PCR 

products. The gels are ready-to-use (Spreadex ® EL 400). I mixed 3 |j,l of DNA with 4 |al 

of loading buffer and I loaded each well with 5 |al. I loaded two molecular markers in each 

gel: 10 bp DNA ladder and M3 marker. The gel is submerged in TAE-buffer (50 ml of 

Elchrom stock solution diluted with 1950 deionised water) that is pre-heated at 55°C and 

the voltage at 120 V. Samples amplified with different primers need different running 

times: CriP4 (120 min), C ril6  (110 min), CrilFlO  (120 min) and CrilB6  (135 min).

Denaturing phase: 3 minutes at 95°C 1 cycle

Denaturing phase: 30 seconds at 92°C

Annealing phase: 30 seconds at * 37 cycles

Extension phase: 30 seconds at 72°C

Elongation phase: 10 minutes at IT C  1 cycle

Hold: at 4°C

34



The gels were stained for 30 m inutes on a shaker w ith 50 ml o f  TA E-buffer diluted 

3 tim es and 50 [i\ o f  Cyber Gold stain. The gels were w ashed for tw o hours in deionised 

w ater. Pictures o f  each gel were taken w ith a digital Polaroid. To rem ove non parasite 

specific bands (host bands) I included sam ples o f  uninfected hosts.

G enetic Structure A nalysis

I applied standard population genetic m ethods to analyze the genetic population 

structure o f  the parasite. I used the G E N EPO P softw are package (R aym ond & Rousset,

1995) version 3.4 to test for H ardy-W einberg equilibrium  and to calculate the allelic and 

genotypic distances; G enA lEx 6 (Peakall & Sm ouse, 2006) was used to calculate the 

observed and expected heterozygosities (C hapter 3.2), and the FSTA T softw are package 

(Goudet, 1995) version 2.9.3.2 to calculate the observed and expected heterozygosities 

(C hapter 4.2), F -statistics and i?//0 -sta tistics.

The F-statistic  F gj and both the allelic and genotypic distances are m easures for the 

genetic divergence am ong subpopulations. The F -statistic F st has lim itations when 

analyzing loci w ith high levels o f  variation, such as m icrosatellites and often is biased 

dow nw ards w hen variation w ithin subpopulations is high: if  variation w ithin populations is 

high, the proportion o f  the total variation distributed am ong populations cannot be high 

(H edrick 1999). I detected high levels o f  heterozygosity  in all parasite populations studied, 

and thus, I obtained low  F st values. The analysis for allelic and genotypic differentiation 

provided m e with m ore realistic coefficients to detect differentiation am ong parasite 

populations.

To m ake potential phylogenetic inferences am ong parasite populations I assum ed a 

stepw ise m utation m odel. I transform ed the m icrosatellite m ultilocus genotypes into 0 and 

1 characters. I perform ed 1000 bootstraps (w hen possible) using the program  S e q b o o t  o f  

the P h y l i p  package (Felsenstein, 2006) version 3.66. To further calculate the significance 

o f  the branching I used the M i x  program  from  P h y l i p  to analyze the 1000 replicates 

applying the W agner parsim ony m ethod to estim ate evolutionary relationships. Then, I 

used the C o n s e n s u s  program , also from  P h y l i p , to obtain the consensus tree including the 

bootstrap (Felsenstein, 1985) values. Finally, the trees were edited in T reeview  (Page,

1996) version 1.6.6 for W indows.
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S e c t io n  II

W ith in  H o s t  Cr it h id ia  D y n a m ic s



C h a p t e r  2.1

In t r o d u c t io n  t o  Se c t io n  II



In this section I have studied different factors affecting the within host parasite 

dynamics (host nutrition, host sex, host caste, host density and host species) and I have 

further explored parasite biology and population dynamics.

Host nutrition plays an important role in determining the development and success 

of parasitic infections. While studies of vertebrate hosts are accumulating, little is known 

about how host nutrition affects parasites of invertebrate hosts. In chapter 2.2 I determine 

the impact of host nutrition on the population dynamics and development o f micro

parasites in invertebrates using as a model system Bombus terrestris and Crithidia bombi. 

While differences in parasite prevalence for host sex has been detected in vertebrates, the 

role o f this factor in invertebrates remains poorly studied; moreover, the haploid state of 

males in eusocial Hymenoptera -  the ants, bees and wasps -  has been proposed as a 

driving force in the evolution of social behaviour under the assumption that haploidy 

results in higher susceptibility to pathogens. In chapter 2.3 I present the first test of the 

assumptions of the “haploid male susceptibility hypothesis”. I challenged males and 

workers o f the bumble bee Bombus terrestris with its parasite Crithidia bombi, I reviewed 

observational studies on parasitism in haplodiploid insects and, with a simulation model, I 

studied how diverse genetic mechanisms could affect the values for resistance.

Although social insects produce both females and males, one important feature of 

these animals is the production of different castes. In bumble bees, queens produce 

daughter workers and new queens with marked morphological differences. In addition, 

parasites select for the allocation of host resources to defence with consequent implications 

for host fitness (Sheldon & Verlhust, 1996). Parasites may have a different impact within 

host populations in two ways: 1) if some classes of individuals are more likely to acquire 

parasites and, 2) parasite virulence varies depending upon the host class leading to host 

classes suffering differential costs in a predictable way (Allander, 1997). Therefore, in 

chapter 2.4 I have studied both the induced and constitutive immune responses in queens 

and workers of Bombus terrestris after being challenged with Crithidia bombi.

Host density has been also identified as an important factor contributing to the 

evolution of virulence. In addition, a few empirical studies indicate that host density (group 

size) promotes higher levels of immune defence and suggest that this could be due to the
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higher risk of parasites. Furthermore, social insects live in groups but it is unknown 

whether a relationship between social status, immune defence and parasites exists. In 

chapter 2.5 I have studied the response of different immune defence components in relation 

to group size and infection in the social insect Bombus terrestris.

I have shown above that both host and parasite traits are important to understand 

multihost-parasite systems. In my system, little is known about the parasite’s biology. In 

chapter 2.6 I provide the first description of a new cellular stage of my trypanosomatid. 

This form seems to be an intermediate stage of the cell division process in Crithidia bombi 

and I have identified it in both naturally and laboratory infected bumble bees. I continue 

the study of C. bombi in Chapter 2.7, but this chapter is focused on parasite population 

dynamics and the time series analysis of a long-term laboratory C. bombi infection.

I finish my within-host dynamics analysis with a cross-species infection experiment 

with different parasite strains infecting two host species to study for potential differences 

in virulence and transmission and then I analysed the immune defence levels in different 

host species and their interaction with parasite infection in Chapter 2.8.
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C h apter  2.2

T h e  Im p a c t  o f  H o s t  St a r v a t io n  o n  P a r a s it e  D e v e l o p m e n t  

AND P o p u l a t io n  D y n a m ic s  in  a n  In t e s t in a l  T r y p a n o s o m e  

P a r a s it e  o f  B u m b l e  B e e s

A c k n o w l e d g e m e n t s  a n d  A u t h o r s h i p

The work presented here has been published as: Logan, A., M. X. Ruiz-Gonzalez & M. J. F. 

Brown. (2005). The impact of host starvation on parasite development and population 

dynamics in an intestinal trypanosome parasite o f bumble bees. Parasitology 130, 637-642. 

Ms. A. Logan and M. X. Ruiz-Gonzalez contributed equally in the laboratory, conducting both 

the inoculations and parasite countings. Ms. A. Logan wrote the original manuscript that I 

improved. Dr. Brown designed the experiments, helped with the interpretation of the results 
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INTRODUCTION

The nutritional status of host animals has an important impact on the dynamics o f host 

parasite interactions. Hosts suffering from malnutrition may have increased susceptibility 

(e.g., Ing et al. 2000; Koski & Scott, 2001; Pedersen et al. 2002), and may suffer more 

severely from parasitism {e.g.. Holmes et al. 2000; Anstead et al. 2001; Coop & Kyriazakis, 

2001; Koski & Scott, 2001; Pedersen et al. 2002). From the parasite perspective, host 

nutritional status may determine growth, of both individuals and populations, within the host, 

with obvious implications for transmission and parasite fitness {e.g., Keymer et al., 1983; Shi 

et al. 1995; Sudati et al., 1997; Petkevicius et al. 2001; Neves et al. 2001; Oliveira et al. 2003; 

Ezenwa, 2004; but see Simoes et al. 2002). In the natural world, hosts frequently undergo 

nutritional stress due to a lack of, or competition for resources. Consequently, understanding 

the interaction between host nutrition and the host-parasite dynamic can contribute to the 

understanding of complex host-parasite relationships, as seen in Chapter 1.1, because host 

nutrition may play a decisive role in host quality, if nutrition improves the host as a resource 

for the parasite, or host survival, if nutrition buffers parasite impact

Studies of gut parasites in vertebrates have suggested three main mechanisms by which 

host nutritional status might influence parasites (Bundy & Golden, 1987), (i) nutritionally 

mediated changes in host defences, (ii) malnutrition of the parasite, and (iii) nutritionally 

mediated changes in the environment of the parasite. These mechanisms may act singly or 

synergistically. For example, suppression of the host immune response due to malnutrition ie. 

g., Shi et al. 1994; Scott & Koski, 2000) is likely to lead to increased numbers o f infective 

stages successfully establishing, maturing and reproducing themselves in the host. 

Concomitant changes in the environment, perhaps through changes in the physiology of the 

host-gut, may have the opposite effect, with infective stages failing to establish themselves 

(Ongele et al. 2002). Finally, a general lack of resources may either have no effect on parasite 

population establishment and growth, or lead to its reduction, depending upon how the 

parasite obtains its own nutritional needs from the host. While a number of studies in 

vertebrates have assessed the impact of these various mechanisms (see references above), so 

far too little is known to predict general patterns in the relationship between host nutrition and 

parasite success.
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Understanding o f  the impact o f host nutrition in invertebrate host-parasite systems is 

even more Hmited. To the best of my knowledge, only Kollien & Schaub’s work (reviewed in 

2000; 2002; 2003), which quantified the impact o f feeding and starvation o f the 

hemimetabolous bug Triatomine infestam  on its heteroxenous and homoxenous trypanosomes 

{Trypanosoma cruzii and Blastocrithidia triatomae, respectively), has examined the role of 

host nutrition in invertebrate host-parasite systems. In starving bugs, parasite populations 

decrease and show potentially adaptive changes in the relative proportion o f different 

developmental stages. The mechanism behind these changes is unclear, although it is likely to 

be due to parasite malnutrition, changes in host gut physiology, or both. However, starvation is 

a normal part o f the lifecycle of this host species, and thus the im pactof starvation on parasites 

in invertebrate hosts where it is an abnormal agent o f stress remains unclear. Here I investigate 

the impact o f host nutrition on the population dynamics o f the gut trypanosome Crithidia 

bombi in its holometabolous host, the bumble bee Bombus terrestris.

The Crithidia/Bombus system has become a model invertebrate host-parasite system 

(Schmid-Hempel, 2001). The parasite infects its adult hostper os and then develops in the gut, 

before transmission stages are passed out in the host faeces from about two days after 

infection (Schmid-Hempel & Schmid-Hempel, 1993; Imhoof & Schmid-Hempel, 1998b). 

Under conditions of host-stress the parasite has a significant impact on its host’s survival and 

reproduction (Brown et a l ,  2000; Brown et a l ,  2003a), but see Chapter 1.1 for a detailed 

description o f this host-parasite system and the effects o f the parasite on its host. In the current 

study I address two questions: 1) how does host starvation affect parasite population growth 

and potential for transmission?; and 2) does host nutrition impact on the presence o f different 

developmental forms o f the parasite?

MATERIAL AND METHODS

Bees for the experiment were taken from two commercial colonies o f B. terrestris 

dalmatinus. 20 bees were taken from each colony and assigned randomly to one o f two
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treatments, ‘Pollen’ and ‘No Pollen’. Prior to the experiment, the bees were fed pollen and 

sugar water ad libitum. In addition, their faeces were checked to make sure that the bees were 

parasite-free.

To prepare the inoculum, faeces were collected from 175. terrestris workers infected 

with C. bombi taken from two naturally infected B. terrestris queens caught in the spring o f 

2003 in Dublin, Ireland. The faeces were mixed and cell counts were made usirg an improved 

Neubauer slide. The faeces were then mixed with sugar water to produce an inoculum 

concentration o f 2500 parasite cells/)il. Inoculation procedures are described in Chapter 1.2. 

Each bee ingested an estimated total o f 25000 parasite cells. Post-inoculation, bees were kept 

separately in plastic boxes. Pollen bees were provided with ad libitum pollen and sugar water, 

while No Pollen bees were provided only with sugar water.

For the following 15 days, faeces were collected from each o f the 40 bass and parasite 

cells were counted using an improved Neubauer slide. In addition, for each count 1 determined 

the presence or absence o f the three morphological forms o f the parasite -  promastigote, 

choanomastigote and amastigote. By using faecal counts, lather than dissections, I was able to 

track directly the development o f the infection in individual bees.

Prior to the main experiment described above, I ran a pilot experiment using 20 bees 

from one o f the two colonies. In this experiment, faecal parasite counts were only made for 

days 10 to 15, and morphotypes were not recorded, but in all other respects the experimental 

design was the same.

A repeated-measures ANOVA was used to determine the effects o f pollen treatment, 

colony, time and their interactions on the growth o f the parasite population. Because the data 

did not meet the assumption o f sphericity, Greenhouse-Geisser values were used to determine 

significance. Mann-Whitney J7-tests were used to examine differences between the pollen 

treatments on each day o f the experiment. To determine whether the parasite morphotypes 

appeared asynchronously I used paired /-tests (where forms were paired within bees) to 

analyse the order in which they appeared in the faeces, and x^-tests to analyse the prevalence 

o f each form on each day. Because data points across days are not independent, the improved

42



sequential Bonferroni technique was used to assess true statistical significance 

(Hochberg, 1988). All statistical analyses were done on SPSS 10 for the Macintosh.

RESULTS

O f the 40 experimental bees, three died (two from the No Pollen treatment and one 

from the Pollen treatment) and two escaped and were lost during the course o f the experiment; 

only one bee (No Pollen treatment) failed to establish aC. bombi infection.

There was a significant effect o f treatment on the parasite population, with Pollen bees 

carrying consistently higher parasite loads (Table 2.2.1, Figure 2.2.1). A day-by-day analysis 

showed that parasite loads were significantly higher on days three to eight, and days 10 to 13 

o f the experiment (Table 2.2.2, Figure 2.2.1). There was also a significant effect o f time, with 

parasite load generally increasing across the experiment (Table2.2.1, Figure 2.2.1). This trend 

was best captured by a linear relationship (Fi ô = 40.454,/7-value < 0.001) and represents the 

development o f the parasitaemia. In contrast, there was no effect o f colony-of-origin, or any o f 

the interactions between these factors (Table 2.2.1).

Table 2.2.1, Results from the repeated-measure ANOVA analysis of parasite population dynamics. 
Because the data did not meet the assumption of sphericity, statistics for the repeated measure and its 
interactions are the Greenhouse-Geisser values (explaining the non-integer values for degrees of 
freedom). Significant P-values are shown in bold.

Factor MS DF F-value P-value

Food 3.089 X 10'° 1,30 17.232 <0.001

Colony 6.769 X 10’ 1,30 3.776 0.061

Day 1.592 X 10'“ 3.473,104.2 4.251 0.005

Food*Colony 5.545 X 10’ 1,30 3.088 0.089

Food*Day 7.389 X 10’ 3.473, 104.2 1.973 0.113

Day*Colony 3.146 X 10’ 3.473, 104.2 0.84 0.489

Food*Colony*Day 3.514 X 10’ 3.473, 104.2 0.938 0.435
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Table 2.2.2. Pollen fed bees maintained significantly larger parasite populations. Results are from the 
Mann-Whitney (7-test analyses of differences between food treatments within days. Significant values 
after Bonferroni correction are shown in bold. See Figure 2.2.1 for parasite population dynamics.

Day fZ-statistic P-value

1 144.0 1 . 0 0 0

2 136.0 0.798

3 64.5 0.005

4 56.5 0.002

5 55.5 0.002

6 56.5 0.002

7 36.0 <0.001

8 45.5 <0.001

9 91.0 0.070

10 33.5 <0.001

11 60.0 0.003

12 67.0 0.007

13 53.0 0.001

14 79.5 0.025

15 76.0 0.018

In the pilot experiment, I found similar results. Parasite counts were significantly 

higher in pollen-fed bees for days 10 to 15 (RMANOVA; Pollen, Fi n = 8.286, p-value = 

0.015, Day, F 4 4 4  = 1.143,/7-value = 0.349, Pollen x Day, F 4 4 4  = 0.555,/ 7-value = 0.696), and 

significantly so for days 10, 12 and 13 (Mann-Whitney (7-test; day 10, Z =  2.666, p  = 0.008; 

day 11, Z =  0.889,/7-value = 0.374; day 12, Z =  2.062,/7-value = 0.039; day 13, Z =  2.205,/?- 

value = 0.027; day 14, Z =  1.389,/7-value = 0.165; day 15, Z =  1.8 8 6 , / 7-value = 0.059).
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Figure 2.2.1. The population dynamics of C. bombi infections in pollen-fed (-0-)  and pollen-starved 
(-1 I-) bees. Data shown are mean ± standard error. Note how the parasite population increases earlier 
and to higher levels in the pollen-fed bees. Bars with asterisks indicate the within-day comparisons that 
showed a significant difference between pollen-fed and pollen-starved bees (see Table 2.2.2 for 
statistics).

The promastigote form o f  the parasite appeared earlier in faeces during the course o f  

the experim ent than either the choanomastigote (m ean day o f  first appearance ± SE, 4.0 ± 0 .1 8  

vs. 5.0 ± 0.19, DF = 38, t = 6 .325 ,/7-value < 0.001; Figure 2.2.2) or am astigote forms (mean ± 

SE, 4.0 ± 0 .1 8  vs. 5.2 ± 0 .1 9 , DF = 38, t = 5.972, p-value < 0.001; Figure 2.2.2). There was no 

significant difference between the appearance o f  the choanom astigote and amastigote forms 

(DF = 38, / = 1.156, /?-value = 0.255; Figure 2.2.2).

Because o f  the significant differences betw een food treatm ents in the parasitaemia, I 

exam ined the relative prevalences o f  the three m orphotypes across all bees and for each food 

treatm ent individually. After Bonferroni adjustm ent, across all bees and within the Pollen 

treatm ent, there were significant differences in m orphotype prevalence for days 3, 4, 10, 11, 

and 13 o f  the experim ent (Table 2.2.3, Figure 2.2.2). These differences were due to a higher
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prevalence o f the promastigote form on days 3 and 4, and a lower prevalence o f the 

promastigote on days 10, II and 13 (Figure 2.2.2). It should be noted that the promastigote 

was consistently the most prevalent form for days 2-5 o f  the experiment, after which it showed 

a general decline in prevalence concomitant with an increase in the prevalence o f the two 

other forms (Figure 2.2.2). In contrast, in the No Pollen treatment there were no significant 

differences in morphotype prevalence throughout the experiment, even without Bonferroni 

adjustment (Table 2.2.3).

Table 2.2.3. Results from the analyses of the relative prevalences of the three parasite morphotypes 
(i) across all bees, (ii) across bees within food treatments. Significant values after Bonferroni 
correction are shown in bold.

All bees Pollen No Pollen

Day l\2) value l\2) /•-value X^2) /*-vaIue

1

2 4.1 0.131 4.1 0.126 ;
3 21.4 < 0.001 20.4 < 0.001 3.3 0.189

4 12.3 0.002 12.2 0.002 2.5 0.292

5 9.5 0.009 8.2 0.016 5.0 0.131

6 4.3 0.119 3.1 0.217 4.1 0.081

7 8.9 0.012 4.4 0.110 4.7 0.098

8 2.8 0.243 4.6 0.102 3.6 0.165

9 6.4 0.040 7.8 0.020 1.3 0.519

10 15.6 < 0.001 14.9 0.001 2.9 0.231

11 20.3 <0.001 15.5 < 0.001 5.5 0.063

12 10.2 0.006 8.9 0.012 5.7 0.058

13 12.2 0.002 13.3 0.001 2.0 0.375

14 6.4 0.042 9.7 0.008 3.1 0.207

15 6.5 0.039 4.7 0.097 2.3 0.312
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Figure 2.2.2. The comparative temporal dynamics for the prevalence of promastigote, 
choanomastigote and amastigote forms of the parasite in pollen-fed and pollen-starved bees. Contrast 
the absence o f any significant pattern in the prevalence of the three types in the upper graph (pollen- 
starved bees) with statistically significant differences (shown with an asterisk above the relevant 
columns) in the increase and decrease in prevalence of the three forms in the lower graph (pollen-fed 
bees) (see text and Table 3 for statistical details).
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DISCUSSION

My results show that the dynamics of Crithidia bombi populations in their bumble bee 

hosts are dramatically affected by the host’s nutritional status. Pollen-starved bees maintained 

significantly lower parasite populations that developed later after infection Furthermore, 

pollen-starvation disrupted the order in which different developmental forms of the parasite 

appeared as transmission stages.

Given the opportunity, worker bumble bees will consume pollen throughout their 

natural lifespan (Smeets & Duchateau, 2003; M. J. F. Brown, personal observation). 

Consequently, in conditions of high resource availability, populations o f the parasite within 

individual hosts should be high. In contrast, when colonies are food-stressed, individual 

parasite populations should decline rapidly. The implications of such fluctuations for parasite 

transmission and epidemiology depend upon the transmission route being considered. In this 

host-parasite system, transmission can occur either intra-colony (within the nest and between 

nest-mates; Schmid-Hempel (2001)) or inter-colony (via flowers and between non-nestmates; 

Durrer & Schmid-Hempel (1994)). Intra-colony transmission is unlikely to be affected by the 

nutritional status of hosts. Previous work has shown that a dose of 5000 parasite cells is 

sufficient to allow the successftil transmission of the parasite (Browne/ al. 2003b), equivalent 

to the number of cells present in a single defecation from a poller>starved bee. In dark, warm 

and humid nest conditions such defecated cells are unlikely to suffer rapid environment- 

induced mortality and thus will remain a potent source of infection. In contrast, my results do 

have implications for inter-colony transmission via flowers. In a previous experiment, 

Schmid-Hempel et al. (1999) showed that exposure to the environment dramatically reduced 

the infection potential o f parasite inocula. While the mechanism behind this reduction was not 

assessed, it seems likely that it is due to parasite mortality caused by dessication and UV-light. 

The reduced parasite population in the faeces of pollen-starved bees would enhance this effect, 

leading to a reduction in inter-colony transmission of the parasite and thus a reduction in the 

overall parasite population. Consequently, I would expect the parasite to be less prevalent in 

food-stressed host populations, in contrast to simple expectations based on host-susceptibility.
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What is the mechanism behind the reduction in parasite populations? The framework 

of Bundy and Golden (1987), developed for vertebrate systems, suggests two potential 

explanations. First, decreased host nutrition may negatively impact parasite populations 

through a simple reduction in resource availability. I do not know how much of the nutritional 

requirements of C. bombi are absorbed directly from the gut contents vs. from the host itself. 

If direct absorption is important, then pollen-starvation will impact on parasite population 

growth immediately. However, the presence of sustained parasite populations in pollen- 

starved bees suggests that C. bombi does derive significant nutritional supplies directly from 

its host. Consequently, the reduction in parasite populations may be due to a reduction in host 

derived resources. Previous work has shown that pollen-starved bees reallocate resources 

away from maintenance and growth to the costly immune system (Moret & Schmid-Hempel, 

2000; Brown et al. 2003b), potentially making resources less available to gut-parasites such as 

C. bombi. A second explanation is that the absence of pollen changes the gut environment to 

make it detrimental to parasite growth. Such affects have been shown in a trypanosome- 

vertebrate system (Ongele et al. 2002). Selenium is an important anti-oxidant, and a selenium- 

deficient diet resulted in reduced parasite growth in mice. Whether similar effects might be 

present in invertebrate hosts in general, and 5. terrestris specifically remains unknown.

To my knowledge, the only other trypanosomes of insects for which development and 

the impact of starvation and feeding have been quantified are Trypanosoma cruzii and 

Blastocrithidia triatomae in the reduviid bug Triatoma infestans (Kollien & Schaub, 2000, 

2002, 2003). Unlike bumble bees, which show holometabolic development and are infected by 

C. bombi as adults only, T. infestans is a hemimetabolous insect, where development from one 

instar to the next depends upon a natural cycle of feeding and starvation, and infection can 

occur at any point in the host life-cycle. However, despite these apparently large host 

differences, the impact of starvation in this system on parasite populations shows strong 

parallels with that seen in our experiments. The response of T. cruzii and B. triatomae to host 

starvation involves both dramatic decreases in population size and changes in the reld:ive 

presence of different developmental stages.
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It is currently unclear what the functions o f the three different developmental forms of 

C. bombi are, but the temporal pattern in their presence during an infection (except in the 

absence o f pollen, when this pattern was disrupted) and correlated variation across an infection 

in the ability for the parasite to be transmitted successfully from one host to another (Schmid- 

Hempel & Schmid-Hempel, 1993) suggests that the parasite forms may have different roles in 

transmission. For example, the rapidly moving promastigote form, with its large surface 

area:volume making it prone to dessication, may be more important for transmission intra

colony, while the presumably more resistant, small surface area:volume amasigote and 

choanomastigote forms may be more important for inter-colony transmission, where the 

ability to withstand environmental stress is more important (Schmid-Hempel et al. 1999). 

Thus, the developmental pattern makes sense from the perspective o f the parasite, as the 

propensity for bees to forage outside the nest increases as they age (Schmid-Hempel, 2001). 

An alternative, non-adaptive explanation is that the parasite life-cycle may be fixed within this 

group o f trypanosomes, making its potential fit with transmission routes a non-adaptive, but 

fortuitous accident. It should be noted that both o f these explanations assume that all parasite 

morphotypes have an equal probability o f entering the host faeces. If there is niche- 

partitioning within the gut by morphotypes, and no migratory behaviour between niches, then 

temporal patterns within the faeces may simply reflect such niche-partitioning by the parasite 

within the gut. All o f these suggestions remain to be tested.

To conclude, my results suggest that host nutrition is an important determinant for the 

within-host demography o f parasites o f  invertebrates, just as it is in the more well-studied 

parasites o f vertebrates. However, further studies are required to determine both the 

mechanisms behind such impacts and the relative importance o f them with respect to 

establishment, reproduction and transmission for parasites in these two fundamentally 

dissimilar types o f host.
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INTRODUCTION

Parasites are ubiquitous and exert strong selective pressures on their host 

populations. For example, parasite interactions may favour an increase in the level of host 

ploidy (Nuismer & Otto, 2004), explain the evolution and maintenance of sexual 

reproduction (Hamilton et al., 1990), and select for recombination in their hosts (Otto and 

Michalakis, 1998; Camacho et al., 2002; Fischer and Schmid-Hempel 2005). Furthermore, 

host genetic heterozygosity enhances resistance to pathogens (Penn et al., 2002) and high 

genetic variation in social groups reduces parasite load (Liersch & Schmid-Hempel, 1998; 

Baer & Schmid-Hempel, 1999, 2001; Tarpy, 2003). Thus the host-parasite relationship 

implies a bi-directional selection pressure leading to coevolutionary Red Queen dynamics 

(Van Valen, 1973; Lively et al., 1990; Camacho et al., 2002).

Sexual reproduction generates genetic variability, which is advantageous against 

parasites, but it has been pointed out that differences between sexes could lead to 

differences in resistance and susceptibility to parasites. In most vertebrate species, parasite 

infection rates, intensities of infection, or susceptibility to infection are higher in males 

than in females (Zuk & McKean, 1996). Zuk and McKean (1996) suggested that this bias, 

or male disease susceptibility, could be due to sex-specific behaviour or morphology, or to 

the relation between testosterone and the immune system. In contrast to vertebrates, 

arthropods show no such sex-biased pattern in susceptibility (Sheridan et al., 2000), 

perhaps because they lack testosterone and their immune system differs from the vertebrate 

one (Hoffmann et al., 1999). However, many arthropods are haplodiploid and it is possible 

that haploid males could be more susceptible than diploid females to diseases because 

diploidy both masks deleterious mutations and improves the rate of adaptation to new 

environments (Mable & Otto, 1998; Otto & Michalakis, 1998).

O’Donnell and Beshers (2004) explored, in pioneering theoretical work, how 

pathogen susceptibility could be linked to the evolution of sociality in haplodiploid insects. 

They proposed the haploid susceptibility hypothesis, which stated that: 1) if haploid males 

are more susceptible to infections than their diploid worker sisters, then selection should 

have shaped the social behaviour of these predominantly female societies in such a way to
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minimize interactions with males and to decrease the risk of colony infection, and 2) that 

male susceptibility is rooted in their haploid condition. Inasmuch as disease resistance is 

usually a multiple loci trait with epistasis being an important component of its expression 

(Kover & Caicedo, 2001), and if resistance is controlled by many additive loci with many 

alleles, potential causes for haploid susceptibility include heterozygote and diploid females 

advantage and the buffering o f recessive alleles that are covered up in heterozygosis.

Bumble bees and their trypanosome gut parasite Crithidia bombi (Gorbunov, 1987) 

provide an excellent system to test the assumptions o f the haploid susceptibility 

hypothesis. Bumble bees are haplodiploid species and have been used widely as model 

organisms to study the ecology and evolution o f host-parasite interactions (reviewed by 

Schmid-Hempel, 2001; Brown et al., 2003a; Schmid-Hempel & Reber-Funk 2004), and 

the immune system of insects (Moret & Schmid-Hempel, 2000, 2001; Doums et al., 2002; 

Brown et al., 2003b).

Most bumble bee species have an annual colony cycle. Queens emerge from 

hibernation, found a colony and then produce one to several diploid worker broods before 

producing sexual (haploid males and diploid queens) adults. The sexual forms mate and the 

inseminated queens enter diapause, before emerging the following spring to start the 

annual cycle again (Schmid-Hempel, 2001; Chapter 1.1).

Crithidia bombi is a simple non-invasive flagellate trypanosome parasite that 

inhabits the gut o f bumble bees where it multiplies after attaching to the gut wall (see 

Chapter 1.1 for a detailed description). The parasite affects host fitness at both the 

individual and the colony levels and there are strong host-parasite genotype-genotype 

interactions (see Chapter 1.1 for a more detailed description).

Here I test the assumption of the haploid susceptibility hypothesis, that haploid 

males are more susceptible to infection than their diploid sisters, using males and workers 

from different colonies o f the haplodiploid species Bombus terrestris L. and its gut 

trypanosomatid Crithidia bombi.
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MATERIALS AND METHODS

I used eight workers and eight males from each of four commercial colonies of B. 

terrestris dalmatinus sourced from Koppert (see Chapter 1.2). To maintain productivity, 

Koppert periodically introduce new bumble bee queens to their rearing culture (A. van 

Doom, personal communication), so I have no reason to believe that the study colonies 

were inbred. Nevertheless, to check for heterozygosity, the animals used were genotyped 

using the B ll  microsatellite primers and following the protocol of Brown et al. (2003c). 

Animals were removed from the colonies on the day they eclosed and then transferred to 

plastic boxes with fresh pollen and sugar water ad libitum. Bees were inoculated when they 

were eight days old. Prior to the experiment, the faeces o f the bees were checked to 

confirm their parasite-free status.

To determine an appropriate experimental inoculation dose, I used previous studies 

(Brown et al. 2000, 2003b; Imhoof & Schmid-Hempel, 1998a,b; Logan et al., 2005; 

Schmid-Hempel et al., 1999; Chapter 2.8) to generate a curve of the relationship between 

dose and probability of infection (Figure 2.3.1). These data were only available for 

workers. The dose chosen reflects a trade-off between methodological constraints (the 

number of individuals that could be handled per day) and the biology of infection. Too low 

a dose would require an unfeasibly large host sample size in order to generate sufficient 

data for analysis (see below) whilst too high a dose might swamp the effect o f interest. 

Based on these criteria, I chose a dose of 10,000 cells per inoculum.
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Figure 2.3.1. Percentage o f  uninfected animals when challenged with increasing number o f  
parasite cells. All data points were calculated from previous works (see text). The 10000 parasite 
cells inoculum was used in four previous studies and I have given their mean ±  SD.

To prepare the inocula, faeces were collected from Bombus terrestris queens and 

workers, naturally infected with Crithidia bombi, caught in the spring of 2004 in Dublin, 

Ireland. I prepared an inocula concentration of 1000 cells/^1 following the general protocol 

described in Chapter 1.2, and each animal ingested a total of 10,000 parasite cells. For the 

following 15 days, faeces were collected from each of the 64 bees. 15 days represents the 

majority of a worker’s lifespan under natural conditions (Schmid-Hempel & Heeb, 1991), 

male longevity under field conditions is unknown. Furthermore, C. bombi impacts bumble 

bee fitness from at least day 7 post-infection (Brown et al., 2000) and thus my 

experimental design encompasses the period when susceptibility would result in a fitness 

cost.
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To determine whether there is a relationship between the volume o f faeces 

defecated and the concentration o f Crithidia cells, I used a separate sample of 56 infected 

B. terrestris workers. For each bee I measured the volume of faeces defecated during 

sampling on days 1-10 of the infection, and then conducted a Pearson correlation analysis 

between this and the concentration of parasite cells in the faeces. I also examined whether 

there was any change across the duration of the infection in the amount o f faeces defecated 

at the sample times.

I used Fisher’s exact test to check for differences in susceptibility to C. bombi 

between haploid males and diploid workers. I used a repeated measures ANOVA to test for 

effects of caste, colony, day and their interactions on levels o f infection. Due to the death 

of some animals during the experiment, and to maximize the sample size (by including the 

data from the dead animals) o f the infected animals per day, I analysed only days two to 11 

post inoculation (on day one no inoculated bee defecated parasite cells). Death of subject 

animals cannot be assigned to infection because there were no uninfected animals in the 

experimental design. Data were transformed using log{y+\). Because the assumption of 

homogeneity o f variances was not met for all data days (only for days six to 11 was the 

assumption met) 1 also analysed the data for each day using the non-parametric Mann- 

Whitney U test. P-values were corrected using the step-up sequential Bonferroni correction 

(Hochberg, 1988). Finally, I used a 2-way ANOVA with caste as a fixed factor and colony 

as a random factor to examine differences between haploid males and diploid females in 

their total amount of parasite cells produced across the whole experiment. Data were 

transformed using y ' = log y. Statistical analyses were done with SPSS 12.0.1 for 

Windows.

Literature review

I searched the literature (using ISl Web of Science and Schmid-Hempel 1998 as 

starting points) for studies which had examined parasite prevalence or intensity in 

haplodiploid insects for both males and females, to detennine whether there was any 

general pattern of haploid susceptibility.
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Simulation model

O ’Donnell and Beshers (2004) describe the genetic mechanism behind haploid 

susceptibility as being linked to codominance, additive loci and multiple alleles. To 

describe exactly the expectations for resistance o f haploid and diploid individuals under a 

number o f different assumptions, I constructed a multi-loci simulation model for 

resistance. I wrote a program in C++ (Microsoft Visual C++ Standard Edition), which 

randomly generated three sets o f 999 chromosomes with five loci each. The program 

randomly assigned to each loci one o f 10 possible alleles with fixed values from 0.1 to 1.0 

as potential values. Each o f the 999 diploid animals were generated by combining two o f 

the five loci chromosome sets, with the third set representing the 999 haploid males. Here I 

have defined resistance at the individual level as the mean o f the sum o f the combination o f 

the alleles values present at the five loci, whether the animal is diploid or haploid. I 

calculated the mean resistance for diploid workers under three different assumptions: 

Hypothesis 1 assumed Mendelian expression, and a dominant/recessive allele structure, 

and so for each locus with two alleles only the allele with higher value was “activated” or 

chosen by the program; Hypothesis 2 assumed random expression o f alleles and for each 

locus with two alleles the program chose one randomly (this hypothesis acted as a null 

model control for HI and H3); Hypothesis 3 assumed imprinting (inactivation or silencing 

o f one o f the parental alleles, genes or chromosomes) and the program calculated 

resistance based only on the first allele for each locus. I did not model either a mechanism 

assuming additive effects, e.g., the average resistance after summing the two paired values 

at each locus, because its output will obviously be significantly bigger, or overdominance, 

which would produce even higher mean resistance. I calculated the mean resistance for 

haploid males under three different assumptions: Males is the mean resistance for all the 

males; Males > 0.3 (soft purifying selection hypothesis) assumed that due to the male 

haploid condition selective forces are acting on deleterious alleles, thus purifying those 

male genotypes with low fitness values - low fitness can happen when deleterious 

mutations in general are uncovered in haploids but also if  resistance alleles are expressed 

as a general rather than specific response - resulting in haploid males with a mean 

resistance lower than 0.3 being unable to finish their development and thus removing them 

from the calculation o f mean adult resistance (final N = 973); in Males > 0.5 (strong 

purifying selection hypothesis) I removed those males with values lower than 0.5 (final N 

= 662). I used the Kruskall-W allis test to examine differences in simulated resistance
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am ong the different groups, and pairw ise com parisons using the M ann-W itney f/-test 

corrected  for m ukiple com parisons w ith the sequential Bonferroni procedure.

RESULTS 

Colony genetic variability

M icrosatellite genotyping showed that all m ales were haploid. I found a total o f  6 

alleles at the B l l  locus, indicating genetic variability across colonies. H eterozygous 

w orkers and m ales w ith different alleles w ere present in all colonies.

Susceptibility to C. bombi in haploid males and diploid workers

Bum ble bee haploid m ales did not differ in their susceptibility  to infection by C  

bombi when com pared w ith diploid w orkers (28 o f  31 m ales and 31 o f  32 w orkers becam e 

infected, F isher’s exact test, p -value = 0.607). Parasite cells began to appear in the faeces 

o f  som e w orkers one day before (on day two post-inoculation) the earliest infections in 

m ales and after day eight post-inoculation no further anim als developed the infection.

Levels of infection in haploid males and diploid workers

Haploid m ales and diploid workers did not differ in their levels o f  infection (Figure 

2.3.2; Fi, 47 = 3.45, j9-value =  0.07). There was a significant effect o f  day in the 

rm A N O V A  reflecting an increase across tim e in the average level o f  infection (Figure 

2.3.2; ^6 ,293 =  150.99, p-value < 0.001) and in the interaction o f  day and colony (F|g^ 293 = 

1.65, p-value =  0.045) pointing out differences am ong the colonies in the levels o f 

infection across tim e; in two out o f  four colonies, parasites appeared in day three rather 

than day two post-inoculation and infection levels rem ained low er in these colonies for the 

first seven days. There was no effect o f  colony or any other significant interaction effects 

on infection (Table 2.3.1).
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Figure 2.3.2. Parasite intensities measured in haploid males (N = 32) and diploid workers (N = 32) 
across the 11 days o f the experiment. Data are the mean ± SE of parasite ceils/nl.

Table 2.3.1. Results from the repeated-measures ANOVA of parasite infection intensities across 
the experiment. Because the data did not meet the assumption o f sphericity, statistics for the 
repeated measure (day) and its interactions are the Greenhouse-Geisser values (degrees o f freedom 
have been rounded to the nearest whole number).

Factor MS DF F-value P-value

Caste 13.47 1 3.45 0.070

Colony 6.33 3 1.62 0.197

Colony X Caste 2.83 3 0.73 0.542

Error 3.90 47

Day 135.31 6 150.99 <0.001

Day X Caste 1.05 6 1.18 0.319

Day X Colony 1.48 19 1.65 0.045

Day X Colony x Caste 1.36 19 1.52 0.080

Error 0.90 293
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The results o f  the non-parametric Mann-W itney f/-test showed a significantly 

lower level o f  infection in males for day 10 post-inoculation {U  = 263, p-value = 0.04; all 

other p-values > 0.05), but after step-up sequential Bonferroni correction, there were no 

significant differences between haploid males and diploid workers in levels o f  infection.

W hile haploid males shed fewer parasite cells across the infection than did diploid 

workers (males = 10,764 ±  1927.04, workers = 26,516 ± 7847.48) there were no significant 

effects o f  caste (MS = 0.93, Fi, 3,072 =  7 .8 7 ,/»-value =  0.066), colony (MS = 0.31, 3 =

2.66, p-value = 0.222) or their interaction (M S = 0.12, Fi, 4g = 0.52, p-value = 0.668) on 

overall infection.

Results o f  these analyses were qualitatively the same i f  data for the whole 15 days 

were used.

There was no significant correlation between the day post-infection and the amount 

o f  faeces produced at the daily sample (N = 10, r = 0 .13,/)-value = 0.72). Similarly, in only 

one o f  the 1 0  days post-infection was there a significant correlation between faeces volume 

and the concentration o f  parasite cells (day 6  post-infection, N  = 37, r =  -0.53, /(-value < 

0.01). Consequently, I believe that my sampling method produces a true reflection o f  the 

epidem iology o f  the parasite within its host.

Prevalence of parasites in haplodiploid social hosts for both sexes

I found data from more than 30 host species, all o f  them Hymenoptera, for around 

10 parasites or parasitoids (Table 2.3.2). M ost hosts were bumble bees, which have been 

the focus o f  most host-parasite studies in social Hymenoptera. However, only four o f  these 

parasites are transmitted within the nest (Varroa destructor, Crithidia bombi, Nosem a  

bom bi and Locustacarus buchneri) and thus appropriate for assessing the importance o f  

haploid susceptibility. O f these fifteen independent data sets, males only had higher 

parasite prevalence in six cases (Table 2.3.2).
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Table 2.3.2. Prevalence o f parasites in haplodiploid social hosts (honey bees, bumble bees and Dolichoderine ants). I show results when data were 
available for both males and workers with at least 5 animals of each sex. Percentages in bold reflect lower prevalence in males than females. In 15 
out of the 26 studies the males showed lower prevalence. References: 1 Schmid-Hempel ei al., 1990; 2 Shykoff & Schmid-Hempel, 1991a; 3 
Otterstatter et al., 2002; 4 Santillan-Galicia et al., 2002; 5 Hughes et al., 2003; 6 Otterstatter, 2004; and 7 Otterstatter & Whidden, 2004.

Haplodiploid host Parasite Prevalence (%) Ref.

Apis mellifera Varroa destructor (Acari)

Males (N)
90.07(141)

Workers (N)

49.12(228) 4

Bombus bifarius, B. californicus, B. Jlavifrons & B. occidentalis Physocephala sp. (Diptera: Conopidae) 3.5 (431) 12.3 (1435) 6

B. terrestris /  B. lucorum (Diptera: Conopidae) 16.7 (24) 22.9 (61) 2

Crithidia bombi (Protozoa: Trypanosomatidae) 54.2 (24) 80.3 (61) 2

Nosema bombi (Microsporidia; Nosematidae) 50.0 (24) 14.8(61) 2

B. pascuorum (Diptera: Conopidae) 8.6 (35) 30.3 (132) 2

Crithidia bombi (Protozoa: Trypanosomatidae) 0.0(35) 8.3 (132) 2

Nosema bombi (Microsporidia: Nosematidae) 8.6 (35) 2.3 (132) 2

Locustacarus bucfmeri (Acarina: 5.7 (35) 6.1 (132) 2

B. lapidarius

Podapollpodidae) 

(Diptera: Conopidae) 7.7 (26) 27.2 (81) 2

Crithidia bombi (Protozoa: Trypanosomatidae) 15.4 (26) 53.1 (81) 2

Nosema bombi (Microsporidia: Nosematidae) 15.4 (26) 0.0 (81) 2



Table 2.3.2, cont. Prevalence o f parasites in liaplodiploid social hosts.

Haplodiploid host Parasite Prevalence (%) Ref.

B. pratorum (Diptera: Conopidae)

Males (N) 

0.0 (6)

Workers (N)

8.3 (12) 2

Crithidia bombi (Protozoa: Trypanosomatidae) 16.7 (6) 58.3 (12) 2

Locustacarus buchneri (Acarina: 0.0 (6) 50.0(12) 2

B. hortorum

Podapollpodidae) 

(Diptera: Conopidae) 20.0(10) 18.2(11) 2

Crithidia bombi (Protozoa: Trypanosomatidae) 50.0(10) 36.4(11) 2

Nosema bombi (Microsporidia: Nosematidae) 10.0(10) 54.5(11) 2

B. hypnorum Crithidia bombi (Protozoa: Trypanosomatidae) 50(8) 100 (8) 2

Nosema bombi (Protozoa: Microsporidia) 12.5 (8) 12.5(8) 2

17 Bombus sp. from Canada Locustacarus buchneri (Acarina: 6.5 (598) 4.5 (3245) 7 •

Bomhus hifarius, B. californicm, B. flavifrons & B. occidenlalis

Podapollpodidae)

Apocephalus borealis (Diptera: Phoridae) -2 4 (1 4 4 ) ~ 13 (937) 3

Physocephala texana (Diptera: Conopidae) 1.8(111) - 9 .0  (896) 3

12 Bombus sp. and 5 Psithyrus sp. Sicus sp. & Physocephala sp. (Diptera: 

Conopidae) 7.1 (567) 13.2 (621) 1

Syntretus sp. (Hymenoptera: Braconidae) 0.5 (567) 0(621) 1

Dolichoderus bispinosus (Strepsiptera: Mymiecolacidae) 17.5 (252) 8.99 (4778) 5

The prevalence o f the parasite was lower in males than in females (1.3 % (N = 310) males and 3.7 % (N = 2517) workers) in the best-sampled site (73.56 % of 
all studied animals) out o f the 9 sites.



The impact of potential genetic mechanisms on resistance through In silico simulation

The results of the Kruskal-Wallis test to examine differences in simulated 

resistance among the different groups showed a significant overall effect (S) = 1179.03, 

p-value < 0.001), and pairwise comparisons using the Mann-Witney f/-test corrected for 

multiple comparisons with the sequential Bonferroni procedure showed no significant 

differences for the six pairwise comparisons among Hypothesis 2, Hypothesis 3, Males and 

Males > 0.3, but detected differences (p-value < 0.001) for all other pairwise comparisons. 

These results suggest a role for either random allelic expression or imprinting when 

haploid males and diploid workers show the same level of resistance or susceptibility to 

parasites.

DISCUSSION

In the bumble bee Bombus terrestris haploid males did not differ in susceptibility 

or levels o f infection when compared to diploid workers. This shows that absolute levels of 

susceptibility and levels o f infection are not rooted in the haploid condition, and thus I find 

no evidence to support the assumption of the haploid susceptibility hypothesis. If anything, 

there was a trend for males to have lower susceptibility and lower intensities of infection 

than workers.

Here I have examined two measures o f susceptibility -  the initial susceptibility to 

infection and the within-host population growth o f the parasite. My inoculation dosage was 

chosen to maximise results for both o f these measures. Initial susceptibility was high for 

both males and workers, and further work to investigate such susceptibility at lower 

inoculation doses is warranted. Population growth of the parasite as a measure of 

susceptibility depends upon the assumption that in resistant hosts, parasites will not be able 

to reproduce. As transmission of C. bombi is dependent upon the emission o f parasite cells 

in the host faeces, I believe that this is a good measure of susceptibility in this system.
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Previous work (Logan et al., 2005 or see Chapter 2.2), combined with my data, suggest 

that the dynamics of successful infections are independent o f initial dose. I did not measure 

host mortality due to parasitism, a further measure o f susceptibility, which mainly occurs 

under starvation conditions in this system (Brown et a i,  2000; but see Imhoof & Schmid- 

Hempel, 1998a). Nevertheless, despite these caveats I would re-iterate the point made 

above that, if  anything, although not supported statistically, haploid males appear to be less 

susceptible to C. bombi than diploid workers.

This is the first study to test the assumption lying behind the haploid susceptibility 

hypothesis (O’Donnell & Beshers, 2004). In my literature review (Table 2.3.2) I found 

only correlational studies of parasite prevalence in male and female social Hymenoptera. 

These data suggested no general pattern o f haploid susceptibility, but there is clearly an 

absence o f studies outside the genus Bombus, so the generality o f this observation is 

unclear. Moreover, I failed to find information from non-Hymenopteran haplodiploid 

groups within the Thysanoptera, Coleoptera, Homoptera, Rotifera and Acari. The 

dynamics o f infection found for both males and females in my study match those from 

previous work in this host-parasite system (Schmid-Hempel & Schmid-Hempel, 1993; 

Logan, et al., 2005 or see Chapter 2.3). Nevertheless, to some extent my results are 

surprising, as female worker bumble bees have been demonstrated to have higher levels of 

constitutive immune defence than males (the pro-phenoloxidase system, Moret & Schmid- 

Hempel, 2001; Gerloff et al., 2003). Previous work showed that C. bombi induces up- 

regulation o f the pro-phenoloxidase system (Brown et al., 2003b), but my results suggest 

that differing initial levels of immune activity do not result in differences in susceptibility 

or parasite development within the host. In honey bees, males are more attractive to the 

Varroa mite than are workers, but this seems to be an adaptation to male developmental 

time rather than haploid susceptibility per se (Santillan-Galicia et al., 2002).

The concept of haploid susceptibility is rooted in the idea that disease resistance is 

based on genetic variation at the individual level, with co-dominant alleles at resistant loci 

leading to higher levels of resistance in diploid individuals {e.g., sickle cell anaemia). The 

differences between haploid and diploid resistance should be greatest when many additive 

loci are involved and when each locus has multiple alleles (O’Donnell & Beshers, 2004).
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Previous studies in the Bombus-Crithidia system have provided ample evidence for 

highly variable, genetically-based resistance (Shykoff & Schmid-Hempel, 1991b,d; 

Liersch & Schmid-Hempel, 1998; Baer & Schmid-Hempel, 1999; Schmid-Hempel et al., 

1999; Baer & Schmid-Hempel, 2001, 2003; Mallon & Schmid-Hempel, 2004; Schmid- 

Hempel & Reber-Funk, 2004). So, why did I find no evidence for haploid susceptibility? I 

can think of at least three explanations.

First, what if  resistance alleles are not co-dominant? In this case, a naive 

expectation would be for adult haploid susceptibility to exist, e.g. haploid susceptibility 

could be found for polymorphic loci that harbour recessive alleles for susceptibility. 

However, if  resistance loci are expressed as a general answer to parasitism, rather than 

being parasite species-specific, males carrying recessive alleles may fail to reach adulthood 

by succumbing to diseases at the larval or pupal stage. As a consequence, adult males and 

workers might exhibit similar levels o f resistance and the apparent absence o f haploid 

susceptibility would be a result of looking at the wrong life-history stage o f the host. While 

C. bombi cannot infect larvae, bumble bees host numerous larval diseases (Schmid- 

Hempel, 1998). Schmid-Hempel and Loosli (1998) examined larval susceptibility to the 

microsporidian parasite Nosema bombi and found no evidence for differential infection in 

male or worker larvae. Furthermore, results from my simulation model suggest that even 

under high levels of larval failure (Male > 0.5), adult male susceptibility should be greater 

than that o f diploid workers (Hypothesis 4 vs. Males > 0.5; Figure 2.3.3). Thus I conclude 

that in the absence of other data, there is no evidence to support the idea that haploid 

susceptibility at the larval stage screens out differences among adult haploid males and 

diploid workers. However, even if such larval haploid susceptibility exists, this should not 

select for the specific social behaviour suggested by O’Donnell and Beshers (2004).
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(null model control) and imprinting in diploid workers, and males, m ales under soft purifying 
selection (M ales > 0.3); and males under strong purifying selection (M ales > 0.5).

A second explanation might be that only one allele at each locus is expressed, but 

due to a phenomenon like imprinting (Charlesworth, 1996; Lloyd, 2000; Bongiomi & 

Prantera, 2003) rather than a dominant/recessive system. This is Hypothesis 3 in my 

simulation and, apart from random expression of alleles, is the only outcome that predicts 

my experimental results. In this case, as shown by my simulation model, males and 

workers should on average have similar susceptibility to parasites, as their resistance 

alleles are both effectively haploid (Figure 2.3.3). Although a genomic imprinting model, 

as proposed by Beukeboom (1995) to explain sex determination in Hymenoptera, appears 

to be quite unlikely (Kerr, 1997), it has been shown for sex determination in Nasonia 

vithpennis (Dobson & Tanouye, 1998) and there are strong theoretical expectations that it 

should occur in other haplodiploids (Queller, 2003). While it should be noted that 

imprinting is only expected in conflict-related genes and imprinting o f resistance loci 

might have substantial fitness costs, it remains the only likely purely genetic explanation 

for my results. I am currently working on determining whether imprinting is present in 

Bombus terrestris.
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My third explanation comes from the perspective of the parasite. In eusocial 

Hymenoptera, be they ‘primitive’ like bumble bees, or ‘advanced’ like honey bees, males 

are produced in relatively small numbers at a single point in time. In contrast, workers are 

produced in large numbers throughout the colony life-cycle. Consequently, most parasites 

will utilise workers rather than males as their predominant host. Workers and males differ 

not only in their ploidy, but also in their sex, and are consequently physiologically and 

morphologically different. As a result, parasites should be adapted to the female worker 

host, and should not necessarily be expected to perform well within the unfamiliar male 

host (a similar argument was developed independently by Schmid-Hempel (1998), p. 110). 

This parasite adaptation would be enhanced by short life-cycles relative to the host, and 

repeated passages through genetically related individuals, as I would expect for C. bombi 

in bumble bees. From this perspective, the trend from my results for C. bombi to do less 

well in males than in workers is not unexpected. While haploid susceptibility may still 

exist, and may perhaps explain the non-significant difference I found between males and 

workers in susceptibility (as if adaptation was the sole force, I would expect the parasite to 

have done significantly better in workers than in males), the adaptation o f parasites to 

workers would make it unlikely for such susceptibility to play a driving role in the 

evolution of behaviour in the colonies o f social Hymenoptera.

There remains one way in which my results might be consistent with the haploid 

susceptibility hypothesis. Previous work (Rosengaus et al., 1998; Hughes et al., 2002; Pie 

et al., 2005) has shown that sociality may reduce susceptibility to parasitism. If workers 

but not males can benefit from sociality in this way, the haploid susceptibility hypothesis 

would be supported. This remains to be tested.

O’Donnell and Beshers (2004) suggested that haploid susceptibility may have 

played a key role in the origin and maintenance of social behaviour in the Hymenoptera. 

While I found no evidence for haploid susceptibility in an appropriate model system, 

further tests using other parasites and other hosts need to be done to confirm the generality 

of my results. In the absence of haploid susceptibility, the ‘design constraints’ hypothesis 

(Baer, 2003; O ’Donnell & Beshers, 2004) seems the most likely explanation for the 

evolution of predominantly female hymenopteran societies.
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C h apter  2.4

In n a t e  Im m u n e  D if f e r e n c e s  A g a in s t  P a r a s it e s  in  B u m b l e  

B e e  C a s t e s : “ T h e  B l u e  B l o o d  E f f e c t ”

A c k n o w l e d g e m e n t s

This chapter involved two main experim ents, the infection and the immune defence 

analyses, which were conducted in two laboratories, respectively: Departm ent o f  Zoology, 

Dublin University -  Trinity College (Ireland) and Equipe Ecologie Evolutive, Universite de 

Bourgogne (France). This chapter is co-authored (M. X. Ruiz-Gonzalez, M. Kelly, Y. M oret & 

M. J. F. Brown). M. Kelly helped during the extraction o f the haemolymph and to conduct the 

PO and proPO essays and measured the zones o f  inhibition. Dis. Brown and M oret assisted us 

during the analyses and helped during the interpretation o f  the data. 1 thank Ms. Rejane M. 

Falcao and Mr. Stephan Com et for assistance in the laboratory and technical support.



INTRODUCTION

Parasites impose costs on their hosts. The immune system evolves to prevent or 

minimize the impact o f parasites (Sheldon & Verlhust, 1996) with variation in impact 

selecting for higher or lower levels o f investment into immunity. Investment in immune 

defences involves trade-offs between parasite defence and life-history traits such as 

reproductive investment (Allander, 1997) or competitive ability (Kraaijeveld & Godfray, 

1997), indicating that the immune system is expensive to initiate and to maintain in an active 

state (Moret & Schmid-Hempel, 2000). Investment into immune function should therefore 

correspond to the relevant parasite threat.

Individuals vary within host populations along a number o f axes, e.g., sex, age, 

behaviour. This individual variation leads either to different chances o f getting infected or 

different expression o f virulence by parasites (Schmid-Hempel, 1998). The chance o f  getting 

infected depends upon both transmission dynamics and susceptibility o f individual hosts (see 

Figure 2.4.1a). A parasite may express different values o f virulence when infecting different 

hosts (see Figure 2.4.1b), e.g., because different hosts can have different genetic diversity 

(Baer & Schmid-Hempel, 1999) or because immune defences are weaker in aged hosts 

(Doums et al., 2002). Both the probability o f  infection and patterns o f parasite virulence may 

vary simultaneously (Figure 2.4.1c). Consequently, both of these factors should be central to 

understand the evolution o f a parasite and its population dynamics in a host population that is 

structured in different classes o f individuals.

A key factor in determining the susceptibility to infection is the immune system. The 

immune system o f invertebrates has two main elements: the constitutive resporse {e.g., 

phenoloxidase activity) and the inducible response (e.g., synthesis o f antimicrobial peptides) 

with both having a specific or non-specific response (Schmid-Hempel & Ebert, 2003; Schmid- 

Hempel, 2005). The constitutive and the induced immune responses deal with different 

challenges. There are associated constitutive (Sandland & Minchella, 2003) and inducible 

costs (Armitage et al., 2003) that may lead to trade-offs between the constitutive and the 

induced responses, in addition to trade-offs against other life history traits. Social insects share 

two characteristics that make them good model organisms for testing ideas about differential

69



parasite impact and patterns o f immune investment in hosts: they Hve in groups and they are 

organized in different classes o f individuals or castes. Living in a high-density group can 

increase the risk o f infection by parasites or pathogens (Anderson & May, 1981), while 

different castes have different roles and appear at different times o f the life-cycle and are thus 

likely to suffer differentially from parasites (Schmid-Hempel, 2001). Bumble bees are 

primitively eusocial annual insects, with small colonies and a simple caste structure. Bumble 

bee queens emerge in spring after diapausing during the unfavourable season and begin to 

forage for food. Once they have developed their ovaries, they look for a nesting site where 

they will found a colony by laying a first batch o f eggs. After a few weeks, the first workers 

are bom and help the queen nursing the brood and foraging. Soon, the queen remains in the 

colony laying more eggs while the workers forage for nectar and pollen and take care of both 

brood and nest. At the end o f the colony cycle, the queen stops producing workers and 

reproduces by raising sexuals, which will mate and the new queens will diapause. Bombus are 

thus a perfect organism for testing the immune trade-off because 1) although queens and 

workers perform different tasks, both castes spent part o f their life together in the nest, which 

can facilitate the transmission o f a parasite, and 2) bumble bees host many parasites which 

infect both workers and queens (Schmid-Hempel, 1998) but with a differential impact.

Crithidia bombi is a trypanosomatid parasite that infects both queen and worker castes 

but has a differential impact, with infected queens suffering a 40 % reduction in fitness under 

ad libitum  regime (Brown et ah, 2003a), whereas workers suffer no meaningful costs under 

similar conditions (Brown et a l ,  2000). Crithidia induces phenoloxidase (PO) activation 

(Brown et al., 2003b), which has been shown to protect against trypanosomes (Nigam et al., 

1997). Here I ask whether resource allocation in the immune system o f queens and workers, 

a) reflects the threat o f this differential parasite, and b) if such a pattern is associated with 

susceptibility to the parasite.

I examined the constitutive and induced immune response levels mB. terrestris queens 

and workers, the effect that the inoculation with the parasite C. bombi had on both immune 

responses, and the infection success o f C. bombi in both castes. 1 measured the levels of PO 

and pro-phenoloxidase (proPO) activities, as the constitutive non-specific immune response 

because C. bombi triggers its activation (Brown et al., 2003b). The PO level is the quantity o f
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a )  P a r a s it e b )  P a r a s i t e

Pn

a a a ai a2 ttn

c )  P a r a s it e d) CRITHIDIA BOMBI 

0.83 1.255

a \  0.2 On 0.0 0.4

Workers Queens

Figure 2.4.1. A parasite has a probability to infect different hosts ip) with an impact on its host, the 
parasite virulence (a), a) The probability to infect different n hosts is variable {p\, pi,--. Pn), but 
parasite virulence is effectively similar in each host (a), b) Each potential host has the same chance p  
of getting the parasite, but parasite virulence varies among hosts, c) The probability to infect different 
hosts is not homogeneous (pi, P2,--- p„) and the parasite virulence varies among hosts (ai, Q2,... a,,)- d) 
in the bumble bee, B. terrestris, workers and queens have different probability to get infected with C. 
bombi and the impact o f the parasite varies in each caste.

enzym e invested in the response to a given challenge, while the pro-PO level is the total 

quantity o f  enzym e available; the proportion PO/proPO is, thus, a good indicator for the 

strength o f  the response. I measured the antimicrobial activity as the induced specific response 

o f  the immune system . If a selection for allocation o f  resources to different functions in 

different castes exists I would expect differences in the expression o f  both the constitutive and 

the induced immune responses in workers and queens, with queens show ing higher levels o f  

the constitutive response because they can suffer a higher fitness loss to C. bombi  infection  

than workers.

I exam ined the constitutive and induced immune response levels in 5 . terrestris  queens 

and workers, the effect that the inoculation with the parasite C. bombi  had on both immune 

responses, and the infection success o f  C. bom bi  in both castes. I measured the levels o f  PO 

and pro-phenoloxidase (proPO) activities, as the constitutive non-specific immune response 

because C. bombi  triggers its activation (Brown et a l ,  2003b). The PO level is the quantity o f  

enzym e invested in the response to a given challenge, while the pro-PO level is the total 

quantity o f  enzym e available; the proportion PO/proPO is, thus, a good indicator for the
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strength o f the response. I measured the antimicrobial activity as the induced specific response 

o f the immune system. If a selection for allocation o f resources to different functions in 

different castes exists I would expect differences in the expression of both the constitutive and 

the induced immune responses in workers and queens, with queens showing higher levels of 

the constitutive response because they can suffer a higher fitness loss to C. bombi infection 

than workers.

METHODS 

Experimental design

Two different experiments were conducted. In the first experiment (2005) I studied in 

queens and workers both the prevalence o f  C. bombi and the immune parameters described 

above. In the second experiment (2004) only the parasite prevalence in queens and workers 

was studied.

C. bombi inoculation and parasite prevalence in queens and workers

From each o f 3 commercial colonies, 30 workers and all the queens produced (20, 22 and 19, 

respectively) were transferred to plastic boxes the day they emerged with fresh pollen and 

sugar water ad  libitum. All the bees were inoculated when they were eight days old. 1 followed 

the protocols described in Chapter 1.2. The inocula were prepared with a mixture ofC. bombi 

strains from naturally infected queens and workers caught in the spring o f 2005 in Dublin, 

Ireland. The faeces were diluted with sugar water to produce an inocula concentration o f  500 

parasite cells/|il. For each colony half o f the workers and the queens were exposed to 

Crithidia inoculation: ‘w ocw to/on’-treatment in which individual insects drank 10 |j.l o f sugar 

water containing Crithidia cells at concentration o f 500 cells per |al. The other half was used 

as ^control’ dcnd each insect drank 10 p.1 o f sugar water WxXhouXCrithidia.

From each o f 5 commercial colonies supplied in 2004, eight workers were removed. 

Only two out o f  the 5 colonies produced queens, and eight queens were removed from each of 

the two colonies. The 56 animals were inoculated following the protocol described above, but
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I used parasite strains found in 2004 and a final inoculum concentration o f 1000 cells/|il.

The prevalence o f C. bombi was measured as the success o f the infection in the 

inoculated animals (45 workers and 31 queens from 3 colonies) combined with data from 2004 

(40 workers from 5 colonies and 16 queens produced in 2 colonies).

Constitutive and induced immune response analysis

Workers and queens were withdrawn from the experimental set up at 8 days post

inoculation to collect a haemolymph sample and to check for infection status. I followed the 

protocols described in Chapter 1.2 to extract the haemolymph samples and further analyse the 

antimicrobial activity, and the PO and proPO enzymatic activities. After haemolymph 

sampling, workers were freeze killed. As queens were kept alive for 15 days post inocuhtion, 

seven days extra after haemolymph sampling, faeces collection was performed at day eight 

post-inoculation for infection status determination. Infection status was confirmed first after 

dissection and later with the specific microsatellite primer CriP4 (Schmid-Hempel & Reber- 

Funk, 2004).

Statistical analysis

To examine differences between castes in the constitutive and induced immune

responses, I used a multivariate ANOVA with caste and colony as fixed factors to examine

differences in PO, proPO, the fraction PO/proPO and the antimicrobial activity zone of

inhibition (ZI), as dependent variables in uninoculated queens and workers. Post-hoc

comparisons were conducted using the Scheffe method.

To examine differences between castes in the constitutive and induced immune 

responses after being challenged by C. bombi, I used a multivariate ANOVA with caste, 

inoculation and colony as fixed factors to examine differences in PO, proPO, the fraction 

PO/proPO, and Zl, as dependent variables in both inoculated and uninoculated animals 

(Figure2.4.2).
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To test the effects o f  caste on the Hkelihood o f a host animal becoming infected byC. 

bombi I used a binary logistic regression with the forward log-likelihood procedure. Caste was 

coded as indicator and colony as a deviation variable.

The data were analysed with SPSS 12.0.1 for Windows.

RESULTS

The multivariate ANOVA with caste and colony as fixed factors to examine 

differences in PO, proPO, the fraction PO/proPO and the antimicrobial activity zone of 

inhibition (ZI), as dependent variables in uninoculated queens and workers (Table2.4.1.A, 

Figure 2.4.2) detected significant differences (Pillai’s Trace statistic values) for Caste and 

Colony as main effects. Queens had higher constitutive immune response (PO, proPO) and 

lower induced immune response when compared with workers. Colony had an effect on PO 

and PO/proPO due to differences in colony 2, after post-hoc comparisons using Scheffe 

method. 1 also found a significant interaction between co/o^y and caste for PO (/a, 62 = 4.632, 

/7-value = 0.013) and proPO (F2_62 = 3.357, ;?-value = 0.041); PO and PO/proPO for colony 1 

queens were significantly higher than in the other two colonies. For all three colonies PO, 

proPO and PO/proPO values for both inoculated and not inoculated queens were always above 

worker values.

Table 2.4.1. A) MANOVA table for uninoculated queens and workers. 
A) _______________________________________

Main effects Uninoculated animals
Caste ^4,59 "= 5 .940,p<  0.001
Colony ^8 ,120 = 2.136,p = 0.037
Caste*Colony ^8,120 = 1.847, p  = 0.075

Factor Variable Uninoculated animals
Caste ZI F , ,6 2  = 8 . 0 5 4 , =  0.006

PO F i ,62 = 7.856,/> = 0.007
PPO ^’i,62 = 8.095,/> = 0.006
PO/PPO f , ,62 = 2.128,/? = 0.150

Colony ZI F2,62 = 2.53 l , p  = 0.088
PO Fz,62 -  6.555, p  = 0.003
PPO ^2 ,6 2  = 1-178,p  = 0.315
PO/PPO F2,62 = 5.528,/j = 0.006

Caste*Colonv ZI ^ 2 .6 2  = 0.967, p  = 0.386
PO F 2,62 = 4.632,/> = 0.013
PPO F j . 6 2 =  3.357, p  = 0.041
PO/PPO ^ 2 ,6 2  = 2.054, p  = 0.137
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Table 2.4.1. cont B) MANOVA table for inoculated queens and workers. Significant values are 
shown in bold

B)
Main effects Inoculation
Caste F4,i24 = 15.740,p  < 0.001
Inoculation 4̂,124 = 1.949,p = 0.107
Colony 8̂.250 ~  3.604, p  — 0.001
Caste * Inoculation 4̂,124 = 1.658,/? = 0.164
Caste*Colony 250 ~  1.759, p  < 0.086
Inoculation*Colony 8̂,250 = 0.913,^ = 0.506
Caste *Inoculati on * Colony 8̂,250 = 1.270,^ = 0.260

Factor Variable Inoculation
Caste ZI 1̂,12 = 35.279,/>< 0.001

PO 1̂,12 = 19.000,p< 0.001
PPO 1̂,12 = 13.787,p< 0.001
PO/PPO 1̂,12 = 9.192,p = 0.003

Inoculation ZI 1̂,12 = 6.569,^ = 0.012
PO 1̂,12 = 0.081,/? = 0.777
PPO ^U2 = 1.022,/? = 0.314
PO/PPO 1,12 = 0.004, p  = 0.952

Colony ZI 2̂,12 = 4.853,p = 0.009
PO 2̂,12 = 9 .960,p<  0.001
PPO f i . n = 0.978,/? = 0.379
PO/PPO 2̂,12 = 9 .985,p<  0.001

Caste * Inoculation ZI P'lM = 3.222,/? = 0.075
PO 1̂.12 = 0 .2 I9 ,p  = 0.641
PPO /̂ I,I2 = 0.365,/? = 0.547
PO/PPO 1̂,12 = 0.826,/? = 0.365

Caste*Colony ZI Fim = 0.169,/? = 0.845
PO 2̂,12 = 6.130,p = 0.003
PPO 2̂,12 = 2 .I25 ,p  = 0.I24
PO/PPO 2̂,12 = 4.461,/? = 0.013

lnoculation*Colony ZI Fi.n = 1.689,/? = 0.189
PO 2̂,12 = 0.697,/? = 0.500
PPO Fi.n = 0.870,/? = 0.421
PO/PPO 2̂,12 = 0.490,/? = 0.614

Caste *Inoculation *Colony ZI 2̂,12 = 1.645,/? = 0.197
PO Fi .\2 = 0.390,/? = 0.678
PPO Fim = 2.174,/? = 0.118
PO/PPO Fim = 0.209,/? = 0.812

The multivariate ANOVA with caste, inoculation and colony as fixed factors to 

examine differences in PO, proPO, the fraction PO/proPO, and ZI, as dependent variables in 

both inoculated and uninoculated animals (Table 2.4.2.B, Figure 2.4.2) detected significant 

differences (Pillai’s Trace statistic values) ^ovCaste and Colony as main effects. Queens had
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higher constitutive immune response (PO, proPO and PO/proPO) and lower induced immune 

response when compared with workers. However, there was no effect o f inoculation. Among 

the significant between-subjects effects (showed in Figure 2.4.2 legend) the inoculation o f  the 

parasite reduced the antibacterial activity, but had no significant effect on PO, proPO  or 

PO/proPO.
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Figure 2.4.2. Differences in the immune response of queens and workers after the treatment: a, 
phenoloxidase activity (Vmax ± s.e.m.); b, pro-phenoloxidase activity (Vmax ± s.e.m.); c, PO/proPO 
fraction (mean ± s.e.m.); d, diameter of the zone o f inhibition in the antimicrobial essay (mean in mm ± 
s.e.m.). Queens had significantly higher phenoloxidase, pro-phenoloxidase and PO/proPO than 
workers. The caste * colony interaction had a significant effect on PO and PO/proPO due to a higher 
response from colony 1. Queens had significantly lower antibacterial activity than workers. There were 
also significant differences among colonies in antibacterial activity, PO and PO/PPO. No effects were 
found for caste * inoculation, inoculation * colony and for caste * inoculation * colony on any of the 
immune parameters.
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Queens were less susceptible to the parasite than workers (Figure 2.4.3). The binary 

logistic regression with the forward log-likelihood procedure detected that Caste had a 

significant effect on parasite prevalence (Wald statistic = 38.755, DF = l,p -va lue  < 0.001). 

The susceptibility to C. bombi in queens and workers, and the fitness costs that the parasite 

imposes in both castes (Figure 2.4. l.d) follows the most complex o f the models suggested in 

figure 2.4.1. Consequently, the identification o f both the chance o f getting infected and the 

expression o f virulence is essential to understand the evolution o f this trypanosomatid and its 

population dynamics in a host population that is structured in different castes.

100 T

■ Queens □ Workers

Figure 2.4.3. Susceptibility to C. bombi between castes in B. terrestris colonies. Bars represent the 
percentage of animals (queens 25.5 %, workers 83.1 %) that developed the infection. Numbers within 
bars indicate the total number of animals challenged.

DISCUSSION

Bumble bees have innate caste differences in their constitutive and induced immune 

response levels and corresponding caste-specific resistance to the parasite C. bombi. Queens 

had higher levels o f constitutive immune defence than workers, while workers had a stronger 

induced immune response than queens, independently o f a parasite challenge. In my study, C. 

bombi did not activate the PO cascade; a result that was unexpected (Brown et a l ,  2003b). To 

explain these different results 1 can think o f three potential explanations: 1) there exist
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differences between hosts in the background levels o f PO (my bees having higher levels o f PO 

than the bees in the previous experiment (Brown et a l ,  2003b)); 2) the results are different due 

to different experimental designs; and 3) the parasite strains used in the experiments were not 

virulent enough. A new analysis o f Brown et o/.’s (2003b) data revealed that differences in the 

levels o f PO were not significant for pollen-fed bees at day 7 post-inoculation (M. J. F. Brown, 

personal communication; see Chapter 2.5), providing evidence for the second explanation. In 

addition, 1 found that the inoculation o f  the parasite had a significant effect on the induced 

immune response (Figure 2.4.2). It has been demonstrated that the establishment o f 

trypanosomes in the gut of tsetse flies (Flao et al., 2001), and per os inoculation o f Drosophila 

melanogaster with C. bombi (Boulanger et al., 2001) trigger the expression o f antimicrobial 

genes and, therefore, that suggests that a similar phenomenon could occur in B. terrestris 

queens.

The variation among bumble bee colonies was not unexpected because it is a common 

effect that suggests genotypic variation in the immune traits studied (Konig & Schmid- 

Hempel, 1995). As in a previous study on Lepidoptera (Cotter ah, 2004b), 1 have found 

evidence for a trade-off between the constitutive and the induced immune responses within 

bumble bee workers. In addition, the fact that queens and workers differed in their constitutive 

and induced immune responses strongly suggests a different trade-off in the allocation o f 

resources to both the constitutive and the induced elements o f  the immune system in workers 

and queens. I suggest that this differential investment o f resources across aspects of the 

immune system could have been selected in order to minimize the impact o f pathogens and 

parasites, such as C. bombi, which are associated with different castes or specific caste tasks, 

in such a way as to maximize the chances o f reproduction and queen fitness.

Parasites have an ecological and evolutionary impact on their hosts that varies among 

individuals. These differences select for allocation o f resources to different immune functions 

in individuals from different classes within a population. My results suggest that differences in 

immune defences in different classes o f organisms within a population, or a colony, could be 

used to predict whether parasites have differential effects across these classes. Due to the 

innate differences in expression o f the immune system between castes and the corresponding 

low infection success in queens I call this phenomenon “the blue blood effect”.
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C h a p t e r  2.5

S t r e n g t h  in  n u m b e r s : t h e  r o l e  o f  s o c ia l  c o n t e x t  in  t h e

EXPRESSION OF CONSTITUTIVE AND INDUCED IMMUNE RESPONSE IN 

BUMBLE BEES

A c k n o w l e d g e m e n t s

This chapter involved two main experiments, the infection and the immune defence analyses, 

which were conducted in two laboratories, respectively; Department o f Zoology, Dublin 

University -  Trinity College (Ireland) and Equipe Ecologie Evolutive, Universite de 

Bourgogne (France). This chapter is co-authored (M. X. Ruiz-Gonzalez, M. Kelly, Y. Moret & 

M. J. F. Brown). M. Kelly helped during the extraction o f the haemolymph and to conduct the 

PO and proPO essays and measured the zones o f inhibition. Dis. Brown and Moret assisted us 

during the analyses and helped during the interpretation o f the data I thank Ms. Rejane M. 

Falcao and Mr. Stephan Comet for assistance in the laboratory and technical support.



INTRODUCTION

All animals have developed different strategies and mechanisms o f defence against 

parasites and diseases, e.g., the immune system. The maintenance and activation o f the 

immune defence is costly to both vertebrates (e.g., Lochmiller & Deerenberg, 2000) and 

invertebrates (e.g., Moret & Schmid-Hempel, 2000; Schmid-Hempel, 2003), and often implies 

trade-offs in the allocation o f resources to tasks other than immunological defences (Sheldon 

& Verlhust, 1996; Steams, 1992).

The immune system o f invertebrates has two components, the constitutive and the 

induced immune responses (Schmid-Hempel, 2003). The constitutive immune response (pro- 

PO cascade) can be quickly activated although it has higher cost than the induced 

(antimicrobial peptides) immune response (Schmid-Hempel & Ebert, 2003). This variation in 

costs within the immune system may lead to the emergence o f trade-offs between both the 

constitutive and the induced immune components (Cotter e/ a/., 2004a, b; Chapter 2.4).

Living in a group automatically confers benefits and costs to all its members: benefits 

such as higher inclusive fitness or enhanced access to resources (Queller &Strassmann, 2002) 

and costs such as increased risk o f parasites and pathogens (Whiteman & Parker, 2004). To 

minimize these costs the investment into immunological defences should vary depending upon 

variation in the abundance o f parasites and higher risk of parasites should drive increased 

investment into the immune defence (Schmid-Hempel & Ebert, 2003; Lindstrom et a l ,  2004; 

but see Sasaki & Godfray, 1999). The group itself can be considered as an environment that 

favours the spread o f  pathogens, and thus, animals living in groups are expected to invest 

more in disease resistance mechanisms, a phenomenon known as “density-dependent 

prophylaxis” (Wilson & Reeson, 1998). Enhanced resistance to parasites due to host density 

has been demonstrated in different organisms, e.g., desert locusts (Schistocerca gregaria) 

reared under crowded conditions were more resistant against an entomopathogenic fungus and 

had higher antimicrobial activity than solitary reared animals (Wilson et al., 2002). More 

examples can be found in Lepidoptera: Spodoptera exempta larvae reared in high densities had
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higher PO activity and were more resistant to its nuclear polyhedrosis virus (Reeson et a l,  

1998); after merging different families o f Melacosoma americanum, and thus, increasing 

group size, Costa & Ross (2003) found enhanced larval fitness. Finally, Tenebrio molitor 

larvae reared at high densities suffered lower mortality than solitary larvae when exposed to an 

entomopathogenic fungus (Barnes & Siva-Jothy, 2000).

The highest level o f social organisation in insects is found in the ants, bees, wasps and 

termites (Wilson, 1971), and, unsurprisingly, these social systems attract a wide variety of 

parasites and diseases (Schmid-Hempel, 1998). Only a few studies have looked at the 

relationship between social life and disease in social insects: in termites, resistance to 

Metarhizium unisoplae is improved when animals are placed with previously exposed 

members o f the group (Traniello et al., 2002); in leaf-cutting ants higher group sizes were 

clearly beneficial by reducing the mortality rate o f animals exposed to an entomopathogenic 

fungi and individually transferred into groups (Hughes et al., 2002). Both of these results were 

based on social behaviour, and neither study examined the effect o f  group-living on host 

immune defence. Social insects provide a perfect system to study the interaction between 

sociality versus non-sociality and investment into immune defence and parasites. To do so, 

here I have analysed the constitutive and induced immune responses o f bumble bees kept 

individually or in groups after challenging them with a trypanosomatid gut parasite or a drop 

o f sugar water. This parasite, Crithidia boinbi (see Chapter 1.1 for a detailed description of 

this host-parasite system) induces the activation o f the constitutive immune response in its 

hosts (Brown et al., 2003b).

MATERIAL AND METHODS 

Inoculation

From each o f 3 commercial colonies o f Bombus terrestris dalmatiniis, 180 workers 

were removed. The bees were allocated randomly to one o f four experimental categories: 

solitary inoculated, solitary not inoculated, group inoculated and group not inoculated. All

81



the animals were transferred to plastic boxes with fresh pollen and sugar water ot/ libitum. The 

solitary treatment consisted o f 15 animals kept individually. In the group treatment, with 15 

replicates, 5 animals were kept together, but only one o f them was later inoculated. All 

individual bees and one from each o f the group treatment were marked on the thorax with 

Tipp-Ex ®. I did so for a quick identification o f the inoculated animal within each group and I 

also marked the individual animals to control for any effect o f Tipp-Ex ® in the marked 

animals. I did not control for age, due to the high number o f workers required. The faeces of 

the bees were checked prior to the experiment to confirm their parasite free status. Bees in the 

inoculation treatment were offered with an inocula prepared with a mixture ofCrithidia bombi 

strains from naturally infected queens and workers cau^it in the spring o f 2004 in Dublin, 

Ireland. The faeces were diluted with sugar water to produce an inoculum concentration of 

500 parasite cells/^1. 10 ^1 o f the inocula were presented to each bee. See Chapter 1.2 for 

detailed protocols. Uninoculated bees were offered 10 |.il o f sugar water solution to control for 

effects o f handling.

Immune response analysis

At day 8 post-inoculation each test individual was chilled on ice and samples of 

haemolymph were taken as described in Chapter 1.2 for further analyses o f the antimicrobial 

activity and the PO and proPO enzymatic activities. Infection status was confirmed after 

dissection for all animals.

Statistical analysis

I used a multivariate ANOVA with group (social versus solitary), inoculation 

(inoculated versus not inoculated) and colony as fixed factors to examine differences in the 

following dependent variables: antimicrobial activity, measured as the diameter o f the zone of 

inhibition in mm (Zl), PO, proPO and the fraction PO/proPO. Some animals died during the 

experiment, reducing group size within some replicates o f the social treatment. I did not 

include these data in the analysis. Because some animals did not develop the infection I
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conducted a second analysis, replacing inoculation by infection (infection developed, infection 

not developed and not inoculated). Post-hoc comparisons were conducted using the Scheffe 

method. Then, I removed those animals that did not develop the infection from infection and I 

conducted a similar multivariate ANOVA W \i\\ actual infection (not inoculated versus animals 

that actually developed the infection) instead o f inoculation or infection. All data were 

analysed with SPSS 12.0.1 for Windows.

RESULTS 

Main effects

in all analyses, based on either inoculation, infection or actual infection, there were 

significant overall effects (Pillai’s Trace statistic values) oigroup {inoculation: 130 = 10.67,

p-value < 0.001; infection: F4, 125 = 3.73, ;?-value = 0.007; actual infection: F4 113 = 7.97, p- 

value < 0.001), colony {inoculation: Fg, 262 = 4.34, p-value < 0.001; infection: Fg, 252 = 4.40,/?- 

value < 0.001; actual infection: Fg, 228 = 2.40, p-value = 0.017) and the interaction group * 

colony {inoculation: Fg, 262 = 3.34, /7-value < 0.001; infection: Fg, 252 = 2.79, p-value = 0.006; 

actual infection: Fg, 228 = 2.82, p-value = 0.005). There were no significant effects of 

inoculation (F4, bo = 0.32,p-value = 0.863), infection (Fg 252 = 0.89,/?-value = 0.52), or actual 

inoculation (F4,113 = 0.37, />-value = 0.827) or their interactions with treatment {inoculation: 

Fa, 130 = 0.76,/7-value = 0.552), infection (Fg,252 = 0.57,/>-value = 0.801), or actual inoculation 

{Fa, 113 = 0.84,/7-value = 0.502) or their interaction with colony {inoculation: F 4 262 = 1-94,/?- 

value = 0.054; infection: F16,512 = 1.39,/>-value = 0.140; actual inoculation: Fg 228 = 1-19,/>- 

value = 0.307).
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Antimicrobial activity (ZI)

Bees kept in social groups had lower antimicrobial activity (see Table 2.5.1 for a 

complete summary o f the results o f the analyses) than solitary bees in the analysis using 

inoculation as factor (Figure 2.5.1a). However, this effect was not significant after partitioning 

variance across three groups in the second infection analysis or for actual infection (Figure 

2.5.3a). There were significant differences among colonies for all three analyses, with colony 

2 showing higher activity than colony 1 {inoculation: p-value = 0.014; infection: p-value = 

0.013) and colony 3 (inoculation and infection: /?-value < 0.001; actual infection: p-value = 

0.006). The group * colony interaction had significant effects on ZI in the inoculation analysis 

because animals in groups from colony 3 had lower values o f ZI than bees in groups from 

colony 2 {inoculation /^-value < 0.001) but not in the infection or in the actual infection 

analyses. In the interaction colony * inoculation inoculated animals from colonies 2 and 3 had 

higher antimicrobial activity than uninoculated animals whereas inoculated animals from 

colony 1 had a lower value. In the interaction colony * infection the workers from colonies 1 

and 3 that did not develop the infection had lower levels o f ZI than bees that were not 

inoculated or that developed the infection and in colonies 2 and 3 the ZI values were lower in 

animals that were not inoculated than the bees that developed the infection. The interaction 

colony * actual infection had no significant effects.

Phenoloxidase activity (PO)

Bees kept in social groups had higher levels o f PO (see Table 2.5.1) than solitary bees 

(Figures 2.5.1b and 2.5.3b). I found significant differences for colony (see Table 2.5.1), with 

colony 2 having lower levels o f PO than colony 1 {inoculation and infection: p-value = 0.001; 

actual infection: p-value = 0.019) and colony 3 {inoculation and infection: jo-value < 0.001; 

actual infection: p-value = 0.007). I found that animals that did not develop the infection had 

significantly lower values o f  PO (p-value = 0.036) when compared with the uninoculated 

animals and the animals that actually developed the infection (Figure 2.5.2a). I also found 

quantitative significant differences in X\\qgroup * colony interaction (Table 2.5.1) analyses.
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T able 2.5.1. M ultivariate A N O V A  analyses. F -values in bold denote significant differences.

INOCULATION INFECTION ACTUAL INFECTION
(Inocul.-Not Inocul.) (Dev.-Not Dev.-Not Inoc.)______ (Dev-Not Inocul)

FACTOR VARIABLE F p-value F /7-value F p-value

T reatm ent

ZI F,.,33 = 5.42 0.021 F ,. ,28= 1.15 0.286 F,, ,6 = 3.62 0.060

PO F,.,33 = 31.22 < 0.001 F ,, ,28 = 9.10 0.003 F,, ,6 = 21.32 < 0.001

PPO F 1,133 “  0-65 0.421 F ,, ,28 = 0.92 0.339 F,, ,6 = 1 .1 9 0.278

PO / PPO F,.,33 = 40.07 < 0.001 F,.,28= 14.60 < 0.001 Fi, ,6 = 30.53 < 0.001

Infection
ZI F|,|33 > 0.01 0.995 F 2 , ,28 = 1 -45 0.239 Fi, ,6 = 0.05 0.832

PO F,.,33 = 0.001 0.970 F2, , 2 8  = 0.1 1 0.894 Fi, ,6 = 0.10 0.755

PPO F|,,33 = 0.33 0.564 F2 , ,28 = 1-18 0.311 Fi, ,6 = 0.01 0.930

PO / PPO F,, ,33 = 0.02 0.880 F2, ,28 = 0.34 0.711 F,, ,6 = 0.40 0.528

C olony
ZI F:, ,33 = 8.77 < 0.001 F2,,28= 12.74 < 0.001 F2 , , 6  = 4.11 0.019

PO F2 , i 33 = 10.16 < 0.001 F2,,28=8.92 < 0.001 F2 , , 6  = 4.74 0.011

PPO P2 , 133 ~ 2.08 0.129 F2 , ,28 = 2.23 0 . 1 1 1 F2 , 16= 1.82 0.166

PO / PPO Fj., 33 =7.40 0.001 F2.,28 = 5.45 0.005 F, 16 = 2.76 0.068
T reatm ent * Infection

ZI F , . , 3 3  = 0.61 0.435 F2 , ,28 — 0.59 0.557 F,, , 6  = 0.65 0.420

PO F ,. , 3 3  = 0.03 0.854 F 2, 128 = 0.1 7 0.846 F,, ,6 = 0.01 0.916

PPO F,.,33 = 0.89 0.347 F2 , 128 = 0.77 0.465 F,, 16=1.46 0.230

PO / PPO F,.,33 = 0.87 0.352 F2 , ,28 = 0.44 0.647 F,, ,6 = 0.64 0.426

T reatm ent  * Colony
ZI F :,,33 =4 .03 0.020 F2 , , 2 8  — 1 .61 0.204 F2 , ,6 = 2.67 0.073

PO F 2 . , 3 3 = 7 . 2 4 0.001 F2 , , 2 8  = 8.15 < 0.001 F2 , ,6 = 6.84 0.002

PPO Fj, ,33 =3.91 0.022 F2,,28 = 4.41 0.014 F2 , ,6 = 4.04 0.020

PO / PPO Fj, 133 = 2 .7 0 0.071 F2,128 = 3.09 0.049 F2, 16 = 2.33 0.102

Infection  * Colony
ZI F2, ,33 = 5 .30 0.006 F4 , 128 = 3.96 0.005 F2, 16 = 2.94 0.057

PO F2, ,33 = 0.39 0.681 F4 , 128 = 0.67 0.613 F 2 , ,6 = 0.01 0.986

PPO F2, ,33 = 0.32 0.728 F4 , , 2 8  = 0.20 0.937 F 2 , ,6 = 0.34 0.716

PO / PPO F2, ,33 =0.41 0.664 F4 , , 2 8  = 0.49 0.744 F 2 , ,6 = 0 .1 0 0.903

T reatm ent * Infection * Colony
ZI F 2 , , 3 3 = 1 . B 4 0.265 F3, , 2 8  = 1 -50 0.218 F2 , ,6 = 2.01 0.138

PO F 2 , ,33 =  0 . 3 6 0.696 F 3 , , 2 8 = 1 . 0 3 0.381 F 2 , ,6 = 0.75 0.477

PPO F2, ,33 = 0.50 0.606 F3 , , 2 8  = 0.23 0.879 F2, 16 = 0.23 0.797

PO / PPO F2. ,33 = 1 -08 0.344 F3 , 128 = 1.14 0.335 F2 16=1.08 0.341
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Figure 2.5.1. Differences in the immune response between animals in groups (N = 63) and the workers 
kept individually (N = 82) after the treatment: a, diameter o f  the zone o f  inhibition in the antimicrobial 
essay (mean in mm ± s.e.m.); b, phenoloxidase activity (Vmax =*= s.e.m.); c, pro-phenoloxidase activity 
(Vmax s.e.m.); d, PO/pro-PO  fraction (mean ± s.e.m.).
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Prophenoloxidase activity (Pro-PO)

There were no effects of group, inoculation, infection or colony in either inoculation, 

infection or actual infection analyses (see Table 2.5.1 and Figures 2.5.1c and 2.5.3c). 

However, there was a significant gi'oup * colony interaction, with workers from two out o f the 

three colonies kept in groups having significantly lower levels o f Pro-PO (see Table 2.5.1).

^  1700- -0 ,iNS

NSa> 1600- NS

2 1500-

C- 1400-
- 0,6 «

1300-

w 1200-

1100-

®  1000 - -0,4

Not Developed Developed Not Inoculated Not Developed Developed Not Inoculated

Figure 2.5.2. Inoculated anim als (N = 71) that did not develop the infection (N = 17) had significantly 
low er values o f  PO and proPO  when com pared with uninoculated anim als (N = 74) and the anim als 
that actually developed the infection (N = 54).

Fraction PO/Pro-PO

Bees kept in social groups (group) had significantly higher values o f PO/Pro-PO (see 

Table 2.5.1) than solitary bees (Figures 2 .5 .Id and 2.5.3d). I found significant differences 

among colonies for inoculation and infection but not in actual infection (see Table 2.5.1), with 

colony 2 showing lower values o f PO/Pro-PO than colony 1 {inoculation and infection: p- 

value = 0.006) and colony 3 {inoculation and infection: /7-value = 0.001). Animals that did not 

develop the infection had a lower value o f PO/Pro-PO than those animals that developed the 

infection (p-value = 0.012) and than animals that were not inoculated (/*-value = 0.028) 

(Figure 2.5.2b). There were significant differences in the group * colony interaction in the

87



infection (see Table 2.5.1) analysis, but not in the inoculation (see Table 2.5.1) or in actual 

infection (see Table 2.5.1) analyses.
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Figure 2.5.3. DiflFerences in actual infection and immune response between animals in groups (N = 56) 
and the workers kept individually (N = 72) after the treatment: a, diameter of the zone o f inhibition in 
the antimicrobial essay (mean in mm ± s.e.m.); b, phenoloxidase activity (Vmax ± s.e.m.); c, pro- 
phenoloxidase activity (Vmax ± s.e.m.); d, PO/pro-PO fraction (mean ± s.e.m.).
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DISCUSSION

My main results show that bees living in groups have a higher constitutive immune 

response and marginally significantly lower induced immune response than bees living on 

their own independently o f infection status. The differences in the immune responses for 

animals in groups versus solitary ones were expected because similar findings have been 

previously reported in Lepidoptera, where dark larvae associated with crowded rearing 

conditions had higher values o f constitutive immune response (Reesone/ al., 1998; Wilson et 

al 2001) or lower values o f induced immune response (Cotter e? al., 2004a) than pale larvae 

which are associated with solitary rearing conditions. However, rearing conditions did not 

affect the constitutive immune response in Tenebrio mollitor (Barnes & Siva-Jothy, 2000), the 

induced immune response was higher in locusts reared in groups (Wilsons? al., 2002) and the 

constitutive immune response is generally higher in solitary than in gregarian lepidopteran 

species (Wilson et al., 2003). Nevertheless, the previous immune responses were studied in 

animals during their larval development while 1 have focused on alrea(^ emerged adults. 

Furthermore, in contrast with the test animals o f previous studies, bumble bees are annual 

eusocial insects and their immune system should be adapted to life in social groups.

1 have found that the constitutive immune response decreases and the induced immune 

response increases when shifting from bees kept in groups to bees kept solitarily. This result 

strongly suggests both phenotypic plasticity and a negative trade-off between these two 

elements o f  the immune system. But, why should the immune system o f bumble bees be 

phenotypically plastic? Generally, larger host population sizes could represent higher chances 

o f getting infected by parasites and pathogens. However, animals challenged with a pathogen 

that are kept in groups have higher survivorship (Rosengaus & Traniello, 2001; Hughes et al., 

2002) and improved resistance (Reeson et al., 1998) than animals kept solitarily. Therefore, 

the risks associated with life within a group could have selected for differences in the immune 

responses to minimize such a cost. Bumble bee colony size is not constant. At the beginning o f  

the colony cycle just a few bees are bom and there are fewer interactions among them than 

later in the season, when colonies have much larger populations. Therefore, a humble bee 

faces different risks associated with different group sizes depending on the temporal stage o f  

the colony where it is bom. Hence the immune system could be adapted to the variation in
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group size through time within the colony, and thus, phenotypic plasticity would have been 

selected for.

I found evidence for a trade-off between the expression o f the constitutive and the 

induced immune responses, as Cotter et al. (2004b) did. This finding suggests variation in the 

allocation of resources between the constitutive and the induced components o f the immune 

system depending on the social context. Furthermore, the trade-off between both elements o f 

the immune system that are associated with the social context o f the animal, could have 

evolved in such a way as to minimize the costs that different parasites or diseases associated 

with both solitary or gregarious ways o f life could impose.

While C. bombi has been shown to activate both the constitutive immune response 

(Brown et al., 2003b) and the synthesis o f antimicrobial peptides (Boulanger et al., 2001), I 

did not find a direct effect o f the parasite on the immune responses in this experiment. 

However, animals from different colonies responded differently to parasites in their induced 

immune response, with lower ZI in uninoculated animals from two out o f the three colonies. 

My explanations for the lack o f direct parasite effect on PO are three, as described on Chapter 

2.4: 1) there exist differences between hosts in the background levels o f PO (my bees having 

higher levels o f PO than the bees in the experiment o f Browne? al. (2003b)); 2) the results are 

different due to different experimental designs; and 3) that the parasite strains used in the 

experiments were not virulent enough. The differences between hosts in the background levels 

o f PO can be due to host history: while 1 have used animals from commercial colonies Brown 

et al. (2003b) used colonies from queens collected in the field and the colony traits selected in 

the wild can be different o f those favoured by the breeders (see Chapter 2.3). I revisited the 

experimental design in Brown et al. (2003b) and a new analysis o f animals with food ad  

libitum  on day seven post-inoculation, and thus, matching my experimental design did not 

reveal a positive effect o f infection on the PO levels (M. J. F. Brown, personal 

communicafion). This confirms and supports my findings.
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Pro-PO activity was similar in bees from both group and solitary treatments, which 

means that I found changes in expression o f the constitutive response (PO), rather than its 

baseline level (Pro-PO). Hence, this supports the robustness of my main finding, that is, the 

phenotypic plasticity o f the immune response expression. 1 have found that within infection, 

the animals that did not develop the infection had much lower PO activity than the animals 

which developed the infection or were not inoculated. Animals that did not develop the 

infection also had much lower PO/Pro-PO values than the animals which developed the 

infection and the animals which were not inoculated. These results strongly suggest that 

animals that did not develop the infection actually defeated the infection through depleting the 

PO levels.

I found variation among colonies and a quantitative variation within the interaction 

treatment * colony, but this was expected because it is a common effect that suggests 

genotypic variation in the immune traits studied (Konig & Schmid-Hempel, 1995).

The study o f  the interaction between sociality versus non-sociality and investment into 

immune defence and parasites in this eusocial insect has revealed the role o f social context in 

the investment in different components o f the immune system; moreover, the expression o f 

both the induced and constitutive components o f  the immune defence are negatively correlated 

suggesting a trade-off within the immune system; C. bombi had no effect on the latter 

interaction but a new analysis o f Brown et «/.’s (2003b) data revealed that differences in the 

levels o f PO were not significant for pollen-fed bees at day 7 post-inoculation (M. J. F. Brown, 

personal communication; see Chapter 2.4); the latter suggests that the differences between my 

results and Brown et o/.’s (2003b) results are due to different experimental designs.

This work suggests that the presence o f different parasites in solitary individuals or in 

groups has played a role in selecting for the plastic expression o f different components o f 

immune defence depending on the social context.
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C h a p t e r  2.6

U n u s u a l  t r y p a n o s o m a t i d  c e l l  d i v i s io n  in  Cr it h id ia  b o m b i  
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A c k n o w l e d g e m e n t s
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INTRODUCTION

Insect trypanosomatids are poorly studied (Podlipaev, 2000). Crithidia species are 

exclusively monoxenous parasites (the whole development of the parasite is restricted to 

one host individual) that inhabit the gut o f insects (Smyth, 1994). Two different 

morphologies have been reported and confirmed in Crithidia: amastigotes and 

choanomastigotes (McGhee & Cosgrove, 1980), although a third one, promastigotes, was 

reported by Logan et al (2005) in C. bombi. Smyth (1994) suggested that the amastigote 

form is the infective stage that is transmitted through the faeces of species infected with 

Crithidia.

In well studied trypanosomatids, e.g. Trypanosoma brucei, cell division involves: 

1) duplication o f the basal body and elongation of daughter flagellum; 2) posterior 

migration of daughter flagellum, and division o f nucleus; 3) duplication of organelles 

(Gull, 2001). The cytokinesis furrow advances from the anterior side dividing the cell. In 

T. cruzi the process of division needs 14 hours (De Souza, 2002). In Crithidia gerridis, 

Wenyon (1926) reported two binary fissions through its life cycle: 1) in rounded 

(amastigote-like) forms; after binary fission the cells remain clustered in rosettes and when 

the rosettes break up, individual rounded and flagellated (choanomastigote-like) forms 

swim away; 2) the rounded and flagellated (promastigote-like) forms elongate and these 

forms multiply.

Casual observations resulted in the detection of Crithidia bombi cells in division in 

fresh faeces from a few bumble bee workers and queens from different species {B. 

lapidarius, B. lucorum, B. pratorum, B. pascuorum and B. terrestris) collected in and 

around Dublin in May, June and beginning of July o f 2004 (personal observation). Because 

very little is known about the morphology and reproduction of insect trypanosomatids (but 

see Chapters 1.1 and 2.2 for a detailed description o f C. bombi effects on its host), in this 

chapter I present data on the morphological or developmental stages found in C. bombi in 

laboratory infected animals. The detection o f C. bombi cells in division enabled me to 

conduct a preliminary analysis of the prevalence of this phenomenon in two species of 

bumble bees, B. terrestris and B. lucorum.
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MATERIAL AND METHODS

Morphometry, cell types, and cell division

In these observational series I used both parasite cells from fresh faeces and cells 

fixed with methanol and stained with Giemsa. I measured the length of the three different 

developmental morphologies for 30 cells of each type chosen randomly from the slide. I 

used ANOVA to test for differences in body and flagellum lengths among morphologies. I 

also measured 12 cells in division.

All pictures were taken with an Olympus C5050 Zoom camera in an Olympus 

BX41 microscope. I studied the potential allometric relationship among different 

morphologies. I calculated the t statistics and their significance for all the regression 

coefficients.

Prevalence and intensity of cell-in-division morphologies

I collected mated queens o f B. terrestris audax and B. lucorum from natural areas 

of Dublin (see Chapter 2.8) to rear colonies in the laboratory. I also collected B. terrestris 

audax, B. lucorum and B. pascuorum  queens infected with C. bombi that were used as a 

source for different parasite strains. I collected workers from 5 different colonies o f B. 

terrestris audax (N = 23, 18, 39, 23, 14) and from 4 different colonies o f B. lucorum (N = 

16, 12, 27, 14). All animals were inoculated with different C. bombi strains (3 from B. 

terrestris queens, 3 from B. lucorum queens and 1 from a B. pascuorum  queen (See Table 

2.8.1 from Chapter 2.8)) following the protocol described in Chapter 1.2. Strains were not 

mixed. To ensure that all the animals would develop the infection, the dose chosen was 

5000 cell/|j,l. Faeces were collected during the first 10 days of the infection, when the 

proportion o f promastigote cells is high (see Chapter 2.2), and the presence of cells in 

division was recorded. The first animals were inoculated the 27'’’ of May and the last one 

the 13*'’ of July (2005).

To determine whether the cells in division appeared differently between both 

species across time I used Mann-Whitney f/-tests. I corrected the P-values with the 

improved sequential Bonferroni technique (Hochberg, 1988). I used a repeated-measure 

ANOVA to determine the effects o f day, species and their interaction on the proportion of 

animals of each species with cells in division in their faeces.
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RESULTS

M orphometry and cell types

In Figure 2.6.1 I show the three reported morphological types of C. bombi. In 

Figures 2.6.2 and 2.6.3 I show fresh and Giemsa stained cells in different degrees of 

division. In Table 2.6.1 I provide the body and flagellum lengths for these four 

developmental morphologies.

c )

9 ■■

^m m m m  '■

Figure 2.6.1. Fresh faeces: a) Amastigote; b) Choanomastigotes; c) Promastigote. Line represents 

5^m. Magnification at x 400.

Figure 2.6.2. Crithidia bombi cells in division from fresh faeces. Line represents 10|j,m. x 400.

a) b) c) "

1

1
d) e) 0

Figure 2.6.3. Crithidia bombi cells in division, fixed with methanol and stained with Giemsa. Line 
represents 10|im. For each cell 1 provide body + flagellum lengths (^m): a) 10 + 15; b) 10+15; c) 
8.5 + 14.5; d) 9 +12; e) 10.8 + 13.5; f) 11.25+20.25. Magnification at x 1000; g) Cell division in T. 
brucei, after Gull (2001).

95



Table 2.6.1. Body and flagellum lengths for the three known developmental morphologies and the 
cells in division.

Body length (^ln) Flagellum (^m)

M orphotype N M inimum M aximum Mean
± S D N Minimum M aximum M ean

± S D
Amastigote 30 3.4 7.2 4.8 ± 0 .7 - - - -

Choanom astigote 60 3.0 6.0 4.5 ± 0 .6 30 3.2 6.0 4.3 ± 0 .6

Prom astigote 60 4.5 9.0 6.6 ± 0.8 30 5.0 9.5 6.8 ± 1.1

Dividing forms 25 7.0 11.3 9 .2±  1.1 12 12.0 20.3 14.6±2.1

The graphical representation of body length versus flagellum length (Figure 2.6.4) 

for all morphologies together (with or without amastigotes), and within choanomastigotes 

and promastigotes revealed a potential allometric relationship between the two variables. 

The regression analysis confirmed these relations (the regression coefficients, the t 

statistics and the p-values are summarized in Table 2.6.2).
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Figure 2.6.4. Relationship between the size o f the flagellum and the body length.
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Table 2.6.2, Linear regression coefficients, t statistics and significance for each single morphology 
regression analysis, all morphologies together (except amastigotes) and all morphologies together 
(including amastigotes). *** are highly significant p-values (< 0.00001).

/ statistic /*-value
Amastigotes - - -

Choanomastigotes 0.689 7.87 <0.001***

Promastigotes 0.615 6.69 <0.001***

Choanomastigotes - Promastigotes 0.879 20.86 < 0.001 ” *

Cells in division 0.218 1.67 0.126

All together (without amastigotes) 0.857 20.18 <0.001***

All together 0.688 14.86 <0.001***

Prevalence and intensity o f cell division

During the 10 days o f  the infection, the ceils in division appeared in both B. 

terrestris (45 % o f all inoculated animals) and B. lucorum  (19.7 %). The average frequency 

o f  appearance o f parasite cells in division was 35 %. Nevertheless, the parasite cells in- 

division appeared in different proportions depending on the species and the day studied 

(see Figure 2.6.5).

45 □ s. terrestris

^  40 j ■ lucorum

1 2 3 4 5 6 7 8 9  10

Day post-inoculation

Figure 2.6.5. Percentages of B. terrestris and B. lucorum with C. bombi cells in division per day. 
The percentages were calculated from the total number of animals in which cells in division were 
detected {B. terrestris, N = 50; B. lucorum, N = 14), rather than the total number of animals from 
the experiment. Significant differences between the two species are indicated with an asterisk.
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There were no significant effects o f day post-inoculation or host species on the 

number o f bees with cells in division, but the interaction between day post-inoculation and 

the host species was significant (Table 2.6.3).

Table 2.6.3. Results from the repeated-nieasure ANOVA analysis o f  the proportion o f hosts with 
parasite cells in division. The data met the assumption o f  sphericity.

MS D. F. F-value P-value
Species 0.004 1 0.045 0.833

Day 0.173 9 1.163 0.317

Day * Species 0.316 9 2,123 0.026

The day-by-day analysis with M ann-W hitney U-tests found significant differences 

between B. terrestris and B. lucorum  with parasite cells in division only on day 1 (Table 

2.6.4).

Table 2.6.4. Differences between B. terrestris and B. lucorum  with C. homhi cells in division per 
day, analysed with Mann-W hitney ?7-test. I show in bold the significant values after Bonferroni 
correction. See Figure 2.6.5 for percentage values o f  workers from both host species with forms in 
division during the 10 days o f  the experiment.

Day {/-statistic P-value

1 257.0 0.001

2 320.0 0,496

3 341.0 0,848

4 210.0 0.006

5 324.0 0.79

6 297.0 0.807

7 276.0 0,152

8 327.0 0,955

9 296.0 0,621

10 287,0 0,163
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DISCUSSION

My measures of amastigote body length and choanomastigote body and flagellum 

lengths are in the same range as the measures provided in previous studies (Gorbunov, 

1987; Lipa & Triggiani, 1988; Wu, 1994). The elongated form (Figure 2.6.1c), clearly 

corresponds with a promastigote form (McGhee & Cosgrove, 1980). The promastigote 

form, although it was previously reported (Logan et al., 2005; Chapter 2.2) had never been 

measured before. Promastigotes have bigger body and flagellum lengths than 

choanomastigotes.

The dividing cells are clearly the largest morphologies found in this trypanosomatid 

and harbour the longest flagellum. The most interesting feature o f this reproductive form is 

the presence of the cytokinesis furrow in the posterior end o f the cell, and the absence of 

rosettes of parasites in fission in fresh faeces because, to my knowledge, this has not been 

reported previously in the literature. Nevertheless, this phenomenon could happen in 

parasites other than the well studied Trypanosoma sp. (De Souza, 1999; Gull, 2001; 

Matthews, 2005) and its causes remain to be studied.

I did not find significant differences between the appearance o f these cells in 

division between B. terrestris and B. lucorum. There were differences between the 

proportion of B. terrestris and B. lucorum with these dividing forms on day 1. I can think 

of two non-exclusive explanations for this difference: 1) there exist strong host parasite 

genotype-genotype interactions (Schmid-Hempel & Reber Funk, 2005) and B. terrestris 

impose an important challenge at the beginning of the infection, and 2) B. terrestris and B. 

lucorum are physiologically different and the parasite needs a pre-adaptation period in B. 

terrestris before producing the forms in division.

I have not detected these cells in division in time periods other than late spring or 

early summer (personal observation), and therefore I suggest a potential seasonality for the 

occurrence of this phenomenon in C  bombi. These morphological stages could be sexual 

forms involved in the production of gametes (Dr. P. Voorheis, personal communication). 

Sexuality has only been described in one trypanosomatid species, T. brucei, and genetic
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exchange is not expected to happen in groups other than SaHvaria (Gibson, 2001). 

However, C. bombi is becoming one o f the best studied insect trypanosomatids, and it has 

been suggested that genetic exchange may happen when a single host is infected by 

different genotypes (Schmid-Hempel & Reber Funk, 2005) but this remains to be tested. If 

C. bombi dividing forms actually were sexual gametes, the parasite population w'ould be 

structured in clonal subpopulations that in late spring, when the potential for transmission 

among different host species is high, are disrupted with genetic exchange through sexual 

reproduction (Figure 2.6.6b). Genetic exchange in trypanosomes has only been 

demonstrated in Trypanosoma brucei (Gibson, 2001) and sexuality has been suggested in 

Phytomonas davidii (de Sousa, 1997). Evidence to determine whether sexual reproduction 

occurs in nature can easily be obtained studying the genetic population structure of the 

parasite (Tibayrenc et a l ,  1991). Tibayrenc et al (1991) proposed a list of criteria to test 

whether clonality prevails or not in natural populations, e.g.\ 1) persistence and/or 

overrepresentation of heterozygotes over generations suggests the absence o f meiotic 

segregation, and is not compatible with biparental reproduction or self-fertilization; 2) 

deviation from Hardy-Weinberg equilibrium; 3) linkage disequilibrium. Data from 

Chapters 3.2 and 3.3 accomplished the three criteria and reveal that the most likely 

reproductive strategy for C. bombi is clonality rather than sexual reproduction although 

sexual reproduction may occur occasionally in nature.

I have found a significant relationship between body and flagellum lengths for all 

morphological stages and cells in division (the largest). Amastigotes, choanomastigotes 

and promastigotes can be detected in all infected animals through all the year {e.g., Logan 

et al., 2005; Ruiz-Gonzalez & Brown, 2006; Chapters 2.2, 2.3, 2.4, 2.7 and 2.8) but the 

presence o f cells in division in fresh faeces is exceptional and occurs at a specific moment 

of the year. Moreover, when studying the infection dynamics of C. bombi since the first 

day post-inoculation (see Chapters 2.2, 2.3, 2.7 and 2.8) the first morphotype appearing in 

faeces is always the promastigote form, suggesting a potential succession of the three 

morphological stages (see Figure 2.6.6a). Wenyon’s (1926) description of the life cycle of 

several Crithidia species supports this morphotype sucession.
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Figure 2.6.6, a) Morphological stages ordered in a potential developmental series; b), potential 
unknown sexual reproduction (thin arrows with the question mark) as explanation for the 
occurrence of the so called reproductive cells.

My preliminary determination and analysis of a new morphological stage of C  

bombi generates some important questions towards further understanding of the evolution 

of trypanosomatids and Protozoa: What impact can a single and yearly event of sexual 

reproduction have in a clonal microparasite? Do sexual forms (or genetic exchange) occur 

in species other than Salivaria trypanosomatids? If so, maybe genetic exchange is an 

ancestral character that has been lost in derived lineages and clonality is an adaptation. If 

we want to understand the evolution of characters such as virulence in this group of 

parasites, are vertebrate trypanosomatids (not monoxenous parasites) a good starting point 

or should we focus our studies on the biology and dynamics of invertebrate trypanosomatid 

species (monoxenous and non-monoxenous)? Moreover, morphological classifications do 

not reflect molecular analyses in insect trypanosomatids (Maslov et a l,  2001; Merzlyak et 

ai,  2001) and molecular analysis are biased because we know very few insect 

trypanosomatids and the number of trypanosomatid cultures is inadequate (Podlipaev, 

2001). Phylogenetic studies of Trypanosomatidae suggest that vertebrate trypanosomatid 

parasites have arisen in different independent events (Hughes & Piontkivska, 2003), and 

thus, imderstanding poorly studied invertebrate trypanosomatids is critical to answer 

questions such as those formulated above.
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INTRODUCTION

Host longevity is an important factor in determining parasite biology because it can 

select for different parasite traits such as transmission or virulence (e.g., Ebert, 1998; 

reviewed by Galvani, 2003), and thus, parasites are expected to be adapted to the average 

life-span of their hosts in order to maximise their own fitness. However, keeping animals 

in the laboratory, a common and necessary practice, usually implies a drastic change in 

host longevity, whether directly by manipulation o f host life-span, through either early or 

delayed mortality, or indirectly because laboratory conditions do not match or exceed the 

biological requirements of the animal. Deviations from the natural life-span, and 

particularly extension of host longevity, may reveal the dynamics of a parasitaemia as well 

as the expression of the above mentioned parasite traits.

Bombus terrestris workers have a lifespan in the wild o f -15 days (Schmid-Hempel 

& Heeb, 1991), but in the laboratory workers can survive for up to two months because 

external causes o f mortality such as predation or work-related are removed (Smeets & 

Duchateau, 2003); that is a four-fold increase in longevity. Previous studies have shown 

that when animals are kept with ad libitum food conditions, infection by C. bombi has no 

impact on host longevity (Brown et al., 2000), but no data exist on parasite epidemiology 

or population dynamics beyond 16 days post-infection (Schmid-Hempel & Schmid- 

Hempel, 1993). In Chapter 2.2 I found that C. bombi produces three morphotypes, and that 

the production o f these morphotypes appear to follow an ordered progression. Both my 

work and previous studies (Schmid-Hempel & Schmid-Hempel, 1993) found the existence 

of peaks in the production of transmission stages o f the parasite. These peaks are not 

unknown and have been detected in the best studied trypanosomatids, parasites of 

vertebrates that have an important impact on human health or cattle {e.g., Welbum & Odiit, 

2002). Previous studies have found that an important cause for these fluctuations in the 

parasite populations dynamics is the interaction between the immune system of the host 

fighting against the parasite population and the evasion by the parasite of host defences 

(Frank & Barbour, 2006; Turner, 1997); this situation results in a complex parasite 

population dynamics within the host exhibiting successive peaks which correspond to 

reproduction o f clonal parasite variants that have temporally defeated host specific 

antibodies followed by events of parasite elimination due to the generation of new 

antibodies (Turner, 1984; Barry & Turner, 1991; Grenfell & Dobson, 1995; Deitsch et al..
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1997). Therefore, peaks and valleys in Trypanosoma parasite population dynamics could 

be reflecting the emergence of new parasite antigens and host antibodies. In addition, there 

is a developmental transition during the life cycle o f trypanosomes, from the rapid dividing 

long slender stage to the non-dividing short stumpy morphotype; the first morphotype is 

adapted to the mammalian host while the second is adapted to the vector and it is not 

infective; the developmental transition occurs when the long slender morphotype has 

reached high density population levels which suggests a potential role to control the 

parasitaemia and increasing both host survival and parasite transmission (Seed & Wenck, 

2003). While the pattern of antigenic variants succession is currently explored (Morrison et 

a l,  2005; Frank & Barbour, 2006), theoretical models suggest that oscillations in the level 

of parasitaemia are the result of the combined action of both host immune response and 

density-dependent trypanosome developmental differentiation (Tyler et al., 2001).

Insect trypanosomatids provide an excellent system for examining artificially 

extended parasitaemia because parasite dynamics can be followed non-destructively 

(Kollien & Schaub, 2003; see Chapters 2.2, 2.3 and 2.8), and thus, parasite population 

dynamics can be followed daily within the same hosts; in addition, natural infections 

involve the ordered production of different parasite morphotypes (Kollien & Schaub, 2003; 

see Chapters 2.6 and 2.7) and there exist clear patterns over a natural infection in the 

output of transmission stages (Kollien & Schaub, 2003; see Chapters 2.6 and 2.7; Schmid- 

Hempel & Schmid-Hempel, 1993); finally, maintaining insects in laboratory conditions 

extends lifespan through the removal of external causes of mortality. In Crilhidia bombi 

(Gorbunov, 1987; Lippa & Triggiani, 1988), a gut trypanosomafid parasite o f bumble bees, 

three developmental stages have been described, amastigote, choanomastigote and 

promastigote (Logan et al., 2005; Chapter 2.2) and a potential succession of these 

developmental stages was proposed in Chapter 2.6. Moreover, it has been found that this 

parasite induces phenoloxidase activation in Bombus terrestris (Brown et al., 2003b), 

which has been shown to protect against trypanosomes (Nigam et al., 1997) and the 

production o f antimicrobial peptides in Drosophila melanogaster when injected into the 

haemolymph (Boulanger et al., 2001). However, I failed to detect significant effects of the 

infection on the host immune defence other than activation of antimicrobial peptides in 

infected queens (Chapter 2.4), possibly due to differences in the experimental design. 

Consequently, I expect density-dependent mechanisms as a main factor acting on this 

parasite’s population dynamics because the host’s gut has a finite surface, and thus, can
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lead to parasite crowding. In addition, chaotic dynamics could be indistinguishable from 

population dynamics with density-dependent regulation (Begon & Mortimer, 1981).

Here I use the Crithidia bombi-Bombus terrestris system to examine the impact of 

extending host life-span on parasite population dynamics. I have studied the dynamics of 

C. bombi over a 58 day period -  a four-fold extension of average infections. The temporal 

series of the parasite population dynamics was long enough to enable the elucidation of 

temporal patterns in overall and morphotype-specific parasite production.

MATERIAL AND METHODS 

Infection dynamics

1 used eight workers from each of three commercial colonies of B. terrestris 

dalmatinus. Animals were removed from the colonies on the day they eclosed and then 

transferred to plastic boxes with fresh pollen and sugar water (50% vol/vol) (Apiinvert®) 

ad libitum. Bees were inoculated when they were eight days old following the protocols 

described in Chapter 1.2.

To prepare the inocula, faeces were collected from Bombus terrestris audax 

workers, naturally infected with Crithidia bombi, and caught in the spring of 2004 in 

Dublin, Ireland. The faeces were diluted with sugar water to produce an inocula 

concentration of 1000 cells/|^l. Thus, each animal ingested a total o f 10,000 parasite cells. 

For the following 58 days, faeces were collected daily from each of the 24 bees. The 

number of parasite cells per |il was calculated using an improved Neubauer to track the 

development of the infection in individual bees.

Time series analysis

A very important tool in the analysis of temporal dynamics is time series analysis 

{e.g., Kendall, 1976, and Anderson, 1976). Time series analysis is used when a sequence of 

data are ordered in time. Examples come from fields as different as economics (Kendall, 

1976) and evolutionary palaeobiology (Connor, 1986). A short survey of the main points 

about this subject based on these sources will be given below.
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A time series can be considered as a single realization o f some underlying 

statistical (or stochastic) process (Anderson, 1976). Statistical requirements recommend 

recording more than 50 observations in a time series. In each point o f time t, a value o f a 

random variable is observed, namely u,. The structure o f  the time series is w/, U2 , . . . ,  u„. 

Each o f these variables has their own distribution function with its mean and its variance. 

If  the variance is more or less the same for all the variables, the series is called additive. An 

increasing variance with time gives a multiplicative series. Usually, the variables ui, U2 ,.. .,  

u„ are correlated. The dynamics o f any system is a mixture o f  four components that do not 

necessarily occur together (Kendall, 1976): (i) a long term movement, namely a trend; (ii) 

fluctuation about the trend that can be more or less regular; (iii) a seasonal component (or 

other kind o f  periodicity, depending on the time scale, e.g., a series based on geologic time 

or short time series based on minutes, hours or days), and (iv) noise due to random 

perturbation.

Trends are the effect o f “forces” that operate permanently in the same direction. 

Trends may be explored in two different ways: moving averages and analytical procedures. 

Moving averages smooth the series (fluctuation is almost removed) and show the net trend. 

This is done by calculating the average centred on successive time points. As a 

consequence, moving average techniques cause a loss o f information at the begirming and 

end o f the series. Analytical procedures consist o f fitting some kind o f function (linear, 

polynomial, exponential and so on) to the raw  data o f the series.

Time series can be stationary. From an intuitive point o f view (Kendall, 1976), this 

means that the mean and variance remain unchanged throughout time. Time series that 

exhibit a trend are not stationary; the effect o f removing the trend results in a stationary 

series. Features such as regular fluctuation about the trend or seasonality must be studied 

on stationary or detrended series. Detrending is carried out by dividing the actual values o f 

the temporal series by their predicted values if  the series is multiplicative.

Autocorrelation is a suitable approach to use in order to investigate regular 

fluctuations in a stationary series. Successive terms o f  the series repeat a similar situation 

with a certain periodicity. Thus, initial terms are significantly correlated with those which 

repeat the initial situation after the lapse o f the corresponding period. This will be reflected
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by a sequence of autocorrelation coefficients. The first one is positive and significantly 

different from zero; the following coefficients are not significantly different from zero and 

they progressively decrease and become negative. The autocorrelation coefficient becomes 

positive again and significantly different from zero when a similar situation to that o f the 

beginning appears. Since the mean is common to all of the random variables defined for

nI",
each time point in a stationary series, it can be estimated as w = — .

n

The variance is also assumed to be a common value whose estimate is 5 = — ------------- .
n

n - k

+ - u )

Finally, autocovariance is estimated as  .
{ n - k )

Q
The autocorrelation estimate (true autocorrelation, p*) will be given by = —  .

This may be represented graphically using a correlogram. In this representation, 

abscises are time units and ordinates represent autocorrelation coefficients. Significance (pk

I /

0) is given by the statistic T = r I— ^  which tests the null hypothesis pk = 0. In this

case, T follows /-distribution with n -  2 d.f. for a significance level a. A critical value for r

^ a—,n-2
is given by r  =  ̂  estimates larger than | r \ are significantly different from

zero. Statisticians recommend that autocorrelation analyses should be carried out for — <

k < ~ .
2

My analysis of the dynamics o f Crithidia bombi as described by its temporal series 

remains at a preliminary level. Here, I have described the procedures to be used in the 

study of amastigotes, choanomastigotes, promastigotes, and all developmental stages 

together.
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R E S U L T S

Infection dynamics

The mean parasite population dynamics (see Figure 2.7.1) followed a pattern 

similar to those described in previous studies (e.g., Logan et al., 2005; Ruiz-Gonzalez & 

Brown, 2006; and Chapters 2.2, 2.3, 2.) for the first 15 days of the infection. Around day 

15 the standard deviation increased and after day 15 the number of parasite cells in faeces 

decreases drastically and enters into an oscillatory dynamics. Between days 30 and 40 the 

parasite population remains stable after recovering from a previous valley. After day 40 

parasite population reached the highest population peaks with deep valleys and highly 

heterogeneous values for the standard deviation. Both peaks and high standard deviation 

values or valleys and low standard deviation values appear together. The wide range o f the 

standard deviation values, with peaks showing the higher ranges, could be due to variation 

between colonies (Konig & Schmid-Hempel, 1995). In Figure 2.7.2 I have plotted the 

parasitaemia levels for each of the three colonies studied.
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Figure 2.7.1. Dynamics o f  the total number o f parasite cells (all different morphotypes together) 
during the 58 days o f the experiment. Data shown as cells/[il (±SD). Sample sizes: No = 24; N 20 = 
2 2 ; N 4 o = 15;N58 =  7.
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Figure 2.7.2. Levels of parasitaemia in each of the three colonies studied. Colony 1: No = 8; N20

7; N40 = 7; N58 = 3. Colony 2: No = 8; N20 = 8; N40 = 3; N58 = 3. Colony 3: No = 8; N20 = 7; N40 =
N 5 8 = 1 .
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The population dynamics suggest that during the first 15-16 days post-inoculation 

the parasite population increases; there is a delay o f one to a few days in the first 

appearance o f  parasite cells in host faeces which may be due to the time required for the 

parasite to settle in the gut and initiate its reproduction. During this initial period the 

parasite population grows and suffers weak perturbations. After day 15-16 the parasite 

population consistently suffered a drastic decline in all three colonies. Around day 20 the 

parasite population has partially recovered from the decline (or is recovering in colonies 2 

and 3) and for the following 20 days undergoes oscillations o f  different intensities. During 

or before this period the hosts are expected to die naturally under natural conditions. The 

last period begins around day 40 and ends on day 58: the parasite population grew reaching 

peaks that double the levels o f  parasitaemia shown across the first two periods and 

followed a series o f oscillations with deep valleys.

In Figure 2.7.3 I have represented the parasite dynamics for each o f the three 

developmental stages o f C. bombi. The three periods described above can be found in the 

population dynamics o f  each stage, with a first main peak around day 15 post-inoculation. 

The production o f amastigotes declines after day 46. The three developmental stages were 

produced in different quantities (Figure 2.7.4). Both Figures 2.7.3 and 2.74 suggest the 

importance that choanomastigote stages have in the overall parasite population dynamics. 

Figure 2.7.5 shows that the percentage o f  promastigote stages produced daily remains more 

or less stable after day 8 (~ 10%). The production o f amastigote and choanomastigote 

stages oscillated but fewer amastigotes were produced after day 35 except for a peak on 

day 43.
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Time series analysis

I have considered four temporal series: a general series with all the data; the other 

three series describe the dynamics o f choanomastigotes, promastigotes and amastigotes 

respectively. All have n > 50. My series are not additive but multiplicative ones, as can be 

seen by inspection o f Figures 2.7.6-9. The removal o f  trends has been carried out by 

analytical procedures. Moving averages have been discarded because o f the loss o f  initial 

and end terms o f  the series (in my cases, a good moving average consists o f  11 values to be 

averaged, with a loss o f  five initial points and five end points). 1 fitted a 3'̂ '̂  degree 

polynomial function for all the cases (see Figures 2.7.6a, 2.7.7a, 2.7.8a and 2.7.9a). Since 

these series seem clearly multiplicative, their trends have been removed in each case by 

dividing the actual value u t by its polynomial estimate u, es (see Figures 2.7.6b, 2.7.7b, 

2.7.78b and 2.7.9b). Autocorrelation analyses are shown as correlograms in Figures 2.7.6c, 

2.7.7c, 2.7.8c and 2.7.9c. I do not observe any significant periodicity because 

autocorrelation coefficients (see Table 2.7.1) in general do not repeat the sequence o f 

significant positive-negative-positive (all data and choanomastigotes) or they are not 

different from zero if  this is the case (promastigotes and amastigotes).
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Table 2.7.1, /-distribution statistics (t) and their correspondent significance at 0.05 (Oo.os) for n-2 degrees o f freedom (d. f ) autocorrelation coefficients (r), for all 
autocorrelation values o f all morphotypes together (day 2 to 21 post-inoculation), amastigotes (day 4 to 23), choanomastigotes (day 4 to 23) and promastigotes 
(day 2 to 21). Significant autocorrelation values are shown in bold.

D.F. «0.05 t /•c All forms together Amastigotes Choanomastigotes Promastigot

54 2.005 4.020 0.261 0.508 0.514
53 2.006 4.024 0.263 0.212 0.079
52 2.007 4.028 0.266 0.149 0.171 0.515 - 0.106
51 2.008 4.032 0.268 0.123 0.013 0.234 - 0.151
50 2.009 4.036 0.271 0.206 0.252 0.081 - 0.189
49 2.010 4.040 0.273 0.126 - 0.017 0.143 0.059
48 2.011 4.043 0.276 0.055 - 0.147 0.253 0.143
47 2.012 4.047 0.279 - 0.058 - 0.208 0.189 0.098
46 2.013 4.052 0.282 - 0.166 - 0.176 0.073 - 0.060
45 2.014 4.057 0.285 - 0.218 - 0.041 - 0.074 - 0.118
44 2.015 4.062 0.288 -0.433 - 0.143 - 0.245 - 0.252
43 2.017 4.067 0.291 -0.314 - 0.060 - 0.292 - 0.214
42 2.018 4.073 0.294 - 0.275 - 0.100 -0.456 - 0.124
41 2.020 4.079 0.297 - 0.283 - 0.124 - 0.223 - 0.065
40 2.021 4.085 0.301 -0.326 - 0.075 - 0.060 - 0.125
39 2.023 4.091 0.304 -0.329 - 0.172 - 0.130 - 0.092
38 2.024 4.098 0.308 -0.350 - 0.136 - 0.309 - 0.131
37 2.026 4.105 0.312 -0.339 - 0.045 -0.427 - 0.234
36 2.028 4.113 0.316 - 0.195 - 0.068 -0.334 - 0.277
35 2.030 4.121 0.320 - 0.179 0.104 - 0.264 - 0.078
34 2.032 4.130 0.325 - 0.028 - 0.130
33 2.035 4.139 0.329 - 0.076 - 0.082
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Figure 2.7.6. All developmental stages together, a) Population dynamics for all cells (xlOOO) with 
tendency line; the third grade equation used to eliminate the tendency is also shown, b) detrended 
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Figure 2.7.9. Promastigotes. a) Population dynamics for promastigote cells (xlOOO) with tendency 
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DISCUSSION

The analysis of the infection dynamics showed that parasite dynamics within the 

host fluctuate in alternate episodes o f population growth and decline but the analysis of the 

time series failed to find any periodicity in the pattern of these events. However, parasite 

population dynamics in individual bees are not synchronous and analysing their mean 

could hide single-host periodicity, if  any. Therefore, we preliminary analysed the 

population dynamics of two random animals and we did not find any periodicity. 

Consequently, these fluctuations must be due either to pure noise or chaotic dynamics, 

which are facilitated when density-dependent mechanisms are acting.

During the initial period the parasite population grows and suffers weak 

perturbations. However, after day 15, when workers are expected to be dead under natural 

conditions (Schmid-Hempel & Heeb, 1991), the population dynamics begin to suffer 

fluctuations that become larger after day 40 and are followed by an increase in parasite 

population numbers within the host. All three developmental stages suffered these 

fluctuations. However, I suggest that different developmental stages appear to have some 

temporal distribution: at the beginning of the infection (first five days) the dominant 

parasite stage is the promastigote, as previously found (Logan et a l, 2005; Chapters 2.2 

and 2.3), but as infection matures, the proportion of promastigotes in faces decreased 

although fluctuating around 10%; choanomastigotes stages clearly appeared in higher 

proportion during the last 25 days o f infections (except for day 43); the interval from day 5 

to 34 is more difficult to interpret because on some days amastigote stages were produced 

in higher proportion than choanomastigotes. If a developmental transition exists, my 

results could be interpreted as follows: the long slender promastigotes are found in low 

proportion because they are actively reproducing and developing into choanomastigotes 

which will seldom develop into amastigotes (as suggested in chapter 2.6). Parasite 

population increase after day 40 and the presence of higher peaks suggest a potential effect 

of host senescence and an increase of parasite replication, possibly to maximize the 

chances of transmission. This pattern is followed by all three colonies and suggests that 

this could be the natural population dynamics of the parasite.

I have not previously found any effect o f C. bombi infection on host immune 

defence (Chapters 2.4 and 2.5) although Brown et al. (2003b) found that C. bombi 

infections doubled the levels of phenoloxidase in hosts; Brown et al. (2003b) combined
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data from animals infected for 7 and 14 days and a second analysis o f animals on day 7 

revealed no significant impact of infection on host immune defence (M. J. F. Brown, 

personal communication), and thus, supported my own findings. Consequently, the impact 

o f this parasite on the immune defence after day 7 is unknown and some kind of parasite 

population regulation by host immune responses could exist if  the activation of 

phenoloxidase activity affects the parasite after day 7. In addition, and only if the immune 

system does really impact on C  bombi populations, the trend found in the parasite 

population dynamics (increasing in numbers throughout time) could be explained as 

facilitated by senescence of the immune system because immune response efficiency 

decreases with host age (Doums et a l,  2002).

The absence of evidence supporting a regulatory effect o f the immune response on 

parasite population dynamics can also be explained because a physical separation between 

the parasites and the haemolymph exists (Gorbunov, 1987; see also Appendix 1). 

Moreover, the fluctuations found in the parasite population dynamics do not follow a 

cyclic pattern as the one found in Trypanosoma {e.g., Grenfell & Dobson, 1995; Morrison 

et al., 2005), and although this can be due to differences in the effects of both vertebrate 

and invertebrate immune systems, the most likely explanation should be that while 

Trypanosoma infects the vertebrate blood-stream, C. bombi remains in the gut.

Natural populations exhibit limited growth and although different explanations 

have been suggested (Krebs, 1995), hypotheses based on density-dependence mechanisms 

are the most accepted (Begon, 1986; Krebs, 1995). Therefore, density-dependent parasite 

differentiation could be playing an important role in insect gut trypanosomatid population 

dynamics just as in Trypanosoma brucei (Tyler et al., 2001). One important restriction to 

C. bombi population could be availability o f space in the gut because the parasites attach to 

the gut (Gorbunov, 1987) possibly to obtain resources previous to replication. 

Consequently, the available area of the gut should impose a restriction on the parasite 

because when the gut is totally colonized there is no more free space to sustain higher 

parasite populations. Spatial restrictions contrast with Tyler et al.'s (2001) work, where 

restrictions to parasite population growth are imposed by the levels of lethality produced 

by one o f the two developmental stages o f Trypanosoma brucei', moreover, in C. bombi it 

is unknown whether different developmental stages impose different levels of virulence. 

Consequently, the first part of C. bombi population dynamics could indicate the 

progressive colonization of the gut through a smooth increase in parasite population
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growth; each following peak will then suggest events o f parasite replication after 

colonization of the available area has happened, and thus, the production of parasite cells is 

high; valleys could be due to both events of parasite death or active colonization, and thus, 

fewer parasite cells can be detected on faeces. The final period of the parasite population 

dynamics shows higher numbers of parasite in faeces and this could be explained by 

different explanations: (i) parasites have been able to colonize extra areas in the gut; this 

could be possible because histological work suggest that the parasite is present only in the 

hind gut, at least during the first 10 days of infection (see Appendix 1); (ii) parasite 

replication rates are higher after such a long period of infection; (iii) a combination of 

different factors, such as (ii) and (iii) and, e.g., host senescence.

Schmid-Hempel & Schmid-Hempel (1993) noticed that transmissibility of C. 

bombi is highest at the beginning of the infection, when very few infective cells are shed so 

they thought that transmissibility could not be a function o f the number of parasitic cells. 

At the beginning of the infection the percentage o f promastigotes present is between 100- 

50%. This has been seen in previous studies (Logan et ah, 2005; Ruiz-Gonzalez & Brown, 

2006 and Chapters 2.2, 2.3 and 2.8) and suggests that this morphological stage of the 

parasite could play a potential key role in both transmissibility and infectivity. Maybe 

similar trypanosomatid stages in both insect and vertebrate trypanosomes play similar 

roles: in vertebrate trypanosomes the long slender stage actively divides while the short 

stumpy stage does not divide (Seed & Wenck, 2003) and in C. bombi I have found long 

slender promastigotes with the capacity for division (see Chapter 2.6) and short stumpy 

amastigotes which I never saw in replication; the choanomastigotes may be a 

developmental stage intermediate to promastigote and amastigote.

Some kind of periodicity was expected for these parasite population dynamics. 

However, this simple analysis does not seem to support my expectations. Fluctuation 

around the trend is observed for the four cases. The removal of the trend enables clear 

observation of this aspect of these series. Since my data represent a longer lifetime for the 

hosts than in the wild, I cannot say that I do not have enough data to detect such a pattern.

As I said above, fluctuation may be due to pure noise or these series may reflect a 

chaotic dynamics. Chaos in biology (physiology, ecology or evolutionary palaeobiology) 

has received repeated attention (e.g., reviewed by Haken, 1983; Glass & Mackey, 1988; 

Smith, 1998; Bascompte & Flors, 1995; De Renzi, 2001). To further understand the
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differences between a chaotic series and a temporal series with some kind of regular 

periodicity I tried to make an elementary picture o f the latter by means o f diagrams. I 

simulated an almost stationary series with 54 elements and a period equal to 9; to do so, I 

generated a cycle consisting of a first element that was always the smallest value of the 

series, the ninth element was forced to be the largest, and the intermediate values were 

randomly allocated; this procedure was repeated six consecutive times and for each cycle I 

randomly changed the first and last values. Then I observed its periodic characteristics (see 

Figure 2.7.10a). Its correlogram demonstrates this periodicity (Figure 2.7.10b) and the 

diagram obtained after plotting each pair of consecutive values of the time series (x,, x,+/) 

exhibits something similar to a cycle (see Figure 2.7.10c). The trajectory somewhat 

follows a straight line (from (3, 4) to (16, 17) and delimited by arrows) which is the 

expected representation for a series with perfect periodicity and where departures from this 

line are noise. When comparing diagrams (x,, x,+/) generated by actual data of my temporal 

series after detrending them, their trajectories appear twisted in a tangle and no straight 

lines can be detected (See Figure 2.7.11a, b, c and d). The trajectories for my actual data 

appear to be a combination of both noise and chaos but further analyses should be 

conducted to assess this hypothesis. Moreover, my attribution to chaos o f these features is 

only tentative, but not unreasonable because I cannot observe any kind o f regularity. It is 

well known that very simple dynamic non-linear models, e.g., the logistic difference model 

Xt+i = a  Xt (1 -  Xt) have points of bifurcation in their behaviour for specific values of the 

parameter a (see Smith, 1998). The system moves into chaotic dynamics as critical values 

of a are attained. Chaos appears in non-linear dynamics, i.e., systems evolving their 

characteristics in time according to laws expressed in terms of non-linear differential (or 

difference) equations. This is the case for the most frequent ecological models (Briggs & 

Peat, 1989). Above, I cite density-dependent parasite differentiation as playing a relevant 

role in insect gut trypanosomatid population dynamics; since the model x,+/ = a x, (I -x ,)  

describes dynamics o f density-dependence, I consider admissible chaotic dynamics as a 

possible cause of the observed patterns.
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C h a p t e r  2.8

W i t h i n - M u l t i h o s t  Cr it h id ia  b o m b i  D y n a m ic s :  C r o s s 

i n f e c t i o n  AND Im m u n e  D e f e n c e  o f  M u l t i p l e  H o s t  S p e c ie s

A c k n o w l e d g e m e n t s

This chapter involved two main experiments, the cross-infection and the immune defence 

analysis, which were conducted in two laboratories, respectively: Department of Zoology, 

Dublin University -  Trinity College (Ireland) and Equipe Ecologie Evolutive, Universite 

de Bourgogne (France). This chapter is co-authored (M. X. Ruiz-Gonzalez, Y. Moret & M. 

J. F. Brown). Dr. Moret taught me the immune defence analysis techniques, extracted the 

haemolymph of half of the samples and further allowed me to use his laboratory to conduct 

the analysis of the PO/proPO reactions and the antimicrobial activity. Dr. Brown sampled 

for bees and helped both during the experiments and the analysis of the data. I thank Ms. 

Rejane M. Falcao for assistance in the field and in the laboratory and Mr. Stephan Comet 

for technical support.



INTRODUCTION

Species are not isolated entities. The success of species is linked to multiple and 

delicate relations (Margalef, 1968) because species are constantly interacting with their 

environment and other organisms. Any interspecific interaction such as host-parasite 

interactions among others (e.g., competition for resources, predation, mutualism) is 

susceptible to coevolutionary dynamics in which there exists constant selection for 

adaptation and counter-adaptation (Thompson, 1999b; Lively & Dybdahl, 2000). This 

continuous evolutionary change in coevolving species is known as Red Queen Dynamics 

(van Valen, 1976; Dieckmann ef a l ,  1995; Lively et a l ,  1990). Reciprocally, host-parasite 

coevolutionary dynamics affect the interaction between host and parasite (Anderson & 

May, 1979; Anderson & May, 1981; May & Anderson, 1979). Two main parasite 

properties, virulence and transmission, have received special theoretical and empirical 

attention because virulence is the damage caused to a host {e.g.. Bull, 1994; Poulin & 

Combes, 1999) which can further have clinical and economical consequences {e.g., Koch, 

1882) and the mode of transmission because it can select for different levels of virulence 

(Bull, 1994; Frank, 1996; Day, 2001), e.g., vertical transmission may select for decreased 

virulence (Bull, 1991). Moreover, virulence, transmission and other parasite traits {e.g., the 

ability to infect hosts or infectivity (Dybdahl & Storfer, 2003)) are different components of 

parasite fitness which coevolve together and often are involved in complex trade-offs 

(Anderson & May, 1979; Anderson & May, 1981; May & Anderson, 1979; Frank, 1992).

Most of the work done in host-parasite systems is focused on parasites infecting a 

single host species, despite the relevance of muUihost parasites (Woolhouse et al., 2001). 

In fact, the most complex systems involving a parasite infecting multiple host species have 

only began to be theoretically explored recently (Regoes et al., 2000; Ganusov 2002, 

Gandon, 2004). Parasite virulence is expected to coevolve with host life-history traits 

(Gandon et al., 2002) but in multihost parasites heterogeneity among host types or host 

species may result in different selecting pressures acting on the parasite. Regoes et al. 

(2000) predicts the evolution of stable polymorphisms in the parasite population where
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both specialist and generalist strategies can coexist depending on the output o f trade-offs 

between parasite virulence in different hosts. Gandon (2004) demonstrated the key role o f 

the relative quantity and quality o f host type as selection pressures in the evolution o f 

parasite virulence and transmission within and between hosts; variation in host quantity 

may affect the transmission rate o f  the parasite while heterogeneity in host quality {e.g., 

differences in the immune response) may result in different levels o f host exploitation, 

parasite virulence and transmission (Gandon, 2004).

The immune system evolved as a solution to minimize the costs that parasites can 

impose on their hosts (Sheldon & Verlhust, 1996) but the immune system is also costly to 

keep and to activate (Moret & Schmid-Hempel, 2000), and thus, there exist trade-offs 

between the immune system and other life-history traits (Sheldon & Verlhust, 1996; 

Allander, 1997). Different host species may have arrived at different evolutionary solutions 

to those trade-offs due to many potential causes {e.g., morphological differences that lead 

to variation in the use o f resources and resources uptake or heterogeneity in host spatial 

distribution, among others). In multihost-parasite systems these differences in the immune 

responses can select for different parasite traits and further drive parasite evolutionary 

branching (Regoes et al., 2000; Gandon 2004).

The study o f differences in both parasite levels o f host exploitation and levels o f 

heterogeneity in host quality in a natural multihost-parasite system could provide actual 

models with an empirical base to test for evolutionary predictions and would be a first step 

to understanding the epidemiology o f these parasites.

Here I have conducted such a study. To do so, I used the multihost-parasite system 

formed by the trypanosomatid Crithidia bombi and its multiple hosts from the genus 

Bombus. (See Chapter 1.1 for further details on this system). I have conducted two 

experiments. 1) Analysis o f different parasite strains dynamics in two host species. I 

studied differences in two parasite traits; the overall parasite cells produced during the 10 

days o f the infection and the first day o f parasite appearance in each infected animal. These 

two traits may be related with both transmission and virulence when infecting different 

host species and could reveal patterns o f parasite adaptation to different hosts. And 2) 

analysis o f  the induced and constitutive immune responses in different infected and
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uninfected host species. The antibacterial enzymatic activity is a measure o f  the induced 

immune response and both the levels o f phenoloxidase (PO) enzyme and its pro-enzyme 

the pro-PO are the main component o f the constitutive immune response. The analysis o f 

both the induced and the constitutive parts o f  the immune system will reveal the potential 

heterogeneity in host quality and its relation to the parasite dynamics in different hosts.

MATERIAL AND METHODS

1. Crithidia bombi cross-infection experiment

I collected wild bumble bee queens to rear colonies in the laboratory, and thus, to 

obtain controlled workers from different wild bumble bee species. I sampled for queens o f 

different bumble bee species during March to May o f 2005, from different sites in Dublin 

city and from natural areas close to Dublin (see Chapter 1.2). Not all bumble bee species 

can be bred easily in the laboratory due to the method o f larva provisioning; feeding the 

larvae directly from pollen stores or making a pocket with pollen from which the larvae 

feed by themselves. Pocket making species, e.g. long-tongued species, are more difficult to 

breed (Velthuis, 2002), and thus I collected the available short-tongued B. jonellus, B. 

lapidarius, B. lucorwn, B. pratorum  and B. terrestris queens. I further collected B. 

pascuorum  and B. hortorum  queens looking for C. bombi strains.

I checked the faeces o f  each queen two weeks after their capture to confirm the 

parasite-free status or the presence o f microparasites, e.g., Crithidia bombi, Nosema bombi, 

Mattesia bombi. All queens were allowed to rear colonies (protocol described in Chapter 

1.2) and the sexual brood o f  the successful colonies was released at the end o f  the cycle to 

minimize the impact o f my samplings. I froze all queens the same day they died. I further 

dissected all queens to obtain the prevalence o f all parasites and some diseases and I
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removed the guts from those animals infected with C. bomhi for later analysis (see Chapter 

3.3).

The objective of this first experiment was to study the level of adaptation of C  

bombi to its different host species. I look for differences in both the quality and quantity of 

C. bombi infections in different host species after infection with strains from different host 

species. To do so, after the second batch o f workers emerged I checked each colony twice 

daily to remove new born animals or callows, and thus, to control for any effects o f host 

age (Doums et al., 2002) in the experimental design.

In this study I have defined parasite strain as the parasite clonal line present in a 

queen because during all the months since the queen became infected both the queen and 

the parasite have survived (including the hard diapause period), and thus, my null 

hypothesis is that this parasite clonal line is adapted to that host species. To control for 

variation among strains from the same host species I randomly selected three queens 

infected with C. bombi from each different host species, B. lucorum and B. terrestris, and 

labelled them as the source of parasite strains to conduct the cross-infection experiment 

within the two host species, B. lucorum and B. terrestris. Although I expected to have a 

third group of strains from a different host, only 1 extra parasite strain from B. pascuorum  

could be used to infect B. terrestris workers. The original experimental design was 

symmetrical and consisted of 36 workers (at least) each from 1 of three different B. 

terrestris and B. lucorum colonies allocated in groups of 6 animals kept separately (to 

control for intra-colony variation) and each of these groups infected with a different (host 

species origin) parasite strain. However, variation in the production of workers among host 

species and colonies and the death of some workers truncated the experimental design, 

leaving it unbalanced (see Table 2.8.1) and further constraining the statistical analysis of 

the data. Because only one colony o f each host species (colony 3 in both cases) produced 

enough workers I needed to use a total of 4 B. lucorum and 5 B. terrestris colonies instead 

of the three originally thought to partially fulfil the symmetrical design.
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Table 2.8.1. The symmetrical experimental design for the cross-infection experiment was deeply 
truncated. I had seven parasite strains (labelled A to G), three found in B. luconim queens, other 
three in B. terrestris queens, and one strains from a B. pascuorum queen. I show the final number 
of infected workers per colony and treatment. Colours indicated host species parasite origin (green; 
strains from B. lucorum; blue: B. terrestris., and yellow: B. pascuorum).

B. terrestris colonies B. lucorum colonies
Parasite strain from Strain 1 2 3 4 5 1 2 3 4

A 6 6 5 5 4 4
B. lucorum B 6 6 5 6 4 4

C 6 6 6 5 4 4

D 6 6 5 5 4

B. terrestris E 6 6 5 5 4

F 6 6 4 5 6

B. pascuorum G 5 5 5

I randomly assigned to one of each experimental infection group all callows 

previously removed and I inoculated each of them 8 days after being transferred because at 

this age they are foraging in the wild, and thus, can become infected. I checked the animals 

prior to inoculation to confirm their parasite-free status. For each individual inoculation, I 

obtained a final parasite concentration of 5000 ceils/^il. All animals drank a dose of 50000 

parasite cells. During the following 10 days, I took a sample of faeces from each animal 

and counted all parasite cells present in the sample and each of the three parasite 

morphotypes: promastigotes, choanomastigotes and amastigotes (See Chapters 2.2 and 

2 .6).

I analyzed for 1) differences in the total number of parasite cells and parasite 

morphotypes shed between both host species and the strain origin (the host species from 

which the parasite cames). Overall amounts of cells were log-transformed. I used the 

univariate analysis of variance between host species and strain origin as fixed factors for 

each of the three morphotypes and all three together. Because I used 6 different strains 

(labelled as strains A, B and C from B. lucorum queens and strains D, E and F fi*om B. 

terrestris queens) I used a second univariate analysis of the variance but with strain instead 

of strain origin to search for differences among strains. I had workers from 5 different
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colonies o f B. terresths  and from 4 colonies o f B. lucorum  and I further analyzed for any 

effect between host colony and stram  origin or strain for the three different morphotypes 

and all cells shed together. 2) Differences in the first day o f parasite presence in faeces. 

Data were square root-transformed. I used a univariate analysis o f the variance for both 

host species and the strain origin, host species and strain, host colony and strain origin, 

and host colony and strain', the last analysis did not meet the assumption o f equality o f 

variance across groups. The first analysis will indicate if  there exists variability in the 

parasite production when the same strain o f parasite or strains inhabiting the same host 

species infect different hosts, indicating a higher proportion o f cells from that strain. The 

second analysis will indicate if  certain parasite strain can appear sooner in the faeces o f 

different host species, which means earlier potential for transmission. The output o f  both 

analyses is important to understand the mechanisms and processes that shape the evolution 

o f this multi-host parasite.

2. Immune defence of infected hosts from multiple species

I studied the variability in both the induced and the constitutive immune response to 

C. bombi infection among workers o f  different species. I measured the induced immune 

response as the antimicrobial activity in haemolymph, and the constitutive immune 

response as the levels o f phenoloxidase enzyme (PO) and its proenzyme pro- 

phenoloxidase (proPO). The PO level is the quantity o f enzyme invested in the response to 

the insult while the pro-PO level is the total quantity o f enzyme available. 157 workers o f 

different species {B. lapidarius, B. muscorum, B. pascuorum  and B. terrestris andax) were 

collected in the field in one day (21/7/05) o f exhaustive sampling. Each worker was 

transferred to a plastic box with pollen and sugar-water ad libitum  and I checked all their 

faeces. Those workers infected with parasites other than C. bombi were released. Those 

animals infected with C  bombi were labelled as workers naturally infected. Uninfected 

workers were randomly allocated into a second and third category; uninfected or 

experimentally infected workers. The experimentally infected workers were inoculated 

with 2000 cells following the protocols described above. To control for the effect o f 

starvation on the immune response, all animals were starved and fed with a 10 [il sugar- 

water drop instead o f  inoculum. After 5 days post-infection all animals were checked to
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confirm the first diagnosis. Some o f the animals died during these five days and B. 

muscorum  sample size was small enough as to be removed from the experiment. B. 

terrestris workers were the most abundant (60 workers) and I split into two subgroups each 

o f  the three categories. I injected 5 |al o f LPS (as described in Chapter 1.2) to each animal 

from one o f the subgroups to study the effect o f the immune elicitor, and thus, to compare 

the strength o f the immune response among categories. To further control for the effect o f 

the injection I collected 30 animals from a B. terrestris colony reared in the laboratory and 

transferred them to separate plastic boxes. I randomly allocated half o f them into a control 

treatment and the other half was injected with 5 |il o f  insect Ringer solution. In table 2.8.2 I 

have summarized the experimental design and the sample size for each category and 

subgroup. Animals were allocated into three categories for infection: uninfected (Uninf), 

experimentally infected animals (Exp infect) and animals naturally infected in the wild 

(Nat infect). The three treatments are Control animals (no injection), animals injected with 

LPS and animals injected with Ringer solution.

Table 2.8.2. Experimental design and sample size in each group, category and treatment. I 
analyzed three bumble bee species: B. lapidarius, B. pascuoriim  and B. terrestris. B. terrestris W 
denotes animals sampled in the wild and B. terrestris C, animals reared in the laboratory.

TREATMENT CONTROL LPS RINGER

INFECTION Uninf Exp
infec

Nat
infec Uninf Exp

infec
Nat

infec Uninf TOTAL

B. terrestris C 14 - - - - - 15 29
B. terrestris W 9 9 12 9 10 11 - 60
B. lapidarius 21 11 8 - - - - 40
B. pascuorum 9 6 2 - - - - 17

TOTAL 53 26 22 9 10 11 t C 146101 30

Before injection, I anaesthetized on ice all bumble bee workers and immobilized 

the body within a plastic tube. I injected the LPS solution (0.5 mg/ml in 5 |o.l o f insect 

Ringer) and the Ringer solution directly into the haemocoel after piercing the pleural 

membrane between the second and the third tergite, using a sterilized glass capillary that 

had been pulled out to a thin point. After injection all animals were transferred back to 

their boxes.
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Twenty four hours after the injection, all workers were withdrawn from the 

experimental set up to collect a haemolymph sample. Haemolymph extraction protocol is 

described in Chapter 1.2.

After measuring the enzyme activity and while saving the output, the Windows 

operative system generated an unexpected error and the PO values for 47 samples and 

proPO values for 48 samples were lost. Thus, final sample sizes for PO and proPO are as 

presented in Table 2.8.3.

Table 2.8.3. Sample size in each group, category and treatment, for PO and proPO (in brackets) 
with the same previous experimental design (see Table 2,8.1) after losing the analysis output o f one 
set o f samples.

TREATMENT CONTROL LPS RINGER TOTAL

INFECTION Uninf Exp
infec

Nat
infec Uninf Exp

infec
Nat

infec Uninf

B. terrestris C 8 - - - - - 12 20
B. terrestris W 6 7 6 8 6 8 - 41
B. lapidarius 12(11) 8 6 - - - - 26
B. pascuorum 7 4 1 - - - - 12

TOTAL 33 (32) 19 13 8 6 8 12 99 (98)65 (64) 22

I analyzed for; 1) differences between naturally and experimentally infected 

animals, within the control treatment; 2) differences between Ringer solution injection and 

not injected B. terrestris C (control workers from colonies reared in the laboratory) to 

check for any effect of the injection; 3) differences between LPS injected and not injected 

B. terrestris W (control workers sampled in the field) for all three categories of infection 

(uninfected, experimentally infected and naturally infected). This analysis will provide us 

with information on the level of immune response depletion due to C. bombi infection; and 

4) differences among species from the control treatment for the three categories of 

infection. The data were analysed with SPSS 12.0.1 for Windows.
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RESULTS

1. Crithidia bombi cross-infection experiment

I collected a total o f 359 queens. Only some B. lucorum, B. pratorum  and B. 

terrestris queens successfully reared colonies but few o f them had more than 30 workers (4 

out o f 6 B. lucorum, the 7 B. terrestris colonies and none o f the 2 B. pratorum  colonies 

with 2 and 4 workers each). Bumble bees harbour many parasites other than C. bombi 

(Schmid-Hempel, 1998) and the low colony rearing success could be due to the heavy 

parasite load found after dissection o f the queens (see Table 2.8.4). The overall prevalence 

o f  C. bombi was lower (29% o f all queens) than in queens from a previous year (49%, see 

Chapter 3.3).

Analysis for differences in the production of parasite cells during the first 10 days of 

infection

The univariate analysis o f  variance between host species and strain origin (queen 

species from which it comes from) found significant differences in the amount o f parasite 

cells shed for host species but not for strain origin or the host species x strain origin 

interaction in three o f the four analysis see Table 2.8.5): all cells together {host species: F\^ 

164 = 21.237, p-value < 0.001, Figure 2.8.1a), all amastigotes {host species: F\^ i64 = 14.956, 

/>-value < 0 .001 , Figure 2.8.1b) and all choanomastigotes {host species: 11.716,/?-

value = 0.001, Figure 2.8.1c). The analysis o f  all promastigotes detected significant 

differences for strain origin but not for host species or the host species x strain origin 

interaction {strain origin: F\^ = 8 .129,p-value = 0.005, Figure 2 .8 .Id).
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Table 2.8.4. Percentage o f infected animals for all parasites found through dissection. N: sample size; I. Mites: internal mite Locustacarus bucfmeri (Acarina, 
Podapollpodidae); S. bombi: Sphaerularia bombi (Nematoda, Sphaerulariidae); Conopid; conopid flies (Diptera, Conopidae); Syntretus sp. (Hymenoptera, 
Braconidae); C. bombi: Crithidia bombi (Protozoa, Trypanosomatidae); N. bombi'. Nosema bombi (Microsporidia, Nosematidae); M  bombi'. Mattesia bombi 
(Apicomplexa, Neogregarinorida, Lipotrophidae); Bacteria: unidentified but potentially hazardous bacteria present in the haemocoele of the animal {e.g., 
Spiroplasma sp., Aerobacter cloacae and other unidentified bacteria); 1 established two different categories for fungal diseases: Fungal cells: unknown yeasts or 
yeast-like organisms present in haemocoele or fat body {e.g., Candida sp.) and Fungal hyphae: lethal unknown fungi forming micelia within the queen body, 
killing it {e.g., Acrostalagmus sp., Aspergillus sp., Beauveria bassiana, Chrysosporidium sp., Hirsutella sp., Metarhizium sp., Paecilomyces sp.) (Skou et a i, 
1963; MacFarlane e /a /., 1995; Schmid-Flempel, 1998).

2005
Species N I. Mites S. bombi Conopid Syntretus sp. C. bombi N. bombi M. bombi Bacteria Fungal cells Fungal hyphae

B. hortorum 2 0.00 50.00 0.00 0.00 0.00 0.00 0.00 50.00 0.00 0.00

B. jonellus 8 25.00 37.50 0.00 0.00 12.50 0.00 0.00 62.50 62.50 25.00

B. lapidariiis 1 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

B. liicorum 68 19.12 48.53 0.00 4.41 20.59 5.88 13.24 22.06 48.53 8.82

B. muscorum 2 0.00 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

B. pascuonim 45 24.44 42.22 0.00 8.89 31.78 6.67 0.00 20.00 71.11 0.00

B. pratorum 59 15.25 38.98 1.69 0.00 25.42 11.86 0.00 0.00 28.81 1.69

B. terrestris 174 16.67 51.15 0.00 3.45 32.76 6.32 5.17 16.67 63.79 8.05

For all species 359 18.11 47.08 0.28 3.62 28.97 6.96 5.01 16.43 55.15 6.41



As in the latter analysis the new univariate analysis of variance between host 

species and strain (1-3 from B. lucorum and 5-7 from B. terrestris) found significant 

differences in the total amount of cells shed for host species but not for strain origin or the 

host species x strain origin interaction in the three o f the four analysis (Table 2.8.5): all 

cells together {host species'. F\^ 156 = 22.224, /?-value < 0.001, Figure 2.8.2a), all 

amastigotes {host species: F\^ 156 = 15.486, p-value < 0.001, Figure 2.8.2b) and all 

choanomastigotes {host species'. F\^ 156 = 12.213, />-value == 0.001, Figure 2.8.2c). The 

analysis o f all promastigotes detected significant differences for strain but not for host 

species or the host species x strain interaction {strain'. 156 = 3.373, p-value = 0.003, 

Figure 2.8.2d).

The analysis to detect variability between host colony and strain origin found 

significant differences for all parasite cells together (Fg, 157 = 5.542, p-value < 0.001; 

Figure 2.8.3a), amastigotes (Fg, 157 = 3.859, p-value < 0.001; Figure 2.8.3b), 

choanomastigotes (Fg, 157 = 2.806, />-value = 0.006; Figure 2.8.3c) and promastigotes (Fĝ  

157 = 5.202,/7-value < 0.001; Figure 2.8.3d) among host colonies (Table 2.8.5) and between 

strain origin for promastigotes (Fi, 157 = 9.345, p-value = 0.003; Figure 2.8.3d). When 

analyzing both host colony and strain the test found again significant differences for all 

parasite cells together (Fĝ  135 = 5.591, p-value < 0.001; Figure 2.8.4a), amastigotes (Fg, 135 

= 3.646,/7-value = 0.001; Figure 2.8.4b) and choanomastigotes (Fg, 135 = 2.714,/7-value = 

0.008; Figure 2.8.4c). For all promastigotes (Figure 2.8.4d) the analysis found significant 

differences among host colonies (Fg_ 135 = 5.202,/7-value < 0.001) and between strains (Fs  ̂

135 = 6.225,/7-value < 0.001) and their interaction (F 1 9 ,135 = 2.775,/?-value < 0.001).
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Table 2.8.5. Univariate analyses o f  the variance: differences in the overall amount o f  parasite cells/^l shed during the 10 days o f  infection, and the total number 
o f  amastigotes, choanomastigotes and promastigotes produced for host species, strain origin, strain, host colony and the interactions between host species x 
strain origin, host species x strain origin, host colony x strain origin and host colony x strain. Data was log-transformed to conduct the analyses. See also 
Figures 2.81, 2.8.2, 2.8.3 and 2.8.4.

All cells together All amastigotes All choanomastigotes All promastigotes

host species 

strain origin 

host species x strain 

origin

F\, 164 = 21.237,/>-value < 0.001

F\. 164 = 2.273, p-value = 0.134

^ 1. 164 = 0.360, /?-value = 0.549

^i, 164 = 14.956,/>-vaIue < 0.001

F\, 164 = 0.088, p-value = 0.767

F\. 164 = 3.504, jo-value = 0.063

^̂ 1 ,1 6 4  = 11.716, jp-value = 0.001

P\. 164 = 2.300, p-value = 0.131

F\, 164 = 0.049, /7-value = 0.825

F \. 164 = 0.178,/?-value = 0.674 

^ 1 ,1 6 4  = 8.129,/>-value = 0.005

F \, 164 = 0.833, p-value = 0.363

host species 

strain

host species x strain

^ 1,156 = 22.224, p-value < 0.001

^ 5, 1 5 6 = 1.128, p-value = 0.348 

^ 5 ,1 5 6  = 1.211, /?-value = 0.306

^ 1,156 = 15.486, p-value < 0.001

Fs, 156 = 0.484, p-value = 0.788 

^ 5 ,1 5 6  = 1.616, p-value = 0.159

^ 1,156 = 12.213,p-value = 0.001

Fs. 156 = 0.972, p-value = 0.437 

Fs. 156 = 1 184, /?-value = 0.320

^ 1, 156 = 0.379, p-value = 0.539 

Fi, 156 = 3.373, p-value = 0.003

F 5. 156 = 1.617, /7-value = 0.159

host colony F s, 157 =  5.542,/>-value < 0.001 Fg, 157 = 3.859, p-value < 0.001 F s, 157 = 2.806,/>-value = 0.006 F s, 157 = 4.558, p-value < 0.001
strain origin 157 = 0.942,/>-value = 0.333 F 5 ,156 =  0.009, /7-value = 0.923 F|, 157 = 0.170, /7-value = 0.681 ^ 1 ,1 5 7  = 9.345,/>-value =  0.003
host colony x strain 

origin F|_ 157 = 1.211, /5-value = 0.283 ^ 5 ,1 5 6 =  0.231, /7-value =  0.631 ^ 1, 157 =  0.68 7, /7-value = 0.408 F i  157 =  0.302, /7-value =  0.583

host colony F s, 135 =  5.591,/>-value < 0.001 F s, 135 = 3.646,/>-value = 0.001 F s, 135 =  2.714,/>-value = 0.008 F s, 135 =  5.202,/7-value <  0.001
strain F i  135 =  1.248, /?-value =  0.290 Fs, 135 =  0.622, /7-value =  0.683 F 5 ,135 =  0.705, /7-value =  0.620 F s, 135 = 6.225, p-value <  0.001
host colony x strain F\9_ 135 =  1.114, /?-value =  0.344 ^ 19. 135 “  0.405, /7-value =  0.987 F\9, 135 =  1.022, /7-value =  0.441 F i9, 135 = 2.775, p-value <  0.001
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Figure 2,8.1. Significant differences in the amounts of parasite cells shed during the 10 days 
experiment (in thousands) between host species and strain origin: a) differences in the whole 
amount of parasite cells shed, b) the total amount of amastigotes, c) the total amount of 
choanomastigotes, and d) the total amount of promastigotes. 52 B. terrestris inoculated with B. 
lucorum strains (A, B, C) and 50 inoculated with B. terrestris strains (D, E, F). 40 B. lucorum 
inoculated with B. lucorum strains (A, B, C) and 29 inoculated with B. terrestris strains (D, E, F).
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Figure 2.8.2. Significant differences in the amounts of parasite cells shed during the 10 days 
experiment (in thousands) between host species and strain (strains A, B, and C from B. lucorum 
queens and strains D, E and F from B. terrestris queens): a) differences in the whole amount of 
parasite cells shed, b) the total amount of amastigotes, c) the total amount of choanomastigotes, and 
d) the total amount of promastigotes. 102 B. terrestris bees: 17 inoculated with strains A, B, D and 
E 18 inoculated with strain C and 16 with strain F; 69 B. lucorum bees: 13 inoculated with strains 
A and C, 14 with strain B, 9 with strains D and E, and 11 with strain F. (but see also Table 2.8.1).
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Figure 2.8.3. Significant differences in the amounts of parasite cells shed during the 10 days 
experiment (in thousands) among host colonies and between strain origin (B. lucorum'. A, B and C; 
B. terrestris'. D, E and F): a) differences in the whole amount of parasite cells shed, b) the total 
amount of amastigotes, c) the total amount of choanomastigotes, and d) the total amount of 
promastigotes. 102 B. terrestris bees inoculated (18 from colony 1, 2 and 4, 34 from colony 3 and 
14 from colony 5) and 69 B. lucorum (16 from colony 1,12 from colony 2, 27 from colony 3 and 
14 from colony 4).
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Post-hoc comparisons after Scheffe method found significant differences between 

one B. lucorum colony (number 3) and two B. terrestris colonies, number 3 (/7-value < 

0.001) and 5 (/?-value = 0.035) for all cells produced; for amastigotes, B. lucorum colony 3 

and B. terrestris colony 3 (/7-value = 0.025); for promastigotes, there were differences 

between B. lucorum colony 2 and B. terrestris colony 4 (0.036), B. lucorum colony 2 and 

B. lucorum colony 3 (/7-value = 0.002) and the latter colony and B. terrestris colony 3 {p- 

value = 0.004).
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Figure 2.8.4. Significant differences in the amounts of parasite cells shed during the 10 days 
experiment (in thousands) between host colonies and strain {B. lucorum strains A, B, C and B. 
terrestris strains D, E and F): a) differences in the whole amount of parasite cells shed, b) the total 
amount of amastigotes, c) the total amount of choanomastigotes, and d) the total amount of 
promastigotes. 102 B. terrestris bees: 17 inoculated with strains A, B, D and E 18 inoculated with 
strain C and 16 with strain F; 69 B. lucorum bees: 13 inoculated with strains A and C, 14 with 
strain B, 9 with strains D and E, and 11 with strain F. (but see also Table 2.8.1).
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Analysis for differences in the first day of parasite appearance in faeces

To better understand the source o f variability in the first day o f parasite appearance 

1 conducted four different analyses to detect differences in strain origin or among strains at 

both the host species or host colony levels. The analyses detected significant differences in 

the first day of parasite appearance for host species, host colony and their interactions: host 

species x strain origin, host species x strain, host colony x strain origin, and host colony x 

strain, but there were no differences for strain origin or strain (see Table 2.8.6). 

Independently o f the origin o f the strain, parasites appeared sooner in B. lucorum faeces 

than in B. terrestris.

Table 2.8.6. Analyses of the variance to detect differences in the first day of parasite appearance 
for host species, strain origin, strain, host colony and the interactions between host species x strain 
origin, host species x strain origin, host colony x strain origin and host colony x strain. Data were 
square root-transformed to conduct the analyses. See also Figure 2.8.5.

F F-value

host species F,, ,64 = 49.209 < 0 . 0 0 1

strain origin 1̂,164 = 1.576 0 . 2 1 1

host species x strain origin ,64 = 11.704 0 . 0 0 1

host species /",, ,56 = 51.307 < 0 . 0 0 1

strain ^5,156 = 1.862 0.104

host species x strain Fs, ,56 = 3.309 0.007

host colony Fs, ,57 = 12.559 < 0 . 0 0 1

strain origin F , . , 5 7  = 0.815 0.368

host colony x strain origin F,, ,57 = 6.725 0 . 0 1

host colony Fs, , 3 5  = 14.635 < 0 . 0 0 1

strain F 5 , , 3 5  = 2.890 0.016
host colony x strain F19,135 = 2.263 0.004
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Figure 2.8.5. (a) Significant differences in the first day of appearance between host colonies and 
strain origin or (b) strain (B. lucorum strains A, B, C and B. terrestris strains D, E and F), and (c) 
host colonies and strain origin. 40 B. lucorum inoculated with B. lucorum strains and 29 inoculated 
with B. terrestris strains. 50 B. terrestris inoculated with B. terrestris strains and 52 inoculated with 
B. lucorum strains. For a more detailed description of sample sizes see Table 2.8.1 or Figures 2.8.2 
and 2.8.3).
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Figure 2.8.5 cont. Significant differences in the first day of appearance between host colonies and 
strain (d). 102 B. terrestris bees: 17 inoculated with strains A, B, D and E 18 inoculated with strain 
C and 16 with strain ¥,69 B. lucorum bees: 13 inoculated with strains A and C, 14 with strain B, 9 
with strains D and E, and 11 with strain F. (but see also Table 2.8.1).

The overall parasite dynamics across the 10 days post-inoculation (Figure 2.8.6) for 

strains from different host origin and receptor hosts show clearly that infected B. lucorum 

workers produced parasites sooner and in higher quantities than B. terrestris, although 

there were high levels of variation within strains.
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Figure 2.8.6. Overall parasite dynamics across the 10 days post-inoculation ± SD. 40 B. lucorum 
inoculated with B. lucorum strains and 29 inoculated with B. terrestris strains. 50 B. terrestris 
inoculated with B. terrestris strains and 52 inoculated with B. lucorum strains.

2. Immune defence of infected hosts from multiple species

Differences between naturally and experimentally infected animals

I only foimd significant differences in the antimicrobial activity, measured as the 

zone of inhibition, between naturally and experimentally infected B. terrestris W. 

Experimentally infected workers had higher induced responses than naturally infected {p- 

value = 0.019, Figure 2.8.7). For B. pascuorum analysis of PO and proPO I was forced to 

use a /-student test, because there was only one B. pascuorum  naturally infected. There 

were no differences in the induced and constitutive immune responses, between naturally 

and experimentally infected B. lapidarius or B. pascuorum  workers (see Table 2.8.7). After 

this finding, I recoded the infection variable into a new one (with uninfected and infected 

animals) to further analyze for differences in PO and proPO for the three host species and 

the zone of inhibition for B. lapidarius and B. pascuorum.
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Table 2.8.7. Differences between naturally and experimentally infected animals within the control 
treatment: for each three species {B. terrestris W, B. lapidarius, B. pascuorum) and variables 
(antimicrobial activity, Phenoloxidase and proPhenoloxidase) I conducted an analysis o f the 
variance.

S tatistic  i*-vaiue

________________A ntim icrobial Activity______________
B. terrestris W 19 = 6.570 0.019
B. lapidarius F i j 7 = 1.315 0.267
B. pascuorum  F i , 6  = 0.30 0.604

_________________________ PO______________________
B. terrestris W ^ 1,11 = 0.031 0.864
B. lapidarius F | j 2 = 2.441 0.144
B. pascuorum t = 1.239; DF = 3 0.303

B. terrestris W 
B. lapidarius 
B. pascuorum

ProPO _____________________
F i j i  =2 .615  0.134
F , j 2 - 0.614 0.449
t = -2.629; DF = 3_______ 0.078
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Figure 2.8.7. Differences between naturally and experimentally infected animals within the control 
treatment. Experimentally infected B. terrestrisW had significantly larger zones of inhibition than 
the naturally infected animals. Sample sizes for each group: Experimentally infected: 9 B. terrestris 
W, 11 fi. lapidarius and 6  B. pascuorum', naturally infected: 12 B. terrestris W, 8  B. lapidarius and 
2 B. pascuorum.
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Differences between Ringer and control

The test did not detect any significant differences between control animals and 

animals injected with Ringer solution when analysing the induced immune response (Fi, 27 

= 2.287,/?-vaIue = 0.142), PO (Fi, 18 = 0 .367,/7-value = 0.552) or proPO (Fi, ig = 2.135,/?- 

value = 0.161). There were no injection effects, and thus, I can analyze for differences 

between both LPS injected and not injected Control animals without further corrections.

Differences between LPS and Control B. terrestris W

I only distinguished between experimentally and naturally infected animals when 

analysing for differences in the antimicrobial activity. Antimicrobial activity data were 

transformed with ARCSrN(Zone o f  Inhibition/7.55). I found significant differences 

between LPS injected and not injected Control animals for both the induced immune 

response (/7-value < 0.001) and PO (^7-value = 0.011) analysis (see Table 2.8.8). In the 

induced immune essay (Figure 2.8.8), LPS injected animals had the higher zone o f  

inhibition values independently o f  infection, and that means that LPS has induced the 

response which is less active in control animals (Figure 2.8.8b). The analysis did detect 

significant differences among infection treatments (p-value = 0.003): naturally infected 

workers had the weakest induced immune response (Figure 2.8.8a). The interaction 

Infection x Treatment was significant (p-value = 0.024): for all three infection treatments 

animals injected with LPS had the larger zones o f  inhibition (Figure 2.8.8c). In the PO 

analysis (Table 2.8.8), LPS injected animals had significantly lower values than Control 

animals (p-value = 0.011, Figure 2.8.8d); this points to a potential negative trade-off 

(Cotter et a l ,  2004; see chapter 3.3) between both the induced and the constitutive 

responses o f  the immune system. The lack o f differences between injected and not injected 

animals for infection, treatment or their interaction in the proPO analysis was expected 

because proPO is the total quantity o f  enzyme available in the animals and should not be 

affected for either treatment or infection.
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Table 2.8.8. Differences in antimicrobial activity, PO and proPO for treatment (LPS injected and 
not injected Control B. terrestris W), infection (antimicrobial activity: uninfected, experimentally 
infected and naturally infected B. terrestris W animals; PO and proPO: uninfected vs infected) and 
their interaction.

Statistic P-value

Antimicrobial Activity
Infection F2, 54 = 6.595 0.003

Treatment (LPS V5 Control) Fi, 54= 114.419 < 0.001

Infection*T reatment F2, 54 = 3.986 0.024

Post hoc comparison after Scheffe Experimentally vs naturally infected 
Uninfected vs naturally infected

0.002
0.022

PO
Infection (uninfected vs infected) F,,37 = 0.019 0.891

Treatment (LPS vs Control) F,,37 = 7.077 0.011

Infection*T reatment F i, 37 = 0.827 0.369

ProPO
Infection (uninfected vs infected) Fi_ 37 ~ 0.498 0.485

Treatment (LPS vs Control) F,.37 = 0.012 0.912

Infection*T reatment F i,  37 = 2.372 0.132
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Figure 2.8.8. Differences in antimicrobial activity for infection (a) and treatment (b). a) Sample 
sizes: 18 Uninfected, 19 experimentally infected bees and 23 naturally infected bees, b) I used a 
total of 30 LPS injected and 30 control B. terrestris W animals.
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experimentally infected, 9 Control and 10 LPS; naturally infected, 12 Control and 11 LPS. d) I 
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control and 8 LPS; Infected, 13 Control, 14 LPS.
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Differences among species

I found significant differences in antimicrobial activity (p-value = 0.027) and 

phenoloxidase levels (p-value = 0.010) among species (see Table 2.8.9, Figure 2.8.9 a, b). 

A post hoc comparison after Scheffe method detected significant differences in PO 

between B. terrestris W and B. pascuorum  (p-value = 0.006), but not in antimicrobial 

activity (p-value = 0.054). The results point to similar proPO values across the three 

species studied, but with different PO expression in B. terrestris and B. pascuorum.

Table 2.8.9. Differences in Antimicrobial activity, PO and proPO among species for infection 
(antimicrobial activity: uninfected, experimentally infected and naturally infected; PO and proPO: 
uninfected vs uninfected).

Statistic P-value

Antimicrobial Activity
Infection Fi, 78 ~ 0.759 0.472

Species F2,78 = 3.791 0.027

I nfection * Species 78 = 1-871 0.124

Post hoc comparison after Scheffe B. terrestris W V5 B. pascuorum 0.054
B. terrestris W V5 B. lapidarius 0.175
B. lapidarius vs B. pascuorum 0.606

PO
Infection F , ,  51 =0.724 0.399

Species F 2 ,  51 = 5.074 0.010

Infection*Species F 2 ,5 1  = 1.146 0.326

Post hoc comparison after Scheffe B. terrestris W vs B. pascuorum 0.006
B. terrestris W vs B. lapidarius 0.089
B. lapidarius vs B. pascuorum 0.282

ProPO
Infection F\, 50 ~ 0.007 0.935

Species F2, 50 = 2.572 0.086

Infection*Species F2, 50 = 1.747 0.185
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Figure 2.8.9. Differences among species in antimicrobial activity (a) and PO (b). a) I used 30 B. 
terrestris W, 40 B. lapidarius and 17 B. pascuorum. b) 1 used 19 B. terrestris W, 26 B. lapidarius 
and 12 B. pascuorum.

D ISC U SSIO N

In the cross-infection experiment 1 did not find local adaptation of the parasite to its 

host species B. terrestris and B. lucorum. Host species had an effect on both the number of 

parasite cells produced and the day of appearance. Independently o f which host species the 

parasite comes from, after 10 days o f infection parasites infecting B. lucorum hosts 

produced more overall parasite cells, more amastigotes and more choanomastigotes than 

parasites infecting B. terrestris. However, strains infecting B. terrestris produced more 

promastigotes than strains from B. lucorum. If parasite morphotype plays a role in parasite 

transmission, as suggested by Logan et al. (2005), B. lucorum hosts could lead to the 

parasite maximizing inter-colony transmission by producing higher numbers of 

amastigotes, and thus, maximizing inter-host species transmission, while the higher 

production o f promastigotes in B. terrestris than in B. lucorum may indicate a more 

suitable host for intra-colony transmission. B. terrestris colonies quickly become infected 

in the field (Imhoof & Schmid-Hempel, 1999) but little is known about other species such 

as B. lucorum. B. terrestris colonies host up to a few hundred workers that can become 

infected in the field and the production o f more promastigotes in few infected workers 

could help in the quick spread of the parasite within the colony. Differences in the 

production o f promastigotes may be due to differences in host quality and maybe the B. 

terrestris environment has more favourable resources for producing promastigotes.
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Parasite cells also appeared sooner in B. lucorum than in B. terrestris independently of 

parasite origin. The sooner the parasite appears in the faeces the sooner the parasites are 

able to infect new intra or inter-colony hosts.

My findings suggest that differences between the two host species B. lucorum and 

B. terrestris are responsible for parasite dynamics, and thus, I interpret these differences as 

an empirical confirmation of the impact that variation in host quality may have on the 

parasite. Consequently, I would expect to find 1) differences in the immune response 

among both host species and 2) B. terrestris with a stronger immune response than B. 

lucorum. However, it was not possible to test the latter predictions.

In the analyses o f the immune responses I found that the B. terrestris induced 

immune response measured as the antimicrobial activity was higher in experimentally 

infected animals than in the naturally infected ones, but there were no differences in PO or 

pro-PO. In B. terrestris workers challenged with LPS the antimicrobial activity increases 

during the first 24 hours post-challenge and then decreases (Komer & Schmid-Hempel, 

2004). The latter could explain the differences between both groups of B. terrestris 

infected bees due to differences in the experimental design, that is, naturally infected bees 

had decreased antimicrobial activity because the time post-challenge was longer than 24 

hours. However, there were not significant differences between both experimentally or 

naturally infected B. lapidarius and B. pascuorum  animals; that suggests that the cocktail 

o f strains used to inoculate the group o f experimentally infected bees triggered a weaker 

antimicrobial activity in B. lapidarius and B. pascuorum  than in B. terrestris. A potential 

explanation could be that workers o f both host species had exhausted their antimicrobial 

activity, possibly due to continuous challenges (multiple challenges could happen more 

often when the transmission rates are high, as can be inferred from the data Chapter 3.2); 

B. terrestris hosts, with more chances o f being naturally single infected, could have not 

exhausted totally their induced immune activity.

As expected, there were no injection effects. The LPS treatment activated the 

induced immune response and revealed that the animals were not using all their potential, 

independently o f infection status. Animals naturally infected (controls and LPS injected) 

had the lowest antibacterial activity; in this case, it is possible that a constant immune 

challenge, such as a persistent infection, has been decreasing the effectiveness o f the 

induced immune response. Moreover, the PO activity drastically decreased after LPS
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injection, suggesting a trade-off between both the induced and constitutive immune 

responses. This trade-off have been previously detected (Cotter et al., 2004b; Chapters 2.4 

and 2.5)

The analysis of both the induced and constitutive immune responses support 

indirectly the expectations after the cross-infection experiment: there were significant 

differences among species in the antimicrobial activity and the levels o f phenoloxidase, 

with B. terrestris showing the highest levels of antimicrobial and phenoloxidase activities 

and B. pascuorum  the lowest. If B. lucorum induced and constitutive immune responses 

were not as strong as in B. terrestris, that difference could explain the variation in the first 

day of parasite appearance in different host species faeces. However, I could not 

investigate the induced or constitutive immune defence responses in B. lucorum and I 

cannot demonstrate any relationship between infection parameters such as ‘first day of 

infection’ or ‘total parasites produced’ and immune defence expression. The lack of 

infection effects was unexpected after my findings in Chapter 2.4. As 1 found in Chapter 

2.5, there were a lack o f infection effects on the phenoloxidase activity and my 

explanations for that phenomenon are similar.

The lack of differences in pro-PO activity points to similar enzymatic activities 

across and within species. Then, host quality (constitutive immune response) depends on 

the differential expression o f the system instead o f on deeper differences among species.

This work suggests that in my multihost-parasite system there exists variability in 

the parasite dynamics behaviour which may depend on the quality o f the host. Although 

there were no infection effects I detected differences among species in the expression of 

the immune responses and this suggests potential trade-offs specific for each host species 

in the investment o f resources between the immune system and other host traits.
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S e c t io n  III

E p i d e m io l o g y  a n d  S p a t io - T e m p o r a l  P o p u l a t i o n  

S t r u c t u r e  o f  Cr it h id ia  b o m b i



Ch a p t e r  3.1

In t r o d u c t io n  t o  Se c t io n  III
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In this section I aim to understand the epidemiology o f multihost-parasite systems 

because studies on these systems are scarce and empirical work is needed to get a deeper 

understanding o f  the coevolution o f parasites infecting multiple host species. I have studied 

the potential for parasite transmission among different host species in the wild and I have 

further studied the spatial and temporal genetic population structure o f the parasite in both 

workers and queens.

While multihost-parasite dynamics have been explored through theoretical models, 

empirical data to understand such systems is lacking. Heterogeneity at different levels o f 

ecological organization plays a key role in the transm ission o f parasites, and thus, shapes 

the evolution o f parasite traits such as virulence. In Chapter 3.2 I have estimated the 

potential for transmission o f a gut trypanosomatid parasite among its different bumble bee 

host species in a natural park and then I have analyzed the genetic population structure o f 

the parasite. Research on the spatio-temporal population structure o f complex systems such 

as multihost-parasite systems is important to understand microevolutionary processes. To 

gain a more complete understanding o f parasite dynamics, in Chapter 3.3, I studied the 

trypanosomatid parasite spatio-temporal genetic population structure in queens at the 

beginning o f  the annual epidemic across different sites in and around Dublin city in two 

consecutive years. I focused on three different levels o f  potential differentiation: 1) at the 

geographical level, differences among parasite strains from the same host species sampled 

across different places; 2) at the host species level, differences among strains from 

different host species; and 3) at the temporal level, differences between the overall pool o f 

strains present in 2004 and 2005. I conducted phylogenetic analyses on all strains for each 

year and both years together.

Finally, I explore in Chapter 3.4 parasite specificity and the potential for 

transmission by means o f  a vector species in my study system, because understanding the 

transmission dynamics o f  parasites in multihost-parasite systems is a key task in 

developing better models o f parasite evolution and to make more accurate predictions o f 

disease dynamics. Bumble bee species {Bombus spp.) host the trypanosomatid parasite, 

Crithidia bombi. Its transmission in the field occurs through the shared use o f flowers. 

Flowers are a perfect scenario for inter-taxa transmission o f  diseases because they are used 

by a wide range o f animals. Honey bees host a poorly studied trypanosomatid, Crithidia
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mellificae. In this study, five questions have been addressed: a) Can C. bombi infect honey 

bees? b) Can C. mellificae infect bumble bees? c) Can the honey bee act as a vector for C. 

bombil d) Are C. bombi cells present in honey bee faeces? e) Does C. bombi have a 

deleterious effect on honey bees after ingestion?
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C h a p t e r  3.2

P o t e n t ia l  f o r  p a r a s it e  t r a n s m is s io n  in  t h e  f ie l d  a n d

GENETIC STRUCTURE OF CRITHIDIA BOMBI POPULATION IN ITS 

HOSTS
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INTRODUCTION

An increasing number of theoretical studies have attempted to analyse and describe 

the dynamics of parasites that can infect multiple host species at a single life stage of the 

parasite (Regoes et a l,  2000; Ganusov et a l, 2002; Gandon, 2004), an area neglected for a 

long time (Woolhouse et al., 2001; Dobson, 2004). Heterogeneity at different levels of 

ecological organization plays an important role in shaping host-parasite interactions 

(Schmid-Hempel & Koella, 1994), but it is unknown how this heterogeneity affects 

multihost-parasite systems. Nevertheless, theoretical models have identified a set of 

parameters which, potentially, play key roles in the ecology and evolution of such 

multihost-parasite systems. The within-host dynamics and the relative quality and quantity 

of different hosts have been identified as key factors in the evolution of multihost-parasite 

systems (Gandon, 2004). Further theoretical expectations on multihost-parasite systems 

dynamics predict that the effects of host species diversity on parasite epidemiology depend 

on the nature of parasite transmission: e.g., host diversity can amplify epidemic outbreaks 

when parasite transmission is density-dependent or buffer epidemic outbreaks if parasite 

transmission is frequency-dependent (Dobson, 2004). Another theoretical expectation 

suggests that parasite transmission routes via different host types may have costs 

associated that may emerge from differences in the adaptation of the parasite to these hosts 

(Gandon, 2004). In addition, the majority of parasites, and possibly all microparasites, lack 

the ability to choose a host and the transmission of these parasites is often passive and 

passive transmission can further produce speciation of the parasite (McCoy, 2003). 

Moreover, variability in both the relative amount of between-host type transmission 

(Gandon, 2004), and in the transmission biology, e.g., direct contact, indirect contact, or 

vector-borne, may select for different ecological strategies such as specialism or 

generalism by limiting or facilitating the opportunities for interspecific transmission 

(Woolhouse et al., 2001). Finally, the selection of parasite strategies such as specialism or 

generalism could depend on the result of virulence trade-offs within two different hosts 

(Regoes et al., 2000).

An important lack of empirical data impedes the confirmation of predictions 

generated by such models, and thus, delays the understanding of multihost-parasite 

systems. The study of multihost-parasite dynamics will not only provide a more complete
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knowledge on the ecology and evolution of host-parasite relationships, but also a 

theoretical and empirical background relevant to controlling the spread of diseases with a 

potential impact on human health or economic interests, and to design better strategies 

focused on conservation biology management.

In this study, 1 have considered a multihost-parasite system consisting o f the 

bumble bee species assemblage present in a natural reserve and their gut trypanosomatid 

parasite Crithidia bombi (Gorbunov, 1987; Lipa & Triggiani, 1988). See Chapter 1.1 for 

deeper insight into bumble bee biology and life-history. Bumble bees forage on flowers for 

nectar and pollen. Although many potential resources may be present in the field, the levels 

of flower sharing are variable among pairs of bumble bee species, and the less abundant 

species of bee are the most specialized (Goulson & Darvill, 2004).

Flowers may reward the pollinator with nectar and pollen but they can be 

dangerous places to land or feed, with predators such as spiders (Heiling et al., 2004; 

Schmalhoffer, 2001) or horizontally transmitted parasites such as C. bombi (Durrer & 

Schmid-Hempel, 1994). See Chapter 1.1 for a more complete description of C  hombi. C. 

bombi can be found in up to 80% of foraging workers (Shykoff «fe Schmid-Hempel, 

1991a). There exist strong host-parasite genotype-genotype interactions between C. bombi 

and B. terrestris (Imhoof & Schmid-Hempel, 1998a; Schmid-Hempel & Schmid-Hempel, 

1993; Schmid-Hempel et al., 1999; Schmid-Hempel & Reber-Funk, 2004). Transmission 

may be shaping the strong genotype-genotype interactions found in this system (Schmid- 

Hempel & Reber-Funk, 2004). Nevertheless, the majority o f studies focused on C. bombi 

have considered only one bumble bee species, B. terrestris, and thus, very little is actually 

known about the role that other species may play in the evolution o f this multihost-parasite 

system.

Inter-colony transmission happens mainly via flowers, when a bumble bee ingests 

parasite cells left on the flower by a previous and infected forager (Durrer & Schmid- 

Hempel, 1994). Resources are variable across the year in quantity and number o f species in 

Irishtown Nature Reserve, Dublin (Ireland) (personal observation). When the number of 

flowers available to bumble bees is low and the number of foragers is high, it would be 

more likely for a potential host to land in a flower previously visited by an infected animal.
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and thus, the high transmission rate should lead to a single, genetically homogenous 

parasite population. If several species share similar resources the transmission of a parasite 

may depend also on the interactions between different host species, which may then drive 

the development of a structured parasite population and local adaptation of the parasite 

(Lively & Dybdahl, 2000). Here, I have estimated the potential for transmission of C. 

bombi between pairs of species in the field. I calculated the relative frequency of resources, 

the rates of flower visitation and second visitors, and the proportion of animals infected 

with C. bombi within different host species. Finally, I was able to calculate an estimate for 

the probability of infection and self-infection. To obtain a more complete description of the 

epidemiological dynamics of the parasite I studied the genetic structure of the C. bombi 

strains present in the infected bees.

MATERIAL AND METHODS

1 examined the potential for Crithidia bombi transmission among bumble bee 

species and the parasite population genetic structure across species in Irishtown Nature 

Park in two 10 day periods (5̂ ’’ to 15**’ July, and 27**’ July to 12'*’ August 2004) (see plate 

3.2.1). Previously, I studied transmission potential for three 25-days periods (March-April, 

May-June, July-August, 2003) at four sites in Dublin County: Bull Island Nature Reserve, 

Howth, Irishtown Nature Reserve and Archbishop Ryan Park. Because the sampling for 

workers in 2003 was not exhaustive enough I found few animals infected with C. bombi 

and I was not able to determine the prevalence of the parasite in different host species or 

the genetic structure of the parasite due to a lack of infected hosts. Therefore, I have 

summarized the data obtained in 2003 in Appendix 4. The 2004 sampling was more 

exhaustive and allowed me to study the genetic structure of the parasite.
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Plate 3.2.1. Irishtown Nature Reserve is a park placed in Dublin Bay (Dublin city, Ireland). Aerial 
picture downloaded from Mapflow © in 2003, showing specifically the area studied. Its 
geographical location is: 53° 12’ latitude north, and 6° 6’ longitude west.

Field Transmission Matrix

To build up a field transmission matrix I have used the data obtained in the field 

from all available host species and their foraging behaviour: the resources where each 

species forage, the rates o f flower visitation, the pattern o f resource sharing among 

different host species and the prevalence o f the parasite in different host species. The 

mathematical analysis of the information allowed me to calculate the potential for 

transmission o f C. bombi between pairs o f host species, which I transformed into 

probabilities o f transmission. I followed the protocols described in Chapter 1.2 to measure 

the resources available. Resources were all measured after the second period of 

observation.

To have an idea o f the number of different species of Bombus foraging on the same 

resource, I timed fifty eight 1-hour intervals for each resource and recorded the total 

number o f animal landings and their species. I studied the levels of visitation o f the same 

fiower by two different animals to obtain a measure for the parasite transmission. To do so, 

for each resource I observed until a bumble bee foraged (First Visitor). I then observed for
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up to one hour. If a second bumble bee (Second Visitor) landed on the same flower I 

recorded the elapsed time, the species and the caste. Observations were terminated after the 

secnnH bumble bee or the end of the hour.

2) Sampling

I sampled animals for a 1-hour period after the flower observations. The animals 

were transported to the laboratory and kept in vials at a low temperature. To determine the 

proportion of infected animals I took a sample of faeces with a micropipette, smeared it on 

slides and studied in the microscope at x400. The bumble bees were frozen in the 

laboratory and dissected. All samples were kept at -80°C for ftirther studies.

3) Field data analysis

I'he data obtained from the observations enabled me to calculate the potential for 

transmission applying the Potential for Transmission Equations that 1 developed. This set 

of equations can be described in three groups:

1) Bumble bees per hour and per resource:

B _ sp̂  {B _ spj _ from _ the_ observations) + {All _  Second _  Visitors)
h Time

I

where Time= » +  (time to _ Second _  Visitor) and n is the number o f 1-hour
f = n

i

observations in that resource. Then, '^ (tim e  to Second Visitor) is the sum of the
;=0

times spent to a second visitor and the sum of 1 hour periods when there were not second 

visitors. So,

B sp {B_sp. from the observations) + {All Second visitors)

 ̂ n + ^  ̂(time to _ Second _ Visitor)
i= 0
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2) Potential for transmission to species x  (thickness o f  the connectors within the fie ld  

transmission matrix):

In the following formulae 1 have combined different variables that might be shaping 

the potential for transmission. These variable are the relative frequency of resources 

(RFR), the animals o f the species x per hour divided by the overall amount of animals from 

all species per hour, the proportion o f second visitors and the likelihood an individual 

animal o f the species jc to be infected:

P T _  spj. = V  {RFR * ^  —  * proportion  _  2"^ _  Visitor _ B  _  sp^ * proportion  _  Infected _ B  _sp j ) ' ,U Y j ^ B _ s p i ! h )

where the relative frequency o f  resources (RFR) is: RFR = ^  ̂ ^ j flow ers I m  ^

' y , ( R _ s p j  flow ers  / m ^)
i=0

S p
proportion o f Second Visitor is given per resource: —---- -— .

Y .# s p ,
;=0

3) Potential probabilities o f  infection:

The potential for transmission to species x  values further allowed me to calculate 

the overall probabilities o f infection and self-infection:

a) Potential probability o f species i to become infected (proportion o f total opportunities of 

infection):
/

P(B _ sp , ) = P (Self _ Transmission) + ^  P(Transmission _ B  _ sp^ )̂
1=0

b) Potential probability o f species i to become self-infected:

„ _ . P(Self Transmission)
S e lf Infection = — — — -------------------

P{B_sp, )
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Genetic population structure analysis

I dissected out the guts from all the animals infected with C. bombi in Irishtown 

Nature Reserve during 2004. I extracted total DNA from the guts using the Chelex 

extraction method and then I used four microsatellite primers (Cril6, CriP4, Cri2F10, and 

CrilB6) following the protocols described in Schmid-Hempel & Reber Funk (2004). I 

recorded all alleles found per locus and species. To test whether my sampling size per 

species was sufficient to find the majority of all alleles present in that population I 

generated a set o f rarefaction curves in a simulation model. I wrote a program in C++ 

(Microsoft Visual C++ Standard edition) which, for a given set o f n samples, simulated an 

increasing sampling size from one sample to n recording the new alleles found in each 

round of increasing sample size. This routine was repeated 100 times and both the standard 

error and the 99% confidence intervals were calculated and plotted (see Appendix 5 for 

source code and an example o f such curves based on data from Chapter 3.3). For the 

population genetics analysis I used the programs GENEPOP (Raymond & Rousset, 1995) 

version 3.4, GenAlEx 6 (Peakall & Smouse, 2006), and FSTAT (Goudet, 1995) version 

2.9.3.2.1 grouped together animals from the same species and examined differences among 

species within and between periods when possible. Because some workers from B. 

terrestris and B. lucorum were determined as B. terrestris/lucorum (both species are very 

difficult to distinguish), when analysing all species from the period 1 together I conducted 

two different analyses: a and b \ \ n a \  analysed separately B. terrestris and B. ter/luc, while 

in group b I analysed as one group all B. terrestris, the single B. lucorum worker, and all B. 

ter/luc together. Although I found a few multiply infected animals I only analyzed singly 

infected animals. I estimated the alleles found in each individual host and then I calculated 

the observed proportion o f heterozygotes averaged over loci and the expected 

heterozygosity as a measure o f genetic variation in the populations. I estimated the F- 

statistics to obtain a measure o f the genetic structure o f the parasite population. I calculated 

F st (theta) and F,s after Weir & Cockerham (1984). F g i  are presented as absolute values. As a 
measure of genetic distance between subgroups or populations I estimated the Rhos^ weighted 

values over loci following Rousset (1996). FSTAT could not perform Jackknifing over samples 

with only 4 populations or over loci with only 4 loci, and thus it could only be performed for all 

species in group a. FSTAT cannot perform Bootstrap on samples with only 4 loci. Hardy-Weinberg 

values were calculated in GENEPOP and p-values adjusted with the improved Bonferroni method. 

1 also studied both the allelic and genotypic differentiation values between parasite populations 

within different host species.
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To make potential phylogenetic inferences 1 performed 1000  bootstraps using the 

program S e q b o o t  of the P h y l i p  package (Felsenstein, 2 0 0 6 )  to calculate the significance 

o f the branching and 1 estimated evolutionary relationships (see Chapter 1.2 for a 

description o f the fiill protocol followed).

RESULTS

Field Transmission Matrix

I show the information obtained in the field, and the calculations that follow the 

formulae described above in Tables 3.2.1 to 3.2.8. After 58 hours of direct observation of 

potential resources I found 6 different species o f bumble bees that foraged on 17 resource 

species (Table 3.2.1). In some cases 1 was not able to distinguish between B. terrestris and 

B. lucorum workers, and thus, 1 calculated an extra group including both species together. 1 

only obtained one B. pratorum  observation and this species will not be included in the final 

analysis. I found that B. pascuorum  was the most generalist species foraging in 12 different 

species o f plants while B. muscorum was the most specialist visiting 4 resources; B. 

lapidarius and the group with B. terrestris/lucorum foraged in 8 different resources each 

but only shared 4 of them. 1 found a concentration of nearly 10 resource flowers 

(independently of species) available per square meter.

The next step was to study the occurrence of second visitors. In 22 cases there were 

no second visitors during the one hour lapse o f observation. In 12 resource species there 

were a variable number o f second visitors depending on the second visitor species and the 

resource (see Table 3.2.2).

I calculated the proportion o f second visitors per resource and species (Table 3.2.3). 

The resources with higher occurrence o f second visitors were Centaurea sp., Rubus 

fruticosus, and Scabiosa sp. and the resources with the lowest occurrence were Daucus 

carota, Mercurialis perennis, Plantago sp. and Taraxacum sp.
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Table 3.2.1. List of resources where I detected the presence of foraging bumble bees in Irishtown Nature Park during summer, 2004. I measured the 
concentration of each resource (flowers o f resource per m^), the number o f species seen foraging during 1-hour observations (species visiting), the total number 
o f 1-hour observations (hours), and the total number of bumble bees recorded in all the 1-hour observations presented per species and resource. In the last row I 
show the total for resources, species detected, the hours observing the resources, and the number of different resources where each bumble bee species foraged. 
B. terrestris = ter, B. lucorum = luc, B. terrestris or B. lucorum = ter/luc, B. pascuorum  = pas, B. pratorum = pra, B. lapidarius = lap, B. muscorum = mus.

Total bumble bees recorded in all the 1-hour observations

Resource Flowers/m^ Species visiting Time (h) ter luc ter/luc pra lap mus pas XWt/l
Brassica sp. 0.01 0 -

Buddleja davidii 0.1 2 3 1 2 1
Centaurea sp. 0.33 3 5 1 58 15 1
Cirsium vulgare 0.01 1 - seen
Daucus carota - 1 3 2 2
Dipsacus fullonum 0.11 1 3 12
Foeniculum vulgare - 1 1 1
Lotus corniculatus 0.78 3 6 31 1 21
Malva sp. 0.06 1 2 1
Melilotus officinalis 0.76 - -

Mercurialis perennis - 1 1 1
Ononis spinosa 1.48 4 4 8 35 1 60 8
Plantago sp. 0.45 3 3 1 6 3 1
Rubus fruticosus 0.38 5 3 20 1 1 seen 1 83 22
Scabiosa sp. 0.42 3 4 1 6 74 1
Senecium jacobea 0.08 1 8 1
Taraxacum sp. 0.28 2 5 5 5
Trifolium pratense 0.13 1 4 7
Trifolium repens 4.41 2 3 1 2 1

Total resource species (19) 9.79 6 58 3 1 7 1 8 4 12 8



Table 3.2.2, Time observing for second visitors: 1 hour observations with no second visitor (No 2"'*) and the sum (in hours) o f all observations when a second 
bumble bee foraged a flower previously visited (2"“̂ visitors). I show the number of 2"“* visitors per resource and species. B. terrestris = ter, B. lucorum = luc, B. 
terrestris or B. lucorum = ter/luc, B. pascuorum = pas, B. pratorum = pra, B. lapidarius = lap, B. muscorum = mus.

Time (hours) 2“** Visitors
Resource No 2"** 2"“ visitors Total ter luc terAuc pra lap mus pas KWtA

Buddleja davidii 2 2
Centaurea sp. 10.0 10 1 52 21 1
Daucus carota 0.2 0.2 1 1
Dipsacus fullonum 2.8 2.8 13
Foeniculum vulgare
Lotus corniculatus 7 2.8 9.8 9 4
Malva sp
Mercurialis perennis 1 1
Ononis spinosa 6 6.5 12.5 2 9 12 2
Plantago sp. 1 0.5 1.5 1
Rubus fruticosus 5.7 5.7 7 1 1 43 8
Scabiosa sp. 4.6 4.6 5 39
Senecium jacobea
Taraxacum sp. 5 0.7 5.7 1
Trifolium pratense 1.2 1.2 4
Trifolium repens
Total 57 7 0 5 0 71 6 137 12



Table 3.3.3. Proportion o f 2"*' visitors. B. terrestris = ter, B. lucorum = luc, B. terrestris or B. lucorum = ter/luc, B. pascuorum = pas, B. pratorum  = pra, B. 
lapidarius =  lap, B. muscorum = mus. P/N indicates when possible whether the plant species is foraged for nectar, pollen or both; P, pollen; N, nectar (Tew 
2006).

Proportion 2"“ Visitors
Resource P/N Total bees ter luc ter/luc pra lap mus pas All 177
Buddleja davidii
Centaurea sp. N 74 0.014 0.703 0.284 0.014
Daucus carota N 1 1 1
Dipsacus fullonum N & P 13 1
Foeniculum vulgare N
Lotus corniculatus N 13 0.692 0.308
Malva sp. P
Mercurialis perennis 1
Ononis spinosa 23 0.087 0.391 0.522 0.087
Plantago sp. 1 1
Rubus fruticosus N & P 52 0.135 0.019 0.019 0.827 0.154
Scabiosa sp. 44 0.114 0.886
Senecium jacobea
Taraxacum sp. N & P 1 1
Trifolium pratense N & P 4 1
Trifolium repens N & P 1



In Table 3.2.4 I have combined the data from the fifty eight 1-hour lapse 

observations and the fifty seven hours of observation for second visitors.

I sampled randomly 106 bumble bees in Period 1 and 83 in period 2. Around 50% 

and 30% of the animals were infected with C. bombi, respectively, in each period. In 

period 2 some species were absent (B. pratorum and B. muscorum) possibly due to the end 

of the season. In Table 3.2.5 I show the prevalence of the four parasite species found in 

Irishtown Nature Reserve: the internal mite Locustacarus buchneri (Acarina: 

Podapollpodidae), Crithidia bombi (Protozoa: Trypanosomatidae), Nosema bombi 

(Microsporidia: Nosematidae) and Mattesia bombi (Neogregarinida: Ophrocystidae). I 

only found internal mites in B. pascuorum and B. pratorum and M bombi was present in B. 

lapidarius, B. muscorum and B. terrestris/lucorum; N. bombi was only present in B. 

terrestris/lucorum and C  bombi was found in all host species. Host sample size can differ 

for parasites other than C. bombi because infection by this parasite was directly confirmed 

in some cases through direct observation of faeces under the microscope and the guts were 

later removed for its genetic analysis without screening for other parasites.

Because not all resources appeared in the same concentration I calculated the 

relative frequency of resources (Table 3.2.6). As expected, some resources were more 

abundant, e.g.. Ononis spinosa, while other resources were scarce, e.g., Cirsium vulgare. 

Using the information from Table 3.2.4 I also calculated the bumble bees per hour, per 

species, and per resource. Some species foraged more often than others, e.g., B. 

pascuorum. The latter reflects the abundance of each species.

Now I can calculate the potential for transmission by applying the formulae 

explained above. In Tables 3.2.7 and 3.2.8, I have summarized each component of the 

formulae and I have calculated the overall potential for transmission between pairs of 

species, for both periods 1 and 2 (Table 3.2.7 and Table 3.2.8 respectively).
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Table 3.2.4. Total time invested observing the resources and the 2"“̂ visitors and the total number o f  bumble bees per species and per resource. B. terrestris 
B. lucorum = luc, B. terrestris or B. lucorum = ter/luc, B. pascuorum = pas, B. pratorum =  pra, B. lapidarius = lap, B. muscorum = mus.

Bumble bees from observations + all second visitors
Resource time (h) ter luc ter/luc pra lap mus pas AW t/l

Buddleja davidii 5 1 2 1
Centaurea sp. 15 2 110 36 2
Daucus carota 3.17 3 1 3
Dipsacus fullonum 5.82 25
Foeniculum vulgare 1 1 1
Lotus corniculatus 15.77 40 25
Malva sp 2 1
Mercurialis perennis 2 1
Ononis spinosa 16.5 10 44 72 10
Plantago sp. 4.50 1 6 3 1
Rubus fruticosus 8.65 27 1 2 2 126 30
Scabiosa sp. 8.59 1 11 113 1
Senecium jacobea 8 1
Taraxacum sp. 10.68 5 6
Trifolium pratense 5.18 11
Trifolium repens 3 1 2 1
Total 115 29 1 20 0 209  13 421 50



Table 3.2.5. Percentages o f the four different parasites found in different species of bumble bees collected during the two periods of the study (sample sizes of 
dissected hosts are in brackets): Locustacarus buchneri {L. buchneri), Crithidia bombi (C. bombi), Nosema bombi {N. bombi) and Mattesia bombi (M  bombi). I 
show the overall proportion o f C. bombi infected bees because it will be used in further calculations. Numbers in brackets represent the total sampling for that 
category.

Period Species Host Sex L. buchneri C. bombi Total infected 
(C bombi) N. bombi M. bombi

1 B. lapidarius f 0(22) 58.6 (29) 0 61 0(19) 10.5 (19)
m 0(2) 100 (2) 0(2) 0(2)

B. muscuorum f 0(3) 66.67 (3) n 67 0(2) 50(2)
m 0(3) 66.67 (3) 0(3) 33.33 (3)

B. pascuorum f 88.89(18) 38.1 (21) n '^08 0(18) 0(18)
m 60 (5) 0(5) 0(5) 0(5)

B. pratorum f - - n so - -
m 25 (4) 50(4) 0(4) 0(4)

B. ter/luc f 0(10) 86.4 (23) n M 0(7) 28.6 (7)
m 0(11) 50(16) 36.4(11) 36.4(11)

Sample size 78 106 59 71 71
2 B. lapidarius f 0(18) 66.7(18) 0 S2 0(18) 0(18)

m 0(15) 46.7(15) 0(14) 0(14)
B. pascuorum f 59.38 (32) 9.68 (32) 0 064 0(32) 0(32)

m 35.71 (14) 0(15) 0(14) 0(14)
B. ter/luc f 0(1) 100(1) 0(1) 0(1)

m 0(2) 50(2) 0(2) 0(2)
Sample size 82 83 21 81 81



Table 3.2.6. Relative Frequency o f Resources (RFR) and bumble bees per hour, per species and per resource. B. terrestris =  ter, B. lucorum =  luc. B. terrestris or 
B. lucorum = ter/luc, B. pascuorum =  pas, B. pratorum =  pra, B. lapidarius =  lap, B. muscorum =  mus.

Resource RFR ter luc ter/luc
uccs 1

pra
pci UUUl

lap mus pas All 1̂ 7
Brassica sp. 0.001 - - - - - -

Buddleja davidii 0.01 0.2 0.4 0.2
Centaurea sp. 0.034 0.13 7.33 2.4 0.13
Cirsium vulgare 0.001 - - - - - - - -
Daucus carota - 0.95 0.32 0.95
Dipsacus fullonum 0.011 - - - - - - 4.3 -
Foeniculum vulgare - 1 1
Lotus corniculatus 0.08 2.54 0.06 1.59
Malva sp 0.006 0.5
Melilotus officinalis 0.078 - - - - - - - -
Mercurialis perennis - 0.5
Ononis spinosa 0.151 0.61 2.67 0.06 4.36 0.61
Plantago sp. 0.046 0.22 1.33 0.67 0.22
Rubus fruticosus 0.039 3.12 0.12 0.23 0.23 14.56 3.47
Scabiosa sp. 0.043 0.12 1.28 13.15 0.12
Senecium jacobea 0.008 0.13
Taraxacum sp. 0.029 0.47 0.56
Trifolium pratense 0.013 2.12
Trifolium repens 0.45 0.33 0.67 0.33

i:(Spi/h) 3.65 0.12 3.25 0 15.45 1.64 45.11 7.02
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Table 3.2.7. Potential for transmission in Period 1. To generate a field transmission matrix I calculated the probabilities for transmission between pairs of 
bumble bee species in each o f the resources shared by the pair of foragers following the next formulae (explained in the text):

( RFR * ^  -  ^P±J_h—  * proportion  _  Visitor _ s p   ̂ * proportion _  Infected _ B  sp  A  .
J ^ ( B _ s p i / h )

B. terrestris = ter, B. lucorum = luc, B. terrestris or B. lucorum = ter/luc, B. pascuorum  = pas, B. lapidarius = lap, B. miiscorum = mus.

Transmission between

Spl Sp2 Resource RFR Spl/h £  (spl/h) (Spl/h) / 
2  (spl/h)

Proportion
sp l

Proportion 
infected sp l Result

ter/luc ter/luc Buddleja davidii 0.01 0.2 7.023 0.028 0 0.693 0
Centaurea sp. 0.034 0.133 7.023 0.019 0.013 0.693 0.00001
Daucus carota - 0.946 7.023 0.135 1 0.693 -

Foeniculum vulgare - 1 7.023 0.142 0 0.693 -

Ononis spinosa 0.151 0.606 7.023 0.086 0.087 0.693 0.001
Plantago sp. 0.046 0.222 7.023 0.032 0 0.693 0
Rubus fruticosus 0.039 3.467 7.023 0.494 0.154 0.693 0.002
Scabiosa sp. 0.043 0.116 7.023 0.017 0 0.693 0
Trifolium repens 0.45 0.333 7.023 0.047 0 0.693 0

Total 0.003
ter/luc pas Buddleja davidii 0.01 0.2 7.023 0.028 0 0.693 0

Centaurea sp. 0.034 0.133 7.023 0.019 0.284 0.693 0.0001
Ononis spinosa 0.151 0.606 7.023 0.086 0.522 0.693 0.005
Plantago sp. 0.046 0.222 7.023 0.032 0 0.693 0
Rubus fruticosus 0.039 3.467 7.023 0.494 0.827 0.693 0.011
Scabiosa sp. 0.043 0.116 7.023 0.017 0.886 0.693 0.0004

Total 0.016
ter/luc mus Ononis spinosa 0.151 0.606 7.023 0.086 0 0.693 0.000

Rubus fruticosus 0.039 3.467 7.023 0.494 0.019 0.693 0.0003
Scabiosa sp. 0.043 0.116 7.023 0.017 0.114 0.693 0.0001

Total 0.0003



Table 3.2.7, cont.

Transmission between

Spl Spl Resource RFR Spl/h H (spl/h) (Spl/h) / 
L (spl/h)

Proportion
sp2

Proportion 
infected spl Result

ter/luc lap Centaurea sp. 0.034 0.133 7.023 0.019 0.703 0.693 0.0003
Daucus carota - 0.946 7.023 0.135 0 0.693 -

Ononis spinosa 0.151 0.606 7.023 0.086 0.391 0.693 0.004
Plantago sp. 0.046 0.222 7.023 0.032 1 0.693 0.001
Trifolium repens 0.45 0.333 7.023 0.047 0 0.693 0

Total 0.005
pas pas Buddleja davidii 0.01 0.4 45.11 0.009 0 0.308 0

Centaurea sp. 0.034 2.4 45.11 0.053 0.284 0.308 0.0002
Dipsacus fiillonum 0.011 4.299 45.11 0.095 1 0.308 0.0003
Lotus corniculatus 0.08 1.586 45.11 0.035 0.308 0.308 0.0003
Malva sp. 0.006 0.5 45.11 0.011 0 0.308 0
Mercurialis perennis - 0.5 45.11 0.011 0 0.308 -
Ononis spinosa 0.151 4.363 45.11 0.097 0.522 0.308 0.002
Plantago sp. 0.046 0.667 45.11 0.015 0 0.308 0
Rubus fruticosus 0.039 14.56 45.11 0.323 0.827 0.308 0.003
Scabiosa sp. 0.043 13.152 45.11 0.292 0.886 0.308 0.003
Taraxacum sp. 0.029 0.562 45.11 0.012 1 0.308 0.0001
Trifolium pratense 0.013 2.123 45.11 0.047 1 0.308 0.0002

Total 0.01
pas ter/luc Buddleja davidii 0.01 0.4 45.11 0.009 0 0.308 0

Centaurea sp. 0.034 2.4 45.11 0.053 0.284 0.308 0.0002
Ononis spinosa 0.151 4.363 45.11 0.097 0.522 0.308 0.002
Plantago sp. 0.046 0.667 45.11 0.015 0 0.308 0
Rubus fruticosu 0.039 14.56 45.11 0.323 0.827 0.308 0.003
Scabiosa sp. 0.043 13.152 45.11 0.292 0.886 0.308 0.003

Total 0.009
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Tab); 3.2.7, cont.

Transmission between

Spl Sp2 Resource RFR Spl/h I  (spl/h) (Spl/h) / 
L (spl/h)

Proportion
sp2

Proportion 
infected spl Result

pas mus Lotus corniculatus 0.08 1.586 45.11 0.035 0.308 0.308 0.0003
Ononis spinosa 0.151 4.363 45.11 0.097 0.522 0.308 0.002
Rubus fruticosus 0.039 14.56 45.11 0.323 0.827 0.308 0.003
Scabiosa sp. 0.043 13.152 45.11 0.292 0.886 0.308 0.003

Total 0.009
pas lap Centaurea sp. 0.034 2.4 45.11 0.053 0.284 0.308 0.0002

Lotus corniculatus 0.08 1.586 45.11 0.035 0.308 0.308 0.0003
Ononis spinosa 0.151 4.363 45.11 0.097 0.522 0.308 0.002
Plantago sp. 0.046 0.667 45.11 0.015 0 0.308 0
Taraxacum sp. 0.029 0.562 45.11 0.012 1 0.308 0.0001

Total 0.003
mus mus Lotus corniculatus 0.08 0.063 1.635 0.039 0 0.667 0

Ononis spinosa 0.151 0.061 1.635 0.037 0 0.667 0
Rubus fruticosus 0.039 0.231 1.635 0.141 0.019 0.667 0.0001
Scabiosa sp. 0.043 1.28 1.635 0.783 0.114 0.667 0.003

Total 0.003
mus terAuc Ononis spinosa 0.151 0.061 1.635 0.037 0 0.667 0.000

Rubus fruticosus 0.039 0.231 1.635 0.141 0.019 0.667 0.0001
Scabiosa sp. 0.043 1.28 1.635 0.783 0.114 0.667 0.003

Total 0.003
mus pas Lotus corniculatus 0.08 0.063 1.635 0.039 0 0.667 0

Ononis spinosa 0.151 0.061 1.635 0.037 0 0.667 0
Rubus fruticosus 0.039 0.231 1.635 0.141 0.019 0.667 0.0001
Scabiosa sp. 0.043 1.28 1.635 0.783 0.114 0.667 0.003

Total 0.003
mus lap Lotus corniculatus 0.08 0.063 1.635 0.039 0 0.667 0

Ononis spinosa 0.151 0.061 1.635 0.037 0 0.667 0
Total 0.000



Table 3.2.7, cont.

Transmission between

Spl Sp2 Resource RFR Spl/h L (spl/h) (Spl/h) / 
Z  (spl/h)

Proportion
sp2

Proportion 
infected spl Result

lap lap Centawea sp. 0.034 7.333 15.45 0.475 0.703 0.613 0.007
Daucus carota - 0.315 15.45 0.02 0 0.613
Lotus corniculatus 0.08 2.537 15.45 0.164 0.692 0.613 0.006
Ononis spinosa 0.151 2.666 15.45 0.173 0.391 0.613 0.006
Plantago sp. 0.046 1.334 15.45 0.086 1 0.613 0.002
Senecium jacobea 0.008 0.125 15.45 0.008 0 0.613 0
Taraxacum sp. 0.029 0.468 15.45 0.03 0 0.613 0
Trifolium repens 0.45 0.667 15.45 0.043 0 0.613 0

Total 0.021
lap ter/luc Centaurea sp. 0.034 7.333 15.45 0.475 0.703 0.613 0.007

Daucus carota - 0.315 15.45 0.02 0 0.613
Ononis spinosa 0.151 2.666 15.45 0.173 0.391 0.613 0.006
Plantago sp. 0.046 1.334 15.45 0.086 1 0.613 0.002
Trifolium repens 0.45 0.667 15.45 0.043 0 0.613 0

Total 0.016
lap pas Centaurea sp. 0.034 7.333 15.45 0.475 0.703 0.613 0.007

Lotus corniculatus 0.08 2.537 15.45 0.164 0.692 0.613 0.006
Ononis spinosa 0.151 2.666 15.45 0.173 0.391 0.613 0.006
Plantago sp. 0.046 1.334 15.45 0.086 1 0.613 0.002
Taraxacum sp. 0.029 0.468 15.45 0.03 0 0.613 0

Total 0.021
lap mus Lotus corniculatus 0.08 2.537 15.45 0.164 0.692 0.613 0.006

Ononis spinosa 0.151 2.666 15.45 0.173 0.391 0.613 0.006
Total 0.012

17
7
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Table 3.2.8. The potential for transmission in Period 2. B. terrestris = ter, B. lucorum = luc, B. terrestris or B. lucorum = ter/luc, B. pascuorum = pas, B. 
lapidarius = lap, B. muscorum = mus.

Transmission between

Spl Sp2 Resource RFR Spl/h E (spl/h) (Spl/h) / 
E (spl/h)

Proportion
sp2

Proportion 
infected spl Result

ter/luc ter/luc Centaurea sp. 0.034 0.1333 7.023 0.019 0.013 0.333 0.000
Buddleja davidii 0.010 0.2 7.023 0.028 0 0.333 0.000
Daucus carota - 0.946 7.023 0.135 1 0.333 -

Foeniculum vulgare - 1 7.023 0.142 0 0.333 -

Ononis spinosa 0.151 0.606 7.023 0.086 0.087 0.333 0.0004
Plantago sp. 0.046 0.222 7.023 0.032 0 0.333 0.000
Rubus fruticosus 0.039 3.467 7.023 0.494 0.154 0.333 0.001
Scabiosa sp. 0.043 0.116 7.023 0.017 0 0.333 0.000
Trifolium repens 0.450 0.333 7.023 0.047 0 0.333 0.000

0.001
ter/luc pas Buddleja davidii 0.010 0.2 7.023 0.028 0 0.333 0.000

Centaurea sp. 0.034 0.1333 7.023 0.019 0.284 0.333 0.0001
Ononis spinosa 0.151 0.606 7.023 0.086 0.522 0.333 0.002
Plantago sp. 0.046 0.222 7.023 0.032 0 0.333 0.000
Rubus fruticosus 0.039 3.467 7.023 0.494 0.827 0.333 0.005
Scabiosa sp. 0.043 0.116 7.023 0.017 0.886 0.333 0.0002

0.008
ter/luc mus Ononis spinosa 0.151 0.606 7.023 0.086 0 0.333 0.000

Rubus fruticosus 0.039 3.467 7.023 0.494 0.019 0.333 0.0001
Scabiosa sp. 0.043 0.116 7.023 0.017 0.114 0.333 0.00003

0.0002
ter/luc lap Centaurea sp. 0.034 0.1333 7.023 0.019 0.703 0.333 0.0002

Daucus carota - 0.946 7.023 0.135 0 0.333 -

Ononis spinosa 0.151 0.606 7.023 0.086 0.391 0.333 0.002
Plantago sp. 0.046 0.222 7.023 0.032 1 0.333 0.001
Trifolium repens 0.450 0.333 7.023 0.047 0 0.333 0.000

0.002



Table 3.2.8, cont.

Transm ission between

S p l Sp2 Resource RFR Spl/h L (spl/h) (Spl/h) / 
2  (spl/h)

Proportion
sp2

Proportion 
infected sp l Result

pas pas Buddleja davidii 0.010 0.4 45.112 0.009 0 0.064 0.000
Centaurea sp. 0.034 2.4 45.112 0.053 0.284 0.064 0.00003
Dipsacus fullonum 0.011 4.299 45.112 0.095 1 0.064 0.0001
Lotus corniculatus 0.080 1.586 45.112 0.035 0.308 0.064 0.0001
Malva sp. 0.006 0.5 45.112 0.011 0 0.064 0.000
Mercurialis perennis - 0.5 45.112 0.011 0 0.064 -
Ononis spinosa 0.151 4.363 45.112 0.097 0.522 0.064 0.001
Plantago sp. 0.046 0.667 45.112 0.015 0 0.064 0.000
Rubus fruticosus 0.039 14.56 45.112 0.323 0.827 0.064 0.001
Scabiosa sp. 0.043 13.152 45.112 0.292 0.886 0.064 0.001
Taraxacum sp. 0.029 0.562 45.112 0.012 1 0.064 0.00002
Trifolium pratense 0.013 2.123 45.112 0.047 1 0.064 0.00004

0.002
pas ter/luc Buddleja davidii 0.010 0.4 45.112 0.009 0 0.064 0.000

Centaurea sp. 0.034 2.4 45.112 0.053 0.284 0.064 0.00003
Ononis spinosa 0.151 4.363 45.112 0.097 0.522 0.064 0.001
Plantago sp. 0.046 0.667 45.112 0.015 0 0.064 0.000
Rubus fruticosus 0.039 14.56 45.112 0.323 0.827 0.064 0.001
Scabiosa sp. 0.043 13.152 45.112 0.292 0.886 0.064 0.001

0.002
pas mus Lotus corniculatus 0.080 1.586 45.112 0.035 0.308 0.064 0.0001

Ononis spinosa 0.151 4.363 45.112 0.097 0.522 0.064 0.001
Rubus fruticosus 0.039 14.56 45.112 0.323 0.827 0.064 0.001
Scabiosa sp. 0.043 13.152 45.112 0.292 0.886 0.064 0.001

0.002
pas lap Centaurea sp. 0.034 2.4 45.112 0.053 0.284 0.064 0.00003

Lotus corniculatus 0.080 1.586 45.112 0.035 0.308 0.064 0.0001
Ononis spinosa 0.151 4.363 45.112 0.097 0.522 0.064 0.001
Plantago sp. 0.046 0.667 45.112 0.015 0 0.064 0.000
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Table 3.2.8, cont.

Transm ission between

Spl Sp2 Resource RFR Spl/h L (spl/h) (Spl/h) / 
£  (spl/h)

Proportion
sp2

Proportion 
infected sp l Result

pas lap Taraxacum sp. 0.029 0.562 45.112 0.012 1 0.064 0.00002
0.001

mus mus Lotus corniculatus 0.080 0.063 1.635 0.039 0 0 0.000
Ononis spinosa 0.151 0.061 1.635 0.037 0 0 0.000
Rubus fruticosus 0.039 0.231 1.635 0.141 0.019 0 0.000
Scabiosa sp. 0.043 1.28 1.635 0.783 0.114 0 0.000

0.000
mus ter/luc Ononis spinosa 0.151 0.061 1.635 0.037 0 0 0.000

Rubus fruticosus 0.039 0.231 1.635 0.141 0.019 0 0.000
Scabiosa sp. 0.043 1.28 1.635 0.783 0.114 0 0.000

0.000
mus pas Lotus corniculatus 0.080 0.063 1.635 0.039 0 0 0.000

Ononis spinosa 0.151 0.061 1.635 0.037 0 0 0.000
Rubus fruticosus 0.039 0.231 1.635 0.141 0.019 0 0.000
Scabiosa sp. 0.043 1.28 1.635 0.783 0.114 0 0.000

0.000
mus lap Lotus corniculatus 0.080 0.063 1.635 0.039 0 0 0.000

Ononis spinosa 0.151 0.061 1.635 0.037 0 0 0.000
0.000

lap lap Centaurea sp. 0.034 7.333 15.445 0.475 0.703 0.515 0.006
Daucus carota - 0.315 15.445 0.020 0 0.515 -

Lotus corniculatus 0.080 2.537 15.445 0.164 0.692 0.515 0.005
Ononis spinosa 0.151 2.666 15.445 0.173 0.391 0.515 0.005
Plantago sp. 0.046 1.334 15.445 0.086 1 0.515 0.002
Senecium jacobea 0.008 0.125 15.445 0.008 0 0.515 0.000
Taraxacum sp. 0.029 0.468 15.445 0.030 0 0.515 0.000
Trifolium repens 0.450 0.667 15.445 0.043 0 0.515 0.000

0.018



Table 3.2.8, cont.

Transm ission between

Spl Sp2 Resource RFR Spl/h I  (spl/b) (S p l/h ) / 
1  (spl/h)

Proportion
sp l

Proportion 
infected sp l Result

lap ter/luc Centaurea sp. 0.034 7.333 15.445 0.475 0.703 0.515 0.006
Daucus carota - 0.315 15.445 0.020 0 0.515 -

Ononis spinosa 0.151 2.666 15.445 0.173 0.391 0.515 0.005
Plantago sp. 0.046 1.334 15.445 0.086 1 0.515 0.002
Trifolium repens 0.450 0.667 15.445 0.043 0 0.515 0.000

0.013
lap pas Lotus corniculatus 0.080 2.537 15.445 0.164 0.692 0.515 0.005

Ononis spinosa 0.151 2.666 15.445 0.173 0.391 0.515 0.005
Centaurea sp. 0.034 7.333 15.445 0.475 0.703 0.515 0.006
Taraxacum sp. 0.029 0.468 15.445 0.030 0 0.515 0.000
Plantago sp. 0.046 1.334 15.445 0.086 1 0.515 0.002

0.018
lap mus Lotus corniculatus 0.080 2.537 15.445 0.164 0.692 0.515 0.005

Ononis spinosa 0.151 2.666 15.445 0.173 0.391 0.515 0.005
0.01



After calculating the probabilities to become infected I calculated the overall 

probability of becoming infected as a second visitor and the proportion of this probability 

due to intra-specific infection (Table 3.2.9). This is important because the proportion of 

intra-specific infection may play an important role in the local adaptation of the parasite.

Table 3.2.9. Probabilities of infection. I have summarized the potential for transmission intra- and 
inter-species, the probabilities to become infected and the probabilities of self-infection for Period 
1 and 2. The total for each donor species (T' visitor) reflects the probabilities to find parasite strains 
from that 1®* visitor species into a second forager after its visit to a flower.

Period 1
I** visitor 

2"'* visitor
B. ter/luc B. pascuorum B. muscorum B. lapidarius P(B. spi) Self-infection 

Self/P(B sp)
B. ter/luc 0.003 0.009 0.003 0.016 0.030 0.100
B. pascuorum 0.016 0.010 0.003 0.021 0.050 0.200
B. muscorum 0.0003 0.009 0.003 0.012 0.024 0.125
B. lapidarius 0.005 0.003 0 0.021 0.029 0.724

Total 0.024 0.031 0.009 0.070

Period 2
r* visitor B. ter/luc B. pascuorum B. muscorum B. lapidarius P(B. spi) Self-infection

2"'’ visitor Self/P(B sp)
B. ter/luc 0.001 0.002 0 0.013 0.016 0.063
B. pascuorum 0.008 0.002 0 0.018 0.028 0.071
B. muscorum 0.0002 0.002 0 0.01 0.012 -

B. lapidarius 0.002 0.001 0 0.018 0.021 0.857
Total 0.011 0.007 0.000 0.059

As can be seen in Table 3.2.9, I have found that the potential for interspecific 

transmission between pairs of different host species was variable (0 to 0.021). This 

variation is reduced in the overall probability of infection for each of the four host species 

(0.024 to 0.05); this parameter suggests the actual risk of infection each time an animal 

forages fi-om a flower which is highest for B. pascuorum. The risk for intraspecific 

infection was also variable (for period 1, fi-om 0.1 to 0.72; and period 2 fi-om 0.063 to 

0.86); with similar overall probabilities of infection in the field, B. lapidarius was the 

species with higher potential for self-infection in both period 1 (0.72) and period 2 (0.86), 

while B. terrestris/lucorum had the lowest (period 1, 0.1; period 2, 0.063).

The potential for transmission between pairs of host species allowed me to build the 

transmission matrix for each period (see Figures 3.2.1a and 3.2.1b);
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B. lapidariusB. pascuorum

B. terrestrb /  B. lucorum B. muscorum

b)
0.018

0.018

B. pascuorum B. lapidarius

m
0.002

0.002 0.008 /  

\ \ U
B. muscorum

0.001

0.0002

B. terrestris /  B. lucorum

Figure 3.2.1. Field transmission matrices. The thickness of the connector is the probability of a 
second visitor to become infected after foraging in a previously visited resource. The calculi are 
described above. The head of the arrows point to the second visitor and the thicker lines represent 
the stronger transmissions, a) Period of sampling 1; b) Period of sampling 2.
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Within-species transmission is strongly suggested in B. pascuorum  and B. 

lapidarius for period 1 and only in B. lapidarius for period 2 (Figure 3.2.1a, b). The inter

species transmission showed that B. lapidarius is the key species in the transmission o f the 

parasite, while B. terrestris/lucorum, B. muscorum  or B. pascuorum  were the main 

receptors.

Genetic population structure analysis

The amplification o f the four microsatellite markers was successful for nearly all 

the 59 infected animals: 3 animals only amplified the C ril6  locus, 3 animals amplified 3 o f 

the four microsatellite markers and 1 bee did not amplify loci CriFlO  and C rilB6. C. 

bombi is diploid and all samples amplified 1 or more bands, and thus denoted honiozygote 

and helerozygote strains, and multiply infected hosts (more than 2 bands in 7 out o f the 59 

animals from period 1, and 3 out o f  the 23 animals from period 2). See Tables 3.2.10 and 

3.2.11 for a summary o f the inferred genotypes for all four loci in each period, grouped by 

host species.

Table 3.2.10. Genotypes of single and multiple infected animals sampled on Period 1. (Missing 
values indicate failure to amplify product).

Locus (Cri)
Species___________16__________P4___________ FIO___________ ^
B. lapidarius 121, 124 128, 128 122,124 147, 155

121, 124 126, 126 120, 124 135,155
118, 121 126, 128 118, 122 139, 145
121, 124 126, 130 120,122 145, 155
121, 124 126,130 118, 120 133,147
121, 124 - - -

118, 121 126, 128 118, 122 139,147
121, 124 128, 128 122,126 139, 157
121, 124 126,130 120,122 145,157
121, 124 - - -

118, 121 128, 128 118,122 139, 147
121, 127 128,130 120,122 139, 145
121, 124 126, 128 120,122 133,145
118, 121 126, 128 118, 122 139,147
118, 121 126, 128 118, 122 139, 147
121, 124 126, 128, 130 118, 120, 122 137, 147,
121, 124 126, 128, 130 118, 120, 122 133, 137, 147
118, 121 126, 128, 118, 120, 133, 139, 147
118, 121 126, 128, 118, 122, 133, 135, 137
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Table 3.2.10, cont. Genotypes o f  single and multiple infected animals sampled on Period 1.

Locus (Cri)
Species 16 P4 FIG 1B6
B. muscorum 121,124 128, 130 118,120 133,155

118, 121 126,126 120, 122 139, 157
118, 124 128, 128 133,133
118,121 126,128 118, 122 139,147

B. pascuorum 121, 124 128, 130 120,122 137, 147
121,124 126, 130 118, 122 139, 145
118,121 126, 128 118,122 155,163
121,121 126, 126 120, 122 139, 139
121,124 128, 130 120, 122 137, 139
121,124 126, 128 120, 122 147, 155
118,121 128,128 118, 120 147, 155
118, 121 126, 128 118,122 139,143,147

B. pratoruin 118,121 126, 128 118, 122 139,147
B. ter/Iuc 121,124 124,128 120, 120 135,149

118, 121 124,126 118,122 139, 147
121,127 124,128 120, 122 137,155
124, 124 124,124 128, 128 -

121, 124 124,126 122,126 147,155
121,124 124,128 120, 124 139, 147
121,124 124,126 118, 120 149, 155
118,121 124, 126 118, 120 135,147
121,127 124,126 120, 124 143,149
121, 124 124,128 120, 124 133, 139
121,124 124,124 120,124 137, 155
118,121 124, 126 118, 122 139, 147
121,124 126, 130 118, 120 133,143
121, 124 124,128 120, 122 137, 139
121, 127 124,128 120, 122 137, 139
121, 127 124,128 120, 122 137, 139, 147

B. terrestris 121, 124 124,126 120, 124 133, 143
118,121 124, 126 118, 124 139,149
124,124 124,124 - -

121,124 124,126 118, 124 145,151
121, 127 124,126 122, 124 137, 137
121,124 124, 126 118, 122 151,159
115, 121 124,128 122, 122 133,137
118, 121 124,126 122,124 133,153
121,124 124, 128 122,126 137, 139
121,124 124,126 118, 120, 124 137, 139
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Table 3.2.11. Genotypes o f single and multiple infected animals sampled in Period 2. (M issing 
values indicate failure to amplify product).

Species
Locus (Cri) 

16 P4 FIO 1B6
B. lapidarius 118, 121 126, 128 118, 122 139, 147

124,124 126,130 118, 120 133,145
121,124 126, 128 120, 124 137, 139
118, 121 126,128 118, 122 139, 147
118, 121 126,128 118, 122 139, 147
118, 121 126, 128 120, 122 139, 139
118, 121 126, 128 118, 122 139, 149
121,124 126, 128 118, 120 133,145
121,124 126, 128 122, 126 137, 137
121,124 128,130 122, 126 137, 139
118,121 126, 128 118,122 151,155
121, 124 126, 128 118, 122 133,135
121, 124 126, 128 120, 124 135,155
121,127 128, 130 118, 122 153,155
121,124 122,128 120, 124 139,147
121,124 130, 130 120, 124 147, 157
121,124 - - -

118,121 128,128 120, 122 151,155
118,121 126,128 118, 122 133, 139, 143

B. lucorum 121, 124 124, 126, 128 118, 120, 124 133, 135, 153
B. pascuorum 118, 121 126,128 118, 122 139, 147

121,124 126,128 118,122 -

121,124 124, 126, 128, 130 118, 122, 128 133,139

I found up to 5 different alleles in loci C ril6  and CriP4, 6 alleles in locus Cri2F10 

and 14 alleles in locus CrilB6. Some alleles appeared only in one of the two periods or in 

one of the species (see Table 3.2.12).
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Table 3.2.12. Alleles found in each species and locus for both periods 1 and 2.

Locus (Cri)

Species 16 P4 FIO 1B6

Period 1

B. lapidarius 

B. lucorum 

B. muscorum 

B. pascuorum  

B. pratorum  

B. ter/luc 

B. terrestris

118 , 121 , 124 , 127 

118, 121 

118, 121, 124 

118, 121,124  

118, 121

118, 121, 124, 127 

115, 118, 121, 124, 127

126, 128, 130 

126,130 

126, 128 , 130 

126, 128, 130 

126, 128

124, 126, 128, 130 

124, 126 , 128

118 , 120, 122, 124, 126 

118,122 

118, 120, 122, 128 

118 , 120, 122 

118, 122

118, 120, 122 , 124, 126, 128 

118, 120, 122, 124, 126

133 , 135, 137, 139, 145, 147, 155, 157 

145,155

133 , 139, 147, 155, 157

137, 139, 143, 145, 147, 155, 163

139,147

133 , 135, 137, 139, 143, 147, 149, 155 

133 , 137, 139, 143, 145, 149 , 151, 153, 159

Period 2

B. lapidarius

B. lucorum 

B. pascuorum

118, 121, 124, 127

121 , 124 

118 , 121, 124

122, 126 , 128, 130

124 , 126, 128 

124, 126, 128 , 130

118, 120 , 122, 124 , 126

118, 120 , 124 

118, 122,128

133, 135 , 137 , 139 , 145 , 147 , 149 , 151 , 153, 

155,157 

133, 135, 153 

133, 139,147



The observed heterozygosities were surprisingly high in all four loci for each 

species (0.67 to 1.00) or the whole parasite population from each period (0.62 to 1.00) 

(Table 3.2.13). In general, the expected heterozygosities calculated assuming Hardy- 

Weinberg equilibrium, were quite different from the observed values.

Table 3.2.13. Observed and expected heterozygosities calculated in GenAlEx for each locus and 
species or group of species in each period (denoted as PI or P2 respectively).

Species / Category Heterozygosity Cril6 CriP4 Cri2F10 CrilB6

B. lapidarius PI Observed H 1.00 0.69 1.00 1.00

Expected H 0.63 0.62 0.71 0.81

B. muscorum PI Observed H 1.00 0.67 0.75 0.75

Expected H 0.66 0.61 0.75 0.75

B. pascuorum PI Observed H 0.86 0.71 1.00 0.86

Expected H 0.57 0.64 0.64 0.80

B. ter/luc PI Observed H 0.94 0.88 0.88 1.00

Expected H 0.66 0.65 0.76 0.86

B. terrestris PI Observed H 0.89 0.89 0.88 0.88

Expected H 0.67 0.57 0.72 0.85

All B. ter/luc PI Observed H 0.92 0.88 0.88 0.96

Expected H 0.67 0.62 0.78 0.89

All species P I, a Observed H 0.64 0.62 0.72 0.81

Expected H 0.94 0.77 0.90 0.90

All species P 1, Observed H 0.94 0.74 0.91 0.89

Expected H 0.63 0.62 0.72 0.81

All species P 2 Observed H 0.97 0.94 1.00 0.94

Expected H 0.64 0.57 0.63 0.68

B. lapidarius P2 Observed H 0.94 0.88 1.00 0.88

Expected H 0.65 0.63 0.75 0.86

B. pascuorum P2 Observed H 1.00 1.00 1.00 1.00

Expected H 0.63 0.50 0.50 0.50
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Statistical tests showed that strains from individual species or categories (e.g., B. 

terrestris/lucorum) were in Hardy-W einberg equilibrium, although I detected significant 

departures from H-W equilibrium for the whole parasite population in B. 

terrestris/lucorum  from period 1 and all B. lapidarius from period 2. As expected from 

Table 3.2.13, the Fis values indicate outbreeding (excess o f heterozygotes) for all species or 

categories except for B. muscorum  from period 1 (see Table 3.2.14).

Table 3.214. P-values for Fis within populations are based on 4000 randomizations. Indicative 
adjusted nominal level (5%) is 0.01250. Within all species analysed separately, the negative F\s 
values indicate excess of heterozygotes and thus, outbreeding. The Fis values were calculated in 
FSTAT. / ’-values with an asterisk indicate that the parasite population in that host species is not in 
Hardy-Weinberg equilibrium, that is, they are highly structured populations, after adjusting with 
improved Bonferroni method.

Species / Category ^ IS Hardy-Weinberg Equilibrium /?-value

B. lapidarius PI -0.300 0.211

B. muscorum PI 0.013 0.979

B. pascuorum  PI -0.220 0.861

B, ter/luc PI -0.243 0.009

B. terrestris PI -0.194 0.785

All B. ter/luc PI -0.209 0.0001*

B. lapidarius P2 -0.256 <0.0001*

B. pascuorum  P2 -0.714 1.000

Not surprisingly, after finding high levels o f  heterozygosity, I found that the Fst 

statistic values were low (see Chapter 1.2), and thus, I will not use them as a good indicator 

for parasite population differentiation (for all loci the range for Fst values was: 0.014 - 

0.071; and Rhosj values: - 0.438 to 0.015). I found three o f  the four groups analyzed (all 

species from period 1 a and b, all species from period 2 and all B. lapidarius from both 

periods 1 and 2) significantly deviated from Hardy-Weinberg equilibrium {p < 0.05) except 

B. pascuorum  populations from periods 1 and 2 (Table 3.2.15). Fis negative values pointed 

to high levels o f  outbreeding among populations.
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Table 3.2.15. All species analysed together and B. lapidarius and B. pascuorum  populations in 
both periods 1 and 2.

^ST F is F it RhosT
Hardy-Weinberg

Equilibrium

All species from period 1, group a
C ril6 0.010 -0.431 -0.445 -0.002 0.010*
CriP4 0.149 -0.235 -0.051 0.389 0.460
Cri2F10 0.028 -0.224 -0.190 -0.012 0.453
CrilB6 0.020 -0.078 -0.057 -0.023 0.780
ALL LOCI 0.047 -0.230 -0.172 0.008 0.026*

All species from period 1, group a, after jackknifing over populations (mean ±  SE)
Cril6 0.011 ±0.008 -0.436 ± 0.062 -0.452 ± 0.060
CriP4 0.160 ± 0.025 -0.241 ±0.103 -0.044 ±0.081
Cri2F10 0.029 ± 0.020 -0.223 ± 0.086 -0.186 ±0.099
CrilB6 0.020 ± 0.020 -0.088 ±0.056 -0.066 ±0.061

All species from period 1, group b
C ril6 0.006 -0.435 -0.444 -0.008 0.001*
CriP4 0.165 -0.229 -0.025 0.391 0.102
Cri2F10 0.001 -0.202 -0.202 -0.008 0.427
CrilB6 0.012 -0.070 -0.058 -0.016 0.501
ALL LOCI 0.044 -0.221 -0.167 0.015 0.001*

All species from period 2
C ril6 0.436 -0.078 -0.548 -0.149 0.015*
CriP4 0.051 -0.403 -0.474 -0.078 0.059
Cri2F10 0.012 -0.329 -0.313 -0.031 .0271
CrilB6 0.158 0.000 -0.157 -0.613 -

ALL LOCI 0.069 -0.269 -0.358 -0.438 <0.0001*

B. lapidarius from periods 1 and 2
C ril6 0.014 -0.495 -0.516 -0.031 <0.0001*
CriP4 0.025 -0.249 -0.280 -0.026 0.040*
Cri2F10 0.014 -0.334 -0.353 -0.029 0.010*
CrilB6 0.004 -0.079 -0.084 -0.033 0.018*
ALL LOCI 0.014 -0.275 -0.292 -0.032 <0.0001*

B. pascuorum  from periods 1 and 2
C ril6 0.084 -0.427 -0.547 -0.182 0.831
CriP4 0.091 -0.153 -0.258 -0.041 1.000
Cri2F10 0.087 -0.556 -0.420 -0.028 0.833
C rilB6 0.198 -0.010 -0.210 -0.804 -

ALL LOCI 0.071 -0.262 -0.352 -0.434 0.681
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The analyses for both allehc and genotypic differentiation among pairs o f species 

revealed significant differences when comparing the parasite strains present in some pairs 

o f  species (see Table 3.2.16a, b). In period 1, grouping a (previously defined) I found 

significant allelic and genotypic differences between B. lapidarius strains with strains from 

all B. terrestris/lucorum  or with strains from B. terrestris, B. pascuorum  strains and B. 

terrestris strains and only significant genotypic differentiation between B. pascuorum  

strains and strains from all B. terrestris/lucorum. The allelic differentiation p-values for all 

other pairwise combinations ranged from 0.027 to 0.963 and the /7-values for genotypic 

differentiation were between 0.023 and 0.805. When I analyzed period 1, grouping b, I 

found similar results: strains from B. lapidarius and all B. terrestris/lucorum  showed 

highly significant allelic and genotypic differences, and B. pascuorum  strains were 

genotypically different than strains from all B. terrestris/lucorum. I did not find other 

significant allelic (p-values ranged from 0.015 to 0.962) or genotypic (p-values from 0.039 

to 0.804) differences between parasites from other pairs o f host species. I did not find any 

significant allelic or genotypic differences between strains from B. lapidarius and B. 

pascuorum  in period 2.

Table 3.2.16. a) Allelic and genotypic /j-values for pairs of species from period 1 of analysis. * 
significant /^-values after Bonferroni correction.

Pairs of species Allelic differentiation 
(p-value)

Genotypic differentiation 
(p-value)

All species from period 1, group a
B. lapidarius & B. muscorum 0.672 0.667
B. lapidarius & B. pascuorum 0.963 0.805
B. lapidarius & ter/luc <0.0001* <0.0001*
B. lapidarius & B. terrestris <0.0001* <0.0001*
B. muscorum & B. pascuorum 0.576 0.513
B. muscorum & B. ter/luc 0.154 0.088
B. muscorum & B. terrestris 0.079 0.023
B. pascuorum & B. ter/luc 0.027 0.001*
B. pascuorum & B. terrestris 0.001* 0.000*
B. ter/luc & B. terrestris 0.187 0.127

All species from period 1, group b
B. lapidarius & B. muscorum 0.671 0.668
B. lapidarius B. pascuorum 0.962 0.804
B. lapidarius & ter/luc <0.0001* <0.0001*
B. muscorum & B. pascuorum 0.580 0.511
B. muscorum & B. ter/luc 0.135 0.039
B. pascuorum (5: B. ter/luc 0.015 0.002*
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Table 3.2.16 cont. b) Allelic and genotypic /7-values for pairs of species from period 2 of analysis. 
* significant P-values after Bonferroni correction.

Pairs of species Allelic differentiation 
(p-value)

Genotypic differentiation 
(p-value)

All species from period 2

B. lapidarius & B. pascuorum 0.9998 0.987

B. lapidarius from periods 1 and 2

B. lapidarius PI & P2 0.995 0.981

B. pascuorum from periods 1 and 2

B. pascuorum PI & P2 0.995 0.916

I conducted statistical tests with FSTAT package for all 6 pairwise combinations o f 

all four microsatellite loci within and across all populations from both periods 1 and 2. All 

/^-values were based on 60000 permutations. The adjusted /7-value for 5% nominal level 

was 0.000833. All 6 combinations o f  pairs o f  loci from period 1 were in equilibrium for B. 

lapidarius (/?-values from 0.009 to 0.163), B. muscorum  (all /7-values = 1.000), B. 

pascuorum  (/^-values ranged from 0.426 to 1.000), the category B. terrestris/lucorum  

(without those animals correctly identified as B. terrestris or B. lucorwn; /^-values from 

0.098 to 0.937), B. terrestris (p-values from 0.158 to 1.000), all B. terrestris/lucorum  

together (/^-values from 0.039 to 0.480), all species (grouping a: /7-values from 0.003 to 

0.418; grouping h: /7-values from 0.003 to 0.146); all combinations o f pairs o f  loci within 

B. lapidarius from period 2 (p-values ranged from 0.006 to 0.741), the B. pascuorum  

populations from periods 1 and 2 (p-values from 0.434 to 1.000), and all species from 

period 2 together (p-values from 0.006 to 0.743) were in equilibrium. Only the analysis o f 

B. lapidarius from both periods 1 and 2 revealed the pair Cril6-Cri2F10  in linkage 

disequilibrium (p-value = 0.0003; o ther/?-values ranged from 0.004 to 0.416).

The phylogenetic relationships among the C  bombi genotypes sampled in period 1 

and 2 (Figures 3.2.2, 3.2.3 and 3.2.4) revealed a very heterogeneous network, confirming 

the high levels o f  outbreeding detected above. The high heterogeneity o f  the networks 

supports the high levels o f  parasite heterozygosity. Inter-species transmission o f the 

parasite may be preventing the local adaptation o f the parasite.
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DISCUSSION

My epidemiological study o f  C. bombi has revealed that both the potential for inter 

and intraspecific transmission and the probability o f self-infection are variable among 

hosts and across time. This suggests a complex potential transmission dynamics between 

pairs o f host species, which may be due to heterogeneity in the quantity and quality o f both 

host species and resource use. The genetic population analysis, concretely the allelic and 

genotypic differentiation analyses, suggests a parasite population potentially structured in 

at least two genotypically different parasite subpopulations within host species (one in B. 

terresths hosts and a second one in B. lapidarius and B. pascuorum, although it could 

include B. muscorum  parasite strains also) for period 1 but not for period 2; this finding 

may be somehow related with the differences found in induced immune response between 

B. terrestris and other species in Chapter 2.8. In addition, high levels o f persistent 

heterozygosis and outbreeding were also detected.

Each time a bumble bee lands on a flower it has a probability o f infection with C. 

bombi. This probability o f infection is different depending on the potential host species. 

Moreover, the probability o f a bumble bee becoming infected with a parasite strain 

dropped by a previous animal o f the same species also varies among different host species. 

The heterogeneity found in the potential for transmission, and thus, in the probabilities o f 

infection, results from the quantity and quality o f the resources used by different hosts and 

in the quantity and quality o f the interactions among different hosts. The strength and 

direction o f  the transmission values in combination with the probability o f self-infection 

suggest the potential for selection o f different strategies, e.g., the strategy o f B. lapidarius 

strains: B. lapidarius as a first visitor could be successfully spreading strains to other host 

species which would suggest a generalist strain but, on the contrary, the probabilities for 

self-infection in this host species are the highest, and thus, suggest selection for a specialist 

strain. Other host species have low potential for spreading their strains and low 

probabilities o f self-infection, suggesting more generalist strains; nevertheless, in these 

species intra-colony transmission may be more important as a strategy than inter-colony 

transmission in the field, e.g., B. terrestris (see Chapter 2.8.).

The more abundant host species, as recorded from the observation o f flower 

visitation, were B. pascuorum  (421), B. lapidarius (209) and B. terrestris/lucorum  (50) 

(Table 3.2.4); these species were also the more generalist, as found in a previous study
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(Goulson & Darvill, 2004). Nevertheless, and contrary to findings in macroparasites 

(Ameberg et a l,  1998), it does not seem that a positive relation exists between host density 

and parasite abundance; the lowest prevalence of C. bombi occurred in the most abundant 

host B. pascuorum (30 % out o f 26 sampled bees), and I only found two species of 

parasites in this bumble bee species, C. bombi and L. buchneri (a parasite that was not 

present in B. lapidarius or B. terrestris/lucorum). B. terrestris/lucorum, on the contrary, 

had the highest prevalence of C. bombi (69 % o f 39 sampled animals), and 6 animals 

infected with M  bombi, and 4 with N. bombi (which was not present in other species). In 

fact, B. pascuorum  was the most frequent second visitor, possible due to its density, and 

had the highest potential for infection in both period 1 and 2 field matrixes, but in both 

periods had the lowest C. bombi prevalence (for period 2, 6.4 % out o f 47 animals versus 

the 52 % out of 33 B. lapidarius). This apparent contradiction between my results on 

microparasites and the study on macroparasites (Arneberg et al., 1998), and between my 

field transmission predictions and the real occurrences o f the parasite, could be explained 

by specific differences in susceptibility or variation in the immune response against 

parasites (Schmid-Hempel 2005 a, b). In Chapter 2.8 I found that B. pascuorum  is the host 

species with the lowest levels for both the induced and the constitutive immune responses 

although B. pascuorum  is the species with the highest risk of infection. I can suggest three 

potential explanations for these contradictory patterns: 1) this host species has very low 

susceptibility to C. bombi, and this susceptibility is extrinsic to the parts of the immune 

system studied, e.g., the long tongue of this species could reduce the risk of infection by 

foraging onto flowers where the parasite cells are less likely to be ingested due to flower 

architecture; 2) the effects of the parasite on this host species are more extreme than in B. 

terrestris, and part of the infected hosts die, and thus the sampling is biased. Nevertheless, 

the selection pressure on parasite strains when infecting B. pascuorum  should be very high; 

and 3) this host species could also spend less time on flowers than other host species. The 

latter has been shown for B. terrestris, which doubles the time spent in flowers (Herrera, 

1989).

The analysis of the genetic structure of the parasite revealed high levels of 

persistent heterozygosis which suggests the parasite is predominantly clonal (Tibayrenc et 

al., 1991). The analysis further detected outbreeding among parasite strains across and 

within the same host species and the overall analysis pointed to a highly heterogeneous 

parasite population. I interpret this finding as the presence o f specific clonal heterozygotes 

in different groups, and thus, this result confirms the transmission of strains from one host
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to other across and within the same species.

My field transmission matrix found strong within-species transmission for B. 

pascuorum  and B. lapidarius for period 1 (Figure 3.2.1a), and thus, I interpreted that as a 

high potential for species adaptation. The analysis for allelic and genotypic differentiation 

found significant differences between parasites from B. lapidarius and B. 

terrestris/lucorum and between B. pascuorum  and B. terrestris/lucorum, and this supports 

the idea for potential parasite local adaptation to specific host species. Parasite adaptation 

could happen when heterogeneity exists in the dynamic of transmission through inter

species resource sharing changes, or if  some host species presence is variable, e.g., because 

some bumble bee species begin or finish their cycles sooner than others, or simply because 

some species are extremely rare or even endangered species. Species with low or moderate 

potential for transmission but high probabilities of getting infected could be playing a key 

role “shuffling” parasite strains, and thus, preventing the adaptation of the parasite to 

individual host species. Inter-host species transmission may have driven the actual genetic 

structure in the parasite population but not alone. In this multihost-parasite system I 

previously found (see Chapter 2.8) that the same parasite strain was able to behave 

differently depending on the host species and that the immune response levels are different 

among host species. Both the transmission analysis and the within-host parasite dynamics 

point to a complex array o f selective forces acting on the parasite at different levels o f 

ecological organization. The abundance o f interactions among animals o f a given host 

species, e.g., B. lucorum, can select for different parasite strategies, e.g., earlier disposition 

for transmission and higher potential for intraspecific transmission, but the quality of the 

interactions (intraspecific interactions) can disrupt this potential for local adaptation. Then, 

different parasite strategies may be co-existing and this would be facilitated by the quantity 

and quality of interactions within the multihost assemblage and the interactions among 

different hosts.

In my multihost-parasite system transmission is passive and there is no host choice 

although there are different host types. Heterogeneity in quantity and quality of both host 

and resources can change the probabilities o f infection drastically by altering the chances 

for transmission. Resources and host species change geographically in occurrence and 

prevalence and different host species assemblages, with different transmission matrices 

may be selecting for pools o f different strains at both the host species and host species 

assemblage levels. This suggestion could assist in the interpretation of potential
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“maladaptations” when local adaptation is the result of an heterogeneous array of selecting 

pressures, e.g., my results suggest that parasites are selected by host species; however, in 

C. hombi -  Bombus terrestris system there is evidence for parasite allopatric adaptation to 

this host species (Imhoof & Schmid-Hempel, 1998). Some theoretical (Ebert, 1994) and 

experimental (Lively & Dybdahl, 2000) studies predict the local adaptation of a parasite to 

sympatric hosts. The parasite “maladaptation” to B. terrestris has been predicted by the 

geographic mosaic theory (Thompson, 1999a; Gomulkiewicz et a l,  2000). The geographic 

mosaic theory o f coevolution has three components that are responsible for coevolutionary 

change: 1) the genotype-by-genotype-by-environment interaction, 2) selection of different 

interactions occurs within local communities, and 3) processes such as mutation, random 

genetic drift or extinction among others alter the spatial distributions of genes and traits 

(Thomson & Cunningham, 2002; Forde et al., 2004). Under any given conditions, e.g., 

parasites and hosts with partially overlapped geographical ranges, the combined action of 

different processes can drive maladaptation events (Thompson et a l ,  2002; Nuismer et al., 

2003). The analysis of maladaptation points out the role that relative rates o f gene flow in 

host and parasite (Gandon & Michalakis, 2002) or variation in the structure o f selection 

mosaics (Nuismer, 2006) have on the emergence of local adaptation. In multihost-parasite 

systems like Bombus species assemblage and C. bombi the structure of host heterogeneity 

across time and space could be selecting for a generalist parasite with multiple host 

species; at a lower level o f biological organization the host species is sorting out parasite 

strains (Schmid-Hempel et al., 1999).

Finally, C. bombi is not the only parasite of bumble bees (Schmid-Hempel, 1998) 

and the interactions between different bumble bee hosts and different parasite species 

impose the emergence o f new selective forces that affect both hosts and parasites (Wegner 

et al., 2003; Hughes & Boomsma, 2003). In Figure 3.2.4 I have represented the network of 

interactions between hosts and parasites and host and resources for Irishtown Nature 

Reserve, which provides a framework for future studies.
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Dimage ZIO. Daucus carota image was downloaded from: http:/, \veb.mit.eda'cfox/www/flowers/2002-07-06/01_daucus-carota_Lg.jpg.0.html. B. lapidarius unknown 
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INTRODUCTION

The genetic population structure of a parasite plays a key role in understanding the 

parasite’s epidemiological dynamics and the evolution of traits such as virulence or 

transmissibility because it provide us with a likely description of parasite diversity and the 

distribution of this diversity across space and time from which further inferences can be 

made. While multihost-parasite systems are being theoretically explored (Regoes et a l, 

2000; Ganusov et al., 2002; Gandon, 2004) very little is known about what really happens 

in the field (Dobson, 2004). In multi-host-parasite systems one parasite can infect different 

host species; the heterogeneity among host species may be very important in determining 

the evolution of strategies such as generalism vs specialism (Woolhouse et al., 2001), the 

local adaptation o f the parasite to certain hosts (Imhoof & Schmid-Hempel, 1998a); Lively 

& Dybdahl, 2000; Lajeunesse & Forbes, 2002) or the adaptation and preservation o f strains 

in the so-called reservoir host species (LoGiudice et al., 2003). The spatio-temporal 

genetic structure o f a parasite provides us with a robust description o f the parasite 

population diversity and how this population changes across time. Although it has not been 

studied yet for multihost-parasite systems this empirical step is fundamental to understand 

the ecology and evolution of such systems. Moreover, parasite population genetics and 

population ecology are strongly linked together (Huysen et al., 2005) because ecological 

interactions select for traits that have a genetic base, and thus, these interactions shape the 

actual genetic composition of a population.

Here I have studied the spatio-temporal genetic population structure of Crithidia 

bombi (Gorbunov, 1987; Lipa & Triggiani, 1988) in queens of different bumble bee 

species at the beginning of the annual epidemic. Most bumble bee species have similar life 

cycles. After diapause during the harsh season, a mated queen emerges in spring, forages 

for resources and founds a colony by laying eggs that will develop into workers. At the end 

of the colony cycle the queen stops the production of workers and lays eggs that will 

develop into new queens and males (Schmid-Hempel, 2001; Chapter 1.1). I have studied 

the genetic population structure of C. bombi in queens at the beginning o f the colony cycle 

before the parasite genetic population structure could be obscured by transmission among 

workers. This moment is critical for both the parasite and the queen. The parasite inhibits 

early colony-founding by post-diapause queens and can induce an overall fitness loss of
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40% in experimentally infected queens which produce fewer workers, new queens and 

drones (Brown et a i,  2003a). The success of the queen founding a colony is also 

advantageous to C. bombi because the parasite will maximize its potential for inter-colony 

transmission by infecting workers within the colony. See chapter 1.1 for a more detailed 

description of the interactions within this multihost-parasite system. Shykoff & Schmid- 

Hempel (1991a) found differences in C. bombi prevalence between queens of different 

species (47.5% for B. terrestris and 29.9% for B. lucorum) caught in Spring. In the field, 

C. bombi prevalence in workers increases as the season advances (Imhoof & Schmid- 

Hempel, 1999) and the parasite can be found in up to 80% of foraging workers (Shykoff & 

Schmid-Hempel, 1991a). The parasite population increases while the abundance of 

workers facilitates higher potential for transmission inter-colonies, and at the end of the 

season the parasite population in workers is genetically structured and diverse (Chapter 

3.2). Similar levels of high population structure and genetic diversity were found for 

parasites in workers from different localities (Schmid-Hempel & Reber-Funk, 2004). 

Nevertheless, at the end of the season, workers die and only some newly emerged queens 

will survive to found new colonies the year after. Thus, only those parasite strains present 

in infected queens may pass to the next year and will represent the pool of successful 

strains from which the parasite population will re-build. However, queens are less 

susceptible to the parasite and have stronger constitutive immune response than workers 

(Chapter 2.4). Queens may be a powerful selecting force acting on the parasite population, 

and thus, may be driving parasite evolution by sorting parasite strains. Therefore, research 

on the genetic population structure of those strains present in queens seems a critical step 

to further understand such a complex multihost-parasite system.

I collected spring queens of different bumble bee species from different sites in and 

around Dublin city in 2004 and 2005 and I analyzed four microsatellite markers specific 

for C. bombi in those queens infected by the parasite (49% and 29% respectively). The 

microevolutionary study of ecological genetics of parasites is complicated because parasite 

populations are often fragmented at different scales (Huyse et a l,  2005), and thus, I looked 

for: 1) differences within parasite strains from queens of the same species among different 

places; 2) differences among strains from queens of different species; and 3) differences 

among strains present in queens of the same host species across years. Finally, I conducted 

a phylogenetic analysis of all strains from 2004, 2005 and strains from 2004 and 2005 

together.
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MATERIAL AND METHODS

I collected queens and reared colonies following the protocols described in Chapter 

1.2. The main species (in quantity) collected were B. jonellus, B. lucorum and B. terrestris, 

followed by B. pascuorurn and B. pratorum. I only found one B. hortorum and one B. 

lapidarius queens. The total number o f queens sampled was 148 queens in 2004 and 359 

queens in 2005.

I checked the faeces of each queen two weeks after their capture to confirm either 

their parasite-free status or the presence of microparasites, e.g., Crithidia bombi, Nosema 

bombi, Mattesia bombi. All queens were allowed to rear colonies and the sexual brood of 

the successful colonies was released at the end of the cycle to minimize the impact of my 

samplings. I froze all queens the same day they died. I dissected all queens and I removed 

the guts from those animals infected with C. bombi. I followed the protocols described in 

Chapter 1.2 to extract the total DNA, to amplify four microsatellite markers {Cril6, CriP4, 

Cri2F10 and CrilB6) and to analyze the genetic structure of the parasite strains so far 

identified.

The aim of this work is to study the spatio-temporal dynamics o f the parasite and I 

conducted the following analyses: 1) Differences within queens o f the same species among 

different places for each year (5. lucorum and B. terrestris, 2004 and 2005); 2) differences 

among species for each year (sampling 2004 and sampling 2005); 3) differences between 

year 2004 and 2005 (within individual species, B. lucorum, B. terrestris, B. jonellus and B. 

pratorum, and between all animals infected in 2004 and 2005).

To make potential evolutionary inferences I conducted three phylogenetic analyses 

on the single infected queens: all the strains found in 2004, all the strains from 2005 and all 

strains from 2004 and 2005 together. While I was able to perform 1000 bootstrap replicates 

on the 48 samples from 2004, the sample sizes o f queens from 2005 (N = 99) and all 2004 

and 2005 queens (N = 147) constrained the bootstrap replicates to 500 and 100 

respectively. I did not include the multiply-infected queens because I was unable to 

determine the parasite strains contributing to each multiple infection.
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RESULTS

C r it h id ia  b o m b i  a n d  o t h e r  p a r a s i t e s  p r e v a l e n c e

Although the present work focuses on the parasite C. bombi, bumble bees harbour 

many other parasites (Schmid-Hempel, 1998) that could interfere with C. bombi abundance 

(Krasnov et a l, 2005). In Table 3.3.1 I present the prevalence of all parasites found on 

both the queens collected in 2004 and 2005. C. bombi prevalence was near 49% for all 

queens in 2004 and close to 29% in 2005, although variation among species did exist (9- 

66% in 2004 and 13-38% in 2005) with B. jonellus showing the lowest prevalences and B. 

terrestris and B. pascuorum  the highest). Yeast-like organisms were present in high 

percentages for all species with sample sizes not lower than four animals. Nosema bombi 

had higher overall prevalence than Mattesia bombi but, as for other parasites such as 

conopid flies, the parasitic wasp Syntretus sp. and the fungi forming mycelia, N. bombi 

prevalence was lower than the 10%. The overall prevalence of internal mites was close to 

20% for both years and the parasite was present in all species but B. hortorum and B. 

muscorum, possibly due to their reduced sample size. The nematode Sphaerularia bombi 

was present in 32% of all queens from 2004 and in 47% of all queens from 2005, and I 

found the parasite in all bumble bee species except for B. lapidarius, a species with low 

sample size.
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Table 3.3.1. Percentage o f infected animals for all parasites found through dissection. N; sample size; 1. Mites: internal mite Locustacarus buchneri (Acarina, 
Podapollpodidae); S. bombi: Sphaerularia bombi (Nematoda, Sphaerulariidae); Conopid: conopid flies (Diptera, Conopidae); Syntretus sp. (Hymenoptera, 
Braconidae); C. bombi: Crithidia bombi (Protozoa, Trypanosomatidae); N. bombi: Nosema bombi (Microsporidia, Nosematidae); M. bombi: Mattesia bombi 
(Apicomplexa, Neogregarinorida, Lipotrophidae); Bacteria: unidentified but potentially hazardous bacteria present in the haemocoele o f the animal {e.g., 
Spiroplasma sp., Aerobacter cloacae and other unidentified bacteria); I established two different categories for fungal diseases: Fungal cells: unknown yeasts or 
yeast-like organisms present in haemocoele or fat body {e.g., Candida sp.) and Fungal hyphae: lethal unknown fungi forming mycelia within the queen body, 
killing it {e.g., Acrostalagmus sp., Aspergillus sp., Beauveria bassiana, Chrysosporidium sp., Hirsutella sp., Metarhizium sp., Paecilomyces sp.) (Skou et a l, 
1963; MacFarlane e ta l ,  1995; Schmid-Hempel, 1998).

2004

Species N I.
Mites

S.
bombi Conopid Syntretus sp. C.

bombi
N.

bombi
M.

bombi Bacteria Fungal
cells

Fungal
hyphae

B. hortorum 1 0.00 100.00 0.00 0.00 100.00 0.00 0.00 0.00 100.00 0.00
B. jonellus 11 45.45 27.27 0.00 0.00 9.09 27.27 0.00 45.45 72.73 0.00
B. lapidarius 4 0.00 0.00 0.00 0.00 50.00 0.00 0.00 50.00 50.00 0.00
B. lucorum 54 14.81 20.37 0.00 1.85 55.56 5.56 0.00 29.63 83.33 3.70
B. pratorum 40 40.00 37.50 0.00 0.00 32.50 7.50 12.50 35.00 65.00 7.50
B. terrestris 38 2.63 47.37 0.00 5.26 65.79 10.53 10.53 13.16 55.26 5.26
For all species 148 20.27 32.43 0.00 2.03 48.65 8.78 6.08 28.38 69.59 4.73

2005

Species N
I.

Mites
S.

bombi Conopid Syntretus sp. C.
bombi

N.
bombi

M.
bombi Bacteria Fungal

cells
Fungal
hyphae

B. hortorum 2 0.00 50.00 0.00 0.00 0.00 0.00 0.00 50.00 0.00 0.00
B. jonellus 8 25.00 37.50 0.00 0.00 12.50 0.00 0.00 62.50 62.50 25.00
B. lapidarius 1 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B. lucorum 68 19.12 48.53 0.00 4.41 20.59 5.88 13.24 22.06 48.53 8.82
B. muscorum 2 0.00 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B. pascuorum 45 24.44 42.22 0.00 8.89 37.78 6.67 0.00 20.00 71.11 0.00
B. pratorum 59 15.25 38.98 1.69 0.00 25.42 11.86 0.00 0.00 28.81 1.69
B. terrestris 174 16.67 51.15 0.00 3.45 32.76 6.32 5.17 16.67 63.79 8.05
For all species 359 18.11 47.08 0.28 3.62 28.97 6.96 5.01 16.43 55.15 6.41
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G e n e t i c  p o p u l a t i o n  s t r u c t u r e  o f  C r i t h i d i a  b o m b i

The four microsatellite markers amplified successfully for nearly all the 72 samples 

from 2004 and the 109 from 2005. Because C. bombi consists o f diploid strains 1 divide my 

samples into two categories: single and multiple-infected (Schmid-Hempel & Reber-Funk, 

2004); single infected animals are those with one or two bands present in each locus and 

multiply-infected those with more than two bands in at least one o f the loci. 1 found 24 

multiply-infected queens (1 B.jonellus and B. pratorum, 3 B. terrestris and 19 B. lucorum) 

in 2004 and 10 (1 B. pascuorum and B. pratorum, 4 B. terrestris and 4 B. lucorum) in 

2005. 1 did not include the multiply-infected animals in the analyses. In Tables 3.3.2 and 

3.3.3 I have listed the genotype of each strain, ordered by species and sampling site for 

each year respectively.

Table 3 3 .2 . Alleles and multi-locus genotypes for single and multiple infected animals sampled on 
2004. M ultiple-infected samples are the last genotypes within each place. (M issing values (-) 
indicate failure to amplify product).

Locus
Species Sampling site Cri 16 Cri P4 Cri FIG Cri 1B6
B. hortorum Archb. Ryan Park 118, 118 122, 126 120, 124 139, 163
B. jonellus Howth 118, 124 126, 130 118, 120 133, 139

118, 124 126, 128 120, 122 133, 139
115, 118 126, 130 118, 122 139, 147
118, 124 126, 128 120, 122 133, 139
118, 124 126, 128 120, 124 139, 163
118, 124 126, 128 120, 124 139, 139
109, 118 130, 130 120, 122 137, 147
109, 118 130, 130 120, 124 137, 149
118, 124 128, 130, 132 118, 122 139, 139

B. lapidarius Botanical Gardens 118, 124 128, 130 118, 120 137, 149
B. lucorum Botanical Gardens 115, 118 122, 126 118, 122 139, 147

109, 118 128, 128 120, 124 147, 159
118, 124 126, 128 120, 124 139, 159

Foxborough 109, 118 124, 128 120, 122 139, 155
Glenasmole 109, 118 126, 128 118, 120 139, 159

115, 118 122, 126 118, 122 139, 155
115, 118 126, 128 118, 122 139, 147
118, 124 126, 128, 130 118, 120 133, 155
109, 115, 118 124, 126, 128 118, 122 139, 145
109,118 126,128, 130 120, 122 139,155
109, 118 122, 126, 130 120, 124 137, 155
109, 115, 118 122, 128 118, 120 147, 147
109, 118 122, 126, 128 118, 120, 124 139, 147
109, 118 126, 128, 130 118, 122 141, 155
109, 118 124, 126, 128 120, 122 133, 137, 147
109, 118 124, 126, 128 122, 126 147, 155
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Table 3.3.2, cont.

Locus
Species Sam pling site Cri 16 Cri P4 Cri FIO Cri 1B6
B. lucoruin Glenview 118 124 124 126 120, 122 133, 143

109 118 126 130 118, 120 -

109 118 124 128 118, 122 155, 167
118 124 126 128 118, 122 133, 163
109 118 128 130 122, 124 137, 145
109 118 122 128 118, 122 155, 167
109 118 124 128 118, 120, 122 139, 167
109 118 122 128, 130 120, 122 139, 145
109 118 128 130, 132 118, 122 155, 167

Howth 115 118 126 128 118, 122 139, 147
109 118 126 128 122, 124 137, 155
109 118 130 130 120, 122 137, 147
109 118 124 130 118, 120 139, 155
118 121 128 130 122, 126 133, 159
118 124 126 128 118, 122 155, 167
118 124 124 128, 130 120, 122 135, 155
115 118,124 124 126, 130 120, 122 133, 139, 147
109 118 124 126, 128 122, 126 139, 155
118 124 124 126, 130 118, 122 139, 155
118 124 124 126, 130 118, 120 133, 139

Archb. Ryan Park 118 124 124 126 120, 120 133, 143
115 118 128 128 120, 124 139, 155
118 124 122 126 120, 124 133, 139
115 124 124 124 128, 128 -

118 118 126 128 120, 122 155, 167
109 118,124 124 128 118, 120 139, 139
109 118 122 126, 130 120, 122 133, 147

B. pralorum Archb. Ryan Park 112 124 130 130 128, 128 145, 153
112 124 130 130 128, 128 -

Botanical Gardens 112 118,124 130 130 - 139, 159
B. terrestris Archb. Ryan Park 118 121 126 128 - 133, 133

112 124 122 122 128, 128 -

115 118 124 126 118, 122 139, 147
109 118 122 128, 130 118, 122 139, 149

Botanical Gardens 118 124 124 126 120, 122 155, 155
115 118 124 126 118, 122 139, 149
115 118 124 126 118, 122 139, 147
115 118 124 126 118, 122 139, 147
109 118 124 128 120, 122 139, 145
109 118 124 126 120, 124 137, 155
118 118 124 126 120, 122 155, 159

Howth 118 124 124 128 120, 122 155, 155
112 124 124 124 128, 128 -

115 118 124 126, 130 120, 120 133, 139, 147
Irishtown 115 118 122 126, 130 120, 124 147, 155
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Table 3.3.3. A lleles and m ulti-locus genotypes for single and m ultip le infected anim als sam pled in 
2005. (M issing values (-) indicate failure to am plify  product).

Locus
Species Sampling site Cri 16 Cri P4 Cri FIO Cri 1B6
B. jonellus Howth 118, 118 128, 130 120, 124 151 159

118, 118 126, 130 120, 124 137 145
109, 118 126, 130 120, 120 137 145
118, 121 128, 130 118, 122 133 155
109, 115 126, 128 128, 128 137 153
115, 118 116, 126 118, 122 139 149

B. lucormn Archb. Ryan Park 118, 124 126, 128 118, 120 139 149
115, 118 126,128 118, 122 139 149
115, 118 126, 128 118, 122 139 149
109, 118 128, 130 120, 122 139 145
118, 118 124, 126 120, 124 137 157

- 124, 124 130, 130 133 133
109, 118 126, 130 118, 120 133 145

- 128, 128 - -

115, 118 124, 126 118, 120 137 153
115, 118 126, 128 118, 122 139 147
115, 118 126, 130 120, 120 133 137
118, 118 128, 128 118, 122 139 139
118, 118 126, 130 118, 120 133 133
118, 118 126, 128 118, 122 133 153
118, 118 128, 130 120, 122 137 155
109, 121 122, 130 118, 122 139 139
118, 124 124, 124 120, 124 135 139
109, 118, 121 126, 130 118, 120, 122 133 139, 145

Botanical G ardens 118, 121 126, 128 120, 124 149 157
- 124, 126 - -

C lon tarf 118, 121 124, 126 118, 124 133 159
G lenasm ole 115, 118 124, 126 118, 122 139 149
G lenview 109, 118 128,130 120, 122 139 145
Howth 115, 118 126, 128 118, 124 139 149

118, 124 126, 130 120, 122 155 163
118, 130 126, 130 120, 122 133 139
118, 124 124, 126 118, 122 139 157
118, 121 124, 128 - 133 133
118, 124 126, 130 120, 122 133 133
118, 124 124, 126 120, 122 149 161
109, 118 128, 130 120, 122 147 159

- 126, 128 - -

118, 121 122, 126, 130 120, 124 133 155
118, 121 124, 126, 130 120, 120 133 137
109, 118 130,130 118, 120, 124 147 155

Pow erscourt 115, 118 122, 126 118, 122 139 145
B. pascuorum Howth 118, 124 126, 130 118, 124 133 159

109, 118 126, 130 120, 122 133 155
109, 121 116, 116 128, 128 -

115, 118 126, 130 118, 120 145 155
118, 118 126, 130 120, 120 137 145
109, 124 - 128, 128 -

109, 118 126, 128 122, 128 137 145
109, 118 126, 130 118, 120 137 145
118, 121 126, 130 120, 122 133 139
109, 118 126, 128, 130 120, 122 133 137

Irishtow n 109, 118 128,130 120, 124 133 149
118, 124 128, 130 120, 122 139 149
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Table 3.3.3, cont.

Locus
Species Sampling site Cri 16 CriVA Cri FIO Cri 1B6
B. pratorum B otanical G ardens 109, 118 126, 130 120, 122 159, 159

H ow th 118,118 126, 130 120, 124 151 159
115, 118 126, 126 120, 122 133 151
109, 118 126, 128 118, 124 137 147
118, 124 126, 128 120, 122 137 155
118, 121 126, 130 120, 122 137 149
115, 118 126,128 120, 122 133 149
109, 118 126, 130 118, 120 133 145
118, 124 126, 128 120, 122 155 159
118, 124 126, 128, 130 118, 120, 124 133 143,155

Irishtow n 118, 118 - 128, 128 -

B. terrestris A rchb. Ryan Park 109, 118 124, 126 122, 126 137 157
109, 118 128, 130 118, 122 155 165
118, 118 124, 130 120, 122 133 145
109, 115 124, 126 120, 122 147 155
118,118 126, 128 120, 122 135 157
115,118 124, 126 118, 122 139 149
115, 118 126,128 118, 124 139 149
118, 118 126, 126 120, 120 133 149
118,118 126, 126 122, 122 155 155
118, 118 126, 128 120, 122 137 155
109, 118 126, 128 118, 120 133 133
118, 118 126, 130 118, 120 133 133
118, 124 126, 130 120, 122 155 167
115,118 126, 130 120, 120 133 145
118, 124 130, 130 120, 124 133 145
118, 124 124, 126 120, 120 133 145
118,118 124, 126 120, 122 155 167
109,118 124, 126 120, 120 133 155
118, 124 128, 128 118,120 137 161
118, 118 124, 126 122, 122 137 155
115, 118 124,126 118, 122 137 145
109, 118 128, 128 120, 122 139 155
118,118 128, 128 122, 122 149 159
115,118 124, 126 118, 118 139 157
118, 124 126, 128 122, 124 139 145
118,118 124, 126 122, 122 139 155
109, 118 124, 128 120, 122 139 147
115, 118 124, 126 118, 120 139 149

- 126, 128 - -

109, 118 124,126 118, 120, 122 133 145, 149
118, 121 126, 126 118, 120, 124 133 143

C lo n ta rf 118, 124 122,126 118, 120 155 167
H ow th 109, 118 126, 130 120, 120 133 155

118, 124 126, 128 120, 122 133 149
118,118 126, 126 120, 120 133 137
118, 118 126, 130 120, 120 133 133
109, 118 124,126 118, 120 133 161
118, 124 126, 130 120, 120 155 155
109, 118 126, 130 118, 120 133 145
115,118 126, 126 120, 120 133 139
109, 118 126, 130 118, 120 133 139
109, 118, 121 126, 130 118, 120 137 151
118, 118 124, 126, 128 120, 122 157 157

Irishtow n 109, 118 126, 126 120, 120 139 149
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Overall, I found 7 different alleles in three o f the four loci: C h l6 , CriP4 and 

CrilFlO', the locus C rilB 6  had 18 different alleles. I have summarized in Table 3.3.4 the 

alleles found in each species for all four loci and both years o f sampling.

Table 3.3.4. Crithidia boinbi alleles found in different species for both years.

Locus (Cri)
S p e c ie s 16 P4 FIO 1B6

2004

B. hortorum 118 122, 126 120, 124 139, 163
B. jonellus 109, 115, 118, 124 126, 128, 130, 132 118, 120, 122, 133, 137, 139, 147,

124 149, 163
B. lapidarius 118, 124 128, 130 118, 120 137, 149
B. lucorum 109, 115, 118, 124 122, 124, 126, 128, 118, 120, 122, 133, 135, 137, 139,

130, 132 124, 126, 128 141, 143, 145, 147,
149, 155, 159, 163,
167

B. pratorum 112, 118, 124 130 128 139, 145, 153, 159
B. terrestris 109, 112, 115, 118, 122, 124, 126, 128, 118, 120, 122, 133, 137, 139, 145,

121, 124 130 124, 128 147, 149, 155, 159
2005

B. jonellus 109, 115, 118, 121 116, 126, 128, 130 118, 120, 122, 133, 137, 139, 145,
124, 128 149, 151, 153, 155,

159
B. lucorum 109, 115, 118, 121, 122, 124, 126, 128, 118, 120, 122, 133, 135,137, 139,

124, 130 130 124, 130 145, 147, 149, 153,
155, 157, 159, 163

B. pascuorum 109, 115, 118, 121, 124 116, 126, 128, 130 118, 120, 122, 133, 137, 139, 145,
124, 128 149, 155

B. pratorum 109, 115, 118, 121, 124 126, 128, 130 118, 120, 122, 133,137, 143, 145,
124, 128 147, 149, 151, 155,

159
B. terrestris 109, 115, 118, 121, 124 124, 126, 128, 130 118, 120, 122, 133, 135, 137, 139,

124 143, 145, 147, 149,
151, 155, 157, 159,
161, 165, 167

1. Differences within strains from queens of the same host species among different 

places and year

To analyze for differences within queens o f the same species among different 

places I studied B. lucorum  and B. terrestris queen populations because only these species 

were collected from different sites (Table 3.3.5a, b). For both years the two species show 

very low pairwise (absolute values from 0.011 to 0.076) and pairwise Rho^j (-0.063 to 

0.204) values, but this is not surprising because the levels o f  observed heterozygosity are
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Table 3.3.5a. 2004 queens. Mean observed and expected heterozigosities, F-statistics and Rho statistic calculated in FSTAT. F-statistics were jacknifing when 
possible, showing Mean ±  SE. Hardy-Weinberg equilibrium p-values were all calculated in Genepop for each locus and all loci for each species and year.

Heterozygosity F statistics

Species Loci Ho He F,s •^S T F it R ho$Y
H.-W. E. 
p-value

2004

B. lucorum Cril6 0.960 0.684 -0.413 ±0.079 0.008 ± 0.032 -0.402 ± 0.088 -0.010 0.935
(N= 23) CriP4 0.820 0.769 -0.059 ±0.118 -0.030 ± 0.028 -0.092 ±0.120 0.046 0.943

Cri2F10 0.920 0.748 -0.224 ±0.127 0.051 ±0.058 -0.154 ±0.193 0.033 0.938

CH1B6 1.000 0.847 -0.149 ±0.042 0.017 ±0.041 -0.131 ±0.046 -0.117 0.997

Ail loci 0.925 0.762 -0.204 0.011 -0.191 -0.063 0.562
B. terrestris Cril6 0.952 0.761 -0.285 0.061 -0.206 0.037 0.998

(N=12) CriP4 0.722 0.545 -0.340 0.127 -0.170 -0.166 0.109

Ch2F10 0.667 0.836 -0.080 0.053 -0.023 0.179 0.196

CrilB6 0.452 0.773 0.151 0.069 0.209 0.354 0.489

All loci 0.698 0.754 -0.120 0.076 -0.035 0.204 0.215
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Table 3.3.5b. 2005 queens. Mean observed and expected heterozigosities, F-statistics and Rho-statistic calculated in FSTAT. F-statistics were jacknifing when 
possible, showing Mean ± SE. Hardy-Weinberg equilibrium p-values were all calculated in Genepop for each locus and all loci for each species and year.

Heterozygosity F statistics

Species Loci Ho He Fis f ST F [T RhosT
H.-W. E. 
p-value

2005

B. lucorum C ril6 0.958 0.697 -0.252 ±0.143 0.011 ±0.040 -0.242 ±0.108 0.065 0.573
(N = 32) CriP4 0.971 0.781 -0.058 ±0.194 -0.048 ± 0.042 -0.115±0.167 0.054 0.440

Cri2F10 0.984 0.749 -0.139 ±0.194 -0.045 ± 0.088 -0.214 ±0.074 -0275 0.008

CrilB6 0.938 0.963 0.102 ±0.026 0.005 ± 0.059 0.108 ±0.070 -0.005 0.101

All loci 0.963 0.797 -0.130 -0.023 -0.156 -0.0080 0.017
B. terrestris C ril6 0.855 0.630 -0.252 -0.013 -0.269 0.026 0.962

oII

CriP4 0.643 0.571 -0.148 0.059 -0.080 0.058 0.127

CrilFIO 0.531 0.528 0.007 0.123 0.130 0.081 1.000

CrilB6 0.918 0.857 -0.016 0.026 0.010 0.146 0.224

All loci 0.737 0.647 -0.092 0.051 -0.036 0.1285 0.336



very high and far from the expected values, and thus, producing underestimation of the Fsj 

values (See Chapter 1.2). The negative F,s values (range o f values from -0.204 to -0.092) 

also point to an excess of heterozygotes. Only B. lucorum populations from 2005 deviated 

from Hardy-Weinberg equilibrium (p-value = 0.017), but this was no longer significant 

after sequential Bonferroni correction (Hochberg, 1988).

The linkage disequilibrium analysis for pairs of loci for B. lucorum and B. terrestris 

queens collected in 2004 and 2005 revealed that of all 6 combinations o f two loci, none 

had the allele frequencies in linkage equilibrium. The p-values for B. lucorum ranged from 

0.302 to 1.000 in 2004, and 0.020 to 0.930 in 2005 and for B. terrestris, 0.056 to 1.000 in 

2004, and 0.217 to 0.999 in 2005. No /^-values were significant after sequential Bonferroni 

correction.

I studied the levels of allelic and genotypic differentiation within B. lucorum and B. 

terrestris across different pairs of sampling sites for both years. There was no allelic or 

genotypic differentiation for B. lucorum (allelic differentiation p-values for the ^ test 

ranged from 0.156 to 0.994 in 2004 and 0.472 to 0.871 in 2005; genotypic differentiation 

p-values from 0.067 to 0.986 in 2004 and 0.493 to 0.804 in 2005) or for B. terrestris in 

2004 ( allelic p-values from 0.111 to 1.000). There were significant genotypic differences 

between B. terrestris populations from Howth and Archbishop Ryan Park (p-value = 

0.029) but no allelic differences were significant (p-value = 0.052) in 2005. The parasite 

population does not appear to be structured in subpopulations at this geographic scale 

within host species.

2. Differences among strains from different host species for each year

I did not find differences within queens of the same species among different places 

and year (see section 1 above), and thus, I have analyzed for differences among all species 

collected each year. Because both the observed and expected heterozygosities are very 

high and the negative F,s values (-179 to -110) confirm that finding (Table 3.3.6), I 

expected low F st values (0.068 in 2004 and 0.011 in 2005), and thus, I will not use these 

statistics. The Hardy-Weinberg equilibrium p-values, corrected after sequential Bonferroni 

method, were significant (p-values < 0.001) indicating a structured 2004 and 2005 

populations.
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Table 3.3.6. Mean observed and expected heterozigosities, F-statistics, and /?//o-statistic were calculated in FSTAT; Hardy-Weinberg equilibrium tests were 
all calculated in Genepop for each locus and all loci for all samples collected each year. F-statistics for each locus are the Mean ± SE, after jacknifmg over 
species (within each year).

Heterozygosity F-statistics

Species Loci Ho He F.S ■̂ST F\i RhosT
H.-W. E. 
p-value

2004 C ril6 0.813 0.586 -0.389 ±0.070 0.010 ±0.062 -0.377 ±0.086 -0.013 0.049
(N=48) CriP4 0.736 0.630 -0.106 ±0.051 0.067 ±0.116 -0.038 ±0.107 0.357 0.019

Cri2F10 0.789 0.652 -0.176 ±0.057 0.006 ±0.107 -0.170 ±0.135 0.261 0.001

CrilB6 0.929 0.871 -0.094 ±0.113 0.004 ± 0.033 -0.091 ±0.105 0.023 0.003

All loci 0.817 0.684 -0.179 0.068 -0.099 0.0497 < 0.001

2005 C ril6 0.778 0.631 -0.265 ±0.019 0.003 ±0.011 -0.261± 0.021 -0.006 0.968
(N= 99) CriP4 0.888 0.706 -0.168 ±0.049 0.013 ±0.012 -0.153 ±0.04 -0.025 0.007

Cri2F10 0.768 0.759 -0.047 ±0.105 0.018 ±0.014 -0.029 ±0.104 0.056 0.001

CrilB6 0.911 0.888 0.009 ±0.033 0.014 ±0.01 0.023 ± 0.42 -0.003 0.047

All loci 0.836 0.746 -0.110 0.011 -0.099 -0.0012 < 0.001



I analyzed the allelic and genotypic differentiation between pairs o f species in each year 

(Table 3.3.7). In 2004 I found significant allelic and genotypic differentiation between B. 

jonellus  and B. pratorum  (genic differentiation p-value for the test 0.0001; genotypic 

differentiation />-value = 0.004), B. jonellus  and B. terrestris (allelic and genotypic 

differentiation /^-values are 0.002 and 0.001, respectively), B. lucorum  and B. pratorum  (p- 

values < 0.00001 and 0.0001), and between B. pratorum  and B. terrestris (p-values 

0.00002 and 0.004). In 2005 I found significant allelic and genotypic differentiation 

between B. pascuorum  and B. terrestris (/7-values 0.0003 and 0.0009) and significant 

allelic differentiation between B. jonellus  and B. terrestris (p-value = 0.006); the analysis 

also revealed significant differentiation between B. lucorum  and B. pascuorum  (p-value = 

0.005). All p-values are significant after sequential Bonferroni correction.

Table 3.3.7. Allelic and genotypic differentiation, p-value for each population pair across all loci 
(Fisher's method). Values in bold denote significant p-values after sequential Bonferroni correction.

Allelic difTerentiation Genotypic
difTerentiation

DF o-value DF D-value
2004

B. jonellus & B. lapidarius 4.048 8 0.853 2.95 8 0.938
B. jonellus & B. lucorum 9.655 8 0.290 13.61 6 0.093
B. jonellus & B. pratorum 32.538 8 < 0.001 22.42 8 0.004
B. jonellus & B. terrestris 24.989 8 0.002 25.66 8 0.001
B. jonellus & B. hortorum 5.389 8 0.715 7.20 8 0.515
B. lapidarius & B. lucorum 8.986 8 0.344 7.96 8 0.437
B. lapidarius & B. pratorum 8.593 6 0.198 6.58 6 0.362
B. lapidarius & B. terrestris 13.000 8 0.112 7.96 8 0.438
B. lapidarius & B. hortorum 0.000 4 1.000 - - -

B. lucorum & B. pratorum 55.611 8 < 0.001 36.94 8 < 0.001
B. lucorum & B. terrestris 12.883 8 0.116 13.61 8 0.093
B. lucorum & B. hortorum 7.060 8 0.530 9.04 8 0.339
B. pratorum & B. terrestris 36.043 8 < 0.001 22.456 8 0.004
B. pratorum & B. hortorum 14.024 6 0.0294 6.60 8 0.360
B. terrestris & B. hortorum 8.503 8 0.386 7.58 8 0.476

2005
B. jonellus & B. lucorum 11.995 8 0.151 10.41 8 0.236
B. jonellus & B. pascuorum 1.401 8 0.994 2.12 8 0.977
B. jonellus & B. pratorum 2.283 8 0.971 3.22 8 0.920
B. jonellus & B. terrestris 21.418 8 0.006 18.30 8 0.019
B. lucorum & B. pascuorum 21.487 8 0.006 22.10 8 0.005
B. lucorum & B. pratorum 15.665 8 0.047 16.09 8 0.041
B. lucorum & B. terrestris 14.766 8 0.064 15.56 8 0.049
B. pascuorum & B. pratorum 4.990 8 0.759 6.73 8 0.567
B. pascuorum & B. terrestris 28.972 8 < 0.001 26.45 8 < 0.001
B. pratorum & B. terrestris 16.360 8 0.038 16.31 8 0.038
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Of all six combinations of pairs of loci only Cril6-Cri2F10 and Cril6-CrilB6 were 

in linkage disequilibrium (significant deviations, 0.005 and 0.003, respectively, after 

sequential Bonferroni correction; /(-values for other four pairs of loci ranged from 0.037 to 

0.296) in 2004; in 2005, all six pairs of loci were in equilibrium (p-values from 0.108 to 

0.926).

3. Differences among strains from the same host species for both years together

I have analyzed the genetic population structure of queens from 2004 and 2005. I 

conducted five different analyses: differences within B. lucorum queens from 2004 and 

2005, differences within B. terrestris queens from 2004 and 2005, within B. jonellus 

queens from 2004 and 2005, within B. pratorum queens from 2004 and 2005 and, finally, 

differences between all species sampled in 2004 and 2005. Both observed and predicted 

heterozygosities, as expected, were very high in all five analyses (Table 3.3.8). The five F,s 

values ranged from -0.199 to -0.069. Fst value for B. pratorum was quite high (0.324) 

pointing to highly structured populations. All five analyses revealed significant deviation 

from Hardy-Weinberg equilibrium.

Table 3.3.8. Mean observed and expected heterozigosities, F-statistics, and i?/7o-statistic were 
calculated in FSTAT; Hardy-Weinberg equilibrium/^ tests were all calculated in Genepop for each 
locus and all loci for each different analysis. Jacknifing over species could not be performed in 
FSTAT because I was comparing only two samples (2004 and 2005), and I had 4 loci.

Heterozygosity F-statistics

Loci Ho He F,s Fsi F\i RhosT H.-W. E. 
p-value

B. lucorum (N = 56)
Cril6 0.890 0.657 -0.350 0.006 -0.342 0.017 0.0384
CriP4 0.854 0.758 -0.132 -0.004 -0.137 -0.019 0.0402
Cri2F10 0.923 0.758 -0.219 -0.010 -0.232 -0.015 0.0002
CrilB6 0.897 0.866 -0.021 0.028 0.008 0.092 0.0024
All loci 0.891 0.760 -0.169 0.006 -0.162 0.0723 < 0.0001

B. terrestris (N = 62)
Cril6 0.804 0.645 -0.254 0.026 -0.222 -0.019 0.3886
CriP4 0.804 0.686 -0.142 0.067 -0.065 0.243 0.0174
Cri2F10 0.717 0.720 0.037 0.046 0.081 0.185 0.0107
CrilB6 0.786 0.860 0.032 0.007 0.039 -0.032 0.0097
All loci 0.778 0.728 -0.069 0.036 -0.039 -0.010 0.0003
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Table 3.3.8 cont.

Heterozygosity F-statistics

Loci Ho He ■̂ST Fjj RhosT
H.-W. E. 
p-value

B. jonellus (N = 14)
Cril6 0.833 0.649 -0.321 0.044 -0.262 0.055 0.3687
CriP4 0.875 0.724 -0.190 -0.505 -0.255 -0.025 0.2307
Cri2F10 0.833 0.791 -0.097 -0.037 -0.138 -0.026 0.0932
CriIB6 0.938 0.854 -0.102 0.065 -0.030 0.075 0.4840
All loci 0.870 0.755 -0.169 0.008 -0.160 0.0566 0.0461

B. pratorum  (N = 12)
Cril6 0.900 0.589 -0.362 0.360 0.128 -0101 1
CriP4 0.444 0.329 -0.421 0.460 0.233 0.602 -

Cri2F10 0.450 0.418 -0.163 0.416 0.321 0.739 -

CrilB6 0.944 0.931 0.009 0.044 0.053 -0.487 -

All loci 0.685 0.567 -0.199 0.324 0.189 -0.0938 0.0389
All species (N = 147)

Cril6 0.852 0.653 -0.291 0.013 -0.274 -0.006 <0.0001
CriP4 0.819 0.750 -0.117 0.008 -0.108 -0.007 <0.0001
Cri2F10 0.814 0.753 -0.067 0.005 -0.062 0.013 <0.0001
CrilB6 0.888 0.872 -0.007 0.017 0.010 0.006 <0.0001
All loci 0.843 0.757 -0.110 0.011 -0.097 0.0044 < 0.0001

The analyses for linkage disequilibrium were not significant for any of the six 

combinations of pairs of loci (p-values are based on 60000 permutations and the adjusted 

j9-value for 5% nominal level is: 0.0008) for B. lucorum (p-values ranged from 0.0029 to 

0.214), B. terrestris (p-values from 0.004 to 0.801), B. jonellus (p-values from 0.038 to 

0.656), and B. pratorum  (jo-values from 0.5085 to 1.0). The analysis with all queens 

revealed four pairwise combinations in linkage disequilibrium: Cril6-Cri2F10 (p-values < 

0.001), Cril6-1B6  (p-value < 0.001), CriP4-2F10 (p-value < 0.001) and Cri2F10-CrilB6 

(p-value < 0.001); Cril6-CriP4 (p-value = 0.125) and CriP4-CrilB6 (p-value = 0.002) 

were in equilibrium.

I analysed both allelic and genotypic differentiation and I found that both the 

distribution of alleles and genotypes were different across years for B. lucorum, B. 

terrestris, B. pratorum  and for all species (Table 3.3.9). Only in B. jonellus populations 

was there no differentiation. These results point to significant differences between
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populations from each year (with the exception of B. jonellus), and thus, show a temporal 

population structure of the parasite within some host species and within the host species 

assemblage.

Table 3.3.9. Allelic and genotypic differentiation analyzed using Genepop. P-value for each 
population pair across all loci (Fisher's method). Values in bold denote significant/>-values.

Allelic differentiation Genotypic differentiation 
DF P-value DF P-value

B. lucorum  2004-2005 17.813 8 0.0227 18.869 8 0.0156
B. terrestris 2004-2005 29.317 8 0.0003 24.695 8 0.0018
B. jonellus 2004-2005 9.749 8 0.2831 11.172 8 0.1922
B. pratorum  2004-2005 31.151 8 0.0001 22.503 8 0.001
All species 2004-2005 31.531 8 0.0001 31.721 8 0.0001

4. Phylogenetic analysis

The three phylogenetic analyses (Figures 3.3.1 to 3.3.3) revealed a very 

heterogeneous network similar to the ones found in workers (see Chapter 3.2.). The high 

heterogeneity of the networks supports the high levels of parasite heterozygosity, and thus, 

suggests the clonality of C. bombi, as predicted by Tibayrenc et al. (1991 and Chapter 3.2, 

but see Chapter 2.6). Both Figures 3.3.1 and 3.3.2 show the strains present in the preceding 

season that successfully infected a queen. The phylogenetic analysis of the samples from 

2004 and 2005 revealed the presence o f parasite strains grouped by species and or by 

location, although high levels of heterogeneity are present. The phylogenetic analysis o f all 

strains from 2004 and 2005 together (100 bootstrap replicates) supported some o f the 

groups present in the two previous analyses; interestingly, many o f the branches with 

higher bootstrap values group strains collected the same year, and thus, reflect the temporal 

differences revealed by both the allelic and genotypic differentiation tests.
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DISCUSSION

I found that the parasite population is structured across time for all groups o f 

species studied except for B. jonellus from Howth. The population of C. bombi for each 

year also appear to be structured in subpopulations living in specific host species, but these 

subpopulations within the same host species were not structured geographically.

First, there was no differentiation among C. bombi strains from the same host 

species, B. lucorum and B. terrestris, sampled across different areas of Dublin; if anything, 

there was a subtle genotypic differentiation between strains found in B. terrestris from 

Howth and Archbishop Ryan Park. This lack of fme-scale geographic differentiation points 

to a unique population of parasites within the same host species possibly because the areas 

studied are close enough as to allow intra-host species transmission among places. The 

latter contrasts with previous results which found high differentiation levels among strains 

infecting whole colonies reared from wild queens that were collected from areas separated 

by distances similar to the ones among my study sites (Schmid-Hempel & Reber-Funk, 

2004). Nevertheless both findings are highly compatible because while I have focused my 

analysis exclusively on queens at the beginning of the season, Schmid-Hempel & Reber- 

Funk (2004) studied the populations of strains present in workers from 20 mature colonies. 

New queens overlap with workers at the end o f the colony cycle, first within their colonies 

and later when foraging for resources before finding a suitable site to diapause. Under such 

circumstance, queens can become infected within the colony only if the colony is infected 

or in the field while visiting flowers previously visited by infected workers, queens or 

males. The lack o f geographic differentiation could be reflecting the distribution o f parasite 

strains from the previous year. This is possible because workers can fly large distances to 

forage (Walther-Hellwig & Frankl, 2000) and many colonies share patches of resources 

(Chapman et a l ,  2003); the foraging radius of the colonies should overlap across a more or 

less continuum. Moreover, when queens emerge in the spring they fly for long distances so 

I have one homogenous host population that selects for parasite strains that are not sorted 

out geographically but by host species.

The finding of outbreeding, which I interpret as the presence o f clonal 

heterozygotes in different groups, also supports this picture. Thereby, this fine-scale 

geographic distribution o f parasite strains present in workers could be partially reflected in
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the next generation of hosts, the queens. At this scale, two processes may be acting on the 

sorting and further evolution of those parasite strains that will pass to the next year: 1) the 

random transmission of the parasite (in the field the parasite cannot choose a host; in 

addition, lots of strains could be lost if  the flower is not visited anymore), and 2) the host- 

parasite genotype-genotype interactions (queens are less susceptible to the parasite than 

workers and infection activates differently their constitutive and inducible immune systems 

(see Chapter 2.4); those strains that delay or do not inhibit queen colony founding will be 

more likely to be spread to other colonies across the season through the workers o f the 

infected colony than those strains that inhibit colony founding) (Schmid-Hempel et a l, 

1999; Brown et al., 2003a).

The second level of parasite genetic population structure differentiation studied was 

among species within the same year. I found allelic and genotypic differentiation between 

strains from different pairs of host species: in 2004, B. jonellus, B. terrestris and B. 

pratorum, B. pratorum  and B. lucorum, and in 2005, B. pascuorum, B. terrestris and B. 

lucorum, and B. jonellus and B. terrestris. This suggests that C. bomhi population could be 

structured in several pools of strains potentially adapted to some host species and other 

strains as being more host generalists. Parasite transmission among workers is highly 

variable but the process appears to be host-species regulated, driving parasite population 

structure within workers of the same species (Chapter 3.2). The population dynamics of 

these strains will depend on the quantity and quality of new hosts (workers) which play a 

key role in the transmission of the parasite (Gandon, 2004; Chapter 2.2).

The third level of C. bombi genetic population structure differentiation revealed a 

temporal differentiation within strains from queens of the same host species except for B. 

jonellus. This suggests that parasite populations from different host species are not stable 

and that queens o f different species selected for different strains each year except for B. 

jonellus. B. jonellus was only present in the peninsula of Howth and this geographical 

distribution may be preventing the host from overlapping with other populations o f B. 

jonellus, and thus, strains selected by this host species cannot be shared among host 

populations from different places. Moreover, this lack of host intraspecific interaction 

could have selected for specific strains that were preserved in both consecutive years. 

Nevertheless, this temporal structure points to a dynamic parasite population structure.
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For all three analyses I found both higher levels of observed heterozygosity and 

outbreeding within and among parasite populations than expected. The persistent high 

levels of heterozygosity support the idea of parasite clonality (Tibayrenc et a l ,  1991) as 

the main reproductive strategy. The finding o f outbreeding could seem to contradict the 

existence of a parasite population structured across time and host species; however, my 

finding suggests (as in Chapter 3.2) that there exists a complex flux of parasite strains 

because some strains should flow mainly within some pairs of host species for each and 

consecutive years {B. jonellus, B. pratorum, B. terrestris ar B. lucorum in 2004; B. 

jonellus, B. pascuorum  or B. terrestris in 2005) while transmission among species also 

occurs between other pairs o f host species {e.g., B. jonellus and B. lapidarius or B. 

lapidarius and B. terrestris among others). Therefore, the analyses detected both parasite 

population genetic structure for parasites from some hosts species and also the presence of 

outbreeding, or transmission o f parasite strains between some pairs of host species (as 

deduced from the transmission matrices in Chapter 3.2). This heterogeneous distribution of 

strains should be facilitated by the high mobility of the hosts (Osborne et al., 1999; 

Walther-Hellwig & Frankl, 2000; Goulson & Stout, 2001; Darvill et al., 2004) and thus, 

favouring the dispersal of strains. In addition, I suggest that the actual distribution of 

strains in the present work could be the result of the high mobility of spring queens in 

combination with the richness o f interactions among heterogeneous hosts in the field, i.e., 

the potential for intra and interspecific transmission at the end o f the previous season (see 

Chapter 3.2).
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INTRODUCTION

The epidemiological dynamics of multihost insect parasites are poorly understood 

because most studies of direct life-cycle parasites are focused on species affecting a single 

host. However, non-specificity and the abundance of non-specific encounters are important 

to the evolutionary ecology of parasites because together they may increase the chance of 

establishing new host-parasite systems (Podlipaev, 2000) and further parasite speciation. 

The potential dynamics and evolution of more complex multihost systems have only been 

explored in a few theoretical models (Regoes et al., 2000; Dobson, 2004; Gandon, 2004). 

The importance o f combining both within-host and epidemiological dynamics to generate 

robust evolutionary predictions has been demonstrated theoretically (Gandon, 2004): 

parasite evolution depends on the relative quality and quantity of the different hosts and on 

selection occurring on those hosts. The transmission of a parasite is a critical moment in its 

life, and can further constrain and shape the evolution of both parasites and hosts. The 

transmission of a parasite may also drive the evolution of different strategies, such as 

generalism versus specialism (Woolhouse et al., 2004). Better understanding of parasite 

transmission will enable the design of more accurate models o f host-parasite dynamics and 

more valuable predictions about parasite virulence and epidemiology. O f the few 

experimental studies on multihost parasites most have focused on vertebrate species as 

definitive hosts (e.g., Shrivastava et al., 2005). This skew is obviously due to the impact 

that parasites or pathogens can directly have on human health or on economically 

important species. In this study we investigate experimentally the potential role of honey 

bees in the transmission of a trypanosomatid that can infect multiple species of bumble 

bees.

Across different species of bumble bees (Bombus sp.) only one trypanosomatid 

species, Crithidia bombi, has been found and described: (Gorbunov, 1987; Lipa & 

Triggiani, 1988). The parasite life-cycle is simple (see Chapter 1.1). The parasite is 

transmitted between animals of the same colony through faeces within the nest (Schmid- 

Hempel, 2001) or from different colonies (and across bumble bee species) through the 

shared use of flowers by foragers in the field (Durrer & Schmid-Hempel, 1994) following 

complex transmission dynamics (see Chapter 3.2). C. bombi cells can be picked up on the 

hair, legs, abdomen or mouth parts o f animals that have touched a surface contaminated
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with the parasite and then transported to or among flowers, although the amount o f  cells 

present on body parts has never been quantified. Hundreds to thousands o f  parasite cells 

are excreted when infected bumble bees defecate (Logan et a l ,  2005), and drops o f faeces 

fall randomly on soil or flowers when the animals are flying. The risk o f infection 

associated with flower visitation depends on the complexity o f the inflorescences (Durrer 

& Schmid-Hempel, 1994). Parasite survival on flowers can be compromised by UV- 

radiation or desiccation (Schmid-Hempel et al., 1999) although it is unknown for how long 

they can remain viable on flowers. In addition to driving visits by different pollinator 

species, flower architecture, e.g., flowers with anthers or nectaries exposed to direct 

sunlight and open to direct faecal deposition versus tubular flowers or flowers facing the 

ground where parasite deposition may be harder but any parasite cells would be less 

environmentally challenged, may play an additional important role in parasite 

transmission. It remains unknown whether C. bomhi cells can be found on specific parts o f 

the flowers. Finally, while three different morphological stages have been identified in C. 

bombi (Logan et al., 2005; Chapter 2.6): amastigotes (spherical forms with extremely 

reduced flagellum), choanomastigotes (pear-like shape, with a “neck” surrounding the 

flagellar pocket) and promastigotes (long and large cells with a long flagellum on one o f 

the sides), it is currently unknown whether a specific parasite stage is adapted for 

transmission.

Flowers provide a perfect arena for interactions among taxa because they are used 

by a wide range o f animals, including ants, bumble bees, honey bees, wasps, beetles, 

butterflies, flies (Memmott, 1999; Proctor & Yeo, 1973), mites (Schwarz & Huck, 1997), 

and spiders (Heiling et al., 2004; Schmalhoffer, 2001). Many o f these groups may be 

possible vectors o f parasites, but they could also be potential hosts. The bumble bee 

Boinbus terrestris and the honey bee Apis mellifera, both economically important 

pollinator species (Williams, 1996) were chosen as experimental subjects. In honey bees, 

only one trypanosomatid species has been found (McGhee & Cosgrove, 1980). It was first 

identified as Leptomonas apis Lotmar, and later described as Crithidia mellificae 

(Langridge & McGhee, 1967), but very little is known about it, possibly due to its low 

pathogenicity, although it appears to be highly prevalent among workers and drones 

(Morse, 1978; Bailey & Ball, 1991). It has also been proposed that this parasite may not be 

specific to honey bees (Bailey & Ball, 1991). Bumble bees and honey bees were chosen for 

the current study because they are phylogenetically close (Lockhart & Cameron, 2001),
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share similar ecology, foraging behaviour and temporal behaviour (they overlap in the 

field, sharing resources), and because both host similar parasites. The combination of the 

latter factors may allow both parasite species to survive in or even infect their non-specific 

hosts. I have addressed five main questions in this study: a) Can honey bees become 

infected with C  bombil b) Can bumble bees become infected with C. mellificael c) Can 

the honey bee act as a vector of C. bombil d) Are C. bombi cells present in honey bee 

faeces? e) Does C. bombi have any deleterious effect on honey bees after ingestion?

MATERIAL AND METHODS

The first three experiments (a, b, and c) were conducted during summer 2004 and 

the last two (d, and e) in June 2006.

a) Can honey bees become infected with C. bombi?

To test whether honey bees can become infected with C. bombi, I used 24 randomly 

selected bees from each o f 3 hives of Apis mellifera from North County Dublin (Ireland). 

Because the constitutive immune response (pro-phenoloxidase system) o f bumble bees is 

triggered by gut infections (Brown et al., 2003) and bee encapsulation ability (induced 

immune response) decreases with age (Doums et al., 2002), to control for any effects of 

host age on the immune response and to select uninfected animals, callow honey bees were 

removed from the colonies on the day they emerged and then transferred to boxes with 

fresh honey, pollen and sugar water ad libitum. Callow honey bees are very delicate 

animals and they were kept together to maximize their survival rate during maturation. 

Honey bees were inoculated with the parasite when they were ten days old. Prior to the 

experiment 10 extra adult and 10 extra callow animals from each colony were dissected 

and the content of their guts was examined under an Olympus microscope at 400x to check 

for the presence of parasites. Some of the adults had promastigote stages of a 

trypanosomatid that were identified as C. mellificae, because only this trypanosomatid 

species has been found in honey bees (McGhee & Cosgrove, 1980), while all callows were 

parasite free, as expected because these trypanosomatids have never been detected in bees
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younger than 6 days old (Bailey & Ball, 1991). To prepare the inocula, faeces were 

collected from five Bombus terrestris audax workers from one colony reared and infected 

in the laboratory and three Bombus terrestris audax queens naturally infected with three C  

bombi strains (the same three used to infect the five workers), caught in the spring of 2004 

in three different locations (Botanical Gardens, Irishtown Nature Reserve and Archbishop 

Ryan Park) in Dublin, Ireland. The inocula were thus a mixture of different parasite strains. 

I produced an inocula concentration of 1000 celIs/^1. To inoculate honey bees I followed 

the same protocol described for bumble bees (see Chapter 1.2). Thus, each animal ingested 

a total of 10,000 parasite cells. Post-inoculation, honey bees were individually transferred 

to sterilised plastic boxes with ad libitum honey and sugar water. On day one post

inoculation I killed and dissected 24 animals (8 honey bees from each of the colonies) and 

the content o f their hind guts was checked for parasites. The honey bees were dissected 

because they did not defecate even when forced to do so (the standard protocol to collect 

faecal samples from bumble bees). On day 5 post-inoculation, a group of 13 animals (3 

from colony 1, and five from colonies 2 and 3) was killed and dissected to check for the 

presence o f trypanosomatid cells. Honey bees are extremely clean animals that avoid 

defecation in the hive but, nevertheless, on day five, 19 out of the 48 remaining honey bees 

of the experiment (including the former 13) dropped an average of 2 drops of faeces (6 

bees from colony 1, 9 drops; 8 bees from colony 2, 22 drops; 5 bees from colony 3, 11 

drops) in their boxes. 20 random drops were collected and checked (these faeces were not 

used to prepare the inocula for experiment c -  see below -  because it was not possible to 

control when deposition happened and thus their freshness). Some animals died during the 

course of the experiment thus unbalancing our original experimental design with 24 

animals from each colony on days 1, 5 and 10 post-inoculation (N = 72). Nine honey bees 

that died earlier in the experiment could not be included in the analysis. All honey bees 

died before day 10 post-inoculation. Because no uninoculated control honey bees were 

kept the potential relation between C. bombi inoculation and the death of these animals 

remains unknown.

The direct observation o f the honey bee hind gut (rectum) contents under the 

microscope may result in an under-estimate o f the presence of Crithidia bombi cells if they 

are present at low concentration, so the microsatellite primer Cri4 (Schmid-Hempel & 

Reber Funk, 2004), specific for C. bombi, was used in 50 out of the 63 honey bees from 

experiment a. As control samples the C. bombi inoculum used to inoculate all the honey
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bees, and three aduh honey bees infected with C. imllificae were included. The DNA 

extraction and PCR conditions are described in Chapter 1.2.

b) Can bumble bees become infected with C. mellificael

To test whether bumble bees can become infected with C. mellificae 8 random 

workers from each of 3 different commercial colonies o f Bombus terrestris dahnatinus 

were used. Animals were removed from the colonies on the day they emerged and then 

transferred individually to plastic boxes with fresh pollen and sugar water ad libitum. 

While honey bees were inoculated when they were ten days old, bumble bees were 

inoculated when they were eight days old because the life-span of a honey bee worker, 20- 

40 days in summer (Koning, 1994), is longer than the life-span of bumble bee workers in 

the field, 15-30 days, and thus, both species are likely to be performing similar tasks {e.g., 

foraging). Prior to the experiment, the faeces of the bumble bees were checked to confirm 

their parasite-free status. To prepare the inocula the content of 10 honey bee hind guts was 

collected, where the presence o f a protozoan flagellate was confirmed through observation, 

and mixed with sugar water (50% vol/vol). The identification of the parasite as C. 

mellificae is based both on observation and that only this trypanosomatid species has been 

identified in honey bees in spite o f the numerous works on honey bee diseases (Bailey & 

Ball, 1991). Only promastigote forms were detected and the intensity o f C. mellificae 

infection in all the honey bees was extremely low, 50-100 parasite cells/|xl, so the 10 îl 

inocula that were prepared simulated a natural concentration of the parasite in those honey 

bees. In bumble bees, the concentration of C. bombi in faeces range from zero cells, in the 

first days post-inoculation, to up to twenty thousand cells/|al (Logan et al., 2005, Schmid- 

Hempel & Schmid-Hempel, 1993). The process of inoculation has been described 

previously (Chapter 1.2). Individual faeces from each of the 24 inoculated bumble bees 

were collected and checked at days 4, 10 and 30.

c) Could the honey bee act as a vector of C  bombil

To test if  honey bees can be potential vectors of C. bombi, 8 random workers from 

each o f the 3 previously described colonies of Bombus terrestris dalmatinus were used.
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The bumble bees were removed from the colonies on the day they emerged and then 

transferred to plastic boxes with fresh pollen and sugar water ad libitum. Bumble bees 

were inoculated when they were eight days old. Prior to the experiment, the faeces of the 

bumble bees were checked to confirm their parasite-free status. The ideal inocula would 

have been prepared using fresh faeces of honey bees to simulate a natural situation. 

However, A. mellifera do not defecate as a defensive response, as bumble bees do, and 

they avoid defecating in the hive, so it was not possible to collect fresh faeces. Thus, to 

prepare the inocula I used the hind gut contents (future faeces) from 3 random honey bees 

out o f the 8 honey bees from each of the three colonies that were killed at day one post

inoculation in experiment a, mixing the faeces with sugar water (50% vol/vol). I followed 

the standard inoculation protocol (Chapter 1.2). Faeces were collected from each bumble 

bee at days 5 and 15, and checked under the microscope for the presence of C  bombi.

d) Are C. bombi cells present in honey bee faeces? e) Does C. bombi have any 

deleterious effect on honey bees after ingestion?

Building on results from experiments a) and c), I designed this experiment to 

confirm the presence of C  bombi cells in the faeces of honey bees previously inoculated 

with the parasite, and also to study the potential lethality o f the parasite in honey bees, 

sixty callow honey bees were collected from one hive the day they emerged and kept 

together with fresh pollen and sugar water ad libitum. When the animals were 10 days old 

each bee was assigned to one of 3 treatments randomly: treatment 1) to test for the 

presence of C. bombi cells in honey bee faeces and the impact o f this parasite on honey bee 

mortality, bees were inoculated with 10 |al of sugar water containing 10000 parasite cells 

(N = 10 animals); treatment 2) to act as a control for the mortality experiment (treatment 1) 

bees were inoculated with 10 |il of sugar water only (N = 10 bees); treatment 3) because 

honey bees are social insects and to act as a control for mortality associated with solitude 

in treatments 1+2 above, bees were inoculated with 10 |al o f sugar water and then kept in 

social groups (N = 40 bees, 8 groups of 5 animals per box).

The inocula for this experiment were prepared with the faeces of seven naturally 

infected workers of Bombus terrestris audax collected during the first two weeks o f June 

2006 in four different locations in Dublin (Botanic Gardens, Clontarf, Archbishop Ryan
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Park and Trinity College Dublin. The proportion o f parasite stages in the faeces was 

recorded: 7.3% amastigotes, 87.34% choanomastigotes, and 5.36% promastigotes. The 

infected faeces were diluted with sugar water to reach the concentrations described above, 

and all honey bees were inoculated as described previously. Post-inoculation, honey bees 

were transferred individually to sterilised plastic boxes with ad libitum pollen and sugar 

water, except the 40 animals of treatment 3 which were transferred in groups of 5.

To determine whether C. bombi cells were present in faeces we used three 

approaches. Firstly, boxes were checked daily and any drops of faeces were recovered 

from the box by adding 100-200 ^1 of water. This addition was necessary because faeces 

rapidly dry out after defecation. Secondly, on days 1-6 the animals that died without 

shedding faeces were dissected and the contents of the rectum only (future faeces) were 

collected and diluted with 10 |al of water for ease of processing under the microscope. 

From day 7 onwards a new method to get faeces from dead animals was applied. The tip of 

the abdomen was delicately opened using forceps (Dumont n° 5) and, by pressing softly, 

drops o f faeces were released. These drops were again mixed with 10 |il o f water. All 

samples were placed on slides and covered with a 22 x 22 mm cover slide. Each sample 

was scanned following the same procedure under x400 magnification; 5 parallel scans 

beginning with the left side of the cover slide and finishing on the right side. Although 

only presence and absence of parasites was required to confirm their presence in the honey 

bee faeces, the number of parasite cells and their stages were also recorded. The 

proportions o f parasite stages post-inoculation were compared to those in the inoculum 

using a chi-square test. Each bee was checked once only, using one o f the three approaches 

described above.

Results

a) Do honey bees become infected with C. bombil

No trypanosomatid cells, whether C. bombi or C. mellificae, were seen in any o f the 

63 honey bees o f the experiment (24 bees checked at day 1 post-inoculation; 9 bees 

checked between days 2 to 4 post-inoculation; 13 bees checked at day 5 post-inoculation;
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17 bees checked between days 6-9 post-inoculation). The study of the 20 samples 

o f faeces drops was inconclusive because the faeces were too dense due to a lack of 

dilution. Thus, it was not possible to assess if the absence of parasite cells in the faeces was 

due to the death and decay o f the parasite or to the actual absence of parasite in the faeces. 

However, the presence of C. bombi in 2 out o f 8 honey bee workers from colony 1 and 3 

workers out o f 8 each from colonies 2 and 3 on day one post-inoculation and 1 worker out 

of 5 each from colonies 2 and 3 on day five post-inoculation was revealed in the 

microsatellite analysis. At least one of the alleles (126 or 130 bp) present in the C. bombi 

inoculum was present in the latter 10 honey bees. The microsatellite primers amplified a 

136 bp band in one of the adult honey bees infected with C. mellificae, but this band was 

not present in any other animal and could be spurious.

b) Do bumble bees become infected with C. mellificae?

No trypanosomatid cells, whether C. mellificae or C. hombi, were detected in any 

of the 24 bumble bees of the experiment at days 4, 10 or 30. No specific microsatellite 

primers have been designed for C. mellificae, and thus, the microsatellite primer C4 could 

not be used.

c) Can the honey bee act as a vector of C bombil

On day 5 the presence of C. bombi amastigotes was confirmed in 3 out of the 24 

bumble bees. On day 15 mature C. bombi infections were confirmed (presence of 

amastigotes, choanomastigotes and promastigotes) in 8 out of 17 bumble bees.

d) Are C. bombi cells present in honey bee faeces?

C. bombi cells in at least two o f the three developmental stages were detected and 

counted in all inoculated animals (Table 3.4.1). The C. bombi cells found after day seven 

were all clearly dead, and were not used in further analysis. No parasite cells were found in 

any of the two control groups bees. Interestingly, the relative proportions of the three forms
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o f C. bombi in honey bee faeces were significantly different to their proportions in the
2

original inoculum: /  (2) = 212,612;/?-value < 0.001.

Table 3.4.1. C. bombi cells found in each of the 10 inoculated honey bees. Day: the day the sample 
was taken: Experimental approach: the approach adopted depending whether the animal defecated 
or died; Dilution: the quantity of water added to the sample; Amastigotes, Choanomastigotes and 
Promastigotes are the different parasite stages. The cells with asterisk (*) were clearly dead. 
Animals 9 and 10 were frozen killed on day 10 before extracting their faeces.

Bee Day
Experimental

approach
Dilution Amastigotes Choanomastigotes Promastigotes

1 1 faeces 200 1 3 1

2 3 faeces 100 1 18 6

3 3 faeces 100 4 8 3

4 3 faeces 100 2 11 7

5 5 dissected 10 0 3 8

6 7 extracted 10 176 134 315

7 9 extracted 10 6* 3* 0

8 10 extracted 10 2* 3* 0

9 10 extracted 10 2* 20* 11*

10 10 extracted 10 2* 2* 1*

e) Does C  bombi have any deleterious effect on honey bees after ingestion?

No deleterious effects were found between inoculated bees (40% o f the bees were 

dead) and both the solitary (40%) and the group controls (32.5%) at day 10: ]^(2) = 0,867; 

p-value = 0.648.
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DISCUSSION

The degree of host-specificity shown by a given parasite is integral to an 

understanding of transmission mechanisms and parasite evolutionary dynamics. The results 

of this study demonstrate that, while both honey bee and bumble bee trypanosomatids are 

host-specific at the genus level, at least C. bomhi has the potential to be vectored by a 

second “host” taxon (Apis mellifera).

While the study o f host-parasite specificity in insects is still in its infancy 

(Podlipaev, 2000), loose host specificity in the genus Crilhidia has been suggested in 

previous studies (McGhee & Cosgrove, 1980). Despite the ability o f C. bombi to infect 

numerous bumble bee species (Schmid-Hempel, 1998; Shykoff & Schmid-Hempel, 1991a) 

and the phylogenetic and ecological similarity of bumble bees and honey bees, in this 

study neither C. bombi nor C. mellificae were capable of cross-generic infection. A similar 

pattern has been found in the microsporidian parasite genus Nosema, where N. apis Zander 

cannot infect bumble bees and N. bombi Fantham & Porter (1913) cannot infect honey 

bees (Eijnde & Vette, 1993; Fries et al., 2001). Together, these results suggest that despite 

the potential for cross-genus transmission, honey bees and bumble bees host a suite of 

genus-specific microparasites. If true, the evolution and maintenance o f these parasites 

must have been driven by differences in the physiology or life-history of their respective 

host genera.

In contrast to the lack of successful cross-infection, C  bombi can survive within the 

honey bee, creating the potential for honey bees to act as vectors for this parasite. 

Biologically, honey bees could vector the trypanosomatids following two different routes: 

through defecation o f infected faeces or by depositing parasite cells present on the surface 

of their body onto flowers. Although only the potential role of honey bees as vectors of C. 

bombi was tested, the general mechanisms underlying both routes are summarised in 

Figure 3.4.1. Bumble bees and honey bees defecate in the field while foraging and faeces 

with C. bombi cells can fall randomly on flowers that later will be visited by bumble bees. 

Both bumble bees and honey bees only stop foraging during heavy rain periods, when the 

animals remain in their colonies. The fact that C. bombi was present in the honey bees until 

five days post-inoculation, and that the parasite is able to infect bumble bees after passing
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through the digestive tract o f  the honey bees, m ay indicate that som e C. bom bi strains 

could survive in honey bee guts during such non-foraging periods, and consequently  have 

the opportunity  to infect bum ble bees w hen foraging begins again. N evertheless, an 

experim ent testing C. bom bi v iability and infectivity at day 5 post-inoculation is lacking.

P a r a s i t e  t r a n s m i s s i o n

T h r o u g h  d e f e c a t io n J L
1

Faeces fall randomly 
onto flowers while 
foraging

1
In the nest

By eating the 
parasite

BY VISITING FLOWERS
Non-random due to:

i
Tongue length

Getting the parasite 
on hair, legs, mouth 
parts

I
Flower rejection 
(scent marking)

Figure 3.4.1, General transmission routes o f the parasite C. bombi, with Bombus spp. as hosts. The 
parasite is transmitted mainly among bumble bees but honey bees (or other potential vectors) may 
play a role in its transmission by transporting parasite cells among flowers or randomly by 
defecating cells previously ingested in their nests, or while foraging, into flowers. Solid line arrows 
imply a direct relation between categories while dotted line arrows link mechanisms with 
transmission. Intra-species transmission is maximized when transmission happens in the nest. 
Tongue length reduces the inter-species transmission to those species with similar tongue lengths, 
and thus, also maximizes intra-species transmission. Inter-species transmission is maximized when 
faeces fall randomly onto flowers while foraging and by visiting flowers. Scent marking reduces 
the probability o f visitation by congeners, and consequently also maximizes inter-species 
transmission. Finally, transmission will be more effective in routes directly involving defecation as 
the amount of parasite cells in faeces is likely to be much higher than the amount of cells that are 
carried on hair, legs or mouth parts.

H oney bees can defecate in the hive w hen they suffer dysentery (Bailey & Ball, 

1991, pp. 112) and if  honey bee contam inated faeces are in som e w ay ingested in the hive, 

this w ould  m axim ize the num ber o f  honey bee w orkers able to transm it the disease by 

defecating cells w hen foraging. D eposition o f  infected faeces in the h ive will result in the 

presence o f  parasite cells on the surface o f  the nest that m ay then  becom e attached to the 

hair, legs and m outh parts o f  honey bees, and then later be transported  to and am ong 

flow ers, as happens am ong bum ble bees in the wild (D urrer & Schm id-H em pel, 1994).
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Thus, cross-genus transmission by visitation would happen when honey bees transport C  

bombi cells among flowers that will be visited by bumble bees. If  this occurs, transmission 

by visitation will be non-random due to two factors: tongue length and flower scent 

marking. Bumble bee species differ in their tongue length, and thus specialise on different 

groups o f flowers (Goulson & Darvill, 2004). Honey bees are short tongued and they are 

constrained to forage in flowers similar in characteristics to those used by short tongued 

bumble bees. Consequently, the prediction would be that, if  the transmission o f  C. bombi 

cells through honey bees to bumble bees actually happens in the field, and mainly when the 

transmission route is by flower visiting, the most likely bumble bee target species will be 

those with medium to short tongues, such as Bombus lucorum, B. pratorum, or B. terrestris 

(Forup & Memmott, 2005; Kawakita et a l ,  2004). In addition, an important variable for 

the transmission o f C. bombi is the time elapsed between visitors to the same flower, due to 

potentially deleterious conditions outside the bee gut, such as UV-radiation or desiccation 

(Schmid-Hempel et al., 1999). Flowers recently visited by bumble bees or honey bees are 

more likely to be rejected by a second visitor if  it is a congener o f the first (Williams, 

1998) because they react to short-lived repellent scent marks that the recent previous 

visitors left on the flowers (Ferguson & Free, 1979; Stout et al., 1998). Consequently, 

bumble bees are more likely to land on a flower that has been visited by a honey bee, and 

this can reduce the time spent by the parasite outside a gut. Thus, the potential o f  honey 

bees to act as vectors o f  the bumble bee parasite, C. bombi, should not be dismissed, nor 

should their potential effect on the evolution o f parasite traits, such as virulence or 

infectivity, or through sorting genetic variants o f the parasite. These factors remain to be 

tested.

To conclude, the cross-infectivity o f  C. bombi and C. mellificae at the genus level 

has been tested and both parasites failed to infect the offered hosts. Despite this, the 

potential for honey bees to act as vectors o f C. bombi has been demonstrated, thus 

maximizing the transmission o f  C. bombi to its specific hosts. Evolutionarily speaking, if 

parasites transmitted by vectors are more likely to have a broad host range (W oolhouse et 

al., 2004) the presence o f species vectoring C. bombi may be partially preventing the 

specialization o f the parasite on individual bumble bee species.
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S e c t io n  IV

D is c u s s io n



C h a p t e r  4.1

G e n e r a l  D i s c u s s i o n



Discussion

Hosts are the evolutionary force driving the evolution o f the system consisting of 

the bumble bee species assemblage and their trypanosomatid parasite Crithidia bombi. 

Workers are responsible for cross-species transmission o f the parasite. However, my data 

from chapters 2.3, 3.2 and 3.3 suggest that queens are the selective pressure acting on this 

parasite (and potentially on many other parasite species of bumble bees) and that the 

presence of workers could buffer the effects of parasitism on queens.

The parasite has been forced to adopt a generalist strategy because C  bombi needs 

to infect, survive and reproduce in workers before having a chance to infect its 

evolutionary critical host, the queen. In addition, the parasite is able to infect different 

bumble bee species. This generalist strategy is facilitated by the mode of transmission, as 

suggested previously (Woolhouse et al., 2001) and by the many opportunities for cross

species transmission, as Gandon (2004) predicted, although the most important factor is 

resource utilization; Holt et al., (2003) emphasized that resource utilization determines 

among host species transmission and my work confirms that utilization patterns result in 

complex interactions among different host species that change across time but it also 

suggests that in the system studied it is responsible for within host species transmission 

among different colonies (see chapter 3.2). Multihost parasite systems are based on 

transmission, and transmission strongly depends on within host traits. In this work I have 

studied different within host traits but only for one host species, and thus, I do not know 

what happens in other bumble bee species. Nevertheless, all my findings in B. terrestris are 

linked with transmission to other species.

Firstly, I found that host malnourishment impacts negatively on the within host 

parasite population (see chapter 2.2); this finding supports previous work on the effects of 

invertebrate host starvation on their parasite populations (Kollien & Schaub, 2000, 2002, 

2003). However, if parasite reproduction is an indirect measure o f parasite virulence, 

starving bumble bee hosts supported smaller parasite populations, and thus, C. bombi 

expressed lower levels o f virulence than in properly fed bees. This result contrasts with 

previous experiments in snail-trematode (Krist et al., 2004) or in ciliate-bacteria (Restif & 

Kaltz, 2005) host-parasite systems, but it is not surprising because both the trematode and 

the bacteria cross host body barriers while C. bombi does not cross the gut epithelium.
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Secondly, I did not find effects of host sex on parasite dynamics. Although 

theoretical predictions expected that haploid males should be more susceptible to parasites 

than diploid females (O’Donnell & Beshers, 2004) I demonstrate that this is not the case in 

bumble bees and other social insects and my results further suggest that haploidy in social 

insects is not synonymous with low fitness nor it is responsible of the evolution of social 

behaviour in insects see chapter 2.3).

Thirdly, host castes have different susceptibility to the parasite and there are 

important differences between the immune responses of both queens and workers (see 

chapter 2.4). Although traditional studies have found caste specific parasites or parasites 

specialized on certain morphological traits within a caste, e.g., parasitoids preference for 

larger workers (Schmid-Hempel, 1998), no previous work has studied host susceptibility to 

a parasite in different castes nor the immune responses in queens and workers; my finding 

could potentially promote future work on castes of social insects other than bumble bees.

Fourthly, I found that host immune response is a phenotypically plastic feature in 

bumble bees because the strength o f the immune response depends on host density (or 

colony growth) and my result supports previous studies on non social insects (Reeson et 

al., 1998; Wilson et al 2001; Cotter et al., 2004a; but see also Barnes & Siva-Jothy, 2000, 

Wilson et al., 2002, 2003); however, there were no effects of host density on parasite 

dynamics (see chapter 2.5).

Fifthly, I expected different parasite strains to behave differently in different host 

species, i.e., I expected strains collected from host species A doing better when infecting 

species A than B, but it did not happen. C. bombi expresses different epidemiological traits 

depending on host species, e.g., the overall quantity of transmission stages or first day of 

parasite appearance in host faeces, both directly related with parasite transmission success 

(see chapter 2.8).

Sixthly, I have found evidence for sexuality in C. bombi, although the evolutionary 

consequences o f these rare events could be masked by the most common asexual division 

(see chapter 2.6). The lack of periodicity found for C. bombi population dynamics could be 

the result of a chaotic dynamics (see chapter 2.7).

Finally, I demonstrate the specificity of this parasite for the genus Bombus and that 

vectors could facilitate parasite transmission because C. bombi remains infective after
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passing through the alimentary tract of honey bees. Theoretical studies predict that vector 

borne parasites are expected to be more virulent because host illness facilitates the host- 

vector interaction (Ewald, 19894); however, and although I have not studied the levels o f 

parasite virulence, I suggest that the latter prediction will not be true for multihost-parasite 

systems such as the one here studied because parasite transmission does not depend on the 

presence o f a vector, nor does the vector depend on host illness; in addition, the presence 

of these ‘accidental’ or fortuitous vectors could facilitate parasite transmission and 

possibly sort out parasite strains able to survive within the vector but, because parasites do 

not replicate within these occasional animals, vectors are not an important selective 

pressure (see chapter 3.4).

Some of the latter findings could contribute to C. bombi epidemiology and spatio- 

temporal population structure in different ways. 1) Bumble bees suffer starvation episodes 

in the field and this could affect negatively the parasite transmission matrix (see chapter 

3.2) if  lower within-host parasitemia levels are related with lower parasite transmission; 2) 

different castes appearing in different moments of the colony cycle could affect parasite 

population structure by sorting for different kinds of parasite strains; 3) the occurrence o f 

sex between parasite cells in late spring -  before new queens are bom in the colony -  could 

increase punctually parasite genetic diversity, and thus, maximize the emergence of 

parasite strains able to infect new bom queens; 4) host species diversity and quantity in the 

field do really matter because could select for different parasite transmission strategies; in 

addition, although possibly less relevant than the latter points, 5) vectors could indirectly 

help the parasite by facilitating parasite transmission.

Host heterogeneity also plays a fundamental role in driving the evolution of 

Crithidia bombi among host species at the host population level, although not all the 

factors studied in B. terrestris -  see above -  had an effect on the parasite. 1 expected 

parasite local adaptation to different host species: (/) at the individual host species level, 

parasite strains from one host species were expected to produce more transmission stages 

and to have higher transmission opportunities than strains extracted from a different host 

species or (//) at the host species level I expected different host species hosting different 

strains of the parasite, and thus, parasite strains should be grouped within host species by 

spatial distribution and throughout time. However, I did not find local adaptation o f the 

parasite at any of the two levels suggested above: different host species select for different 

parasite traits, independently o f strain origin: e.g., in Bombus lucorum hosts different
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parasite strains produced more transmission stages and were ready to be transmitted sooner 

than in B. terrestris, that is, different parasite strains expressed higher levels of replication 

in B. lucorum than in B. terrestris. Moreover, I found that parasite genetic population is 

structured by host species across time; strains were highly variable at the three studied 

scales: host species, geographic distribution and time. Nevertheless, previous work 

studying C. bombi local adaptation at different geographical scales found a similar pattern 

at small-scales, with distances among places within the same range as I have studied 

(Imhoof & Schmid-Hempel, 1998a). I found an interesting exception in B. jonellus but it 

has been previously discussed in page 227 (Chapter 3.3). My results suggests that both host 

species density and spatial distribution play an important role by selecting parasite strains 

and transmitting them to queens of other colonies.

To understand better the evolution of this multihost-parasite system I have 

described how the parasite has adapted to the cycle of the host in Figure 4.1.1. C. bombi can 

only pass to the new host generation through queens because (/) only queens survive 

during the harsh winter conditions and {ii) only queens produce daughter queens. However, 

the parasite drastically reduces by over 40% queen fitness, e.g, by inhibiting colony 

founding (Brown et a i ,  2003b). Workers are more susceptible to infection than queens (see 

Chapter 2.4) and suffer lower fitness impact: infection delays ovarian development which 

increases intra-colony cooperation (Shykoff & Schmid-Henipel, 1991c). Therefore, both 

vertical transmission from the queen to daughter workers and high worker susceptibility 

could result in high intra-colony cooperation levels. When workers forage for resources 

infected workers can leave parasite cells on the surface of flowers, and thus, the parasite 

can infect second visitors (Durrer & Schmid-Hempel, 1994). This is a critical moment for 

the parasite because if there are no second visitors the parasites will be lost. Thus, parasite 

transmission at the beginning of the season is likely to occur at low rates. However, 

colonies o f different bumble bee species grow in numbers as the season advances and, 

consequently, more workers are foraging for resources (Chapter 3.2, appendix 4) which 

should increase parasite transmission rates across colonies. Parasite strains can only infect 

workers when their opportunities for inter-colony transmission allow a sufficient number 

of contacts among hosts (indirect contacts through the shared use o f resources), and thus, 

the biological success of both hosts and parasites depends on the resources. In addition, the 

parasite cannot choose its host, and transmission to one or other host species depends on 

both the densities of workers from different species and the frequency of resource visits. 

Randomness in the process of transmission impedes parasite adaptation to workers o f each
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Figure 4.1.1. Queens are responsible for parasite evolution by selecting certain parasite strains independently o f the parasite population structure imposed by 
workers across the season.
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host species, ahhough the pattern o f transmission (transmission matrix) is responsible for 

parasite population structure in workers.

At the end of the season sexual forms are produced within the colonies: queens 

produce males and daughter queens and some workers with mature ovaries can produce 

males. However, while daughter queens remain several days in the colony males are 

thrown out of the nest sooner; this suggests a potential evolutionary strategy to minimize 

the impact of pathogens present in the colony on males because males can become infected 

as easily as workers; queens are less susceptible to the parasite than workers, and thus, 

staying longer in the colony may not increase the risk to pathogens as much as for males. 

Moreover, the risk of transmission o f parasites and diseases to daughter queens is further 

minimized because: (/) when sexual forms are released at the end of the colony cycle the 

transmission matrix suggests that the number of contacts in the field is lower than the 

contacts among workers few weeks before (Chapter 3.2), and (//) although multiple mating 

favours host offspring genetic variability, and thus, provides protection against pathogens 

(Baer & Schmid-Hempel, 1999), bumble bee species such as B. terrestris only mate once; 

this suggests that mating could be associated with a risk of infection higher than the benefit 

o f genetically heterogeneous offspring.

At the end of the season the old queen, all the workers and the males will die. This 

means that the C. homhi population present in those animals will perish and only those 

parasite strains actually present in daughter queens will have a chance to pass to the next 

generation of hosts.

I can think of two different evolutionary scenarios: (i) the same parasite strains are 

able to infect both queens and workers but due to physiological differences between the 

two hosts queens are less susceptible to the parasites; and (//) parasites successfully 

infecting workers (and colonies) will not necessarily be able to infect daughter queens. As 

I indicated above, parasites do not select their hosts but, once within a host, the parasite has 

only the option of reproduction within that environment and precisely because workers are 

the most numerous host parasite adaptation to workers is expected; moreover, adaptation to 

workers is unavoidable before sexuals are produced in summer, but not once daughter 

queens have emerged because parasite survival ultimately depends on the infection of new 

queens. The presence o f workers disrupts the selection acting on parasites infecting queens, 

which favours the host; this appears to impose more costs on the parasite than on the host
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because not all parasites transmitted to queens will succeed: some parasite strains will 

perish when queens resist or clear out the infection or when other queens are not able to 

rear colonies. This situation should select for low levels of virulence in queens because 

parasite success highly depends on queens success. Moreover, I should notice that by 

infecting workers the parasite is maximizing its transmission to queens because if the 

parasite were queen caste specific the parasite would be only vertically transmitted.

Future directions

Social insect colonies are often viewed anthropocentrically -  since Aristotle -  as 

societies that can reach high levels of complexity, as in honey bees (Thompson, 1892). The 

study of social insect evolution has focused traditionally on the most apparent trait o f a 

social insect, the colony, and thus, there exists an important bias towards studies involving 

workers; workers are the most numerous caste and it is precisely their presence that 

determines the social mode o f life and the existence o f the colony. I suggest a different 

theoretical and experimental approach to further understand the coevolution between social 

insects and their parasites in their proper evolutionary context. Future studies should focus 

on the actual source of selection for the parasite, the queens, because mated queens are 

responsible for host evolution. Obviously, workers play a fundamental role in the success 

of the queen by foraging for resources, caring for the queen’s offspring and defending the 

colony against attacks (including parasites as I have found here). A simple but descriptive 

analogy results if the daughter queen is considered the germinal line of the social insect 

and the workers the somatic line; thus, colonies could be considered as a different level of 

biological organization because although the presence o f both germinal and somatic lines 

resembles a multicellular organism, social insects colonies have properties that are not 

present in multicellular organisms. Considering animal societies as organism is not new, 

e.g., Holldobler and Wilson (1990) described ant colonies as superorganisms, and Maynard 

Smith & Szathmary (1995) described them as one of the major evolutionary transitions, 

although here I describe them from a different point o f view. The degree of cohesion 

between somatic parts is a distinctive property o f these systems because the individuality 

of somatic units in social insects provides social insects with a complex decision making 

ability; within the colony, decision making ability o f individual units is similar to decision
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making in multicellular organisms but outside the colony each unit can make individual 

decisions; in addition, as in multicellular organisms, the loss o f part o f  the somatic 

\\nQ,e.g., a branch or leaves in plants, a part o f the body in animals, several workers in 

social insects, can impose fitness costs that are higher depending on the net loss but within 

critical limits it does not impede the successful reproduction o f the multicellular organism 

or the colony, however, I suggest that these costs are lower in social insects than in 

multicellular organisms due to the lower cohesion among social insect units. Nevertheless, 

the individuality o f social insects somatic units (workers) represents a higher risk o f  

diseases than in multicellular organisms because in multicellular organisms the probability 

o f infection depends on the spatial and temporal position o f  one point, while in social 

insects each worker has a probability o f infection. In bumble bees the risk o f  parasites and 

diseases is minimized by extinction o f the somatic line. Bumble bees are annual social 

insects but there exists social insect species which survive for longer periods o f  time, the so 

called perennial systems. Perennial social insects can have one to several queens and can 

follow two different strategies o f colony founding, swarming, like honey bees in which 

part o f the colony remains with the daughter queens, or by independent foundation like 

some ant species, e.g., M essor sp. In addition, some colonies o f  perennial social insects can 

occupy wide geographical areas, e.g., the polygynic argentine ant Lim pilhem a hurnile 

(Giraud et a l ,  2002). W hile in annual social insects the parasites necessarily depend upon 

transmission to queens in perennial systems parasites can follow a different coevolutionary 

dynamics, i. e., parasites could be adapted to workers or larva, and thus, survive within the 

colony for long periods o f  time. I can think o f different predictions about the evolutionary 

outcome in these perennial host-parasite systems: (i) queens could be stronger against 

parasites than in annual social insects to minimize the impact o f parasites; (ii) workers 

could display more effective prophylactic behaviours than in annual social insects; (iii) 

highly virulent parasites could be selected, and thus, infection could lead to the death o f  the 

full colony. To avoid the impact o f  highly virulent parasites, perennial social insects could 

have evolved different strategies depending on parasite selecting pressure: (i) swarming 

behaviour: this can allow leaving behind parasites, mainly parasites infecting larva; (ii) 

production o f many sexual that will found independent colonies.
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Here I propose four different studies to better understand the evolution o f social 

insects and their parasites:

1. Are there differences between queen and worker immune responses in other social 

insects?

I suggest the study of immune responses in both workers and queens of different 

social insects, e.g., honey bees, wasps, ants and termites to test whether the differences 

found in bumble bees (Chapter 2.4) are a general rather than a specific case. Obviously this 

experiment will strongly support or reject the theoretical hypothesis developed above on 

the selection pressures acting on social insect parasites because the study will extend the 

findings to both hymenopteran and isopteran societies which are two evolutionary distant 

families.

2. Does the parasite suffer preadaptation to workers?

I suggest an experiment involving the serial passage of strains among workers of 

the same colony during the full cycle of the colony and a final infection of both workers 

and queens at the end of the colony cycle. Infection dynamics will be compared between 

both queens and workers. This experiment which involves the presence o f serial 

bottlenecks will reveal if parasite strains suffer preadaptation to workers previous to 

infection of queens.

3. Is C  bombi locally adapted to the queen caste?

In bumble bees I suggest a study involving different experiments: (z) cross-species 

infection experiment analogous to the one conducted in chapter 2.8 but infecting daughter 

queens of different species instead of workers. This experiment will provide robust data on 

the local adaptation of the parasite because the disruption of selection due to transmission 

through workers will be removed and actual patterns o f local adaptation could be observed. 

(//) Infected queens should be allow to rear colonies and the genetic analysis o f strains 

successfully infecting queens should be compared with the strains present in workers at the 

end of the colony cycle (when daughter queens are born) but also with the original cocktail 

o f strains. With this experiment I will test whether strains selected by the queen remain in
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workers and the parasite ability to produce new strains. {Hi) Second generation daughter 

queens would be infected with the parasite present in the old queen (if alive) and the 

effects of infection in both mother and daughter queens should be compared to understand 

both the evolution o f virulence and parasite adaptation.

4. Is C. bombi transmission to bumble bees enhanced by multiple potential vectors in the 

field?

Another study could be conducted in the field to study the potential for 

transmission through vectors, recording the visitation o f animals other than bumble bees. 

Samples o f these animals will be collected and their faeces examined both under the 

microscope and with microsatellites to asses the presence o f the parasite. Moreover, the 

animals colleted could provide information on the parasite community associated with 

flowers and the combination of the latter and the results on visitation species will result in 

a network describing the interactions among both hosts o f different species and their 

parasites and the resources used.

5. Is C.bombi actually present on flowers?

Finally, the presence of the parasite in flowers in the wild remains unknown and I 

suggest that it could easily be demonstrated by collecting flowers and analyzing the 

presence o f parasites with microsatellite primers. This experiment could be conducted as 

part of experiment 3.
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A p p e n d ix  1

H i s t o l o g i c a l  s t u d y  o f  C r it h id ia  b o m b i  i n f e c t i o n  in  

B o m b u s  t e r r e s t r is  g u t s

A c k n o w l e d g m e n t s

I conducted some preliminary proofs in Dr. Isabel Farinas laboratory. Peter Stafford 

provided me with technical support, valuable comments and taught me the techniques here 

applied.



INTRODUCTION

Crithidia bombi (Gorbunov, 1987; Lipa & Triggiani, 1988) is a trypanosomatid 

parasite that inhabits the gut of bumble bees. The alimentary tract of the animal becomes 

into the main ecosystem were the parasites are bom, feed, undergo different developmental 

transitions and reproduce. The alimentary tract is twice as long as the body of the insect 

and is a simple and unspecialized system that consists of three parts (see Figure A. 1.1), the 

fore gut (including pharynx, oesophagus, honey stomach, proventriculus, oesophageal 

valve and salivary glands), the mid gut (the stomach or ventriculus) and the hind gut (with 

the Malpighian tubes, the pyloric valve, intestine or ileum, colon and rectum) other than 

mouth-parts (Swingle, 1927).

Figure A.1.1. The alimentary tract o f  a bumble bee. I. Fore gut (1 oesophagus, 2 honey stomach, 3 
proventriculus and oesophageal valve); II. Mid gut (4 ventriculus); III. Hind gut (5 Malphigean 
tubes, 6 pyloric valve, 7 ileum, 8 colon, 9 rectum).

The fore gut apparently has only the fiinction to carry the food from the mouth to 

the stomach; the mid gut is formed by approximately one hundred and forty successive 

folds of epithelium and here is where enzyme secretion happens by big cells of very dense 

nuclei; the hind gut is rather muscular and it has a reduced diameter (Swingle, 1927). 

These differences among the parts of the gut suggest differences in parasite resources 

acquisition and the parasite cycle could be adapted to different transects of the host 

alimentary tract.
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This experiment pretended to study how C. bombi actually infects a bumble bee, 

that is, whether parasite cells attach to determinate regions of the gut wall or not, whether 

exists a spatial distribution of different developmental stages and if the progress of the 

infection follows a temporal pattern.

MATERIAL AND METHODS

This experiment was conducted in 2003. I collected 10 callow bumble bees from 

one commercial colony of Bombus terrestris dalmatinus. I prepared the inoculum by 

mixing the faeces of 19 5. terrestris dalmatinus workers infected with a cocktail of C. 

bombi strains from wild animals collected in the field and diluting the mixture with sugar 

water to obtain 1000 cells/|j,l concentration. I followed the protocols described in Chapter 

1.2 for the inoculation. Each animal was inoculated with 10 |a1 of inocula. Animals were 

freeze-killed in successive days. Animals were dissected and the guts from the crop to the 

rectum were transferred to flasks and labelled.

I added Camoy’s solution to each flask and kept them overnight in the fridge (4°C). 

I replaced Camoy’s solution with ethanol 70° (30 minutes), ethanol 70° with ethanol 90° 

(30 minutes), ethanol 90° with ethanol 100° (30 minutes); I washed the samples with a 

second bath of ethanol 100° (30 minutes) and I replaced ethanol 100° with xylene (30 

minutes), the xylene was replaced with xylene/ Parmat Pastillated Wax (50:50) and 

samples were incubated during one hour in the embedding Shandon histocentre 2. The 

Parmat Pastillated Wax has the melting point at 58°C. I replaced the xylene/wax with pure 

paraffin and, after one hour, I placed the sample in an adequate position within a mould 

and I left; the sample cool down at laboratory temperature. The shape and position of the 

guts embedded in wax were drawn when the paraffin was hot and the draws were 

confirmed when the paraffin was cold before cutting the blocks of paraffin to facilitate 

later identification of different gut parts. This was particularly usefiil because during the 

cooling process of the paraffin the guts changed their original position. Nevertheless, the 

migration of the guts did not allow me to obtain samples similar in spatial orientation 

across samples.
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Blocks were sequentially cut using a microtome Bright 5040 with a thickness of 10 

|xm. Samples were disposed onto a slide and were allowed to expand by covering the slide 

with deionised water. When all samples were properly disposed onto the slide, the water 

was removed and the slides were transferred to a tray and left overnight before 

deparaffination and fiirther staining.

To deparaffmate the samples the tray were washed as follows: 20 minutes in a bath 

of sylene, 5 minutes in absolute ethanol, 5 minutes in ethanol 90°, 5 minutes in ethanol 70° 

and the ethanol 70° was washed during 5 minutes with deionised water. To stain the 

samples the slides were covered during 30 minutes with Giemsa stain. The samples were 

washed with deionised water. Samples were washed with ethanol 70° during 2 minutes; 

this is a critical step because depending on the freshness of the staining solution samples 

could remain over-stained and in this case samples can be washed up to 10 minutes in 

ethanol 70°. Samples were washed 5 minutes with ethanol 90°, 5 minutes with ethanol 100° 

and 5 minutes in xylene. Samples were allowed to dry overnight. Slides were mounted 

with eukitt and a cover slide.

All samples were analysed with a microscope at increasing magnifications to study 

both the histology of the gut and the parasite disposition. The parasite can only be detected 

with magnifications of at least x40 optics. I prepared slides with smears of fresh parasite 

that were stained with Giemsa solution to facilitate the identification of stained parasite 

cells in the gut.

RESULTS

I obtained 287 ± 120 samples per gut. Parasite smears clearly show that Giemsa 

stain worked both on the parasites and on fiingal cells (see Plate A. 1.1) but C  bombi cells 

were easily differentiated of filamentous fungi because shape and size are well 

differentiated; yeasts were similar in shape and size but again can be easily detected 

because these cells are over-stained and in general present buds of different sizes.
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Plate A.1.1. Smear of fresh faeces containing the parasite and stained with Giemsa stain. 1, 
amastigote stage; 2, choanomastigote stages; 3, promastigote stage; 4, two different yeast species. 
Bar indicates 10 îm.

The first comparison between the Control samples (see Plate A. 1.2 for a 

reconstruction o f the control gut) and the samples from the animal infected for ten days, 

revealed the presence of the parasite all across the hind gut from the ileum to the rectum. 

The parasite population fulfilled completely the space o f the hind gut as Plate A. 1.3 

suggests. The parasite stages are mainly choanomastigotes and amastigotes. The presence 

o f the parasite in the rectum was confirmed in Plate A. 1.4. Plate A. 1.4b points to a group 

o f promastigote stages although choanomastigote and amastigote stages were also 

detected.

C. bombi did not occurred at this high numbers in other parts of the gut. In addition 

to the potential low occurrence o f the parasite in both the mid and hind guts, the host nuclei 

o f the basement membrane cells which cover the epithelium are similar to the 

trypanosomatid in size and shape and both the parasite and the nuclei were stained 

similarly (see Plate A. 1.5).
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Plate A.1.2. Alimentary tract of the control uninfected bumble bee reconstructed after combining different samples. Magnification at M.  From left to right, 
rectum (8) to pollen stomach (2). Numbers indicate structures as previously described in Figure A. 1.1. Bar in the right hand picture represents 100 jxm.
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Plate A.1.3. Hind guts o f the control animal and animal from day 10 post-inoculation, a, b and c) 
Control ileum at xlO, x20 and x40; bar represents 100 ^im. d, e and f) Infected ileum at xlO, x20 
and x40; bar represents 100 |xm. g) Detail o f infected ileum at x 100; bar represents 50 |o.m. Arrows 
point to parasite cells

Plate A.1.4. Rectum o f the control (a) and 10 days infected animal (b). Magnification at x40. Bars 
represent 50 p.m. Arrow points to a group o f promastigotes.
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Figure A.1.5, Mid gut. a) Ventriculus o f  control animal at x40; bar represents 50 (xm; (b) 
ventriculus o f  infected animal at x40; bar represents 50 (i,m; (c) ventriculus o f  infected animal at 
X100; bar represents 10 .̂m.

Quantification of the parasite stages across the guts sections was not possible 

because the guts were not cut following the same directions. In those animals that were 

developing the infection I was not able to differentiate properly between parasite cells and 

epithelial membrane nuclei.

DISCUSSION

The main result suggests that parasite population is more heavily compacted within 

the ileum than in the ventriculus. 1 was not able to obtain further proofs on the gut 

colonization or about the spatial distribution of parasite stages.
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APPENDIX 2:

A NEW POTENTIAL BUMBLE BEE MALE-SPECIFIC GUT DISEASE

A c k n o w l e d g e m e n t s

Ms. Laura Malone for collecting and dissecting the samples from Howth, 2003. Dr. Paula Murphy 

for allowing me the use o f her laboratory, microscope and camera. Prof. Dr. Paul Schmid-Hempel 

for priceless commentaries.



I n t r o d u c t io n

The organization of the alimentary tract of bumble bees can be described as follows 

(Swingle, 1927), from the anterior to the posterior end: the fore gut (pharynx, oesophagus, 

honey stomach, proventriculus, oesophageal valve, and salivary glands), the mid gut 

(ventriculus), and the hind gut (Malpighian tubules, pyloric valve, ileirai, colon, and 

rectum). I will focus only on the fore gut. The pharynx, oesophagus and honey stomach 

share a similar structure (from the inner to the outer parts): a thick but not solid cuticle of 

chitin, a thin epithelium, a non-apparent basement membrane, and two poorly developed 

bands of longitudinal and circular muscle fibres. The proventriculus and the oesophageal 

valve form a valve-like structure that clearly separates the fore gut and the mid gut. The 

anterior end of the proventriculus has four lobes of tissue. The presence of chitinous spines 
in the inner part of each lobe probably prevents the pollen from returning back into the 

oesophagous.

The Proventriculus plays a key role in managing the flux of food and is like a force 

pump for the entire alimentary tract. Injuries or diseases affecting the correct fimctioning 

of the proventriculus will mainly affect the uptake of nutrients in the posterior parts of the 

alimentary canal, and thus, will impact on the survival of the animal.

M a t e r ia l  a n d  M e t h o d s

I examined a set of 161 wild bumble bees from different species in Howth between 

the 30* of July and the 23"* of August, 2003. I screened the animals, previously dissected, 

for all parasites present in the samples. I then examined a second set of 189 samples 

collected in Irishtown Nature Paric between the 5* of July and the 13“* of August, 2004, to 

get a more complete picture of the prevalence of this potential disease. I removed the 

proventriculus of two males and smashed a lobe of each of them to explore the nature of 

their contents.
I recorded the pictures in Q IMAGING -  Micropublisher using the software IP Lab, 

in Mac OS X, 10.3.
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R e s u l t s

From a total of the 161 bumble bees studied from Howth, I found 42 males and 119 

females. All the females exhibited normal guts. I found that the proventriculus of more 

than 40 % of the males was abnormal when compared with the other animals. The four 

triangular-shaped lobes of the proventriculus were abnormally swollen, and thus, exhibited 

sphere-like shapes, and were strongly melanized (see Plate A.2.1A and B). In Table A.2.1 1 

list the total numbers of males and males with deformed proventiculus.

Table A.2.1. Samples from Howth, 2003. Males studied for each species, males with deformed 
proventriculus and percentage o f males with deformed proventiculus.

Species Total number of males Males with deformed proventriculus %

B. terrestris 32 16 50
B. lucorum 8 1 12.5
B. pascuorum 2 1 50

TOTAL 42 18 - 4 3

In Irishtown only 64 out 189 animals were males from 6 different species. The total 

numbers of males and males with deformed proventriculus are shown in Table A.2.2.

Table A.2.2. Samples from Irishtown, 2004. Males studied for each species, males with deformed 
proventriculus and percentage of males with deformed proventiculus.

Species Total number of males Males with deformed proventriculus %

B. terrestris 16 12 75
B. lucorum 4 3 75
B. pascuorum 20 0 0
B. muscorum 3 0 0
B. lapidarius 17 0 0
B. pratorum______________ 4____________________________ 0____________________0

TOTAL 64 15 -2 3

After dissecting the proventriculus of two of the animals, in one of them I found a 

structure similar to fungal hyphae (see Plate A.2.1. C and D). The contents of each of the 

lobes that I smashed consisted of millions of unidentified bacteria (400x).

In some of the males, the four lobes of the proventriculus were so swollen that the 

pollen was not able to pass through the valve, and the honey stomach was extremely 

distended due to great quantities of pollen. In the latter cases, parts o f the contents of the
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honey stomach consisted of cemented pollen, and in some areas the pollen showed clearly 

signs of decay (Plate A.2.1. E).

V entricu lus

Plate A.2.1. A) Part of the alimentary tract o f one B. terrestris male showing the ventriculus, the 
abnormal proventriculus and the crop or honey stomach. B) Detail o f the abnormal proventriculus 
showing high degree o f melanization. C and D) Details o f the proventriculus showing its abnormal 
growth, a structure similar to fungal hyphae (C), and a thick cloud o f bacteria leaving to o f the 
swollen lobes. E) Honey stomach containing plenty o f rotten pollen, partially cemented and unable 
to pass through the proventriculus due to the deformation o f its four lobes.

D iscussion

Here I provide the first description of a potential new disease of male bumble bees. 

From a total of 350 animals, none of the 244 females showed signs of swollen guts. From 

the 106 males collected in both places 33 showed the deformed guts. This abnormality was 

only found in males Irom 3 species: B. terrestris, B. lucorum and, only in Howth, B. 

pascuorum. Prevalence was higher in Howth than in Irishtown, but the sampling was 

conducted in two different years and thus prevalences cannot be compared.

The presence of high numbers of bacteria within the swollen lobes points to these 

bacteria as the potential cause of the swelling and melanization of the four lobes, maybe
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due to a previous injury in the oesophagus valve and posterior infection, followed by an 

immune reaction. This remains to be investigated.

It is unknown whether the swelling o f the lobes o f the proventriculus is a symptom 

of a new disease, but the swollen and melanized lobes can prevented the normal passage of 

food through the oesophageal valve in some of the studied animals which presented 

extremely distended honey stomachs containing plenty o f undigested and rotten pollen, and 

thus preventing the nutrition o f the animal.

This potential sex specific disease could be facilitated by different factors: the most 

obvious are innate differences among sexes (e.g., haplodiploid males versus diploid 

females), but there are no evidences for this (see Chapter 2.2); nevertheless, the disease can 

be due to a combination o f host quality and other factors as host age; males only serve for 

reproduction and after accomplishing this task their destiny is not relevant for both the 

colony or the mated queen; thus, is possible that selection operates on males to sort for 

males fitted for reproduction but not for survival after reproduction. Other potential 

explanation can be that males do not return to the colony and thus can be exposed to a wide 

range of diseases that females but this remains to be tested. The identification o f the 

bacteria found within the lobes will be an important step for a better understanding o f the 

relationship between insect host and pathogen.

304



A p p e n d i x  3

H a p l o - d i p l o i d y  s i m u l a t i o n  S o f t w a r e



/♦
= # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # =

With this software we pretend to test the hapioid susceptibility hypothesis

File: HaplodiploidyVO.cpp
Author: Mario X. Ruiz-Gonzalez
Environment: Visual C++ 4.2, Microsoft Developer Studio.

Mobile AMD Athlon(tm) XP 2200, 768 mb RAM.
Windows XP Pro Edition.

Revision: 4th o f December, 2004.

= # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # = # =
*/

/*
STRUCTURE:

Susceptibility: 0.025. Its result will be binary (0/1); the animal is or not susceptible.
Resistance:

multiloci: (5 loci: A, B, C, D & E).
multiallele: (10 alleles to randomly choose one per loci): the values are: a (.l), b(.2), c(.3),
d(.4),

e(.5), fl:.6),g(.7), h(.8), i( .9 )& j(l) . 
resistance is the result o f  a combination o f the alleles values used by the model, divided by the 
number o f loci (5): R l, R2, R3 & R4.
each genome copy it is stored as Setl or Set2, that will become hapioid males or diploid workers. 

HYPOTHESIS:

1. Dominant/recessive alleles:
hapioid Rl = sum o f the values for each allele.
diploid Rl = sum o f those alleles with higher resistance value

2. Random expression o f one allele:
hapioid R2 = sum o f the values for each allele.
diploid R2 = sum o f the values for one randomly chosen allele for each loci.

3. Imprinting:
hapioid R3 = sum o f the values for each allele.
diploid R3 = sum o f the values for each allele only for one set o f alleles.

4. Additive loci:
hapioid R4 = sum o f the values for each allele, 
diploid R4 = sum o f all the alleles.

RESULTS:

Queens.txt: after generating 200 alleles combinations, 100 are stored as Setl and other 100 as Set2.
Calculate R l, R2, R3 & R4. with standard deviation.
Use the deviation and Ri for each colony to generate 50 males and 50 workers. 

Resistance.txt: The output:
Bee MR I MR2 MRS MR4 W Rl WR2 WR3 WR4 
1
2

50

SUM
MEAN
StDev */

#include <stdio.h>
#include <iostream.h>
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#include <time.h> 
#include <stdlib.h> 
#include <string.h> 
#include <fstreain.h> 
#include <math.h>

//to use time as seed.

#inciude <iomanip.h>

//for file saving, 
//for square root, 
//for tables.

main()

//Creating the sets o f  original queen alleles: 
double SET1[100][4]={0.0}; 
double SET2[100][4]={0.0}; 
double Male[100][4]={0.0};

double QUEENR1[100][4]={0.0}; 
double QUEENR2[100][4]={0.0}; 
double QUEENR3[100][4]={0.0}; 
double QUEENR4[100][4]={0.0}; 
double MaleR[100]={0.0};

//files:
ofstream SetO utl("Allelesl.txt"); //storing initial queen alleles, 
ofstream SetOut2("Alleles2.txt"); //storing initial queen alleles, 
ofstream QueenOut("Queens.txt"); //storing initial queen alleles, 
ofstream ResQuOut("Resistances.txt"); //storing resistance values for queen alleles, 
ofslream Q R esl("queenRl.txt”); //storing resistance values for queen alleles, 
ofstream QRes2("queenR2.txt"); //storing resistance values for queen alleles, 
ofstream QRes3("queenR3.txt"); //storing resistance values for queen alleles, 
ofstream QRes4("queenR4.txt"); //storing resistance values for queen alleles.

// ofstream DiploRes("Results.txt"); //storing resistance values for queen alleles, 
ofstream MaleOut("Males.txt"); //storing initial queen alleles 
//ofstream ToSetOut(”alleles.txt")

//variables:
//alleles;

double q 1=0.0, q2=0.0, q3=0.0;
double allele=0.0; //declaring variable to deal with resistance.

//integral for random numbers and jokers used generting the original queens; 
int m=0, mq=0, p=0, p l=0, p2=0, p3=0, t=0;

//resistances;
//double R1=0.0, R2=0.0, R3=0.0, R4=0.0;

double QR[100][3]; //storing the sum o f alleles from R l, R2, R3 & R4 for each queen, 
double QRes[100][4]; //storing R l, R2, R3 & R4 for each queen, 
double MaleRes[100];

// double SumR[3]; //storing the sum o f R l, R2, R3 & R4 for all queens.

srand(static_cast<unsigned>(time(0))); //time as seed for the random alleles generator.

SetOutl «  "Allele l\t\tA\t\tB\t\tC\t\tD\t\tE" «  endl;
SetOut2 «  "Allele2\t\tA\t\tB\t\tC\t\tD\t\tE" «  endl;
M aleOut«  "Male\t\tA\tB\tC\tD\tE" «  endl;
SetOut2 «  "Allele2\t\tA\t\tB\t\tC\t\tD\t\tE" «  endl;
ResQuOut«  "Bee\t\tRl\tR2\tR3\tR4\tMale" «  endl;
QResl «  "Queen\tA\t\tB\t\tC\t\tD\t\tE" «  endl;
QRes2 «  "Queen\tA\t\tB\t\tC\t\tD\t\tE" «  endl;
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QRes3 «  "Queen\tA\t\tB\t\tC\t\tD\t\tE" «  endl; 
QRes4 «  "Oueen\tA\t\tB\t\tC\t\tD\t\tE" «  endl; 
//DiploRes «  "\t\tRl\tR2\tR3\tR4" «  endl;

for (t=0; t<=99; t++)
{

SetOutl « t + l  « " \ t " ;  
S e tO u t2 « t+ l  « "\t"; 
MaleOut « t + l  « " \ t " ;

//random alleles for SETl: 
for (pi = 0 ; p i <=4; pl++)
{

ql=0;
m  =(rand()%1000); 
c o u t«  m  «  endl;

}

ifl:(m >= 0) && (m <= 100)) ql = 0.1 
if((m > 100) && (m <= 200)) q l = 0.2 
if((m > 200) && (m <= 300)) ql = 0.3 
ifl:(m > 300) && (m <= 400)) q I = 0.4 
ifi:(m > 400) && (m <= 500)) q l = 0.5 
if((m > 500) && (m <= 600)) q I = 0.6 
if((m > 600) && (m <= 700)) q 1 = 0.7 
if((m > 700) && (m <= 800)) q 1 =0.8 
if((m > 800) && (m <= 900)) ql = 0.9 
ifl:(m > 900) && (m <= 1000)) q l = 1.0;

SETI[t][pl] = q l;

SetOutl «  "\t" «  SETl[t][pl] «  "\t";

//random alleles for SET2: 
for (p2 = 0; p2 <= 4; p2++)
{

q2=0, m = 0; 
m =(rand()%IOOO); 
c o u t«  m «  endl;

if((m >= 0) && (m <= 100)) q2 = 0.1; 
if((m > 100) && (m <= 200)) q2 = 0.2; 
if{(m > 200) && (m <= 300)) q2 = 0.3; 
if((m > 300) && (m <= 400)) q2 = 0.4; 
if((m > 400) && (m <= 500)) q2 = 0.5; 
if((m > 500) && (m <= 600)) q2 = 0.6; 
if((m > 600) && (m <= 700)) q2 = 0.7; 
ifi:(m > 700) && (m <= 800)) q2 = 0.8; 
if((m > 800) && (m <= 900)) q2 = 0.9; 
if((m > 900) && (m <= 1000)) q2 = 1.0;

SET2[t][p2] = q2;

SetOut2 «  "\t" «  SET2[t][p2] «  "\t";
}

//random alleles for Males: 
for (p3 = 0; p3 <= 4; p3++)
{

ql=0;
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m =(rand()%1000); 
cout «  m «  endl;

ifi:(m >= 0) && (m <= 100)) q3 = 0.1;
> 100) && (m <= 200)) q3 = 0.2; 

if((m > 200) && (m <= 300)) q3 = 0.3; 
if((m > 300) && (m <= 400)) q3 = 0.4; 
if((m > 400) && (m <= 500)) q3 = 0.5; 
if((m > 500) && (m <= 600)) q3 = 0.6; 
if((m > 600) && (m <= 700)) q3 = 0.7; 
if((m > 700) && (m <= 800)) q3 = 0.8; 
if((m > 800) && (m <= 900)) q3 = 0.9; 
if((m > 900) && (m <= 1000)) q3 = 1.0;

Male[t][p3] = q3;

MaleOut«  "\t" «  Male[t][p3] «  "\t";
}

SetOutl « e n d l ;
SetOut2 «  endl;
MaleOut«  endl;

//storing data in files queens with both genetic sets of alleles;

QueenOut« t+ 1 «  "\tn 1 :\t";

QueenOut «  SETl[t][0] «  "\t" «  SETl[t][l] «  "\t" «  SETl[t][2] «  "\t" «
SETl [t][3] «  "\t" «  SETl [t][4] «  endl;

QueenOut «  "\tn2:\t" «  SET2[t][0] «  "\t" «  SET2[t][l ] «  "\t" «  SET2[t][2] «  "\t" 
«  SET2[t][3] «  "\t" «  SET2[t][4] «  endl;

//Lets work with the queens resistances:
//generating the array with the alleles chosen with model 1 - RI (dominant)

QResl « t + l ;
QRes2 « t + l ;
QRes3 « t+1;
QRes4 « t+1;

for(p = 0; p <= 4; p++)
{

//generating the array with the alleles chosen with model 1 - R1 (dominant)

ifl[SETl[t][p] >= SET2[t][p]) QUEENRl[t][p]=SETl[t][p]; 
if(SETl[t][p] < SET2[t][p]) QUEENRl[t][p]=SET2[t][p];

//generating the array with the alleles chosen with model 2 - R2(random)

mq =(rand()%1000);

if(mq <= 500) allele = SETl[t][p]; 
if(mq > 500) allele = SET2[t][p];

QUEENR2[t][p] = allele;

//the array with the alleles chosen for model 3 - R3 are directly SETl [t][p] 

QUEENR3[t][p]=SETl[t][p];
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//generating the array with the alleles chosen with model 4 - R4

QUEENR4[t][pHSETl[t][p]+SET2[t][p]);

QResl «  " \ t " «  QUEENRl[t][p] «  "\t";
QRes2 «  " \ t " «  QUEENR2[t][p] «  "\t";
QRes3 «  " \ t " «  QUEENR3[t][p] «  "\t";
QRes4 «  " \ t " «  QUEENR4[t][p] «  "\t";

}

QResl « e n d l ;
QRes2 «  endl;
QRes3 «  endl;
QRes4 «  endl;

//Calculating R l, R2, R3 and R4 for ech queen using the alleles o f each model.

QR[t][0] =
QUEENRl[t][0]+QUEENRl[t][l]+QUEENRl[t][2}+QUEENRl[t]{3]+QUEENRl[t][4]; 

QR[t][l] =
QUEENR2[t][0]+QUEENR2[t][l]+QUEENR2[t][2]+<JUEENR2[t][3]+QUEENR2[t][4]; 

QR[t][2] =
QUEENR3[t][0]+QUEENR3[t][l]+QUEENR3[t][2]+QUEENR3[t][3]+QUEENR3[t][4]; 

QR[t][3] =
QUEENR4[t][0]+QUEENR4[t][l]+QUEENR4[t][2]+QUEENR4[t][3]+QUEENR4[t][4];

MaleR[t] = Male[t][0] + Male[t][l] + Male[t][2] + Male[t][3] + Male[t][4]; 
MaleRes[t] = MaleR[t]/5;

for(p=0; p<=3; p++)
{

QRes[t][p] = (QR[t][p]/5);
}

ResQuOut« t+1 «  "\t\t" «  QRes[t][0] «  "\t" «  QRes[t][l] «  "\t" «  QRes[t][2] «  
"\t" «  QRes[t][3] «  "\t" «  MaleRes[t] «  endl;

}

/* for(u=0; u<=100; u++)
{

for(p=0; p<=3; p++)
{

SumR[p+l] = (QRes[u][p+l] + QRes[u][p]);
}

}

DiploRes «  "Sum:\t";
DiploRes «  SumR[p] «  "\t”;*/

/♦for(p=0;p<=3; p++)
{

DiploRes «  SumR[p] «  "\t";
}

*/

return 0;
}
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A p p e n d i x  4

P o t e n t i a l  F o r  T r a n s m is s io n  O f  Cr it h id ia  W ith in  

A n d  A c r o s s  B o m b u s  S p e c ie s  A s s e m b la g e  ( D a t a  2003)

A c k n o w l e d g m e n t s

Ms. Rejane M. Falcao, Ailish M. Flanagan, and Chloe Strevens for assistance in the field 
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I studied during three 25-days periods (March-April, May-June and July-August) 

four sites in Dublin County: Bull Island Nature Reserve (450 m2), Howth (~14000 m2), 

Irishtown Nature Park (-13000 m2) and Archbishop Ryan Park (-51000 m2). I sampled 

very few animals in Period 1 and the potential for transmission could not be calculated for 

any o f the places.

Bull Island Nature Reserve 

Potential for transmission in period 2.
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Bull Island Nature Reserve

Table A.4.1. List of resources where I detected the presence of foraging bumble bees in Bull Island Nature reserve for all three periods studied. I measured the 
concentration of each resource (flowers of resource per m^), the number of species seen foraging during 1-hour observations (species visiting), the total number 
of 1-hour observations (hours), and the total number of bumble bees recorded in all the 1-hour observations presented per species and resource. In the last row I 
show the total for resources, species detected, the hours observing the resources, and the number of different resources where each bumble bee species foraged. 
B. terrestris -  ter, B. lucorum = luc, B. terrestris or B. lucorum = ter/luc, B. pascuorum = pas, B. pratorum = pra, B. lapidarius = lap, B. muscorum = mus.

Bumble bees in time
Period Resource Flowers/m Spp visiting Hours B. ter B. pas B. pra B. lap B. her B. mus B. luc

1 Brassica sp. 202.28 B. ter, B. pas - - - - - - - -

2 Trifolium repens 5.32 4 2 38 3 1 9 0 0 0
2 Trifolium pratense 0.26 B. pas 3 0 0 0 0 0 0 0
2 Senecio vulgaris 0.30 4 2 1 1 1 1 0 0 0
2 Beilis perennis 0.12 0 - - - - - - - -
2 Lotus corniculatus 0.46 2 1 1 0 0 1 0 0 0
2 Ranunculus bulbosus 0.5 B. lap 2 0 0 0 0 0 0 0
3 Trifolium repens 1.25 1 4 0 8 0 0 0 0 0
3 Trifolium pratense 0.05 2 4 0 18 0 2 0 0 0
3 Cirsium vulgare 0.04 1 4 0 10 0 0 0 0 0
3 Linum perenne 0.01 - - - - - - - - -
3 Lotus corniculatus 14.09 6 6 4 27 0 32 1 3 1
3 Teucrium sp. 0.39 0 1 0 0 0 0 0 0 0
3 Taraxacum sp. 0.01 - - - - - - - - -

3 Lathyrus sp 0.31 1 5 0 1 0 0 0 0 0
3 Spiky compositae 0.19 1 2 0 0 0 2 0 0 0
3 Senecium jacobea - 2 3 1 0 0 1 0 0 0
1 1 resource species 202.28 2
2 6 resource species 6.96 4 10 40 4 2 11 0 0 0
3 10 resource species 16.34 6 29 5 64 0 37 1 3 1



Figure A.4.1. a). Field transmission matrix for Period of sampling 2. The thickness of the connector is the probability of a second visitor to become infected 
after foraging in a previously visited resource. The calculi are described above. The head of the arrows point to the second visitor and the thicker lines represent 
the stronger transmissions, b) Period 3.
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Irishtown Nature Reserve

Table A.4.2, List of resources where I detected the presence of foraging bumble bees in Bull Island Nature reserve for all three periods studied. I measured the 
concentration of each resource (flowers of resource per m^), the number of species seen foraging during 1-hour observations (species visiting), the total number 
of 1-hour observations (hours), and the total number of bumble bees recorded in all the 1-hour observations presented per species and resource. In the last row I 
show the total for resources, species detected, the hours observing the resources, and the number of different resources where each bumble bee species foraged. 
B. terrestris = ter, B. lucorum = luc, B. terrestris or B. lucorum = ter/luc, B. pascuorum -  pas, B. pratorum -  pra, B. lapidarius = lap, B. muscorum = mus.

Bumble bees in time
Period Resource Flowers/m^ Spp visiting Hours B. ter B. pas B. pra B. lap B. hor B. mus B. luc

1 Salix capraea 14.35 2 + luc, mus 1 1 0 6 0 0 0 0
1 Ribes sanguineum 202.33 5 2 7 19 2 0 0 2 2
2 Escallonia sp. 2.45 2 2 9 19 0 0 0 0 0
2 Rosa sylvestris 1.32 3 3 5 26 0 0 0 2 0
2 Vicia faba 1.27 1 3 0 3 0 0 0 0 0
2 Trifolium pratense 0.61 1 4 0 2 0 0 0 0 0
2 Trifolium repens 2.79 3 + hor 5 42 3 0 3 0 0 0
2 Senecio vulgaris 0.72 1 + pas, lap 3 0 0 0 0 1 0 0
2 Rosa canina - 2 3 5 1 0 0 0 0 0
2 Rubus fruticosum 0.68 3 + hor 2 81 31 7 0 0 0 0
2 Beilis perennis 0.91 1 3 1 0 0 0 0 0 0
2 Taraxacum sp. 0.011 0 + lap 3 0 0 0 0 0 0 0
2 Lotus corniculatus 7.73 2 3 3 1 0 0 0 0 0
2 Ranunculus bulbosus - 1 3 0 0 1 0 0 0 0
2 Brassica sp. 0.011 B. pas 0 - - - - - - -

3 Buddleja darwinii 1.39 3 3 2 64 0 0 0 4 0
3 Rosa canina 0.00016 3 3 0 4 0 0 0 7 2
3 Scabiosa sp. 0.13 2 2 0 34 0 14 0 0 0
3 Ononis spinosa 3.17 1 2 0 9 0 0 0 0 0
3 Trifolium pratense 0.82 1 2 0 16 0 0 0 0 0



Table A.4.2, cont.

Bumble bees in time
Period Resource Flowers/m^ Spp visiting Hours B. ter B. pas B. pra B. lap B. hor B. mus B. luc

3 Centaurea sp. 0.04 1 1 0 2 0 0 0 0 0
3 Dipsacus fullonum 0.059 1 2 0 3 0 0 0 0 0
3 Lotus corniculatus 7.73 1 +hor 1 0 3 0 0 0 0 0
3 Senecio jacobea 0.32 1 1 0 5 0 0 0 0 0
3 Rubus fruticosum 0.053 1 3 0 14 0 0 0 0 0
1 2 resource species 216.68 5 3 8 19 8 0 0 2 2
2 13 resource species 235.19 7 40 154 105 16 3 1 4 2
3 10 resource species 13.71 6 20 2 154 0 14 0 11 2



Figure A.4.2, a). Field transmission matrix for Period of sampling 2. The thickness of the connector is the probability of a second visitor to become infected 
after foraging in a previously visited resource. The calculi are described above. The head of the arrows point to the second visitor and the thicker lines represent 
the stronger transmissions, b) Period 3.
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Archbishop Ryan Park

Table A.4.3, List of resources where I detected the presence of foraging bumble bees in Archbishop Ryan Park for all three periods studied. I measured the 
concentration of each resource (flowers of resource per m^), the number of species seen foraging during 1-hour observations (species visiting), the total number 
of 1-hour observations (hours), and the total number of bumble bees recorded in all the 1-hour observations presented per species and resource. In the last row I 
show the total for resources, species detected, the hours observing the resources, and the number of different resources where each bumble bee species foraged. 
B. terrestris = ter, B. lucorum = luc, B. terrestris or B. lucorum = ter/luc, B. pascuorum = pas, B. pratorum = pra, B. lapidarius = lap, B. muscorum = mus.

Bumble bees in time
Period Resource Flowers/m^ Spp visiting Hours B. ter B. pas B. pra B. lap B. hor B. mus B. luc

1 Photinia fraseri 0.046 B. ter - - - - - - -
1 Calluna sp. 2.137 0 - - - - - - -
1 Erica sp. 3.97 0 - - - - - - - -
1 Azalea sp. - 2 (2) 2 2 1 0 0 0 0 0
2 Rhododendrum ponticum 0.354 3 1 9 2 9 0 0 0 0
2 Rubus fruticosum - 2 2 0 2 23 0 0 0 0
2 Digitalis purpurea 0.022 4 3 22 84 2 0 5 0 0
2 Allium sp. 0.090 2 3 3 0 12 0 0 0 0
2 Hesperis sp. 0.023 3 3 7 29 4 0 0 0 0
2 Malva sp. 0.002 3 3 12 19 67 0 0 0 0
2 Pelargonium sp. 0.0005 2 1 0 1 15 0 0 0 0
2 Senecium grey-eye 0.007 1 3 0 0 30 0 0 0 0
2 Escallonia sp 0.067 - - - - - - - -
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Table A.4.3, cont.

3 Buddleja sp. 1.08 5
3 Rubus fruticosum 0.006 4
3 Dahlia sp. 0.007 4
3 Cosmos sp. 0.014 3
3 Antirrhinum sp. 0.003 3
3 Calluna vulgaris 0.154 3(3)
3 Begonia sp. - 1
3 Escallonia sp. - 1
3 Fuchsia sp. - 1
3 Erica sp. (white) 0.579 -
3 Erica sp. (purple) 0.015 luc. hor.

3 5 32 0 0 1 3 20
2 1 56 0 0 12 0 11
3 12 49 0 0 31 0 21
1 0 10 0 0 3 0 2
3 5 60 0 0 0 0 10
3 0 20 0 0 1 0 1
3 0 1 0 0 0 0 0
2 0 1 0 0 0 0 0
1 0 1 0 0 0 0 0

- - - - - - - -



Figure A.4.3. a). Field transmission matrix for Period o f sampling 1. The thickness of the connector is the probability o f a second visitor to become infected 
after foraging in a previously visited resource. The calculi are described above. The head of the arrows point to the second visitor and the thicker lines represent 
the stronger transmissions; b) Period 2; c) Period 3.
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Figure A.4.3, cont. c) Period 3.
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H O W T H

Table A.4.4, List of resources where I detected the presence of foraging bumble bees in Archbishop Ryan Park for all three periods studied. I measured the 
concentration of each resource (flowers of resource per m^), the number of species seen foraging during 1-hour observations (species visiting), the total number 
o f 1-hour observations (hours), and the total number o f bumble bees recorded in all the 1-hour observations presented per species and resource. In the last row I 
show the total for resources, species detected, the hours observing the resources, and the number of different resources where each bumble bee species foraged. 
B. terrestris = ter, B. lucorum = luc, B. terrestris or B. lucorum = ter/luc, B. pascuorum  = pas, B. pratorum  = pra, B. lapidarius = lap, B. muscorum = mus.

Bumble bees per hour
Period Resource Flowers/m^ Spp visiting Hours B. ter B. pas B. pra B. lap B. hot B. mus B. luc

1 Ulex europaea - B. ter 0 0 0 0 0 0 0 0
2 Rhododendrum ponticum 2.6 6 4 34 37 4 0 2 7 4
2 Taraxacum sp. - 1 3 1 0 0 0 0 0 0
2 Rubus fruticosum 0.069 3 5 14 7 40 0 0 0 0
2 Escallonia sp. 0.069 3 3 27 2 27 0 0 0 0
2 Fuchsia sp. 0.178 4 3 1 37 6 0 2 0 0
2 Vicia faba 0.007 1 3 0 9 0 0 0 0 0
2 Ulex europaea 0.191 - 0 0 0 0 0 0 0 0
2 Senecio vulgaris - 1 2 0 1 0 0 0 0 0
2 Myosotis scorpiodes 0.602 - - - - - - - - -

3 Epilobium angustifolium 0.023 4 3 0 59 3 0 1 0 2
3 Mercurialis perennis 0.012 1 3 0 48 0 0 0 0 0
3 Rubus fruticosum 0.081 5 5 1 21 7 0 1 0 1
3 Ulex europaea 117.888 2 4 0 30 0 0 0 0 4
3 Calluna vulgaris 1801.29 2 3 4 21 0 0 0 0 0
3 Erica sp. 461.89 1 3 0 3 0 0 0 0 0
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A p p e n d i x  5

R a r e f a c t i o n  C u r v e  S o f t w a r e



RAREFACTOR CURVE MANUAL

W hat is R a r e fa c to r ?

Rarefactor is a software package designed to generate a rarefaction curve. This 

curve will allow us to know if our sample from a natural population is good enough to 

reflect all the alleles present in that population. Rarefactor includes 9 different programs 

that can be used depending on the number o f alleles found in the locus under study.

W hat does the program  do?

R a r e f a c to r  uses as input the alleles found in each o f the N individuals analysed. 

The software shuffles the individuals, and simulates an increasing sample size sampling, 

from 1 to N, and recording the number o f different alleles found in each of the N steps. The 

simulation of the sampling is repeated 100 times, and the mean of alleles found in each 

step, their standard error and their 99% confidence intervals are recorded in the output 

files.

H ow to use any o f  the 9 R a r e fa c to r  program s?

Ra r e f a c t o r  only requires an input file with extension .txt: this file must be called 

raw data.txt and should be modified with a new data set each time the program is going to 

be used. The input form at requested by R a r e f a c t o r  is:

• First line: a short descriptor of each o f the alleles o f the locus under study, 

separated by one tabulation and not longer than 8 characters. For example, the 

length in nucleotides o f the allele.

• The following lines represent the presence (1) or absence (0) o f each o f the alleles 

introduced in the first line for each individual; one line, one individual.

• The file rawdata.txt should be place in the same folder where the executable files 

are.
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R a r e f a c t o r  is thought to be used in combination with other programs, such as 

Microsoft Office Excel and Microsoft Office Word. Using Excel will facilitate the work. 

Normally, the data with the alleles will be created in Excel. Then, is very easy to select the 

alleles, copy them and paste them an empty txt file as rawdata.txt (whether in NotePad, 

saving it as txt, or in the NoteBook). See file example.xls, example 1.

A118 A121 A124 A127
0 1 1 0
0 1 1 0
1 1 0 0
1 1 0 0
0 1 1 0
0 1 1 0
1 1 0 0
0 1 1 0
0 1 1 0
0 1 1 0
1 1 0 0
0 1 1 0
0 1 1 0
0 1 1 0
1 1 0 0
0 1 0 1
0 1 1 0

W hich RAREFACTOR program  should be used?

There are 9 different programs. All programs have the same name followed by a 

number: rarefractor4.exe, rarefractor6.exe, rarefractor8vl.exe, rarefractorl0.exe,

rarefractorl2.exe, rarefractorl4.exe, rarefractorl6.exe, rarefractorl8.exe, and 

rarefractor20.exe. The number means the number of different alleles that the program is 

able to deal with. In our example, there are 4 different alleles, so we should choose the 

rarefractor4. exe.

H ow to use the R a r e f a c t o r  m enu?

By clicking or double clicking on this file, the program will automatically open a 

simple menu asking for:
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1. A brief description of the analysis that should be shorter that 20 characters and 

should not contain spaces. Numbers and special characters as 7 ’, are 

allowed. Press e n t e r  to continue.

2. The program will then ask for the number of samples present in the file. In our 

example we will write 17. Press e n t e r  to continue.

The program will read the file rawdata.txt and its contents will appear in the screen. 

After that, a collection of asterisks will show the progress of the analysis. When the 

simulation is finished, a new file results.txt is created in the same folder were both 

rawdata.txt and the executable files are.

The output and how to deal with it

In results.txt can be found:

1. The name/descriptor we gave to the analysis.

2. The sample size.

3. The contents of rawdata.txt (just to check that the program actually read the right 

data, and to store both data and results together).

4. A table with the number of different alleles found in the samplings with increasing 

sample size, from 1 to N (N = 17 in our example), the 100 times simulation of the 

sampling and the sum of the 100 columns.

5. A second table with four columns: 1) sample size, 2) the mean of the different 

number of alleles that can be found when sampling the number of animals specified 

in column 1, 3) the standard error, and 4) the 99% confidence intervals.

N Mean SE Cl 99%
1 2 0 0
2 2.55 0.497494 0.151828
3 2.77 0.580603 0.177191
4 3.02 0.528772 0.161373
5 3.1 0.519615 0.158579
6 3.37 0.559553 0.170767
7 3.36 0.52 0.158696
8 3.39 0.507839 0.154985
9 3.49 0.4999 0.152562

10 3.54 0.498397 0.152104
11 3.62 0.485386 0.148133
12 3.66 0.473709 0.144569
13 3.74 0.438634 0.133865
14 3.74 0.438634 0.133865
15 3.9 0.3 0.0915556
16 3.89 0.31289 0.0954893
17 4 0 0
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The table can be selected and pasted in a Word document, were each column can 

easily been selected by pressing ALT and keeping it pressed while selecting with the mouse 

the column. Copy the selected column and pasted in an Excel document.

Now that the results are in Excel, you should add a raw with Os to the table. Now 

the results are ready to be graphically represented:

Example

0 1 2 3 4  5 6 7 8 9 10 11 12 13 14 15 16 17

Sample size

You can choose whether you prefer to show the Standard Error bars or the 99% 

confidence intervals.

Program limitations

The program can only analyse up to a maximum o f 250 samples and a maximum o f 

20 alleles. I f  the number o f  alleles found in your samples is not even (5, 1, 9, 11, 13, 15, 

17, or 19) or is smaller than 4 (1, 2, or 3), just add a fake column with Os, as in file 

example.xls, example 2. Then you can use the right program.

Please if  you find any bug, or you have any comments, ju st write me to: 

mario.x.niiz'"q)uv.e$

327



Some technical details of the program:

Name: Rarefractor

Author: Mario Xavier Ruiz-Gonzalez.

Developed with: Mobile Athlon(tm) XP 2200, 768 mb RAM.

Windows XP Pro Edition.

Microsoft Visual C++ 6.0.

Date: 9th o f July of 2006.

THE SOURCE CODE OF RAREFRACTOR

#include <stdio.h> 
#include <iostreatn.h> 
#include <time.h> 
#include <stdlib.h> 
#include <math.h> 
#include <string.h> 
#include <fstream.h>

//to use time as seed, 

//the sqrt function, 

//for file saving.

main()
{

//i and j are variables for the loop.
//sample is the size o f the animals we want to shuffle, 
int i=0, j=0, m=0, sample=0; 
double Mean=0.0;

int r=0; //for the 100 times loop!!

int Array[77]={ 1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,
27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49, 
50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72, 
73,74,75,76,77} ;//all data

int ShufArr[77][77]={0};

//exit files for each sample:
//(all data and results will be stored in the same file) 
ofstream Gutter 1 ("AllData.txt"); //all data period 1. 
ofstream Pruebas("Matrix.txt"); //pruebas. 
ofstream mPruebas("Alleles.txt"); //mas pruebas.

// ofstream KK("proofskk.txt"); //mas pruebas.

int Sampling04[77][7]={0}; //all data period 1.
double A11100a[100][77]={0}; //array with the 100 values o f number o f alleles with increasing 
sample size for B ter/luc 1.
double SA11100a[77]={0}; // array with the sum o f the 100 values stored in AlllOOa.
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Ilk to  alocate the data; 1 to export data to Irishtown file, 
int k = 0 .1=0;

/♦ for(k=0; k<77; k++)
{

KK «  Array[k] «  endl;
}*/

//all data:
for(k=0; k<7; k++)
{

Sam pling04fkir21=l;
Sam pling04[k][5]= l;

for(k=7;k<18; k++)

Sam pling04[k][2]=l;
Sam pling04fkir41=l;

}

for(k= 18; k< 21; k++)

Sam pling04[k][2]= l;
}

for(k=21; k<23; k++)
{

Sam pling04[k][4]= l;
}

for(k=23; k<28; k++)
(

Sam pling04[k][4]= l;
Sam pling04fklf51=l;

}

Sam pllng04[28][5]=l;
Sampling04f281[61=l;

for(k=29; k<40; k++)
{

Sampling04[k] [4]= 1;
Sam pling04[k]f5]= l;

}

for(k=40; k<42; k++)
{

Sam pling04[k][4]= l;
}

Sam pling04[42][5]=l;
Sam pling04[42][6]= l;

for(k=43; k<48; k++)
{

Sam pling04[k][5]=l;
}

for(k=48; k<50; k++)
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{
Sampling04fk]f4]=l;

}
for(k=50; k<52; k++)
{

Sampling04[k][4]=l;
Satnpling04fk][5]=l;

}

Sampling04[52][5]=l;
Sampling04[52] [6]=1;
Sampling04[53][l]=l;
Sampling04[53][4]=l;
Sampling04[54][4]=l;
Sampling04[54][6]=l;
Sampling04[55][3]=l;
Sampling04[55][4]=l;
Sampling04[56][l]=l;
Sampling04[56][5]=l;
Sampling04[57][6]=l;

for(k=58; k<60; k++)
{

Sampling04[k][5]= 1;
}

Sampling04[60] [5]= 1;
Sampling04[60][6]=l;

for(k=61; k<63; k++)
{

Sampling04[k] [4]= 1;
}

for(k=63; k<76; k++)
{

Sampling04[k][4]=l;
Sampling04[k][5]=l;

}

Sampling04[76][3]=l;
Sampling04[76] [4]= 1;
Sampling04[76][5]=l;
Sampling04[76] [6]= 1;

Outterl «  "All data sampled in Period 1: 77" «  endl «  endl; 
Outterl «  "Alleles found in the sample:" «  endl «  endl; 
Outterl «  "Animal\tl 17\tl20\tl23 \tl24 \tl26 \tl28 \tl31" «  endl;

k=0;

for(k=0; k<77; k++)
{

Outterl «  k+1 «  ":\t"; 

for(l=0; 1<7; 1++)
{

Outterl «  Sampling04[k][l] «  "\t";
}
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Outterl «  endl;
}

Outterl «  endl:

//Now I am going to try with the shuffling o f Array;
sppH for the ranrlnm nnm her to shiifle' 

srand(static cast<unsi gned>(time(O)));

int temporary. randN, last;

//Saving the matrix with the 100 values o f simulation for each point in its file! 
Outterl «  "Values obtained after the simulation;" endl «  endl;
Outterl « "Round\t";

for(i=0; i<77; i++)

Outterl «  i+1 «  " ";

Outterl «  endl;
Oiitterl «  "---------------------------------------------------------------------------------------------

" «  endl;

//Here we have the loop o f the 100 times simulation for the rarefraction curve!! 
forfr=0: r<100; r++)
{

for(j=0; i<77; j++)
{

for(i=0; i<77; i++)
{

Sh ufA rrfjir il= 0;
}

Pruebas «  endl;
Pruebas «  "Shuffling the animals in the sample - Round;" «  r+l «  endl «  endl;

i=0, j=0, last=0. temporary=0;

int Alleles[77][77]={0};//the array to store alleles.
int AIIAlle[771[77]={0};//array to store acumulated alleles in B ter/luc period 1. 
int SumArrayf77ir71={0};//array to sum acumulated alleles in B ter/luc period 1.

for0=0;j<77;j++)
{

Pruebas «  j+1 «  ";\t"; 

for(last=77; last>l; last—)
{
randN = (rand()%last); 
temporary = ArrayfrandN];
Array[randN] = Array[last-1];
Arrayflast-11 = temporary;
}

//with this loop I am doing the exit o f the hemimatrix with 
//all the shuffling associated with the sample;



for(i=0; i<=j; i++)
{

Pruebas «  Array[i] «  " //here it was a problem when using Array[i], 
ShufArr(J][i]=Array[i]; //now I have a ShufArr[j][i] with all shuffled 
elements to be called later!!!

}

Pruebas «  endl;
}

//Now we introduce the hemimatrix with the number o f alleles in each animal:
Pruebas «  endl;
//output o f  AllAlle[j][i], number o f  alleles in each sample:
Pruebas «  "Hemimatrix with the number o f alleles found in each sample;" «  endl «

endl;

//Introducing the code as a different loop instead writing it within the last 'for' 
for(j=0;j<77;j-H-)
{

Pruebas « j + l  « " : \ t " ;  

int NewArray[77][7]={0}; 

for(i=0; i<=j; i++)
{

int t=0;
t=ShufArr[j][i]; 

mPruebas « t «  "\t"; 

for(m=0; m<7; m++)
{

if(Sampling04[t-1 ] [m]==0)
{

NewArray[i][m]=0;
}
if(Sampling04[t-1 ] [m]== 1)
{

NewArray [ i] [m]=1;
}

mPruebas «  NewArray[i][m] «  " ";//testing if  NewArray is 
storing the right data

AllAlle[j][i] += NewArray[i][m]; //Sum o f alleles in each 
shuffled animal.
SumArray[j][m] += NewArray[i][m]; //Sum o f alleles per locus 
and row o f animals.

}

Pruebas «  AllAlle[j][i] «  " "; 
mPruebas «  endl;

} //i=77 loop ends!

Pruebas «  endl; 
mPruebas «  "Sum:\t";

for(m=0; m<7;m++)
{

mPruebas «  SumArray[j][m] «  " ";
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int tempr71={0};

for(i=0; i<=j; i++)
(

for(m=0; m<7; m++)
{

if(SumArray[i][m]<=l)

temp[m]=SumArray[i][m];

if(SumArray [i] [m]> 1)
(

tem p[in]=l;

Alleles[j][i]+=temp[m];

mPruebas «  endl «  endl:

}//i=77 loop ends!

Pruebas «  endl;
//Output o f Alleles, total value of alleles found in a sample o f size 'x' elements:
Pruebas «  "Hemimatrix with the number o f alleles for each step o f increasing sample:" «

en d l«  endl;

for(j=0;j<77;j++)
{

Pruebas «  j+1 «  ":\t"; 

for(i=0; i<=j; i++)

Pruebas «  Alleles[j][i] «  "

Pruebas «  endl;

Pruebas «  endl:

//Now we introduce the vector with the number o f alleles found in each step: 

for(i=0; i<77; i++)
{

AlllOOa[r][i]=Alleles[i][i];//storing the diagonal o f  the hemimatrix.
}

Gutter 1 «  r+1 «  "\t"; 
forCi=0; i<77; i++)
{

Outterl «  AlllOOafriril «  " ";//Here it was the problem when saving the first 9 
elements its overloaded!!

}

Outterl «  endl;

}//end o f the 100 times simulation loop.



//adding all elements to get SA11100a[77] 
for(r=0; r<100; r++)
{

for(i=0; i<77; i++)
{

SAlllOOam += AlllOOarrlfil;
}

}

Outterl «  "— \t-----------------------------------------------------------------------------------------
«  endl;

Outterl «  "Sum\t"; //recording in file the Sum o f all values 
for(i=0; i<77; i++)
{

Outterl «  SA11100a[il «  "
}

Outterl «  endl «  endl;

Outterl «  "Sampl\tMean\tSE" «  endl; //recording in file the mean of that values. 
Outterl «  "--------------------------------- " «  endl;

double SEf771={0.0};

//Now we need to calculate the Standard Error: SE= S0RT((S(x-u)2)/N)!!! 

for(i=0; i<77; i++)
{

Outterl «  i+1 «  "\t"; 
double Sumatorio=0.0;
Mean=(SAI1100a[i]/100);
Outterl «  Mean «  "\t"; 
for(r=0; r<100; r++)
{
Sumatorio += ((AlllOOa[r][i]-Mean) * (AlllOOa[r][i]-Mean));
}
SE[i] = sqrt(Sumatorio/100);
Outterl «  SEfi] «  endl;

}

return 0;
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The next table shows the numbers of infected queens per year, place and species used to generate rarefaction curves. When the 

sample size was lower than 2, the rarefaction curves were not generated.

Year Place B. lucorunt B. terrestris B. jonellus B. pratorum B. pascuorum B. lapidarius B. hortorum TOTAL

2004 Botanical Gardens 3 8 0 1 0 1 0 13

2004 Glenasmole 12 0 0 0 0 0 0 12

2004 Glenview 9 0 0 0 0 0 0 9

2004 Howth 11 0 9 0 0 0 0 23

2004 Merrion 7 3 0 2 0 0 1 13

2004 Foxborought 1 0 0 0 0 0 0 1

2004 Irishtown 0 1 0 0 0 0 0 1

TOTAL 2004 43 12 9 3 0 1 1 72

2005 Botanical Gardens 2 0 0 1 0 0 0 3

2005 Clontarf 1 1 0 0 0 0 0 2

2005 Howth 12 11 6 9 10 0 0 48

2005 Irishtown 0 1 0 1 2 0 0 4

2005 Merrion 18 31 0 0 0 0 0 49

2005 Glenasmole 1 0 0 0 0 0 0 1

2005 Glenview 1 0 0 0 0 0 0 1

2005 Powerscourt 1 0 0 0 0 0 0 1

2005 Unidentified 0 0 0 0 1 0 1 2

TOTAL 2005 36 44 6 14 13 0 1 111

TOTAL QUEENS 79 56 15 17 13 1 2 183
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