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Summary
This thesis investigated the relationship between a parasitic nematode {Sphaerularia 

bombi) and its bumble bee host {Bombus spp.). The parasite is contracted by queens 

during their hibernation in the ground. Infected queens are castrated and undergo a 

behavioural change that aids in the dispersal of parasite larvae to potential over-wintering 

sites of new queens.

The main question under investigation was whether the nematode consists of a group of 

species-specific cryptic populations, each specialising on a different species of bumble bee, 

or alternatively was a pan-mictic (any two individuals of the population have the same 

potential for mating) generalist infecting each host species.

S. bombi is a horizontally transmitted castrating parasite and its population structure, or 

lack of it, among the different host species has implications for the epidemiology of the 

system. If S. bombi consists of a group of species-specific parasites, the most abundant 

host species will suffer the greatest reduction in population density due to the parasite, 

whereas, in less abundant host species S. bombi may suffer periodic local extinctions. In a 

pan-mictic parasite population, infecting all host species, however, S. bombi will 

theoretically have the capacity to cause extinctions in less abundant host species if it is 

maintained in a more abundant host.

The question was addressed in three complementary ways: examination of field collected 

bees; experimental cross-infections of bees using parasites that had developed in different 

host species, and molecular analysis of parasites from different host species.

Chapter 3 addressed two hypotheses. The first was raised by Cumber (1949) that the 

prevalence of S. bombi increases across the emergence period of queens (Spring). Data 

from my field collections of queens confirmed this in the two most abundant bumble bee 

species. Having established an accurate measure of prevalence, the second hypothesis was 

investigated that prevalence of S. bombi would be proportional to the abundance of each 

host species. The highest prevalence was found in the most abundant species, which was 

echoed in the majority of samples reported in the literature. However, prevalence did not 

decrease proportionally in the less abundant host species, instead it appears more likely to 

be related to the hibernation site preference of different host species.



In Chapter 4, the harm caused to the host by infection with S. bombi in terms of reduction 

in host longevity, ovarian development and parasite larval deposition by queens was 

quantitatively described. These measures of virulence were used to test the hypothesis that 

a generalist parasite population, not adapted to any one host species, will have the same 

effect on each host species. This hypothesis appeared to be the case, as all host species 

were castrated by infection with one or more parasites, longevity was reduced in all species 

in response to intensity of infection and no significant difference among host species was 

found in the number of parasite larvae deposited per queen, after intensity was accounted 

for.

Chapter 5 introduces the laboratory infection model, which was used to test two 

hypotheses. First that intensity of infection is related to the number of parasites the queen 

is exposed to during her hibernation. Second that the aggregation seen in field-caught 

queens was in part due to heterogeneity of exposure to infective stages in the field.

Intensity of infection was found to correlate with exposure and a lower level of aggregation 

was seen in laboratory infections than was observed in field-caught queens.

Chapter 6 describes a common garden experiment used to look for adaptation of S. bombi 

to the host species they developed in. This was conducted by collecting parasite larvae 

from four different host species, maturing them to an infectious stage and then exposing a 

novel host species to the nematodes. No adaptation was apparent in success post-infection, 

in terms of host ovarian development and parasite larval deposition, that was not explained 

by intensity of infection. There was a difference in the proportion of queens infected by S. 

bombi of different origins and this needs further infection experiments to confirm the 

result.

In Chapter 7, two approaches were used to investigate the diversity of S. bombi at a 

molecular level. The hypothesis was that if S. bombi is a pan-mictic population among all 

the host species then there would be no difference in the genetic diversity among parasites 

from one host species as opposed to among host species. Neither of these methods 

produced conclusive results but suggestions were made for future work.

Overall, the results of this study suggest that S. bombi is a pan-mictic generalist with little 

or no adaptation to each host species.
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Chapter 1

General Introduction

50% of all animal species are parasites (Price, 1980) presumably all of whom negatively 

influence the fecundity and/or survival of their host (Combes, 1996). Through their 

influence on their hosts they have been shown to structure communities of organisms 

(Dobson and Hudson, 1986, Hudson and Greenman, 1998, Mouritsen and Poulin, 2005).

In a few cases parasites have been showTi to regulate host population dynamics, such as 

grouse, mice and sheep by nematodes, (Grenfell et al, 1998, Hudson and Greenman, 1998, 

Pedersen and Greives, 2008). Parasites can also mediate interactions among species 

through apparent competition (Hatcher et al, 2006, Wood, 2007). Apparent competition is 

the term used to describe competitive interactions between species that are not competing 

for a resource, but instead have a shared natural enemy that does not exploit its hosts/prey 

species equally (Holt, 1977). The extreme result of apparent competition is that one 

host/prey species is eliminated from the interaction and the survivor is the one that can 

support the greater parasite/predator density (Bonsall and Hassell, 1997). That a non

specific parasite could be a potent force in structuring species community was recognised 

as early as 1949 by Haldane (quoted in Hudson and Greenman, 1998). So integral are 

parasites that perturbations to ecosystems can have dramatic and unforeseen consequences 

due to parasites (Daszak et al, 2000, Cleaveland et al, 2001, Taylor et al, 2001, 

Woolhouse et al, 2001, Hufbauer and Roderick, 2005, Smith et al, 2009).

The negative impact of a parasite on its host is due to the resources taken from the host by 

the parasite for its own growth and reproduction. These resources are therefore lost to the

host which whose growth and/or fecundity will suffer. The reduction in the host’s lifetime

1



reproductive success will hereafter be referred to as virulence. Virulence can be caused by 

the parasite taking host resources, but it can also be caused by castration of the host. This 

may not affect the host’s lifespan but will, obviously, reduce its reproductive success. 

Parasites may also cause behavioural changes (adaptive or not) in the host which may 

reduce the host’s potential for reproductive success. Early theories supposed that virulence 

would reduce over evolutionary time so that parasites would become mutualists (Smith, 

1904). However, since the 1980s, established theory is that parasites will evolve a level of 

virulence that optimises their life time reproductive success (Alizon et al, 2009).

Evolution of virulence has been studied in single-host/single-parasite systems from a 

theoretical perspective (reviewed in Ewald, 1983, Bull, 1994, Frank, 1996) and from an 

empirical one (e.g. Herre, 1993). Key factors in the evolution of virulence are the route by 

which parasites are transmitted to new hosts and the density of hosts (Bull, 1994, Ebert, 

1994). For instance, if transmission of the parasite is vertical then death of the host before 

it produces offspring also reduces the parasite’s fitness to zero. This compares to a 

horizontally transmitted parasite that causes castration of the host. From the host’s point of 

view the virulence is the same, but from the parasite’s point of view the second example 

can be very successful. Density is important because if hosts are sparse high virulence 

may kill the current host before parasite offspring can be transmitted to the next host (Bull, 

1994). In general producing the most offspring that survive to reproduce entails a trade-off 

for the parasite between within-host growth and replication and the negative effect that 

such growth and replication has on between-host transmission (Anderson and May, 1982). 

Linkage between the two constrains their simultaneous evolution (Ebert and Herre, 1996). 

As described above the optimal level of within-host replication and its associated virulence 

will depend upon the route of transmission and the availability of hosts.



Therefore, a key aspect in understanding the evolution of virulence is understanding the 

biology and life history of parasites. Anderson and May (1979, Anderson and May, 1981) 

suggested parasites be divided into two broad groups, microparasites (viruses, bacteria and 

protozoa) and macroparasites (helminths and other metazoa) on the basis that they differ in 

size and whether procreation can occur without leaving the host. The relevance for this for 

evolution of virulence is that in macroparasites there is no within-host evolution so the 

environment the parasite adapts to (except in the case of vertical transmission or re

infection of the same host) changes with each generation of the parasite.

The biology and the life history of the parasite are therefore essential to understanding the 

evolution of virulence. A central aspect of this biology is the host species because it forms 

the environment to which the parasite will adapt. A key factor is whether this 

environment is contrived of a single host species or multiple host species, which has 

implications for the evolution of the parasite and adaptation to the local environment.

A parasite described as having multiple hosts may use them sequentially. For example 

malaria uses two hosts in its life cycle, the vertebrate host for asexual reproduction and the 

invertebrate host for sexual reproduction (Cox, 1982). If traits required to exploit one host 

result in lowered fitness in the other host, then a trade off between exploitation of the two 

hosts will result. However in a laboratory study Ferguson et al (2003) failed to find an 

association between virulence levels in mosquitoes and mice. In contrast, Davies et al 

(2001) found a potential trade-off between virulence in Schistosoma mansoni on snails 

(intermediate host) and in the mouse (definitive host).

The life cycle of the Chinese liver fluke (trematode Clonorchis sinensis) contains 3 

sequential hosts (a mammal, a mollusc and a fish). Like malaria it can be said to have



multiple hosts. However, C. sinensis is also known to infect various species of mammal 

including humans, a dozen species of mollusc and around 100 species of fish are known to 

be vectors of the parasite (reviewed in Combes, 2001). In each life stage therefore the 

parasite can exploit multiple host species. Hereafter I will be using the term multiple hosts 

to mean concurrent or contemporaneous hosts.

It has recently been suggested that many species of parasite that had been classified as 

species-specific are actually generalists, based on descriptions of their host range 

(Williams and Jones, 1994, Cleaveland et al., 2001, Taylor et al, 2001, Pedersen et al, 

2005). It has further been suggested that host range is positively correlated with sampling 

effort (Poulin, 2007). It is also true that host range is a product of those species that are 

suitable and available locally. The range of hosts exploitable by the nematode species 

Howardula aoronymphium is far greater than the range of hosts encountered by any of its 

individual populations (Perlman and Jaenike, 2003). In this case, infectivity was 

negatively correlated with the genetic distance between the novel host and original host.

Host range is mainly determined by opportunities for colonisation and availability of 

suitable host types (Woolhouse et al, 2001, Poulin, 2007). Modelling suggests that 

adaptation to a particular host species occurs through fixation of alleles whose beneficial 

effects are host specific; this is slower and less likely in parasite populations spread among 

several host species than in parasite populations restricted to a single host species 

(Kawecki, 1997, Kawecki, 1998).

Modelling also predicts that for parasites with direct life cycles, in which transmission is 

dependent upon host density, the ability to infect multiple host species in the local area will



result in a higher probability that the parasite population will persist and spread (Dobson, 

2004).

Parasites can be considered to lie on a spectrum in terms of host range, from absolute 

generalists that can infect and reproduce in multiple species of different taxa such as the 

Rabies virus (Woolhouse et al, 2001) to specialists that are only capable of infecting one 

host species even when presented with others under optimal (usually experimental) 

conditions such as the Monogeneans (Poulin, 2007). Consequently, heterogeneity of the 

host background against which parasites evolve will depend upon whether a parasite is a 

generalist or a specialist.

Traits that increase reproductive success in one host will increase in frequency in the 

population if they are likely to increase fitness in the next host. In a homogeneous 

population that likelihood is very high and optimal virulence predicted by standard 

virulence evolution models can be attained (Frank, 1996). However in a heterogeneous 

host population each host presents a new environment and the parasite’s virulence is likely 

to be suboptimal (Ebert and Hamilton, 1996). The heterogeneity of host populations 

depends upon the specific environment the parasite encounters. For example, in the 

absence of immune systems, mammalian intestinal tracts of different species might all 

appear the same to the parasite if those species ate the same food.

Experimental evidence for the success of parasites in a homogeneous environment come 

from serial passage experiments (Ebert 1998). In these experiments, parasite virulence 

increases as the parasite is passaged from host to host. This increase in virulence has been 

attributed to two factors 1) adaptation to the encountered host population which is usually 

close to homogenous and 2) the lack of negative feedback on transmission from high



virulence due to transmission being experimentally controlled (Ebert, 1998). The theory of 

local adaptation of a parasite to a host population requires that the increase in fitness 

obtained on one host population incurs a reciprocal loss of fitness on other host populations 

(Lively and Dybdahl, 2000). In general this is what is seen in serial passage experiments 

(but see Jaenike and Dombeck, 1998) and is exploited in the creation of attenuated 

vaccines (Ebert, 1998). Evidence for diversity in host resistance and parasite infectivity on 

which evolution by natural selection (frequency dependent selection) can act, comes from 

work on Daphnia magna and a bacterial microparasite (Pasteuria ramosa). Carius et al. 

(2001) found that no one host clone was significantly more resistant to all the isolates of 

parasites and that no one parasite isolate was better at infecting all host clones.

Regoes et al (2000) was the first to model parasite virulence against a two host 

background. In his model the two hosts varied in their intrinsic birth rate and exploitation 

of one reduced its abundance. As in local adaptation theory, parasite reproductive success 

(proportional to virulence) in one host was traded off against reproductive success in the 

second host. N parasite strains - all with different inherent levels of virulence - were 

introduced to the model but only one was found to persist at equilibrium. They found that 

parasites specialised on one host if the cost of switching (loss of reproductive rate) was 

high. In parasite strains that evolved generalist strategies, intermediate levels of virulence 

were maintained.

In contrast Gandon (2004) modelled virulence in a two host background but with virulence 

positively correlated in both host populations. Increased virulence in one host population 

would increase virulence in the second. The difference between the two host populations 

was in the maximum reproductive rate obtainable by the parasites, i.e., when virulence was 

equal between parasites of both hosts the parasite would attain a higher reproductive value



in one host compared to the other. He found that when parasite gene flow within host 

populations was higher than gene flow among parasites of the two host populations, 

virulence remained close to optimum in the more abundant host. Greater transmission 

between host populations resulted in intermediate levels of virulence.

While there is little theory on the evolution of parasites with multiple host species, there is 

a second body of theory which appears to be applicable to such systems. This is the theory 

of local adaptation. In their conceptual review, Kawecki and Ebert (2004) reserved the 

term “local adaptation” for patterns and processes observed across local populations of the 

same species connected by dispersal or gene flow. The basis of local adaptation is natural 

selection acting on parasite genotype by host genotype interactions resulting in the 

evolution of Darwinian fitness. The increase in fitness in one host will be balanced, in the 

absence of other constraints, by a decreased fitness in other hosts. The theory of local 

adaptation can be applied to all host parasite systems where the parasite population is not 

pan-mictic, i.e., separate populations of a parasite are connected by gene flow, because 

separate parasite populations will evolve to their own environments which may result in 

specific fitness adaptations. This theory can therefore be applied at all levels, from 

microparasite within-host adaptation, through macroparasite adaptation to a heterogeneous 

host population, to parasites adapting to different host populations whether they are 

allopatric populations of the same species or sympatric populations of different species.

The genetic distance among host species parallels that of local populations separated by 

geographical distance. Distance has been found to be important in defining local 

adaptation with infection success negatively correlated with distance from the parasite 

source (Ebert, 1994, but see Imhoof and Schmid-Hempel, 1998). Local adaptation related 

to distance is a function of genetic variation among host populations and/or migration rate



of the parasite such that distance represents relative opportunities for coevolution of the 

parasite among host demes. Translated to an entirely sympatric system distance between 

host demes is equivalent to relative encounter rate of a parasite with its multiple sympatric 

host species.

Genetic and geographical distance of hosts affects the likelihood of local adaptation which 

agrees with Greishar and Koskella (2007) who reviewed available local adaptation studies 

and found that local adaptation was primarily dependent upon the relative amount of gene 

flow within populations of parasites compared to within host populations. Parasites with 

greater dispersal ability than their hosts were more likely to be found adapted to the most 

common local host population, possibly due to the increased genetic variation available for 

adaptation (Lively, 1999, Gandon and Michalakis, 2002). High selection pressure on the 

host population can drive coevolution and local adaptation through divergence in host 

populations (Lively, 1999). This can be counteracted by high gene flow which can lead to 

homogenisation of a population and loss of local adaptations (Slatkin, 1987). Lajeunesse 

and Forbes (2002) review local adaptation literature and show that parasites that infect 

multiple host species are less likely to show local adaptation, to any particular host species 

or host population within a species, than parasites with one well defined host. This 

suggests that coevolution with multiple host species may prevent local adaptation due to 

diffuse coevolutionary interactions with each host species or that parasite systems that are 

able to maintain the ability and have the opportunity to infect multiple host species are 

inherently less likely to become locally adapted. Thus the evolution of virulence in 

parasites that infect multiple host populations is far from straight forward.

While generalist parasites are increasingly recognised as being common, few studies exist 

of their evolutionary ecology. It is this gap which my thesis addresses.
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The host parasite system I will be investigating in this thesis is the bumble bee {Bombus 

spp.) and the nematode {Sphaerularia bombi) system.

Bumble bees and their economic and ecological importance

The ecological and economic importance of bumble bees as pollinators is well documented 

(Steffan-Dewenter et al, 2005, Velthuis and van Doom, 2006, Klein et al, 2007) as is 

their current decline in abundance and diversity (Edwards and Williams, 2004, Goulson et 

al, 2005, Carvell et al, 2006, Fitzpatrick et al., 2007). Consequently, the need to 

investigate the impact of a parasite that may play a role in the decline of bumble bee 

populations (Poinar and van der Laan, 1972, Jaenike, 1998) is another reason to investigate 

this fascinating system.

The discovery and description of Sphaerularia bombi

What is now known as Sphaerularia bombi was one of the first recorded parasites of 

invertebrates (Reaumur, 1742). This first record also noted that the parasite prevented 

ovary development in the queen. It was not until 1837 that it was described and named as 

Sphdrularia by Leon Dufour and recognised as a nematode by von Siebold (1838). The 

large size of the everted utems (10-20mm long and 2-5mm diameter) (Poinar and van der 

Laan 1972) of the adult female nematode in proportion to the abdomen of the bumble bee 

queen has made it easy to find and identify. Schneider (1883) was the first to realise that 

the small appendage of the everted uterus was the adult female body instead of the male in 

permanent copula that earlier researchers had believed it to be (Dufour, 1837, von Siebold, 

1838, Lubbock, 1861, Lubbock, 1864).



Life cycles of the host and parasite

The life cycle (see Figure 1.1) was clarified by Poinar and van der Laan (1972). Bumble 

bees are annual species and only mated queens survive winter to start new colonies in the 

next year. Queens hibernate in a variety of places, but have predominantly been found 

hibernating in north facing banks and in areas that are well shaded with well drained soil. 

In these sites queens dig small tunnels (up to 20 cm long) at the end of which they remain 

until spring (Alford, 1969a, Alford, 1975).

Mated female nematodes (motherworms after Jaenike et al., 1995) infect bumble bee 

queens while they hibernate in the soil. The manner in which they locate their host is 

unknown, as is the method used to enter the host, which could be through the gut, 

reproductive tract, intersegmental membranes or even via the tracheal system (Pouvreau, 

1962, Alford, 1975). Both infected and uninfected queens emerge in the spring and forage 

on flowers. Queens not infected by S. bombi forage until they have developed their 

ovaries, which can take as little as 8 days with warm temperatures and plenty of nectar and 

pollen (Vogt et al., 1998). Once their ovaries are sufficiently developed queens search for 

nest sites (Kells and Goulson, 2003) and build colonies. Queens can be seen collecting 

pollen in their corbicular baskets when they are starting a nest. This pollen is used to feed 

larvae that will be new workers. At the end of the colony cycle gynes (new queens) and 

males are produced. Mated gynes (queens) build up their reserves and find a site to 

hibernate. The colony in the field quickly deteriorates after the death of the old queen and 

all its workers and males perish within a month or two (Brown, MJF. pers. comm.). 

Infected queens do not search for nest sites or collect pollen. Instead they are seen 

foraging on flowers and visiting potential hibernation sites (Bols, 1939, Cumber, 1949, 

Minderhoud, 1951, Hattingen, 1956, Alford, 1969a, Alford, 1969b, Poinar and van der 

Laan, 1972, Lundberg and Svensson, 1975). The behaviour of infected queens is
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characterised by digging of shallow holes (l-2cm) for short periods of time which are 

abandoned then the process is repeated a short distance away (Poinar and van der Laan, 

1972, Lundberg and Svensson, 1975). It is at these sites that infected queens deposit 

parasite larvae. Poinar and van der Laan (1972) demonstrated this by collecting samples of 

soil from places where infected queens (judged by behaviour) had been seen digging. The 

soil in those places contained S. bombi larvae and since bumble bees are an annual species 

and only queens over winter in the soil and no other caste has been found infected, queens 

must be infected while they hibemate/diapause.

The biology of infection

Of the numerous studies that have reported the prevalence of this parasite (see Tables 1.1 

and 1.2) only a few have addressed the parasite’s biology (Stein, 1956, Pouvreau, 1962, 

Madel, 1966, Poinar and Hess, 1972, Poinar and van der Laan, 1972, Madel and 

Scholtyseck, 1976). Previous to Poinar and van der Laan’s (1972) clarification of the life 

cycle, there had been some debate as to how new queens became infected. Schneider 

(1883) assumed that nematodes were carried into the nest by foraging workers and Stein 

(1956) thought that nematodes were introduced to healthy nests by invading infected 

queens, similarly Pouvreau (1963) thought that infected Psithyrus females could be the 

vector for the parasite. Once infected queens have emerged from hibernation the 

motherworm, now in the host’s haemocoel (abdominal lumen), everts its uterus, which 

enlarges not through cell division but by hypertrophy of existing cells (Poinar and van der 

Laan, 1972, Alford, 1975) and forms a large (up to 20mm long (Poinar and van der Laan, 

1972)) tubular shaped reproductive system covered in what have been variously referred to 

as pimples, verrucae or spharules (sphaerules).

11



Figure 1.1 Life cycle of normal and parasitised queens of Bombus spp. Reproduced from Poinar and van der 

Laan 1972 (supplied by the British Library)
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Nutrients are absorbed through the surface of the everted uterus, as was shown 

experimentally by the uptake of neutral red die injected into infected queens’ abdomens 

(Madel, 1966). The spharules serve to enlarge the surface area of the everted uterus and 

aid food absorption. The outer surface of the uterus is covered in a mucopolysaccaride 

layer (Madel and Scholtyseck, 1976). This is likely to be derived from the parasite as the 

cytoplasm near the outer surface contains numerous Golgi bodies and other organelles 

(Madel and Scholtyseck, 1976). Earlier, Poinar and Hess (1972) had assumed the layer 

must be host-derived because they did not find well developed Golgi apparatus.

The queen is sterilised through a mechanism that inhibits growdh of the corpora allata, the 

source of the host’s gonadotrophic hormones and known to stimulate the synthesis of yolk 

proteins (Vitellogenin) normally taken up by developing ovaries (Palm, 1948). Palm 

(1948) found that the corpora allata of infected queens were the same size as those found 

in queens that had not yet hibernated. In contrast, the corpora allata of hibernated 

uninfected queens were enlarged and active. This may also be the cause of the behaviour 

seen in infected queens.

Resistance to ovarian suppression has been reported in two species from Europe and one 

from North America. In North America McCorquodale (1998) reported that both infected 

queens of B. perplexus caught in 1993 had developed ovaries with eggs greater than 

3.5mm long. In Europe Alford (1969a) reported collecting two queens of B. hortorum that 

had corbicular pollen and finding that both were infected upon dissection with 6 and 3 

parasite uteri respectively as well as developed ovaries. Rdseler (2002) reported dissecting 

a queen of B. hortorum that he also saw collecting pollen and finding it contained an 

everted uterus of S. bombi as well as ready host eggs. In 1960, Hasselrot recorded the 

behaviours of queens he had installed in artificial nests. 2 of 4 infected B. hypnorum were
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seen to start nest building which was later abandoned. For comparison this behaviour was 

seen in 2 of 34 infected B. terrestris and 1 of 14 infected B. lapidarius. Rdseler (2002) 

reported that colonies were founded by 2 queens of B. hypnorum that at dissection were 

found to harbour everted uteri of S. bombi. It is not known in these cases whether the 

infections in these reports had been reproductively successful. Parasite larvae must 

penetrate either the intestinal tract or the host’s ovipositor to leave the host. This 

penetration of tissues, Palm (1948) suggested would interfere with normal host ovarian 

development. The number of queens that have been found to resist ovarian suppression is 

small, however, it suggests that not all species suffer the same level of virulence. The 

small number of resistant queens may be due to the low frequency with which these rarer 

host species are infected.

Currently there is no evidence that S. bombi impacts on host fitness other than through 

castration. Rutrecht and Brown (2008) found no effect of infection by S. bombi on host 

longevity in B. pratorum.

The everted uterus produces thousands of eggs which are released into the haemocoel of 

the queen. Parasite larvae undergo two moults within the egg before hatching. Therefore 

the only larval stages found within the bumble bee queen are stage three larvae. These are 

knowm to take up nutrients from the host before leaving it, again shown by the absorption 

of neutral red dye (Madel, 1966). Absorption must be through the body cuticle as the 

mouth opening and pharynx are closed with chitin thread (Madel, 1966). The stage 

larvae actively leave the host and migrate to the soil. Poinar and van der Laan (1972) 

removed stage larvae from infected queens and found that they started to moult to the 

fourth stage after 50 days, and after 65 days about half the population had reached the adult 

stage. In artificial cultures Madel (1966) found a sex ratio of 2 to 1 in favour of the
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females. The mature S. bombi mate and females wait for the next generation of queens to 

hibernate (Madel, 1966, Poinar and van der Laan, 1972).

Prevalence of the parasite

Lubbock (1864) wrote that Dufour and von Siebold investigated S. bombi in 4 species: B. 

terrestris, B. hortorum, B. sylvarum and B. muscorum and that he had found it in several 

more (see Table 1.1). The morphologically defined S. bombi has been reported from 

nearly all bumble bee species investigated for parasites (see Tables 1.1 and 1.2). In studies 

that report the presence of S. bombi it is found in all species of which more than 20 queens 

were collected. This may be a function of the chance of detecting a parasite at low 

prevalence or it may be that only more common species can support a parasite population.

The ease of detection of this parasite, as described above, means that there is no concern of 

correct identification or poor detection rate in the studies that report its prevalence or 

absence (Reaumur, 1742, Cumber, 1949, Cumber, 1953, Hattingen, 1956, Stein, 1956, 

Hasselrot, 1960, Pouvreau, 1963, Fye, 1966, Alford, 1969a, Stein and Lohmar, 1972, 

Macfarlane, 1975, Goldblatt and Fell, 1984, Schousboe, 1987, Macfarlane and Griffin, 

1990, Shykoff and Schmid-Hempel, 1991, Triggiani and Tarasco, 1997, McCorquodale et 

al, 1998, Aytekin et al, 2002). This means that data of reported prevalence does not need 

to be treated with any scepticism.
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Figure 1.2 The percentage prevalence of S. bombi within samples of queens reported in literature 

Samples shown in this graph use data from the papers listed in Tables 1 and 2, however the data are broken

down into samples taken in different years and from different locations. It does not include data from

Psithyrus spp.

The sample sizes from which prevalences have been calculated range from 1 to 146 

queens. Confidence in these estimates of prevalence must vary with the size of sample. 

Large samples are less likely to be influenced by variation inherent in sampling from a 

non-randomly distributed population or to biases in the method of collection. To facilitate 

discussion and comparison among species and locations I have chosen a sample size of 

twenty - which enables 5% distinctions in prevalence measures - as an arbitrary cut-off 

point.
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Figure 1.3 Box and whisker plot of prevalence in samples of more than 20 queens

Points 12 and 16 (o) are “mild outliers” which are more than 1.5 times the interquartile range from the 1®' and 
3^“* quartiles. Point 30 (*) is an extreme outlier, because it is more than 3 times the interquartile range from 
the 3*^** quartile of B. vagans.________________________________________________________

B.terrestris | B. pr Moruin I B. lapidarius | B. ter ricola I 8. fervidus I
B. lucorum B.pascuorum B.hortorum B. vagans B.teinarius

Species

Where samples of twenty queens or greater of one species in a specified area have been 

caught, the prevalence for all species ranges from 0 to 73% (see Table 1.1). For species 

where more than 3 samples of greater than twenty queens have been collected, the 

minimum and maximum prevalence was reported from specific studies. Shykoff and 

Schmid-Hempel (1991) collected B. terrestris and B. lucorum and found no infected 

queens. Hattingen (1956) collected B. terrestris and B. lucorum and discussed the non- 

random temporal distribution of their data as did Cumber (1949) in his collection of B. 

lucorum.

In North America the prevalence is generally lower (2.9 to 33.3%), as noted by Poinar 

(1974) although in isolated samples {B. fervidus and B. ternarius) a similar prevalence is 

seen to that of B. lucorum from Europe. The only species {B. vagans) collected in 

multiple samples greater than 20 queens had a low prevalence (2.9 - 7.4%) except Fye’s
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(1966) sample (N=50) of B. vagans made in 1962 which found a prevalence of 22%. In 

New Zealand the only sample greater than 20 queens was collected by Macfarlane et al 

(1990) who found a prevalence of 7% in 1022 queens of B. terrestris.

As with all estimates of prevalence of parasites of natural systems, these are a snapshot in a 

dynamic process and may have been influenced by several factors. Bias may enter the 

sampling method of researchers through site or temporal selection, i.e., where and when to 

sample. Bumble bee queens as outlined above emerge from hibernation in spring and 

forage for food until they are ready to start a nest. After this they will remain below 

ground. To gain the most accurate estimates of prevalence, queens should be dug from 

their hibernation sites and kept in a laboratory until either the parasite or the host’s ovaries 

develop. However, finding the sites used by queens to hibernate is difficult. This is 

exemplified by the fact that only two studies address hibernation sites (Alford, 1969 and 

Bols, 1939) and both are linked to watching infected queen behaviour (outlined above) in 

the spring. Collecting queens post hibernation, during the foraging period, introduces 

temporal problems. There is no a priori reason that infected and uninfected queens should 

enter the sampleable population (emerge from hibernation) or leave it (die or start a 

colony) at the same rate. Therefore estimates of prevalence may be biased by sampling at 

different times during this transitional period. There are also issues regarding the site 

selection. Minderhoud (1959, quoted in Poinar and van der Laan 1972) described areas he 

called “special gathering sites”. In these areas up to 90% of queens caught were infected.

In contrast, queens caught from flowers can have a negligible parasite prevalence (Shykoff 

and Schmid-Hempel 1990). Flower choice can also vary between infected and uninfected 

queens. This was observed by Lundberg and Svensson (1975) through their analysis of 

pollen collected from the foregut of caught queens. If possible these issues will be 

addressed in the course of the current study.
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A new species of Sphaerularia: S. vespae

Sphaerularia has recently been found in Japanese wasps {Vespa simillima). Kansaki et al 

(2007) named it Sphaerularia vespae on the basis of morphological and molecular 

dissimilarity to S. bombi from the same region. The potential for Sphaerularia to switch 

host species was recognised by Spradberry (1973 quoted in Sayama et al (2007)) due to the 

overlap in hibernation sites of over-wintering queens of Vespa spp. - in soil or rotten logs 

- and Bombus spp. The parasite seems to act in a similar way as in Bombus species as all 

the infected Vespa queens examined had undeveloped ovaries (Sayama et al, 2007). They 

also found that the prevalence of S. vespae increased across the course of the emergence 

period of the wasp with similar overall prevalence recorded to that of B. lucorum collected 

by Cumber (1949) in Europe.

This Bombus-Sphaerularia system is particularly interesting because the evolution of 

virulence can be observed at two levels: parasite-induced castration and host mortality (if it 

occurs). The classical trade off between within-host replication and transmission appears 

to be very simple. This is because infection occurs at one time point, and longevity of the 

host post infection, theoretically, should be directly related to transmission potential. In 

infections of multiple S. bombi motherworms, within-host competition should also be a 

simple trade-off for the shortest prepatent period against the tragedy of the commons. The 

tragedy of the of the commons describes the dilemma, in which multiple individuals acting 

independently in their self interest ultimately cause the destruction of their common 

(limited) resource, even when it is clearly not in their long term interest (Hardin, 1968).

The number of motherworms per host described in the host population by aggregation can 

be investigated with the background of multiple host species, and because infection takes 

place at one stage of the hosts life cycle and there is no further recruitment or loss of
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parasites within each host, causes should be relatively simple to elucidate. Uniquely, the 

effect of host size on the parasite can be investigated because there is no reciprocal effect 

of parasitism on host size.

In this thesis I use the S. bombi Bombus system to address a series of important questions 

about virulence in multi-host parasites.

First, in Chapter 3,1 ask whether the prevalence of S. bombi in each host species correlates 

with the abundance of each species. The hypothesis is based on the ability of larger host 

populations to support larger populations of the parasite. In contrast to parasite 

populations, supported by smaller host populations, that will undergo periodic local 

extinctions. To answer this question I needed to establish an accurate measure of 

prevalence. I tested Cumber’s (1949) hypothesis that prevalence increases across the 

period of emergence of queens.

In Chapter 4,1 investigate virulence in the natural system and assess the hypothesis that 

parasite-induced host castration and parasite-induced host mortality do not vary among the 

different host species. This is the most likely result of a generalist pan-mictic parasite 

population that infects all the host species.

In Chapter 5,1 use controlled infections to investigate the hypothesis that aggregation in 

this system is in part caused by heterogeneity in exposure to infection with regard to the 

aggregation seen in the field-caught sample. In addition I investigate the hypothesis that 

intensity of infection is related to the intensity of exposure to adult S. bombi.
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In Chapter 6,1 use a common garden experiment to ask whether S. bombi is adapted to the 

host species in which it is found. Adaptation will be shown by differences in infectivity 

and success of infection among the different sources of S. bombi.

In Chapter 7,1 attempt to use molecular tools to investigate the hypothesis that S. bombi in 

the Dublin area is a pan-mictic population among all of the host species and will therefore 

not have genetic structure. This will be seen as greater genetic similarity among parasites 

from the same host species compared to parasites from different host species.
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Chapter 2

General materials and methods

2.1 COLLECTION OF BUMBLE BEE QUEENS

2.1.1 Summary

To assess the impact of parasites on the bumble species of Dublin I first had to investigate 

their prevalence and abundance. I did this by taking samples of the local bumble bee 

populations. Temporal samples w'ere also taken to ensure that the parasite population 

estimates were as accurate as possible. The queens collected were housed in the lab until 

they died of natural causes or were sacrificed by freezing. The bodies were dissected and 

examined for presence and number of parasites. All data are reported as mean ± standard 

deviation.

2.1.2 Sites

Bombus spp. queens were collected from two sites within the city of Dublin, Ireland. 

Merrion Square (OSI Irish National Grid ref: 3167, 2335) is a 5 hectare park in the centre 

of Dublin. The National Botanic Gardens (grid ref: 3150, 2372) in Glasnevin cover 20 

hectares. These sites represent two of the most florally rich areas in Dublin. They are 

known to be frequented by a wide variety of Bumble bee species (6 and 8 respectively. 

Brown unpublished data), of which 10% of Bombus pratorum queens have been found to 

be infected by S. bombi (Rutrecht and Brown, 2008).
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2.1.3 Species

Queens of all Bumble bee species observed were collected. Identification was based on 

Pinchen (2004). It was recognised at this stage that there existed a cryptic species complex 

of B. lucorum, B. magnus and B. cryptarum (Bertsch et al, 2004, Murray et al, 2008). B. 

magnus is not commonly found in urban areas such as the study sites used. 36 queens 

collected of “5. lucorum’' were analysed used the techniques described in Murray et al. 

(2008). 75% were found to be B. lucorum and the remainder were B. cryptarum, see Table 

3.1. Unfortunately the remainder could not be tested and it was decided that the species 

complex would be examined as if it were one. Queens of other species found in the Dublin 

area could be identified unambiguously.

2.1.4 Collection

Queens were collected from February to June 2006 and 2007. Each site was visited twice 

a week, or more frequently depending on the weather. Bumble bees were collected on 

days with mild weather, i.e., light winds, light or no rain. If no queens were seen in 30 

minutes of clement weather then the visit was ended. At the start of each visit a set route 

through areas likely to contain bees was walked. Bumble bees were found foraging in 

areas dominated by heather {Erica spp. and Calluna spp.). Rhododendron, Petunia and 

comfrey {Symphytum spp.). Queens were then collected using a butterfly net and 13ml 

plastic vials with holes in the lids. Queens were collected from where they were seen; 

grass, flower beds and from flowers. Collection was ended when the time between two 

consecutive sightings of queens was greater than 15 minutes. The start and finish time of 

the precollection walk and the collection period were recorded so that a measure of queens 

seen and caught per unit time could be estimated.
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2.1.5 Animal Husbandry

Queen housing for wild caught queens post capture and laboratory reared queens post 

artificial hibernation

Once caught, the queens were kept on ice until they were housed in a controlled 

temperature room. Unless otherwise stated, queens were housed in a controlled 

temperature room. The room was maintained at 20-28°C and queens were kept in the dark 

with red light used for working. Red light was used because Bumble bees cannot see at 

this end of the spectrum of visible light. Queens were housed (see Plate 2.1) individually 

in plastic boxes (height 5 x length 15 x width 10cm), hereafter called sandwich boxes. The 

boxes contained 15-20ml of sterilised dry sand in the base. The plastic lid of the box also 

had pin holes to allow air flow. Nutrition was supplied ad libitum as frozen, defrosted, 

honey bee collected pollen (Hortico industries) in a small Petri Dish (radius 24mm) and 

sugar water (1:1 tap water and sterilised Apiinvert sugar water) in a 15ml conical ended 

tube with 3 pin holes at the 0.5ml mark. Nutrition was provided in the same way for all 

bumble bees housed in the controlled temperature room.

Plate 2.1 Queens in sandwich boxes with sugar water tubes, pollen in dishes and sand in the base
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Queens were either housed until they died of “natural causes” or until they were sacrificed 

by freezing at -20°C. Queens were inspected daily and any that were found to be dead 

were placed in sample tubes (13mls volume) and frozen at -20°C, until they were removed 

for dissection.

Wild queens caught in 2006 were arbitrarily allocated to one of two groups on the basis of 

the order in which they were caught. Odd numbers were kept until they died of natural 

causes and even numbers were sacrificed. The boxes containing sand and pollen in a Petri 

dish were changed every 14 days for queens that were to be kept until natural death. The 

changed boxes were kept to determine if they contained parasite larvae, see below.

2.2 DISSECTION

2.2.1 Summary

The wings were removed from the thorax and the radial cell length measured. The 

abdomen was dissected and examined for macro-parasites under a dissecting microscope 

and for micro-parasites by examination of sections of tissue under a high-power 

microscope.

2.2.2 External observations

Queens were removed from the freezer and allowed to defrost on ice. The wings were 

removed and placed between glass slides. These were examined at x20 magnification 

under a dissecting microscope (Nikon SMZ645). A white background was required to see 

the structures of the wing (see Figure 2.1). The radial cell can be seen at the top of the 

wing (Plate 2.2 which is at xlO magnification) and from the millimetre ruler it can be seen 

that it is between 3 and 4 mm long. It was measured using the eyepiece micrometer at x20 

magnification, the maximum internal length was recorded and later converted to 

millimetres.

27



2.2.3 Internal examination

Bees were dissected immediately after defrosting under a dissecting microscope (Nikon 

SMZ645). The abdomen was cut from the body (or twisted while the queen was still 

frozen) at the waist, see Plate 2.3. Incisions (Fine scissors FST 15024-10) were then made 

laterally so that once the dorsal side was pinned to the wax dish, the ventral side could be 

pulled back and pinned. The entire inner surface of the abdomen could then be viewed, see 

Plate 2.4. The gut was cut at the waist and at a point close to the anus then removed 

(tweezers No.5 FST by Dumont, Medical Biology, Switzerland) while ensuring none of the 

rectal contents escaped. The contents of the rectum (if it was not dry) were spread on one 

third of a glass slide and a cover slip placed on top. The remainder of the gut was then 

placed in a drop of tap water and examined for macroparasites and melanisation. 

Malpighian tubules and fat body were removed from the abdomen and gut and placed on 

the same glass slide with separate cover slips to look for micro-parasites at x 100 or x400 

magnification. The ovaries of queens were removed and placed in a drop of water. The 

length and the width of the 6 largest oocytes of the each ovariole were measured using an 

eyepiece micrometer at x50 to x20 magnification. The remainder of the abdominal cavity 

was examined for adult nematodes with everted uteri, eggs and larvae of S. bombi and 

tracheal parasites. The everted uteri of adult female S. bombi (otherwise known as parasite 

uteri or P.U.) were removed and placed in a drop of tap water and the length and width 

measured using an eyepiece micrometer (at x8 to x50 depending on size). To make 

parasite uteri straight enough to measure, they often needed to be drawn away from the 

drop of water on the wax dish.
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Plate 22 Wing of B. terrestris two rulers: mm and eye piece.

Plate 13 Abdomen of B. terrestris pinned to wax dish
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Plate 2.4 The dissected abdomen of a B. terrestris queen infected with S. bombi

Dorsal side is at the top and ventral side at the bottom. Ovarioles and gut have been removed and placed in 

tap water. 4 S. bombi uteri can be seen in the top right of the wax dish one of which is broken.

2.3 DEVELOPMENT OF A PROTOCOL FOR DETECTING AND 

COLLECTING PARASITE LARVAE 

23.1 Summary

The Baermann funnel was used by Poinar and van der Laan (1972) to collect S. bombi 

larvae from sand that infected queens had been housed upon. Poinar and van der Laan do 

not describe the Baermann funnel method or cite literature to describe it. The Baermann 

funnel method described below is excellent for collecting active larval nematodes from soil 

samples as long as the sample in the funnel is not too large. For the purposes of this thesis 

however, this was found not to be ideal. Not all of the larvae of S. bombi are active one 

week after having been deposited by the bee. When it became apparent that larvae were 

not migrating to the bottom of the funnel from the slanted sides, the tissue paper holding
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the sand sample on the water was removed and examined. The number of larvae in the 

paper was not counted and so cannot be compared to the number in the sand sample but 

many were seen. At this stage the Baermann funnel was abandoned as a method of 

detecting and collecting larvae. The number of active larvae is useful but not as much as 

the total number produced from an infected queen, when estimating the total reproductive 

output of the parasite and the corresponding impact on host resources. To detect larvae, 

the sand sample was soaked with excess water and then sifted to one side. A torch was 

shone from the underside of the box through the water. Larvae were visible to the naked 

eye as short silvery lines. Larvae were collected by washing the soaked sand, i.e., mixing 

the sand and larvae with excess water, allowing the sand to settle for 10-30 seconds and 

then pouring the water off into another container.

2.3.2 Baermann funnel method

The use of the Baermann funnel method started on 4/4/06. The apparatus (Figure 2.1 and 

Plate 2.4) is a funnel with wire mesh placed in the top to support the sand sample. The 

paper towel is to prevent material other than larvae from getting into the water column. 

Water is added to the funnel up to the level of the mesh before the sample and the paper 

are added. The screw clip around the rubber tubing remains closed to keep in the water. 

The sample is left and the top is exposed to light to encourage the larvae to migrate 

downwards into the water, larvae sink slowly in water and can be collected from the 

bottom of the furmel by opening the screw clip with the end of the rubber tubing over a 

suitable container.

Sand samples were loaded onto paper in the top of the funnels and enough water was 

added to make the samples wet. Samples were left in light for 24 hours and 10ml samples 

of the water from the bottom of the tube were taken. They were examined by being held
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up to the light as larvae are easily visible when viewed with transverse light. Not all 

parasite larvae migrated to the bottom of the funnels. Some were seen on the slanted sides 

of the funnels and a process of four 360 degree turns was used to resuspend them so that 

they would sink lower and into the bottom of the funnel. If this did not work the only other 

way of obtaining all the visible larvae was to remove and store all the water in the funnel 

and then replace it and wash the larvae off the sides.

Figure 2.1 Baermann Funnel schematic, the apparatus used to obtain larvae from the sand of boxes that had 

housed infected queens.

To clean the apparatus used for the Baermann funnel method the sample and the paper 

were disposed of and a pipe cleaner was used to clean the funnels that were found not to 

contain larvae, the water was washed through the funnel and replaced with new tap water. 

Those funnels in which larvae were found were removed from the rack and cleaned 

thoroughly.
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Plate 2.4 Baermann funnels in a rack

23.4 Reflning S. bombi collection

Because the original Baermann funnel method failed to provide complete counts of 

parasite larvae deposited by queens a second method was tried. On 10/5/06 water was 

added to a box of a bee that had previously been found to be infected. The water with 

larvae visible in it was poured into an empty funnel. More water was added to the sand 

and decanted into the funnel until no more larvae were seen with the sand. This resulted in 

a funnel that was full of water and suspended larvae. The aim was that the larvae would all 

sink to the bottom of the funnel and be collected easily. However many larvae stuck to the 

sides of the funnel and the larval suspension collected was very dirty.

On 15/5/06 it was discovered that many of the larval were being trapped by the paper towel 

of the Baermann funnel. This was found when sand was removed and the paper towel was 

placed in a fresh sandwich box with water. Consequently a third approach was tested.
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2.3.5 Sifting as a method of detecting larvae in sand samples

Up to 500mls of water was added to sand boxes which were allowed to soak for at least 30 

minutes. Soaking allowed all of the sand to become wet and all of the sugar from the sugar 

water to dissolve. Larvae could not be seen by eye in dry sand, presumably because they 

are dehydrated. After soaking the boxes could then be examined for the presence of 

larvae. The boxes were shaken and the sand sifted to one side of the box, a torch was 

shone through the other side to look for larvae. The greater the volume of water the lower 

the concentration of S. bombi larvae in the sample. Therefore only enough water was 

added to the sample to soak the sand and leave approximately 50mls of free water. After 

the soaking period the sand was sifted to one side as before and a torch shone from the 

bottom of the box and through the water. This was then used to determine if the samples 

had larvae in them. If they were positive then larvae were collected. If not then absence of 

larvae was recorded. Larvae were collected after 15/5/06 by agitation and decanting.

Boxes that had been found to be positive for larvae by sifting had lots more water added to 

them (as much as the sandwich boxes allow without spilling (100-300mls). The sand 

sample was then agitated to suspend the larvae in the water which was then poured off into 

an 800ml bottle. This was repeated until no more larvae were seen in the water with the 

sand sample. On many occasions more than one bottle was required to collect all the water 

with suspended larvae. This method collected nearly all larvae in the sample, active or not.

2.4 PROTOCOL FOR DETECTION AND COLLECTION OF S. BOMBI

NEMATODES DEPOSITED BY QUEENS

Summary

In 2007 beginning with the collection of larvae from laboratory infections and followed by 

collection of larvae from field caught queens, a sieve was used to separate the laiA^ae from 

the water they were suspended in. Instead of agitation of the sand samples in the sandwich
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box the sand sample was poured into a conical flask which was filled with water. The 

sample was agitated to suspend the larvae and the supernatant decanted onto a sieve. This 

was found to be far more efficient at collecting larvae. Therefore the method of sifting 

(Section 2.3.5) for collecting larvae was abandoned. Sandwich boxes that contain sand 

upon which queens have been kept were prepared by removing the Petri dishes and excess 

pollen. Detection of larvae took place either by washing the sand 3 times and checking the 

retentate of a sieve or by mixing the sand sample with water and sifting the sand to one 

side of the box so that at least half of the volume of water could be examined for larvae. 

Collecting larvae used a method of washing the sand to suspend the larvae and then 

filtering them from the water using a fine sieve (20i.im). Collected larvae were then 

resuspended for counting.

2.4.1 Cleaning and soaking of sand samples

Sand samples were prepared by removing Petri dishes (24mm radius) from the sandwich 

boxes and placing them to one side. If larvae were found in the boxes then the 

corresponding Petri dish would also be checked for larvae. Pollen clumps in the sand, if 

present, were removed. Once wet, pollen clumps disintegrate and create an opaque 

suspension making detection of larvae difficult. Pollen grains are also not removed by 

washing (see 2.4.2.1 steps 2 to 4) because they have a similar density and size to the 

larvae. Tap water was added to the boxes, enough to cover the sand. The boxes were left 

to soak for thirty minutes or more to ensure the nematodes were hydrated.

2.4.2 Detection

Once the sand samples had been soaked they were examined to determine whether they 

contained larvae. This was done either using the decant and sieve technique (Section
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2.4.2.1) or by sifting the sand and looking through the water in the sandwich box (Section 

2.4.2.3).

2.4.2.1 Decant and Sieve technique based on Cobb (1918)

To assess the presence of larvae in the sample, larvae were extracted from the sand using a 

decant and sieve technique.

1) wet sand and possibly larvae were rinsed from the box into a 1L conical flask

2) the flask was filled to 500 to 700mls with tap water and agitated to suspend the 

sand

(this volume in a IL flask was small enough that it could be mixed thoroughly and 

large enough that all the sand could be suspended)

3) 30 seconds were allowed for the sand to settle

(any longer and the larvae would also start to settle too, this could be seen by eye if 

the flask was held up to the light)

4) the supernatant was decanted onto a 20pm sieve

5) Steps 2 to 4 (henceforth called a wash) were repeated twice more

6) the retentate on the sieve was examined by eye

7a) Larvae observed - for larvae to be observed at this stage meant that thousands of 

larvae were present in the sample, the sample was then progressed to 2.4.3 

Recovery.

7b) No larvae observed - the retentate was rinsed onto a large glass Petri dish (43mm 

radius)

8) The Petri dish had dark blue stripes drawn on the back so that larvae could be seen 

easily and the dish could be efficiently scanned under a dissecting microscope. The 

dish was scanned at times 10 or 20 magnification (depending on the amount of 

detritus present) under a dissecting scope with a cold light source. Enough detritus
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to obscure the blue background meant larvae may be missed therefore a higher 

magnification (x20) was used. If larvae were observed the sample was recorded as 

positive and the remaining larvae in the sample were recovered, see 2.4.3 

Recovery.

2.4.2.2 Validation of 2.4.2.1 Decant and Sieve

To ascertain the efficiency of the “decant and sieve” technique in finding a small number 

of larvae in a sample, 5 boxes were set up with 10 larvae each in wet sterilised sand. The 

boxes were then treated as in 2.4.2.1 Step 1. The mean number of larvae seen in the Petri 

dish was 6.4 ± 2.3. Larvae were recovered from all the boxes which shows this method 

has a 100% deteetion rate of a small number of larvae in sand.

2.4.2.3 Quick detection of larvae

To maximise efficiency a faster method of determining the presence or absence of larvae in 

a sand sample was developed. Taking the wet sand from 2.4.1 the sand was moved to one 

side so that it covered less than half of the bottom of the box. There needed to be 

approximately 30mls of water in the box that was not associated with the sand to allow the 

sand to be moved easily to one side. The box was placed on a dissecting dish; the black 

wax provided a dark background against which the larvae were easy to see. The side of the 

box with no sand was then observed under a dissecting microscope with a strong cold light 

source. The sample was viewed at xlO if there was no detritus present that could hide an S. 

bombi larva and at x20 otherwise. If larvae were observed then the box was labelled 

positive and put aside for processing by decanting and sieving (2.4.3). If too much detritus 

was present such as clumps of sand that could obscure larvae or pollen reducing the 

transparency of the water then the Cobb’s method of (2.4.2.1) decant and sieve was used.
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2.4.2.4 Validation of 2.4.23 Quick detection of larvae in sand

16 boxes with dry sterilised sand in were set out on the bench and 10 larvae were added to 

9 of them. The equivalent amount of water was added to the others so that they could not 

be distinguished by the amount of water they contained. The labels were then covered and 

order of the boxes was changed by another researcher so that the boxes were examined in a 

blind order. The boxes that were foimd positive for larvae were then processed by decant 

and sieve to see how many larvae would have been found by the previous method of 

detection (Section 2.4.2.1 decant and sieve). Two washes were done on each sample and 

the number of larvae in the retentate was determined after each. Upon examination no 

larvae were found in the boxes that had had no larvae added and a minimum of two larvae 

were seen in the boxes that had had larvae added. In the positive boxes 3.8 ± 1.4 larvae 

were seen by the quick method (2.4.2.3) and after the first wash, (2.4.3 Recovery), 7.3 ±

1.6 larvae were found in the retentate. No larvae were found in the second wash.

2.4.3 Recovery of larvae from positive boxes

If the box had been labelled as positive by (2.4.2.3) the quick detection method or larvae 

were seen on the sieve after the first three washes of (2.4.2.1) the decant and sieve method, 

then the sand was washed with the intention of recovering all the larvae that it contained.

Once larvae were detected the sand sample was treated as in (2.4.2.1) the decant and sieve 

method, i.e., the sample was rinsed into a IL flask, water added, agitated, left 30 seconds 

for the sand to settle and the supernatant poured onto a 20pm sieve. In this case, however, 

the sand was repeatedly washed until the supernatant was transparent. The retentate, 

including larvae was then rinsed into a 50ml tube. The sieve was cleaned and the sand 

sample, still in the flask, was washed again and as in 2.4.2.1. The retentate was washed 

onto the large Petri dish for scanning. If less than 10 larvae were counted on the dish then
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no more washes were done on the sand. In all cases no more than 8 washes of the sand 

were required to get to this point.

2.4.3.1 Validation of 2.4.3 Recovery

For recovery, i.e., extracting and collecting as many larvae as practicably possible from the 

sand, two trials were set up. In the first approximately 100 larvae were added to 10 boxes 

and the second approximately 5000 larvae were added to 5 boxes.

In the first trial the exact number of larvae in each box was determined by counting the 

larvae in the whole volume of a nematode slide (see 2.4.4 counting). Once counted the 

larval suspension in the slide was rinsed into a sand box containing dry sterilised sand.

The samples were then treated as in 2.4.3 except that after each pour of supernatant onto 

the sieve the retentate was rinsed onto a Petri dish (2.4.2.1) and larvae counted. After the 

1*‘ wash the mean percentage of larvae recovered out of those put in the box was 91.4% ± 

3.19. After the second wash 4% ± 1.79 of the original number were recovered. The 3'^'^ 

wash recovered no larvae. The remainder may have been destroyed by agitation with sand 

in the flask or they may have passed through the sieve.

In the second trial, samples were taken and counted from five 50ml tubes containing 30mls 

of water and approximately 5000 suspended larvae. These counts were then used to 

estimate the number of larvae present in the 30ml samples before they were added to the 

dry sand boxes. The samples were treated as in 2.4.3 except that each wash was collected 

and counted separately. The 1** wash was made up to 30 or 35mls in a 50 ml tube and 

counted. The volume of the sample varied according to how much water was required to 

rinse the retentate off the sieve. The second wash was collected and counted and so on 

until no more larvae were seen in the retentate on a large Petri dish. The mean of the 5
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samples at the start was 5757 larv'ae ±179 and the mean of the total number of larvae 

recovered from each box was 5794 ± 309. This shows that the efficiency of this method at 

recovering larvae from a sample is greater than the accuracy with which the number of 

larvae in the sample can be estimated.

2.4.4 Counting

Nematode counting slides (Chalex corporation) were used to carry out all counts of worms 

adult/larvae in suspension throughout this research. A Pasteur pipette was used to take 

roughly 2.5mls from a thoroughly mixed sample and emptied between the fixed cover and 

slide. The larvae were allowed a few moments to settle to the bottom of the slide. The 

slide was then placed on a microscope stage and each of the six lanes, on the grid 

imprinted on the bottom, was then examined at x40 (one lane was the width of the field of 

view). Alternatively the slide was placed, on a black background, on the stage of a 

dissecting microscope and a strong cold light source was used to highlight the larvae and 

the grid. Two methods were used because of the availability of equipment. Using either 

method the entire grid was counted. The volume above the grid was 1ml therefore counts 

of samples have been reported as per ml.

Four counts were done on each sample. More than approximately 500 larvae per grid was 

difficult to count and therefore dilutions were made if the concentration of larvae was near 

or greater than 500/ml.

2.4.5 Petri Dishes

Petri dishes were used to contain pollen and attempt to keep it from becoming covered in 

sand or from the pollen being spread out into the sand. Pollen grains in water could not be 

separated from the larvae by differential rate of sinking because they have a similar density
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or with the use of a sieve because pollen grains were of similar size to compared to the 

transactional view of parasite larvae. Examination of Petri dishes for larvae and counting 

them when found was not easy. To investigate the loss of larvae from samples, 59 of the 

86 Petri dishes of boxes found positive for larvae collected in 2008 were examined. In one 

box (labelled Pr37) the Petri dish contained the same number of larvae as the box. This 

was considered an outlier and not included in the calculation of the percentage (see Figure 

2.2, *65). The percentage of the larvae found in the Petri dish, divided by the number 

found in the box (including the dish) was 6.5% ± 5.0 (N= 58). Therefore the number of 

parasite larvae that were not counted as part of the total reproductive output of larvae in 

infected queens should not have had a large impact.

Figure 2.2 Box and whisker plot of the number of larvae collected from Petri Dishes as a percentage of the 

total number recovered from the rest of the box
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2.5 ANIMAL BREEDING COLONY HUSBANDRY

2.5.1 Colony origin

An attempt was made to obtain local queens of B. terrestris. In 2007 queens of B. 

terrestris audax collected in the Dublin area were screened for infection by S. bombi by 

examination of the sand upon which they were kept in the 1 st 2 weeks post capture.

Queens that did not deposit parasite larvae and were less than 3 weeks old (N=52) were 

sent to Biobest in the Netherlands. Biobest were to house the queens and rear the colonies 

from them and send back the colonies. Unfortunately, few queens survived the trip to the 

Netherlands and of the survivors only 2 produced colonies. More than 3 colonies were 

required to produce new queens for experimentation, due to the genetic variation required 

to extrapolate laboratory results to the species. In addition to gain enough queens to run 

the experiments up to 20 colonies may be required. Therefore, I decided to continue with a 

novel (to the local S. bombi) host population. Colonies of Bombus terrestris terrestris 

were ordered from Hortico industries (Ireland) sourced by Koppert (Netherlands).

2.5.2 Colony housing

Imported colonies were brought into the controlled temperature room (20-28°C) with a 

relative humidity of 40 to 50 % and were kept in the dark with red light used for 

manipulations. Two methods were used for the rearing of colonies. To obtain gynes in 

2005 and 2006 colonies were transferred to home-made colony boxes. These queens were 

used in the pilot hibernation and pilot infections and the U' dosage experiment (Chapter 5). 

In 2007, colonies were kept in the boxes they were transported in and the transport boxes 

were modified for use. Queens from these colonies were used in the second dosage 

experiment (Chapter 5) and in the common garden experiment (Chapter 6).
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2.5.2.1 Method 1

In 2006, 15 colonies were ordered and they arrived on 23/8/06.

The comb/colony of Bombus terrestris terrestris was transferred from the plastic boxes the 

colonies were transported in to home-made colony boxes, see Figure 2.3. This was 

achieved by removing all the workers from the Hortico box to a wooden box (11x21x13 cm 

internal measurements), taking out the wool (used to protect the travelling bees) and 

removing workers from it. This left the colony/comb exposed with only the queen and a 

few remaining workers. The comb was lifted carefully out of the box, using two pairs of 

long tweezers (13cm), and onto the wire mesh of the home-made box.

Figure 2.3 Diagram of colony box (plastic tub 20cm high with radius of 14cm) and forage box used to house 

colonies.

Once the comb and the queen were in the colony box, 30 workers were taken from the 

holding box and returned to the colony. The remainder were not returned because the 

colony would be too large (see Section 2.5.3 Maintenance) and so they were sacrificed by 

freezing. The forage box (11x21x13cm) contained pollen in a Petri dish and 3 or 6 tubes 

of sugar water.
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2.5.2.2 Method 2

In 2007, the imported colonies were not transferred to home-made colony boxes. Instead 

the boxes in which they were transported were modified for use. 15 colonies of Bombus 

terrestris terrestris arrived on 24/8/07. 5 more colonies were ordered and arrived 19/9/07. 

These colonies were ordered because the queen of one of the original colonies had died 

and queens of several other colonies were not laying eggs of sexuals at the time of the 

order. It was estimated that 5 more colonies would be required to obtain the number of 

mated queens required.

Once colonies arrived, the wool that covers the brood/comb was removed so that the comb 

could be observed easily. The transport box itself (16x27x25cm) is made of opaque plastic 

but has slots in the lid and the base, see Figure 2.4, that allow air flow and observation of 

the colony. The size of the colonies was reduced to approximately 50 workers. Workers 

were removed using long tweezers (13cm). The surplus workers were sacrificed by 

freezing.

Figure 2.4 Diagram of the plastic box that colonies were transported in and then housed in for queen rearing
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2.5.3 Maintenance

In the home-made colony boxes, pollen and sugar water were supplied ad libitum through 

the forage box. In the modified transport box, pollen was dropped through the lid onto a 

flat area at the side of the box that had no slots. Sugar water was available through the 

wick in the base of the colony box. In some colonies, the comb was built over the wick, in 

which case sugar water was supplied in tubes (deseribed above) pushed through the lid of 

the box. Colony size was monitored in all colonies, if more than 100 workers were seen in 

a colony then workers were removed until only 50 workers remained. This helped the 

colonies remain clean and since only the queen lays female eggs, only enough workers to 

tend the brood were needed. In addition, more than 100 workers per colony increased the 

risk of escapees during manipulations of colonies.

2.5.4 Gynes

The colonies ordered in 2006 arrived on 23/8/06 and the first gynes appeared on 1/9/06 (9*’’ 

day) in colonies while the majority of queens eclosed after 19/9/06 (28 days). In 2007 the 

ordered colonies arrived on 24/8/07 and the first gynes eclosed between 28/8/07 (4^*’ day) 

and 31/8/07 (7*'’ day) from colonies 1,7,14 and 15.

2.5.5 Collection of gynes and males

Gynes were removed from the colonies as they were found and housed in sandwich boxes 

with the provision of ad libitum sugar water and pollen. Gynes of different colonies were 

not housed together and gynes of one colony were collected into the same box over a 

period of no more than 5 days after which a new box was started. More than 4 gynes from 

one colony and time period required a larger box than a sandwich box, so they were 

housed in wooden boxes with Perspex lids with sugar water and pollen. Wooden boxes 

could hold up to 20 gynes after which an additional box was required.
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Males were collected infrequently because they were harder to see in the colonies than the 

queens. Males were not used for mating until 5 days after they were collected to make sure 

they were sexually mature (Tasei et al, 1998).

2.5.6 Development of a protocol for mating queens

Gynes and males were obtained from 4 different colonies between the 4'*’ and the 14*'’ of 

November 2005. The colonies had been ordered for the production of workers by another 

researcher. Gynes were housed individually in sandwich boxes, with 3-6 pieces of cat 

litter instead of sand in the base. Males were collected from 6 colonies and were mixed 

together in two wooden boxes. Each box had white paper on the floor to absorb liquid, 

three sugar tubes filled with sugar water as described above suspended from a plastic lid. 

Early collected males were placed in plastic boxes with cat litter, to keep the boxes dry. 

However, mortality of the males was high and may have been due to the mess created from 

the cat litter. The cleanliness and longevity of the males was much greater in the wooden 

boxes (unmeasured pers. ob.)

57 gynes were collected in total. Mating sessions were set up each day from the 14‘" to the 

18“’ of November 2006 as follows. Clean plastic boxes were set out with plastic lids. The 

large hole in each lid was sealed with masking tape. Two males were placed in each box 

which was then left for 2-5 minutes before a queen was added. Once all the boxes 

contained males and queens, they were exposed to sunlight. The bumble bees were then 

observed for signs of mating. Any boxes in which mating was observed were moved to 

one side and labelled appropriately. It was observed that the males often tried to mate with 

each other instead of the queen. Also the general quality of the males deteriorated 

throughout the week. Therefore for the final 2 mating sessions, males were placed in boxes 

individually, 1 per box before a queen was introduced.
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All mating observed took place within the first 30 minutes of the sessions on the 14'*’, I5‘^ 

and 16'’’ November. For the remaining sessions the time allowed was reduced to 30 

minutes. The number of queens used for each session was not recorded and therefore the 

effectiveness of 1 on 1 vs. 2 on 1 male to queen mating ratios could not be compared. 20 

mated queens were obtained by this method of the 57 exposed to males.

25.1 Protocol for production of queens

A flight cage was constructed to provide an area where sexuals could interact in greater 

numbers than in sandwich boxes. This should provide a greater chance of mating 

occurring. The flight cage was (60x50x50cm) with the top and the bottom made of 

Perspex and the sides made from muslin (see Plate 2.4). The muslin provides the gynes 

and males with a surface on which they can walk and make contact with each other, 

making mating more likely. In the flight cage up to 30 gynes and up to 60 males were 

entered at one time.

Plate 2.4 Flight cage containing males and gynes.

In the foreground are a wooden box for housing queens and two sandwich boxes containing mating pairs
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For each mating session, gynes from one colony that eclosed within one 3-5 day period 

were used. Males were also from only one colony. Sibling mating is known to affect 

queens potential for egg laying so this was avoided (Beekman et ai, 1999). The box of 

males was first placed inside the mating cage and they were released by removing the lid, 

any that did not fly out were helped using long tweezers. The males were given 2-3 

minutes to acclimatise to the flight cage and then queens were added. Queens were 

removed individually from the wooden box using a pair of long tweezers and placed into 

the mating cage with the males. The time of day was recorded once the gynes were added 

to the flight cage. 30 minutes were allowed for mating to take place. When a pair was 

seen mating they were removed from the flight cage and placed in a sandwich box with pin 

holes in the lid. Once mating was complete the males were returned to the flight cage or 

their box if the 30 minutes were over. The queen remained in the plastic box and was 

given sugar water and pollen upon its return to the bee room. After 30 minutes the first set 

of gynes were removed and a new set (different colony or age) was added. If 90% of the 

males were no longer flying then they were considered tired and that mating session was 

ended as tired males were unlikely to mate gynes (Brown, MJF pers. comm.). Males and 

unmated gynes were removed from the flight cage and replaced in their boxes. Gynes 

were counted in and out of the mating cage to make sure none were lost. Males were 

counted out and the box labelled with the number of males, to check that none had 

escaped.

For the purposes of this study all mated females are considered queens following Beekman 

(1998).
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2.5.8 Mating details and ages of queens

The age ranges and time post mating before entering hibernation of queens for experiment

on the potential for cross infections are described in Table 2.1.

Table 2.1 The age of queens when they mated and time post mating until entered into hibernation 

Treatment groups are described by the origin of larvae to which queens were exposed during hibernation

Species origin of

nematodes

N Queen age at mating (days) Days post mating

Mean S.D. Mean S.D.

B. pascuorum 5 9.5 1.00 4 1.41

B. pratorum 5 10 0.00 4.2 1.79
B. lapidarius 3 12 0.00 3.7 1.15

B. jonellus 4 12 0.00 3.5 1.00

The 60 mated queens used in the pseudo-natural hibernation experiment had a mean age at 

mating of 10 days and a mean time post mating of 4 days (see Table 2.2). There was no 

significant difference among the boxes in the age of queens that were used (see Table 2.3).

Table 2.2 The age of queens when they mated and time post mating until addition to buckets for hibernation

Bucket Queen Age in days Time post mating in days

Mean S.D. Mean S.D.

C 9.5 3.70 3.9 1.89

11 10.3 2.00 3.9 2.02

12 10.3 3.90 3.9 1.98

Table 2.3 One way Analysis of Variance of the age of queens before entry into bucket hibernation

experiment

Queen age
Sum of Squares D.F. Mean Square F P-value

At Mating Between Groups 4.909 2 2.455 .168 .846

Within Groups 439.091 30 14.636

Total 444.000 32

Time post mating Between Groups .030 2 .015 .004 .996

Within Groups 216.139 56 3.860

Total 216.169 58

At Hibernation Between Groups 3.879 2 1.939 .126 .882

Within Groups 461.091 30 15.370

Total 464.970 32

A Levene’s test was used to ensure homogeneity of variances, the P values were greater than 0.5.
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For the pilot dosage study (Chapter 5, Experiment 1) mating was conducted between 

27/9/06 and 11/10/06. Mated queens had at least one day (mean 7.0 days, ± 4.2) in a box 

with ad libitum sugar water and pollen before being entered into artificial hibernation, see 

below. The mean age of queens at hibernation was 11.5 days ± 6.5 and was not 

significantly different among treatment groups see Table 2.4.

Table 2.4 One way Analysis of Variance of the age of queens among treatment groups used in dosage study 

(Experiment 1 Chapter 5) at mating, hibernation and time between the mating and hibernation

Queen age

Sum of

Squares D.F. Mean Square F P-value

At Mating Between Groups 17.294 3 5.765 .218 .883

Within Groups 1717.344 65 26.421

Total 1734.638 68

Time post mating Between Groups 8.566 3 2.855 .131 .941

Within Groups 1525.218 70 21.789

Total 1533.784 73

At Hibernation Between Groups 16.728 3 5.576 .103 .958

Within Groups 3533.562 65 54.362

Total 3550.290 68

A Levene’s test for homogeneity of variances was used in each case and found to be non significant (P>0.5).

For the second dosage study (Chapter 5, Experiment 2) mating for this study was 

conducted between 22/10/07 and 23/10/07. Mated queens had one or 2 days in a box with 

ad libitum sugar water and pollen before being used in the experiment. The mean age of 

queens at hibernation was 16 ± 2 and was the same for each treatment group. There was 

no difference between treatment groups as shown by a one way analysis of variance 

(F=0.114, D.F. = 1 and P=0.737) and homogeneity of variances was shown by a Levene’s 

statistic of 0.453 (P=0.504). There were 15 cases which were not included in the analysis. 

These queens did not have a recorded age because the label was lost, 7 of these queens 

were allocated to the 100 group and 8 were allocated to the 1000 group.
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Mating for the Common Garden Experiment (Chapter 6) study was conducted between 

19/9/07 and 8/10/07. Mated queens had 9.5 ± 6 days in a box with ad libitum sugar water 

and pollen before being used in the experiment (Table 2.5). The mean age of queens at 

hibernation was 25 ± 10 and was the same for each treatment group (see Table 2.6)

Table 2.5 Summary of ages of queens at hibernation and the time post mating before they were entered into 

hibernation (Chapter 6)

Treatment groups are described by the origin of larvae to which queens were exposed during hibernation

Treatment

group

Days old at hibernation

mean S.D.

Days post mating

mean S.D.

B. lapidarius 25.3 9.58 9.4 5.90

B. pascuorum 25.2 9.88 10 5.99

B. pratorum 25.3 9.51 9.7 5.87

B. terrestris 24.7 9.79 9.4 6.03

Table 2.6 One way Analysis of Variance of queen age at mating and at hibernation among treatment groups

in common garden experiment of Chapter 6

Queen age Sum of

Squares D.F. Mean Square F P-value

At Mating Between Groups 10.225 3 3.408 .096 .962

Within Groups 5514.750 156 35.351

Total 5524.975 159

At Hibernation Between Groups 10.425 3 3.475 .037 .990

Within Groups 14647.550 156 93.895

Total 14657.975 159

2.6 DEVELOPMENT OF HIBERNATION PROTOCOL

There has been extensive work done on hibernation of mated bumble bees in the 

laboratory, which has been reviewed by Beekman (1998). The key findings of this work 

were that the largest factors affecting the hibernation survival of queens were the duration, 

ranging from 1 to 8 months, of the diapause and having a minimum wet weight per queen
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of 0.6g. Temperatures ranging from -5 to 15°C did not affect survival. Queens used in 

experiments of this thesis were not weighed so this effect cannot be accounted for.

A protocol for artificial hibernating of bumble bee queens was required that would expose 

queens to potentially infective adult S. bombi and maintain a high level of queen 

hibernation survival. The conditions required for infection by inseminated female 

Sphaerularia nematodes are unknown. A temperature of around 5 degrees was decided on 

because to be low but without the chance of freezing. A high relative humidity, greater 

than 60% is required to stop the queens drying out (Beekman et al, 1998) and water is 

likely to be required for infection by S. bombi because nematodes require moisture for 

locomotion. Therefore a damp substrate that would later be used to allow the S. bombi 

larvae to mature and mate (see Section 2.2.3) was used to keep the queens humid. Queens 

can hibernate for up to 9 months of the year but hibernation survival deteriorates with 

increased diapause length. It was assumed that increased length of exposure of queens to 

S. bombi would increase the rate of infection. It was therefore decided that queens would 

be placed in artificial hibernation for 3 months.

2.6.1 Hibernation pilot 2005

In 2005 gynes and males were obtained from colonies of B. terrestris terrestris bought 

from Hortico industries for the production of workers by another researcher. Mating was 

conducted in the development of a mating protocol above (Section 2.5.6). 37 gynes and 20 

queens were put into artificial hibernation by placing them in suitable chambers in the dark 

in a cold controlled temperature room. Queens and gynes were placed individually in 

sandwich boxes with damp sterilised sand (Hanson Play Pit Sand) and sterilised soil (B&Q 

Topsoil) in a ratio of 3:1 respectively.
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Sandwich boxes were placed in one of two storage containers for transport and housing in 

the controlled temperature (~5°C) room. Of the two storage containers, the blue plastic 

box contained 18 sandwich boxes, 8 of 18 boxes contained gynes and 10 contained queens. 

An open card board box was also used and this contained 39 sandwich boxes, 29 of which 

were gynes and 10 queens.

Queens were entered into artificial hibernation, in the controlled temperature room at ~5°C, 

on the 16'’’, 17^'’ and 18*'’ of November 2005. In addition three boxes were used to house 

workers picked on a first caught basis. Each box contained workers from one colony. 10 

workers were placed in each sandwich box with substrate of sand and soil.

Queens were placed in the controlled temperature room with the light turned off At some 

point during the following 8 weeks the light was turned on. This would have had no effect 

on the 18 queens and gynes that were stored in a blue plastic box because the lid was 

covered with paper keeping the contents in the dark. It may have had an impact on the 39 

queens and gynes that were stored on the shelf in the open cardboard box; the ones at the 

top more so than those at the bottom. Light is not thought to be a factor in emergence of 

queens from hibernation (Alford 1969b) although I know of no experimental evidence.

The temperature of the controlled temperature room from 18*'* of November to 13*'’ of 

January was 3-10°C.

8 weeks after they were entered (Friday n*** of January 06) queens were removed from 

their hibemacula (sandwich boxes) and placed in new abodes while in the controlled 

temperature room. They were then moved to the bee room. All surviving unmated queens 

were placed in plastic sandwich boxes with paper cut to fit the floor of the box and sugar
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water and pollen. All surviving mated queens were placed in “queen boxes” with pollen in 

a Petri dish, a metal mesh floor, and a 40ml sugar water tube.

Nearly all of the survivors of hibernation lived in excess of 1 week following waking apart 

from 3 of the surviving mated queens from the open box which were found dead 3 days 

after waking (16/1/06). Of the queens entered into hibernation the percentage that survived 

hibernation can be seen in Table 2.7.

Table 2.7 Summary of queens and gynes entered into, and survival of, artificial hibernation

Queen/gyne N Storage containers Percentage Survived

Queen 10 Open ” 70

Gyne 29 Open 62

Queen 10 Box" 40

Gyne 8 Box 62.5

Worker “ 30 Open 7

" Workers were only stored in the cold room for 14 days before they were removed and observed for survival. 

^ Open describes the container the queens were kept in

' Box indicates that queens were kept in a closed box which did not let light in when the lights were 

unintentionally turned on.

2.6.2 Alternative methods of hibernating queens with exposure to S. bombi

Sandwich boxes take up a lot of room in the controlled temperature room relative to the 

size of the queen. The size of the sandwich box also means that a relatively large number 

of S. bombi are required per queen so that exposure is guaranteed. Therefore a new 

method was developed that used 50ml conical ended falcon tubes to house queens during 

hibernation. Dry sterilised sand was placed in the bottom of the tubes (up to the 5ml mark 

in 2006 and up to the 0.5ml mark in 2007) to which was added tap water or tap water 

containing suspended S. bombi. The volume of sand was reduced following the pilot 

infections so that less S. bombi suspension was required to make the sand damp. Only 

enough water was added to make the sand damp - necessary for locomotion of nematodes. 

Holes were drilled in the lids to allow air flow. The smaller volume of substrate and
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smaller surface area for the queen should mean a greater likelihood of exposure to S. bombi 

than in sandwich boxes for the equivalent number of S. bombi. Tubes with damp sand and 

S. bombi in were removed from the fridge a day before use to warm to room temperature. 

Tubes were labelled with the treatment they contained i.e. the number or the species origin 

of the S', bombi. Tubes, each with one queen within, were set upright in a rack and into 

black plastic bags (width 70cm by height 85cm when flat) to prevent light interfering with 

the queen’s hibernation. These were then placed into large plastic boxes (23x40x20cm).

A sandwich box half filled with water and with a lid with holes in it was placed in the 

middle of the box to maintain high humidity. The large plastic boxes then had a lid put on 

and were placed in a cold room at ~5°C. This method was used in the potential cross 

infections with S. bombi from B. pascuorum and B. pratorum (Section 2.7.5), Experiment 

1, Chapter 5 and common garden experiment. Chapter 6.

Alternatively infections may be more likely to take place if queens dig into the substrate as 

is thought to occur in the wild (Alford 1969). Since wild queens enter hibernaculae and 

begin hibemation/diapause in mid to late summer a significant change in temperature or 

day length should not be required to trigger the need to find a hibernation site. With this in 

mind, 3 sets of apparatus were set up as shown in Figure 2.5. They consisted of a forage 

box, of the same type and with the same supplies as described above for rearing colonies, 

connected to a bucket, again the same as for rearing colonies except that the bucket 

contained a mix of soil and sand. The sand and soil were up to the level of the tube that 

serves as the entrance from the forage box. This was to allow queens to go in and out 

without impediment.

Adult S. bombi were added to the buckets, see below Section 2.7.3. 20 queens were 

entered into each forage box and were given one week with ad libitum sugar water, pollen
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and access to daylight. After this time the buckets were to be transferred to a controlled 

temperature room (~5°C) for 3 months.

2.6.3 Allocation of queens to treatment groups

Groups of queens of each mating session and colony pairing were divided equally among 

treatment groups. Where one mating session and colony pairing contained more queens 

than treatment groups of an experiment, queens were selected on a first caught basis. The 

age of queens and mating details are in Section 2.5.8 above.

Figure 2.5 Apparatus used to create “natural” hibernation conditions for bumble bee queens.

Hibernation box Forage Box

2.7 DEVELOPMENT OF INFECTION PROTOCOL

2.7.1 Summary

Sphaerularia has a direct life cycle and so larval nematodes were obtained from bumble 

bee queens. It is possible that S. bombi larvae can be obtained from the soil on/in which
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infective bumble bees have deposited them (Poinar and van der Laan 1972). Field caught 

queens were collected as described in section 2.1.4 and housed in the laboratory as 

described in Section 2.1.5. Half of the queens collected in 2006 and all of those collected 

in 2007 were housed until they died of “natural causes”. The sandwich boxes, with sand in 

the bases, were changed at regular intervals and the sand samples were processed to 

determine the presence and number of parasite larvae. After counting, the larvae were 

added to new sandwich boxes with sand and/or soil where they could mature and mate. 

Poinar and van der Laan (1972) observed that 65 days after the larvae were collected from 

queens half of them were at the adult stage of development. Therefore the worm-farms 

(described below) were left for between 3 and 5 months after which time the majority of 

females should have reached maturity and mated. The worm-farms were washed to collect 

the S. bombi. The suspensions of S. bombi created were used to prepare doses to which 

queens would be exposed.

2.7.2 Nematode collection and maturation for Experiment 1 Chapter 5 and the bucket 

hibernation experiment

Larvae were collected from sand of boxes that had held infected B. terrestris queens 

collected from parks in Dublin in spring 2006 (see Section 2.4 for detection and collection 

of larvae from sand samples). Collected parasite larvae were stored in damp sterilised sand 

(Hanson Play Pit Sand) and soil (B&Q Topsoil) in a ratio of 3:1 respectively in sandwich 

boxes. Henceforth boxes containing substrate and parasite larvae that were kept for the 

purpose of producing mature mated nematodes are called worm-farms. The worm-farms 

were covered to ensure humidity was maintained and stored in the dark and at room 

temperature for 100-125 days. On 5/10/06 the adult S. bombi were removed from the 

worm-farms using the method described in 2.4.3 recovery of larvae. However it proved 

much more difficult due to the soil in the worm-farms. Small clumps of soil either floated
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and therefore eould not be removed from the suspension of adult S', bombi by gravity or 

had to be broken down manually. A stock of 35000 adult S. bombi in 450mls (between 

122 and 198 days old) from B. terrestris queens was used to create doses for infectious 

hibemacula. This stock contained fine detritus from the soil that could not be separated by 

gravity or sieving. No male nematodes were found out of 100 viewed at 100 times 

magnification (using Microscope Olympus BX41). Male nematodes were determined by 

the presence of spicules (see Plate 2.6). The infected B. terrestris queens deposited larvae 

between the 27/3/06 and 11/6/06. The adult S. bombi were therefore between 122 and 198 

days old by the time the doses were prepared.

2.7.3 Dose preparation for bucket hibernation experiment

Adult S. bombi from the B. terrestris stock (Section 2.7.2) were added to bucket 11. 

Because the effect of sieving and counting on the infectivity of the S. bombi is not known, 

a second bucket, 12, was set up and to this was added sand and soil mix taken directly from 

2 worm-farms. The number of adult S. bombi in the 2 worm-farms used was estimated by 

taking samples, washing and counting these and weighing the worm-farms before and 

after. A third bucket, C, was set up with no S. bombi so that the method of hibernating 

queens could be judged. The estimated number of S. bombi added to each of the buckets is 

summarised in Table 2.8.

Table 2.8 Estimated number of S. bombi in each bucket of the hibernation experiment

Bucket Estimated number of S. bombi from B. terrestris

11
12
Control

11,400±2362 in 200mls of water from stock (Section 2.7.2) 

2591±370 plus 8766±1890 from worm-farms 

0
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Plate 2.6 Spicules in a male S. bombi

2.7.4 Dose Preparation for Experiment 1 Chapter 5

The aim was to set up 4 treatment groups; control, low medium and high concentration of 

S. bombi from B. terrestris queens. Because I had no knowledge of the number of S. 

bombi required for an infective dose, a log scale was used for the low, medium and high 

concentrations. Doses were prepared that would be close to 10, 100 and 1000 S. bombi per 

queen. To estimate how many were in each experimental tube, additional tubes with no 

sand in were fdled along with the other tubes. These could be counted easily and quickly. 

Henceforth these tubes are called trial doses. 74 queens were used in this experiment with 

20 in each treatment group and 14 in the control.

To prepare doses for the high exposure treatment group 5.5mls of stock S. bombi 

suspension (26500 nematodes in 150mls at 177 per ml) was added to 22 tubes. 2 were trial 

doses for accuracy, 1 filled before the 20 experimental tubes and 1 filled after. The trial 

doses were diluted to 15mls and counted 5 times on a nematode slide. The mean was 703 

± 190 (N=10) nematodes per tube. (The mean and standard deviations of the two samples 

were 645 ± 202 and 762 ± 179).
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To prepare doses for the medium exposure treatment group, 1ml of S. bombi suspension 

(5750 S. bombi in 57mls) was added to 23 tubes of which 3 were trial doses. The trial 

doses were placed first, middle and last and were diluted 1 in 10 for counting. Each was 

only counted three times and the mean per tube was 142 ± 23 (9 counts).

To prepare doses for the low exposure treatment group the remaining stock was diluted to 

10 S. bombi per ml and 1ml of S. bombi suspension was added to 24 tubes. 4 of which 

were trial doses. These were each counted once due to the limited volume. The mean per 

tube of the trial doses was 9 ± 3.46.

Experimental tubes contained dry sand before the addition of S. bombi suspension or tap 

water. To each tube of the medium and low dose groups 3 mis of tap water was added and 

to the controls was added 4mls of tap water. This was to ensure the same amount of water 

was present in all the experimental tubes. 4.5mls and 3.5mls respectively would have to 

have been added to equal the volume added to the high dose tubes. But because the 

quantity of detritus in the concentrated stock meant that more solids were added to the high 

dose group than to the other two groups, the volume of water was adjusted accordingly.

Queens used in Experiment 1 Chapter 5 were placed in tubes with damp sand and S. bombi 

and were entered into hibernation on the 11/10/06.

2.7.5 S. bombi collection and dose preparation for potential cross-infections

Larvae were also collected from the boxes of infected queens of B. pascuorum. Worm- 

farms were created in the same way and at the same time as for B. terrestris. After 

maturation the worm-farms were washed and sieved and the S. bombi from B. pascuorum 

were collected as above. 500 S. bombi ± 408 of B. pascuorum were counted in the stock of
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50mls. The high standard deviation was due to the linlO dilution factor required to see the 

S. bombi because of the detritus present. 5mls of stock was added to 5 tubes containing 

sand. The tubes were placed upright in a rack which was then placed in a black plastic bag 

inside a large plastic box (The same type as used in Section 2.6.2). The box was placed in 

the controlled temperature room (~5°C) on the 19*'’ of October 2006.

Four of the five queens that were exposed to S. bombi originating from B. pascuorum 

survived hibernation. The post hibernation treatment was the same as for queens in the 1 ^* 

dosage experiment. They were housed in boxes with sand, pollen and sugar water until 

natural death. One of the four queens was found to be infected by S. bombi at dissection, 

although no parasite larvae were found in the sand collected from underneath the infected 

queen.

2.7.6 S. bombi collection and dose preparation for Experiment 2 Chapter 5

The worm-farm of B. pascuorum was covered to ensure humidity was maintained and 

stored in the dark at room temperature for 90 days. On 9/10/06 the S. bombi were removed 

from the worm-farm as described in section 2.4.3 Recovery. A stock of 70000 S. bombi 

(between 131 and 159 days old) in tap water was used to create doses for infectious 

hibemacula. The S. bombi deposited by the queens between the 10/5/07 and 31/5/07 and 

were therefore between 146 and 174 days old by the time the doses were created. 60 

queens were used in this experiment so 30 doses of each treatment group were required. 

The aim was to set up treatment groups similar to the high and medium concentrations of 

S. bombi as described for Experiment 1 Chapter 5 (Section 2.7.4). To estimate how many 

S. bombi were in each experimental tube additional tubes with no sand in were filled along 

with the other tubes. These could be counted easily and quickly. The stock solution was
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counted by taking 100^1 samples and diluting them 1 in 30 with tap water. The mean of 

four samples was 1275 ± 110.91 S. bombi per ml in the total of 50mls.

To prepare doses close to 100 S. bombi per ml, 3.5mls of the stock solution was taken and 

diluted up to 40mls. This new stock was counted and the average of three 1 ml samples 

was 131 ± 9.17 5. bombi per ml. The remaining 37mls were diluted to 45mls with more 

tap water to reduce the mean to an estimated 107.7 S. bombi per ml. 36 tubes were filled 

sequentially with 1ml of stock solution. The first and the last 3 tubes were trial doses, as 

described above. A total of l.Smls of liquid was required for the sand to be adequately 

moist so another 0.5mls of tap water was added to all 36 tubes. To count the trial doses 

another 1ml of tap water was added so that a nematode counting chamber could be used. 

The whole 2.5ml of each trial dose was then placed in a nematode counting chamber and 

the area over the grid was counted. The mean was 111 ±95. bombi per dose (see Table 

2.9) as only 1ml was added per dose. Tube number 3 was dropped and the contents lost.

Table 2.9 Summary of counts made on trial doses for the medium dose treatment group (Chapter 6) 

Counts are displayed per ml and are 1 in 2.5 dilution from doses

Dummy 1 2 3 4 5 6

Count 48 39 Lost 47 43 45

To prepare doses of approximately 1000 S. bombi per ml the remaining stock solution 

containing approximately 60,000 S. bombi was diluted to 75mls.

1ml of stock solution was added to 34 tubes. 4 of the tubes were trial doses, 2 filled at the 

start and 2 at the end. The 1ml of nematode suspension in the trial doses was diluted 1 in 

10 for counting. Each was only counted once due to time constraints with the mean count 

being 917.5 ± 32 (see Table 2.10).
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Table 2.10 Summary of counts made on trial doses for the high dose treatment group (Chapter 6) 

Counts are displayed per ml and are 1 in 10 dilution from doses

Trial 1 2 3 4

Count 93 94 87 93

In Experiment 2 of Chapter 5 queens were placed in tubes with damp sand with nematodes 

from B. pascuorum and into hibernation on the 24/10/07.

2.7.7 S. bombi collection and dose preparation of common garden

Parasite larvae were collected from queens of B. terrestris, B. pascuorum, B. pratorum and 

B. lapidarius. These were collected as described in section 2.4.3 Recovery and then added 

to host species specific sandwich boxes containing sand (worm-farms). The worm-farms 

were covered to ensure humidity was maintained and stored in the dark at room 

temperature (see Table 2.13 for age of S. bombi). On 1/10/06 the S. bombi were removed 

from the worm-farms by sieving and decanting (Section 2.4.3 Recovery). Stocks of S. 

bombi in tap water were used to create doses for infectious hibemacula (see Tables 2.11 

and 2.12). Table 2.12 shows the counts made on the S. bombi suspension removed from 

the worm-farm and the dilutions made to obtain SOmls of suspension at 100 S. bombi per 

ml. Once these were obtained counts were made from the 50ml stocks to be used for doses 

(Table 2.13). Three 1ml samples were counted. The stock for B. pratorum had a mean 

(80.0) more than one standard deviation (14.4) away from 100 S. bombi per ml. It was 

decided to add 1ml of the original stock (714 5'. bombi ± 117) to bring it closer to 100 5. 

bombi per ml, estimated at 93.3 per ml. Three trial doses were made after the 40 tubes 

with sand were filled. These were subsequently diluted and counted and can also be seen 

in Table 2.12.

Repeated measures analysis for the dummy samples failed Mauchly’s test of sphericity. 

This means that the variances of the differences between levels of the repeated measures
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factor are not equal. Therefore the result of the analysis must be treated with caution. The 

result of the between subject factor analysis was F=88.8, D.F. = 1, P= 0.003.

Table 2.11 Creation of stock suspensions of nematodes from B. lapidarius, B. pascuorum. B. pratorum and 

B. terrestris worm-farms (for use in Chapter 6)

4 samples diluted 1:6 were counted from the total collections of S', bombi from worm-farms (column 1). 4 to 

21 mis were taken from the stocks and diluted to 45mls and these were counted twice (column 2). On the 

basis of these counts more suspension was taken from the stocks to make the working suspensions up to 100 

S. bombi per ml (estimates in column 3 not counted)

Species origin 1 Stock

5. bombi from worm-

farms (mean of 4)

S. bombUml S.D.

Vol.

taken

ml

2 S. bombi in Extra taken

45mls (mean of from stock

2)
S. bombUml ml

3 New estimate

of dilution to

50mls

S. bombilml

B. lapidarius 192.0 17.7 21 110.5 2 98.3

B. pascuorum 1029.0 134.9 4 125.5 0 102.9

B. pratorum 714.0 117.7 6 113.0 0.5 99.9

B. terrestris 367.5 83.2 11 78.0 3 86.0

Table 2.12 Counts of the 50mls stock S. bombi suspensions used to create doses and counts made of trial

doses of each treatment group (for use in Chapter 6)

All counts are in S. bombilm\

Species origin Counts from 50mls to be used for doses Dummies made at end of doses

1 2 3 Mean S.D. 1 2 3 Mean S.D.

B. lapidarius 124 108 180 137.3 37.8 92 96 116 101 13

B. pascuorum 100 116 80 98.7 18.0 100 100 112 104 7

B. pratorum 64 92 84 80.0 14.4 140 132 184 152 28

B. terrestris 112 80 104 98.7 16.7 120 120 72 104 28

All of the S. bombi were over 147 days old and so are all presumed to be adult females (see 

Table 2.13 for age of S. bombi).
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Table 2.13 Age range of S. bombi (used in Common garden experiment of Chapter 6) added to worm-farms 

The dates between which S. bombi were deposited and the age range they would therefore have at the start of 

the artificial hibernation. All numbers that are not dates are in days.

Species origin S. bombi deposited between Age of S. bombi at Hibernation

ofS. bombi start date end date oldest youngest

B. lapidarius 7/4/07 9/5/07 187 155

B. pascuorum 6/5/07 17/5/07 158 147

B. pratorum 1/5/07 17/5/07 163 147

B. terrestris 6/4/07 17/5/07 188 147

160 queens were used in this experiment with 40 in each treatment group. They were put 

into the fridge in two stages. To 20 tubes of each treatment group (total 80) with sand and 

S. bombi were added queens (described in Section 2.5.8) on the 2/10/07. Queens were 

added to the remaining 80 tubes on the 9/10/07 which were put into a separate box placed 

into hibernation on the same day.

2.7.9 Post hibernation care of laboratory reared queens

2.7.9.1 Results of pseudo-natural infections

The queens were observed visiting the hibernation bucket but none dug to hibernate in the 

soil therein. The queens were found in the forage boxes and showed very little activity 

despite being in daylight. The bridge between the forage box and the bucket was removed 

and the holes were sealed. The queens were then transferred to the bucket and the buckets 

were placed in a controlled temperature room at ~5°C. The buckets were inspected under 

dim red light after 24 hours and the queens were observed on the surface of the soil. The 

attempt to stimulate queens to create hibemacula in soil had failed. So a large section of 

soil was removed from the middle of each bucket and the queens were placed in the bottom 

of it, the soil was then replaced. Some of the queens were observed emerging out of the 

soil before the lid was replaced, so the success of this action cannot be judged.
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The buckets were removed from the cold temperature room after 86 days (13/1/07). 16 

queens were found alive in the control bucket, 12 in bucket 11 and 13 in bucket 12. This 

was not significantly different among the groups (x = 2.003, D.F. = 2, P = 0.367). The 

queens found alive were sacrificed then dissected as described in Section 2.2, dead queens 

were too consumed with fungus to be useful. None of the queens dissected were found to 

be infected with Sphaerularia.

There are many possible reasons for the failure of buckets to appear as attractive places to 

hibernate. The sand and soil mix may have been too dry, too wet or the wrong 

temperature. The substrate was also presented as a flat surface whereas queens have been 

observed in the field to be attracted to banks (Alford 1969). In terms of causing infections, 

the number of 5. bombi used in the two infectious buckets is more than enough to make the 

chance of observing infections in the surviving queens very likely. Also the S. bombi in 

bucket II were from the same source as those used in the Experiment 1 Chapter 5 and so 

were potentially infective. The soil and sand was not as wet as that of the sand in the tubes 

used in the dosage study. This was a deliberate choice based on the fact that wet rather 

than damp soil would likely be unattractive as a hibernation site (Alford 1969b). It may 

have been too dry for the S. bombi to cause infection as they require moisture for 

locomotion.

2.7.9.2 Post hibernation of potential cross-infections

Queens exposed to S. bombi from queens of species other than B. terrestris were removed 

from the controlled temperature room after 84 days (3/01/07) and survivors were placed in 

a warm controlled temperature room (20-28°C). Queens kept until they died of “natural 

causes”. They were frozen within 24 hours of death. When dissected all but one were 

found to be uninfected by S. bombi and none were infected by any other parasite species.

66



The one queen that was found infected had been exposed to S. bombi from B. pascuorum 

and contained one parasite uterus of S. bombi, no larvae were found in the sand collected 

from underneath the queen. She had lived for 126 days and displayed some development 

of her ovaries at dissection.

2.7.9.3 Post hibernation care of queens used in Experiment 1 Chapter 5

Queens used in the 1^' Experiment of Chapter 5 dosage experiment (2006-2007) were 

woken after 84 days (3/1/07). Queens were housed until natural death and the date of each 

queen’s death was recorded. Sandwich boxes of surviving queens were changed at 1, 2, 5, 

8 and 11 weeks post waking. These boxes were subsequently checked for the presence of 

parasite larvae using the decant and sieve method (Section 2.4.2). All those that had not 

died of “natural causes” by 127 days post awakening (10/5/07) were sacrificed by freezing. 

These queens were frozen because of work pressures and the risk of losing information due 

to decomposition of the carcasses.

2.7.9.4 Post hibernation care of queens used in Experiment 2 Chapter 3

Queens used in Experiment 2 of Chapter 5 dosage experiment (2007-2008) were woken 

from hibernation after 92 days (24/1/08) and were housed in sandwich boxes with pollen, 

sugar water and sand for 14 days after which they were sacrificed by freezing.

2.7. P.5 Post hibernation care of queens used in Chapter 6

Queens used in the Chapter 6 - common garden experiment were woken from hibernation 

after 92 days (2/1/08 and 9/1/08) and were housed in sandwich boxes until they died of 

natural causes. Sandwich boxes with sand and pollen were changed weekly and the lid 

with the sugar tube was transferred to a new box with the queen each time. The sand box 

was subsequently checked for larvae using the “sift and look see” method (see Section
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2.4.2.3). Boxes found positive for larvae were washed (as per Section 2.4.3 Recovery) to 

collect the larvae.

2.8 STATISTICS

All summary statistics in the text are reported as mean, plus or minus 1 standard deviation. 

Infections by S. bombi were described categorically (0=uninfected and l=infected) or by 

intensity of infection (number of parasite uteri found within a queen at dissection). The 

abundance of S. bombi is equal to the sum of all parasite uteri found within a sample.

Mean intensity of infection is equal to the abundance divided by the number of infected 

queens in a sample. Mean burden is equal to the abundance divided by the total number of 

queens (infected and uninfected) within a sample.

Statistical analyses were conducted unless otherwise stated in SPSS 16 for the PC.

Analyses were chosen and interpreted with consultation of, among others, three sources: 

SPSS Help and tutorials, the book - Choosing and Using Statistics (Dytham, 2003) and an 

electronic resource - StatNotes (Garson, 2009). The most common statistical tests used in 

analyses of data from this thesis are Binary logistic regression, Cox regression survival 

analysis and one way analysis of variance (ANOVA). The main assumptions and 

interpretation of these tests are described below.

Binary logistic regression applies maximum likelihood estimation after transforming the 

dependent into a logit variable (the natural log of the odds of the dependent occurring or 

not). Logistic regression therefore estimates the odds of a specified event occurring. The 

assumptions of the test are that observations are independent and that the independent 

variables are linearly related to the logit of the dependent. The predictive success of the
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logistic regression can be assessed by looking at the classification table, showing the 

percentage of classifications that were correctly predicted by the model.

The Wald statistic is used to test the significance of individual independent variables. The 

accepted test for model fit to the data is the Hosmer and Lemeshow chi-square test of 

goodness of fit test, a finding of non-significance means the model adequately fits the data. 

The Omnibus tests of model coefficients is a test of the capability of all predictors in the 

model jointly to predict the response (dependent) variable. A finding of significance 

indicates that the model is an adequate fit of the data meaning that at least one of the 

predictors is significantly related to the response variable. Entry of variables into the 

model was by forward stepwise entry based on the likelihood ratio (-2LL) test. This 

computes -2LL for the current model, then re-estimates -2LL with the target variable 

included. Forward selection starts with the constant-only model and adds variables one at 

a time in order of greatest -2LL between the current model and the model with added 

variable. They are added until a cut-off level is reached, i.e., the significance of adding a 

further variable is greater than 0.05.

Exp(b) or the odds ratio is the natural log base, e, to the exponent, b for the explanatory 

variable. It represents the factor by which the odds (event) change for a one-unit change in 

the independent variable. For example if the dependent variable is presence or absence of 

ovary development and the significant predictor is number of parasite uteri then for every 

additional parasite uterus found at dissection the odds of a queen showing ovary 

development at dissection decrease (if b coefficient is negative) by a factor approximately 

equal to Exp(b). Odds ratios of categorical variables are interpreted relative to each other.

Cox regression, implements the proportional hazards model is designed for analysis of 

time until an event. One or more predictor variables are used to predict the time until the
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event. The status variable indicates whether the death has occurred. It occurred in nearly 

all cases with the exception of the 5 queens that would have lived longer than 127 days in 

Experiment 1 Chapter 5. A key assumption of the Cox model is that the hazard rates 

remain the proportional relative to time. Variables were added to the Cox regression 

model in a forward stepwise manner. In the same way as in Binary logistic regression 

described above. The Hazard ratio, also called the odds ratio or Exp(B) is the probability 

of the event occurring in time, given survival to time t. A hazard ratio of 1.0 indicates the 

variables in the model have no effect on time to death. The more the hazard ratio is below 

1.0, then the greater the covariate, the less the odds of the event occurring (increasing 

predicted survival times). The more above 1.0, the more the variables increase the odds of 

the event occurring (death=l: diminishing predicted survival times). Relative risk is the 

hazard ratio where the covariate is categorical. For example if the covariate is infection by 

S. bombi (0, 1) with 1 being presence of S. bombi at dissection, and if the hazard ratio 

(Exp(B)) is 1.1, and the event is death=l, then the risk of death is 1.1 times greater for 

every infected queen than for every uninfected queen (Infection =0), controlling for any 

other covariates in the model. Infection has no influence on time until death when its 

relative risk is 1.0. Confidence intervals on Exp(B), give the lower and upper 95% 

confidence limits around the value of Exp(B). If the value 1.0 lies within these confidence 

limits, one cannot be 95% confident that the covariate has any effect and must report it as 

non-significant.

ANOVA has a continuous dependent variable that is assumed to be normally distributed. 

The independent variables are categorical factors. If one of the independent predictors is a 

continuous variable then the test is an analysis of covariance (ANCOVA). ANOVA is 

used to determine whether sample means differ significantly.
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The F-test is a function of the variance of the set of group means, the overall mean of all 

observations, and the variances of the observations in each group weighted by sample size. 

Thus, the larger the difference in means, the larger the sample sizes, and/or the lower the 

variance within each group, the more likely a significant difference among means will be 

found. A significant F value indicates that the difference between means is not due to 

sampling.

A Levene’s test was conducted on ANOVA and Student’s T-tests assume equality of 

variance across groups. A Levene’s test was used to test this assumption. A finding of 

significance at P<0.05 meant that the variance was not equal and the result should be 

treated with caution.
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Chapter 3

Variation in prevalence of Sphaerularia bombi among its multiple bumble 

bee host species

3.1 INTRODUCTION

Generalist parasites can infect and exploit multiple host species and there is growing 

evidence that this strategy is more common among parasites than one of being adapted to 

infect only one host species (Williams and Jones, 1994, Cleaveland et al, 2001, Taylor et 

al, 2001, Woolhouse et al, 2001). Despite the commonness of generalist host exploitation 

strategy, the majority of models on evolution of virulence have favoured single host 

parasite systems (Frank, 1996, Woolhouse et al, 2001).

Generalist parasites have been shown to drive competitive interactions between host 

species that are not resource limited but instead share a parasite that does not exploit its 

hosts equally (Hatcher et al, 2006, Wood, 2007). An extreme result of apparent 

competition is exclusion of a host which has a lower carrying capacity for the parasite 

(Castro and Bolker, 2005). Over evolutionary time, modelling suggests that having 

multiple hosts may increase the chance of horizontally transmitted parasites, that are 

dependent upon host density, to persist by increasing the density of potential hosts, 

compared to a species specific parasite in the same situation (Dobson, 2004). Infecting 

multiple host species may also affect the evolution of virulence of the parasite. Adaptation 

to any one host species may be impaired due to diffuse coevolution with each of it host 

species (Lajeunesse and Forbes, 2002).

72



Host range or host specificity is defined by the number of host species from which a 

parasite species has been reported. Host range will be affected by the number of studies 

that have investigated the parasite species. This was shown to be the ease in a genus of 

endoparasites of freshwater fish, more host species were known for intensely studied 

species (Poulin, 1997). Host range also relies upon eorrect and specific identification of 

host and parasite species (Poulin 2007).

S. bombi has been reported from 11 of 18 species of Bumble bees sampled in Europe and 

from 8 of 8 in North America (Tables 1.1 and 1.2). The history of sampling of S. bombi 

and the prevalences reeorded are summarised in Chapter 1.

This describes the host range and specificity of the parasite species but may not reflect the 

speeificity of separate populations of the parasite. There is considerable variation in 

prevalence reported among species sampled in the same area (Alford, 1969a) and also 

variation in prevalence among sites of sampling of the same species (Hattingen, 1956, 

Shykoff and Schmid-Hempel, 1991).

One question that has implications for the impact of this parasite on the structure of the 

host species community is whether it is a generalist or a specialist parasite. Aspects of the 

parasite’s biology will be addressed in Chapters 4, 5 and 6. On a broader scale, inferences 

can be made from the prevalence of the parasite in each of its host species. Work by 

Jaenike (1998) on theoretieal models and empirical work with Drosophila and Howardula 

aoronymphium suggests parasites can depress the host population size below its carrying 

capacity (the size at whieh it is limited by food or space resourees). One possible 

theoretical model describing the S. bombi-Bombus spp. relationship assumes the parasite to 

be a complex of cryptic host species specifie speeialists. The prevalence in this case will 

depend upon host density of each host species (because density is assumed to be directly
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proportional to parasite transmission). More abundant host species will therefore support 

higher prevalences of the parasite and decreased host abundance will correlate with 

decreased parasite prevalence. In a second theoretical model, the parasite follows a 

generalist strategy. In this model, prevalence is directly proportional to the likelihood of a 

queen of each host species being exposed to the parasite (assuming that there is no 

difference in susceptibility). In which case, prevalence will not follow host abundance but 

instead may be related to hibernation site choice of each host species (Alford 1969a). The 

link between hibernation site choice and exposure is because infected queens deposit 

parasite larvae at hibernation sites and this is where new queens are assumed to become 

infected (Poinar and van der Laan 1972). It is possible that this generalist parasite 

population is supported by the most common host species and the other species are 

exposed by overlap of hibernation site choice. In this case the highest prevalence will 

occur in the most abundant host. Similar prevalence may occur in other host species if 

they share the same hibernation site but they cannot have a higher prevalence unless they 

are more susceptible to parasitism.

To this end, I investigated whether the highest prevalence reported in each of the previous 

studies (Table 1.1 and 1.2), was associated with the most abundant host species. Sample 

size was assumed to be proportional to species abundance and prevalence in samples of 2 

or fewer queens was ignored. First looking at reports of prevalence from Europe, in 4 out 

of 5 studies that report sample sizes which were collected in one year, the highest 

prevalence matches the most common host species (Lubbock, 1864, Cumber, 1949, 

Hattingen, 1956, Stein and Lohmar, 1972). In the study that did not agree with this theory, 

all samples were less than 20 queens (Pouvreau, 1962). Alford (1969a) collected samples 

in 4 consecutive years from the same site. In 2 of the 4, years B. lucorum had the largest 

sample sizes as well as the highest prevalence of S. bombi. In one year B. lucorum was not
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the most common but did have the highest prevalence, and in the other year it was the most 

common, but the highest prevalence was in B. humilis (N=9). Hasselrot (1960) collected 

queens in three years but samples were taken from different sites and this cannot be 

extracted from the data. However, in 2 of the 3 years the highest prevalence was found in 

the species with the largest sample size {B. terrestris). Overall there does appear to be a 

trend for the highest prevalence of S. bombi to be associated with the host species which 

are collected in the largest sample sizes. It will be interesting to see if this trend is 

observed in Bumble bee species of Dublin.

Assumptions of prevalence estimates

Estimates of prevalence have been made from samples of queens taken in one period of the 

queen’s life cycle, post emergence from hibernation and pre-nest founding or death. Since 

queens are infected while in hibernation (usually in the soil) any parasite induced mortality 

is overlooked by this method and will only be resolved by laboratory infections or 

excavation of hibernation sites.

There is no a priori reason that infected and uninfected queens should enter the sampleable 

population (emerge from hibernation) or leave it (die or start a colony) at the same rate. 

Therefore estimates of prevalence may be biased by sampling at different times during this 

transitional period.

It was first suggested by Cumber (1949) and later by Hattingen (1956) that the prevalence 

of parasitised queens would be confounded by an increase in the proportion that were 

found infected as spring progressed. This postulated increase would be caused by healthy 

queens foraging on flowers until they have established a nest, after which they will remain 

below ground (Alford, 1975). Infected queens, it has been noted, do not develop their 

ovaries and do not found nests (Reaumur, 1742, Hasselrot, 1960, Poinar and van der Laan,
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1972, Roseler, 2002) therefore they can be found foraging or investigating hibernation sites 

until they die. This fact prompted Minderhoud (1951) quoted in Poinar and van der Laan 

(1972) to call them “de eewige zoekers” (the eternal seekers).

The suggestion that the increase in prevalence is due to infected queens foraging for longer 

than “healthy” queens makes two assumptions.

First, that healthy queens found nests faster than infected queens die. The time taken for 

healthy queens to found nests is dependent on the availability of forage and nest sites, both 

of which will vary from year to year and with time of year, while infected queens may or 

may not suffer from parasite induced mortality. No evidence was found for increased 

mortality in infected queens under laboratory conditions (Rutrecht and Brown, 2008). 

However, increased mortality due to parasitism has been shown in parasites previously 

thought to be avirulent under poor environmental conditions (Brown et al., 2000) and in 

the field compared to the laboratory (Jaenike, 1995). Thus a queen’s ability to tolerate S. 

bombi is likely to be affected by forage availability, which will change with time of year. 

Lundberg and Svensson (1975) suggested that infected queens would have a shorter life 

span based on observations of disorientated behaviour resulting in unnecessarily long 

foraging trips. This was confirmed by observation of pollen analysis from the crops of 

infected queens.

The second assumption is that infected and uninfected queens emerge from hibernation at 

the same rate. Infected queens may, however, emerge either earlier from hibernation 

because of parasite depleted resources, or later to ensure that spring has sprung and plenty 

of forage will be available. If there is a significant effect of time on the prevalence, then 

accurate measures of prevalence need to cover the entire emerging period of queens.
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Emergence may also differ between infected and uninfected queens due to the choice of 

hibernation site. Some sites may be more favourable to infection of bumble bees. Under 

laboratory conditions queens require a humid environment to prevent desiccation 

(Beekman 1998). It may be that this matches the conditions ideal for infection by S. bombi 

but it may be the case that infection by S. bombi is more likely in wetter sites. Alford 

(1969b) suggested that hibernation site choice was linked to the emergence time of queens 

in the spring. Therefore a prevalence increase across the season may be due to the optimal 

sites for infection remaining colder for longer in spring.

Alternative reasons for variation in prevalence across studies

Differences in the period of queen emergence covered by studies above may provide a 

methodological explanation for the huge variation in prevalence across studies. Other 

methodological reasons for variation in prevalence could be due to; 1) catching bias. It 

was noted by Lundberg and Svensson (1975) that they could determine if a queen was 

infected by its behaviour, 2) depending on when queens are caught and when the queens 

are sacrificed there could be variation in development of the parasites. It takes several 

days for the parasite to evert its uterus within the host and to obtain maximum size (Madel 

1966 and personal observation). Therefore if queens were caught soon after emergence 

and sacrificed immediately parasites may not be found due to their small size.

Test of temporal prevalence

Attempts to measure the effect of time on the prevalence of this parasite have been made 

(Cumber, 1949, Hattingen, 1956, Alford, 1969a, Stein and Lohmar, 1972, McCorquodale 

et al, 1998), however none have explicitly considered the assumptions being made. In 

order to test Cumber’s (1949) prediction, frequent and regular samples of queens of one 

species should be taken over one full season, from the start of emergence until no more
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mature queens are seen. It has been observed that the emergence of mated queens from 

hibernation varies among both British and Irish species (Alford, 1968, Goulson et al, 

2005, Fitzpatrick et al, 2007) therefore data should be analysed separately for different 

species. Data reported by Stein and Lohmar (1972) and Hattingen (1956) were 

confoimded by the problem variation in temporal prevalence. Data were summed for 

samples of Bombus terrestris and B. lapidarius for early spring to compare to late spring, 

although B. terrestris is known to be an early emerging species and B. lapidarius to 

emerge later (Hattingen, 1956).

Furthermore, if the assumption is correct that the emergence of queens from hibernation is 

heavily dependent on soil temperature (Alford, 1969b), it follows that, because the start of 

Spring, as defined by the increase of temperature, does not occur at the same time each 

year, and as the availability of forage also varies from year to year, data summed across 

two or more years cannot be used to test Cumber’s (1949) prediction of an increase of 

prevalence with time, as was done by McCorquodale et al (1998) and Alford (1969a) 

unless emergence data for each year are centred (reduced to a mean of 0).

McCorquodale et al (1998) tried to test the effect of time of year statistically, however they 

did not find a significant result when they looked at data from one year although it should 

be noted that they summed data across 4 species and thus faced the problem of variation in 

timing of emergence among species (summed for B. fervidus, B. ternarius, B. terricola and 

B. vagans in 1994). Only Cumber (1949), who made the original suggestion, provided 

data from one year and displayed species separately. Sayama et al (2007) reported the 

prevalence of S. vespae in queens of Vespa simillima, they did not test the change in 

prevalence across the season statistically but graphed it in their paper. It shows a clear 

increase in prevalence across the collection period.
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The first step in studying the relationship between this parasite and its bumble bee hosts, 

therefore, is to obtain accurate measures of the prevalence of the parasite within the host 

species. Critical to this are both the effect of sampling time and the question of whether 

the prevalence of S. bombi changes with respect to the time of year. In addition, estimates 

of population size of each host species and of the parasite will be obtained for use in 

further work.

3.2 MATERIALS AND METHODS

Queens of all Bumble bee species seen {B. terrestris, B. pratorum, B. pascuorum, B. 

lapidarius, B. jonellus, B. hortorum, B. muscorum and B. lucorum (cryptic complex) were 

collected from two sites within Dublin. Queens were collected in spring of 2006 (February 

to .June) and 2007 (March to May). For details on the method of collection see Section 

2.1.4 of Chapter 2.

Examination

Queens were dissected as described in Chapter 2 (Section 2.2) to determine the presence or 

absence of parasites including S. bombi.

Statistics

To determine whether there was a difference between the two sites in the temporal 

abundance of queens, the data were categorised into the frequency of queens caught each 

week, and paired /-tests were then used for each species. This was done to check that data 

from both sites could be combined for use in investigating temporal prevalence of S. 

bombi. This analysis was conducted in SPSS 14.
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Binary logistic regression analysis was conducted on B. terrestris queens collected in 2006 

with presence or absence of S. bombi as the dependent variable. Predictor variables 

included in the analysis were queen size (continuous and described by radial cell length in 

Table 3.1), capture date (continuous). The model was run using block entry of variables 

because there were so few variables to be included that interpretation of the model was not 

affected. The analysis was repeated without the variable queen size, to see if the missing 

queens (those without a measure of size due to poor wing quality) affected the result.

Other than B. terrestris, 3 species of queens were collected with samples greater than 20 

{B. pratorum, B. pascuorum and B. lucorum (cryptic complex)). To increase the sample 

size available for analysis in these species, samples collected in both years were combined. 

To combine samples, the “date caught” variable was reduced to a mean of zero within each 

species and each year. Data from both years were combined and used in binary logistic 

regression models with presence or absence of S. bombi as the dependent variable and 

centred capture date (continuous) as the predictor variable.

And finally, to ask whether prevalence of S. bombi varies among species of Bumble bee 

from Dublin, a analysis was conducted on prevalence results from 2006. The 

prevalence, in species with samples greater than 10 in each year of collection, was 

compared within species across the two years of collection.

3.3 RESULTS

Temporal occurrence of Bombus spp.

To estimate the distribution of bumble bee queens across the course of the season, the 

number of queens caught per day was corrected for by dividing by the time spent 

collecting at each visit. Then to check that there were no differences between collection
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sites in the seasonal occurrence of different bee species paired Mests of frequency of 

queens caught averaged per week were used (t-values: B. terrestris 0.994, B. lucorum 

1.043, B. pratorum -1.268, B. pascuorum -0.436; all P>0.05).

The temporal distribution of queens of B. lucorum, B. pratorum and B. pascuorum can be 

seen in Figure 3.1 and the seasonal occurrence of B. terrestris can be seen in Figure 3.2. 

The data are displayed on separate graphs because the scale of the y-axes differ by a factor 

of 10. The other species, B. hortorum, B.jonellus, B. lapidarius, and B. muscorum, were 

not found with sufficient regularity to determine their temporal pattern. From these graphs 

it can be seen that B. lucorum, B. pratorum and B. terrestris had similar distributions over 

the emergence period of 2006. B. pascuorum is present later in the year than other species, 

from its first occurrence in week 15 to the end of sampling in week 22.

Figure 3.1 Bar chart of seasonal occurrence of queens of 3 Botnbus species

Abundance is displayed per week of the year (2006) using combined data from Merrion and Botanic 

Gardens. Frequency on the y-axis is displayed on a bees caught per minute scale.
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Temporal effect on prevalence

A significant increase in prevalence of S. bombi across the season was found in B. 

terrestris (Table 3.1 and Figure 3.2) and in B. pascuorum. For each additional day of the 

year, the likelihood of a queen being found infected increased exponentially by 4 to 5% (B. 

terrestris Exp(B=1.05), B. pascuorum Exp(B=1.042)). No significant effect of time on 

prevalence was found in B. lucorum mix or B. pratorum.

Table 3.1 Best-fit Binary Logistic Regression models for probability of finding a queen is infected 

The factors included below are the result of block entry of variables into each model.

Species Parameters S.E.*’ Wald'= P-value ExpIB)”
B. terrestris Model I Date Julian .049 .007 46.589 .000 1.050

Constant -4.859 .675 51.854 .000 .008
B. terrestris Model 2 Date Julian .046 .007 38.846 ,000 1.047

Radial Cell .097 .977 .010 .921 1.101
Constant -4.855 4.085 1.412 .235 .008

B. pratorum Year -.257 .499 .265 .606 .773
Centred Date .009 .023 .170 .680 1.009
Constant 1.329 3.176 .175 .676 3.778

B. pascuorum Year -.286 .456 .394 .530 .751
Centred Date .041 .017 5.857 .016 1.042
Constant .313 2.989 .011 .917 1.367

B. cryptarum Year .147 .646 .051 .821 1.158
B. lucorum mix Centred Date -.038 .027 1.907 .167 .963

Constant -1.738 4.057 .184 .668 .176

“ The estimated logistic regression coefficient.

The standard error of B.

The Wald statistic which tests whether the coefficient B is different from zero 

'* The log odds for the likelihood of a queen being found infected

The degrees of freedom of the omnibus test for model coefficients was 2 in all cases except B. terrestris and 

date which was 1. For all the parameters listed, the degrees of freedom of the Wald statistic was 1.

The models in which date caught was a significant predictor of presence or absence of S. bombi, there was a 

significant difference in the proportion of cases (Model 1 N=502, Model 2 N=441 of B. terrestris and 137 for 

B. pascuorum) predicted successfully by the model with variables included (Model 1 65.5% , Model 2 63.7% 

of B. terrestris and 81% for B. pascuorum) and that predicted by the base model (Model 1 54.4% , Model 2 

54.6% of B. terrestris and 81% for B. pascuorum) (Omnibus test f =61.7, P<0.001 in Model 1 "^51.1,

P<0.001 in Model 2 of B. terrestris and f =7.3, P=0.026 for B. pascuorum). In models which found no 

variable that significantly predicted the presence or absence of S. bombi, there was no a significant difference 

between the proportion of cases (N=73 for B. pratorum and N=60 for B. lucorum) predicted successfully by 

the model with variables included (58.9% for B. pratorum and 70% for B. lucorum) and that predicted by the 

base model (57.5% for B. pratorum and 68.3% for B. lucorum) (Omnibus test f =0.436, P=0.804 for B. 

pratorum and f =2.094, P=0.351 for B. lucorum).
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Figure 3.2 Histogram of the relationship between date caught and prevalence in B. terrestris 

The histograms (left y-axis) show the frequency with which queens were caught on a weekly basis. The line 

(right y-axis) shows the predicted probability of a queen being found infected as a function of the date as 

calculated from the logistic regression model (see Table 3.1 for statistics).
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Prevalence results

A total of 677 queens were examined for parasites, representing 8 species. Prevalence of 

S. bombi varies among host species (x^ = 20.18, D.F. =7, P<0.01; Table 3.2 - 2006). The 

parasite was most prevalent in B. terrestris, B. pratorum and B. jonellus, had a lower 

prevalence in B. lucorum, B. lapidarius, B. pascuorum and B. hortorum and was absent in 

B. muscorum.

Queens of the B. lucorum species complex were found to have the same prevalence (30- 

33%) (see Table 3.1). This supports the approach made in Section 2.1.3 that this species 

complex {B. lucorum and B. cryptarum) was to be investigated as if it were one species.

83



The prevalence of S. bombi within species (with samples of more than 10 queens) did not 

vary between years samples were made. (x^=0.265, P=0.607 for B. pratorum, x^=0.798, 

P=0.372 for B. pascuorum, x^=0.026, P=0.873 for B. lucorum).

Table 3.2 Summary of all queens collected, showing sample sizes, % prevalence and abundance of 

motherworms.

Species N Ni“

2006

% abundance N Ni"

2007

% abundance **

B. cryptarum 9 3 33.3 6

B. lucorum 27 8 29.6 33

B. cryptarum B.

lucorum mix 9 3 33.3 8 15 5 33.3 50

B. hortorum 5 0.0 13 2 15.4 12

B. jonellus 2 1 50 6

B. lapidarius 8 1 12.5 1 6 3 50.0 5

B. muscorum 17 0.0 4 0.0

B. pascuorum 63 13 22.2 48 74 12 16.2 47
B. pratorum 47 19 44.7 68 26 9 38.5 26

B. terrestris 502 208 41.6 1342

N infected

'’Total number of parasite uteri found

3.4 DISCUSSION

In the course of this investigation, the proportion of sampled bumble bee queens of B. 

pascuorum and B. terrestris found infected with S. bombi, increases with the time of year. 

This effect was not found in B. pratorum or in B. lucorum (mix). In addition the 

prevalence of S. bombi calculated across the entire emergence season varied among 

bumble bee species but not between years within species (with samples greater than 10).

Temporal prevalence

The increase in prevalence per day for B. terrestris and B. pascuorum was 4-5%. From the 

logistic regression curve (in Figure 3.2) the prevalence starts low and increases during the 

2 to 3 weeks of rapid emergence of B. terrestris queens until 3 weeks after the start of
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rapid emergence, when its rate of increase slows and the majority of queens caught are 

infected. The only other data in the literature that can be analysed in the same way (binary 

logistic regression with presence or absence of 5. bombi as the dependent variable) are 

those of Cumber (1949) and Hasselrot (1960) because they provided data from one year 

with species displayed separately. Analysis of Cumber’s data on B. lucorum collected in 

1947 (N = 146) demonstrated a significant increase in prevalence across the emergence 

period (B = 0.726, Wald = 10.4 P<0.001, Exp(B) = 2.067, samples made on consecutive 

days were summed so that the data fit the assumptions of the test). A similar result was 

seen in B. terrestris collected in 1952 by Hasselrot (1960) (N=82, B = 0.101, Wald =

11.440 P=0.001, Exp(B) == 1.106), although this data must be qualified by mentioning that 

queens that founded colonies were not dissected. This rate of increase seen in Cumber’s 

data cannot by directly compared to the rate of increase in B. terrestris in this study 

because the data were summed by week to fit the test. However, the data from Hasselrot 

can be directly compared to that of B. terrestris of the current study. Hasselrot found a rate 

of increase of prevalence for each additional day of the season of 10.6%. This is twice the 

rate seen in the current study and may be due to the shorter length of the emergence period 

in Sweden. Hasselrot sampled for a total of 28 days in 1952 compared to 128 days of 

sampling in 2006 of the current study.

This temporal pattern can also be seen clearly in Sayama’s (2007) report on S. vespae in 

Vespa simillima. The overall prevalence they recorded was 70% (N=77) which increased 

from 27% (N=15) in the end of May to 100% (N=5) in August.

Detection of a temporal trend is dependent upon both sample size and base prevalence of S. 

bombi within the host population. In those studies which have found a temporal trend, 

sample size and or prevalence has been high (Cumber, 1949, Hasselrot, 1960, Sayama et
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al, 2007). The same is true for my results, the sample size and prevalence in B. terrestris 

was high and while the prevalence in B. pascuorum was lower, the sample size was still 

high enough to detect the change in prevalence. The prevalence in B. pratorum was 

similar to that of B. terrestris but the size of the B. pratorum sample was much smaller and 

this was the probable reason for the failure to find an increase in temporal prevalence in B. 

pratorum.

The cause of this increase in prevalence has been assumed to be the same in all studies that 

report it (Sayama 2007, Cumber 1949, Hattingen 1956). The postulated cause is that 

infected queens emerge from hibernation at the same time as uninfected queens but stay in 

the sampled population for longer than healthy queens, which leave it by founding 

colonies. This appears to be the most parsimonious explanation based on the known 

biology of the system. Queens are sterilised by infection and recovery is rare (Alford, 

1969a, Rdseler, 2002). Healthy queens do found nests and subsequently remain below 

ground once workers are old enough to forage. Data from B. pratorum suggest that S. 

bombi has a minimal effect on host mortality (Rutrecht and Brown 2008). Therefore it is 

possible that infected queens do stay in the sampleable population longer than healthy 

ones.

The hypothesis described in the previous paragraph, that the increase in prevalence across 

the emergence period is caused by infected queens remaining longer in the sampled 

population than healthy ones, would mean the prevalence observed at the beginning of 

emergence would reflect the base prevalence of infection by S. bombi in queens before 

they emerged from hibernation.

One interpretation of the bell curve of abundance of queens of B. terrestris seen in Figure 

3.2 is that queens emerge over several weeks (explaining the left hand tail of the graph) but
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that the majority emerge with one week. The peak of abundance is the time period 

between the emergence of the majority of queens and when most of the healthy queens 

have founded nests. The right hand tail of the graph is made up by late emerging queens 

and infected queens that have not yet died. With this assumption of the emergence pattern 

of queens, the low prevalence seen in the sigmoid curve explaining the change in 

prevalence of S. bombi in B. terrestris over the emergence period, may be due to change in 

environmental conditions. Early in the season fewer plants have flowered so forage for 

queens is more limited than once “spring has sprung”. Although no effect has been found 

of S. bombi on host longevity in the laboratory (Rutrecht and Brown 2008) it has been 

shown in Howardula infected Drosophila that increased mortality due to parasitism may 

occur in the field (Jaenike, 1995). In contrast, early in spring the lower temperature and 

reduced forage availability may mean that healthy queens take longer to develop their 

ovaries (Vogt et al, 1998) and therefore they stay in the sampled population longer than 

they would later in the season.

For future work the optimum time to measure prevalence in this temporary population of 

queens, is the first week in which large samples are collected. Sample size obviously 

affects the accuracy of prevalence estimates, but sampling post emergence of the majority 

of the queens of a species will inflate estimates of prevalence. Under good conditions 

queens can develop their ovaries in 8 days post emergence (Laboratory queens; Vogt et al 

1998). Therefore prevalence estimates made of collections soon after the majority of 

queens emerge will be most accurate.

Prevalence Variation among host species

The estimates of prevalence in this study are as accurate as practically possible, through 

sample collection from the entire emergence period of queens. Only collecting queens
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from their hibernation sites would be more accurate. The variation in prevalence of S. 

bombi among different bumble bee species together with its prevention of infected queens 

from founding nests, suggests that it has a significant role in the structure and composition 

of the bumble bee community. The parasite’s ability to control host population size 

remains to be proven. Queens that become infected by S. bombi to a large extent do not 

found colonies (but see Roseler, 2002). However in the absence of the parasite they may 

still not have founded colonies. What we need to know is whether the parasite is an 

additive impact on colony founding success rather than compensatory.

To see if higher prevalence was associated with abundance of hosts of a species, a simple 

linear regression model was constructed with prevalence as the dependent variable and 

using data from all previous studies that provided sample sizes (see Figure 1.2). The 

assumption being made was that sample sizes would be higher in more common species. 

This analysis found that prevalence was not dependent upon sample size among species 

(B=0.164, t=1.896 and P=0.061). This contradicts the theory of species specific cryptic 

parasite populations in which transmission is dependent upon host density. In data 

collected in this thesis the highest prevalence was seen in B. terrestris which in Dublin is 

clearly the most common species. This high prevalence is matched in B. pratorum which 

is much less abundant in Dublin. The similar time of emergence from hibernation of B. 

pratorum and B. terrestris suggests they may hibernate in similar sites. The lower 

prevalence in B. pascuorum may be due to a difference in its choice of hibernation site. B. 

pascuorum is a later emerging species and has been observed to prefer different 

hibernation sites to B. terrestris (Alford, 1969b). This supports the theory that S. bombi is 

a generalist and prevalence of the parasite is likely to be the result of exposure to S. bombi 

caused by overlap of hibernation site preference.
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Variation in the recorded prevalence may be due to several factors including: sampling at 

different time of the emergence period of queens, failure to sample queens of all the 

available bumble bee species at a site and possible sampling in or away from “special 

gathering sites” described by Poinar and van ser Laan (1972). However in the current 

study no correlation was found between sample size and prevalence of S. bombi. The 

prevalence of S. bombi in B. pascuorum was only 18.2% (N= 137) compared to the next 

most common host B. pratorum 38.4% (N=73). The prevalence recorded in this study was 

consistent across the two years that collections were made. The difference in prevalence 

between these two species may be due to inherent resistance to infection. It may also be 

due to variation in the choice of hibernation site and the likelihood of encountering 

generalist parasites distributed predominantly by the most common host B. terrestris. B. 

pratorum and B. terrestris are early emerging species and may therefore hibernate in 

similar areas (Alford, 1969b). In contrast B. pascuorum is known to hibernate in more 

open flatter terrain than the tree covered slopes favoured by B. terrestris (Alford 1969b). 

Resolution of this requires knowledge of population structure of S. bombi within its 

multiple host species.

The simplest way to compare prevalence of S. bombi found in Bombus spp. of Dublin with 

the prevalence reported by previous studies on the same species is to look at Figure 1.3 

which shows the prevalence reported in studies that had sample sizes of more than 20 

queens. The prevalence found in this study in B. terrestris is just above the 75*'’ percentile 

of prevalence reported by previous studies. The prevalence in B. pratorum found in this 

study was ~40%, which is higher than that found in previous studies as well as being 

higher than previously reported for B. pratorum from the Dublin area (Rutrecht and Brown 

2008). For B. lucorum and B. pascuorum the prevalence found in this study is similar to
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that reported in previous studies. The prevalence in samples of less than 20 queens was 

not compared due to the increased variability in prevalence in samples of this size.

It had previously been suggested that prevalence of S. bombi increases across the 

emergence period of queens, but this had only been shown statistically by summing across 

species or across years. In this study I have shown a temporal increase in prevalence in 

one species and in one year. This increase agrees with the analysis of data from one 

species and in one year provided by the first person to postulate the theory (Cumber 1949). 

Having established a method for ascertaining, as closely as possible, the base prevalence of 

S. bombi, I have shown that the prevalence varies among host species.
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Chapter 4

Investigating virulence of a multihost parasite in a natural system.

4.1 INTRODUCTION

Key to understanding any host parasite relationship is starting with a clear picture of what 

is occurring in the natural system.

Parasites should evolve to maximise their lifetime reproductive success (Alizon et al, 

2009). This is likely to involve a trade-off between within-host replication and between- 

host transmission (Anderson and May, 1982, Bull, 1994). This relationship can become 

decoupled if the parasite can divert resources from host reproduction, i.e., parasite-induced 

castration (Lively, 2006). However Drosophila putrida which are almost always found 

castrated by Howardula aoronymphium were also found to have density dependent 

mortality as a result of the same parasite (Jaenike et al, 1995). This suggests that the 

negative feedback from within-host replication can still affect transmission in a castrated 

host (Jaenike, 1998).

Many models of parasite virulence assume that virulence is proportional to within-host 

replication. This is based on the assumption that the parasite uses resources of the host to 

replicate and therefore the increased replication results in increased drain on host resources 

which is observed as increased virulence. It must be bom in mind that parasite-induced 

virulence can be exacerbated by the host immune response or behavioural changes in the 

host. Models of parasite vimlence with a background of two host populations suggest that 

selection can drive the evolution of virulence in one of two ways. If the adaptations to one 

host result in a loss of fitness in the other then virulence may be maximised in one at the
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expense of the other (specialisation) or intermediate levels of virulence may by maintained 

in both hosts (Regoes et al, 2000). In contrast Gandon (2004) created a model in which 

increased virulence in one host correlated with increased virulence in the other host but 

with different reproductive values obtainable by parasites upon the two hosts (for the same 

level of virulence). With this model he found that optimal levels of virulence were 

maintained in the more abundant host when between-host gene flow of the parasite was 

lower than within-host gene flow. When between-host gene flow was high in the parasite 

population intermediate levels of virulence were maintained (Gandon, 2004). Maintenance 

of host range is dependent upon the ability and opportunity to infect multiple host species 

(Poulin, 2007; Woolhouse et al., 2001). However the evolution of virulence outside of the 

reservoir host may be unconstrained, e.g. Ebola virus (Woolhouse et al., 2001) or limited, 

e.g., attenuated vaccines (Ebert, 1998).

Local adaptation theory suggests that parasites will evolve to maximise their lifetime 

reproductive value in the most common locally available host and that this will result in 

reduced exploitation of other host populations (Dybdahl and Storfer, 2003). Host 

divergence in methods of adaptation to the parasite population and subsequent tracking by 

the parasite can drive host and or parasite speciation. The end result may be multiple 

cryptic species previously observed as one parasite host generalist (Poulin, 2007).

In a morphologically defined generalist parasite such as S. bombi that infects several 

sympatric species of Bumble bees there are 3 scenarios that might describe the interactions 

observed. First, S. bombi may be several species specific cryptic populations, i.e., each 

host species is infected by a single parasite population. Second, S. bombi is a generalist 

but is maintained in one reservoir host and infections in other host species are incidental or 

paratenic (dead-end) hosts. Third, S. bombi is a generalist and is not specialised on any
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one host population due to diffuse coevolution with all of them or general purpose 

genotypes for infection have become fixed in the population. Consequently these 

scenarios should be associated with clearly different patterns of virulence.

Specialised cryptic parasites should have no other restraint on obtaining optimal virulence 

in each host species apart from coevolution of the host. The parasite is expected to win 

this coevolutionary race because the host faces many different obstacles to its 

reproduction, including, but not limited to: other parasites, weather and resource 

availability (Lapchin and Guillemaud, 2005, Rutrecht and Brown, 2008) whereas the 

parasite is selected only on the basis of reproductively successful infection of the host. 

Optimal virulence is thus expected in each host species.

A generalist parasite is expected to have optimal virulence in the most common local host 

if the chance of infecting any other host species is lower than that of infecting the same 

species (Gandon, 2004). The lifetime reproductive value is expected to be lower in other 

host species which may result in higher or lower virulence (Dybdahl and Storfer, 2003, 

Woolhouse et al., 2001).

The true generalist has general purpose traits evolved for reproductive success that work 

equally well on any host species encountered (Jaenike and Dombeck, 1998) but 

theoretically may be constrained at intermediate virulence (Regoes et al., 2000 and 

Gandon, 2004). Differences in lifetime reproductive success on each host species may 

result from variation in hosts.

Host species differ in population density, absolute population size (Fitzpatrick et al., 2007), 

physical size (Alford, 1975), longevity (Rutrecht and Brown, 2008, Rutrecht and Brown,
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2009) and potentially immunocompetence (Schmid-Hempel and Ebert, 2003). Below, I 

examine the implications of this variation for predicting parasite virulence in this system

Host variation and the impact of S. bombi on host ovarian development

From previous work, S. bombi is associated with host sterility and reduced size of the 

corpora allata, the source of gonadotrophic hormones (Palm, 1948). The behavioural 

change seen in infected queens (Poinar and van der Laan, 1972, Lundberg and Svensson, 

1975) fits two of the criteria set by Poulin (1995) for an adaptive trait, i.e., it is necessary 

for completion of the parasite’s life cycle and is not density dependent. The associated 

castration and reduced size of the corpora allata (Palm, 1948, Alford, 1969a) are likely to 

be linked. The corpora allata of healthy queens that are newly emerged from hibernation 

are much enlarged compared to queens before they enter hibernation, whereas infected 

queens emerged from hibernation with corpora allata no bigger than when they entered.

Infection by S. bombi therefore poses a high selection pressure on the host and there would 

seem little scope for tolerance of infection (ovarian development despite infection) because 

of the invasive nature of the parasite larvae. The parasite larvae must exit the haemocoel 

of the queen by passing through tissues of the alimentary tract or ovipositor to leave the 

host. The damage caused by a reproductively successful infection therefore may also leave 

the queen sterile (Palm, 1948). Resistance to infection through competent immunity and or 

evasion of encountering parasitism through changes in hibernation site are likely to be the 

main lines of escape. However there has been no evidence of these adaptive changes, 

difficult as they are to observe. In contrast ovarian development despite infection has been 

observed in 2 queens of B. hortorum (Alford, 1969a) and 2 queens of B. hypnorum 

(Rdseler, 2002). Hasselrot (1960) recorded 2 out of 4 infected queens of 40 B. hypnorum 

collected started to make nests but then failed. This is in contrast to his record of the same
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behaviour being reported in 2 of 35 infected B. terrestris and 1 of 14 infected B. lapidarius 

queens. Hasselrot did not dissect queens that successfully founded nests so it is not known 

if any foundress queens were infected. In all of these cases of resistance to castration, it is 

not known whether the infections had been reproductively successful.

Insect hosts have been shown to recover from parasite-induced castration by exposure to 

higher ambient temperatures (Ballabeni et al, 1995). It may be possible that the recovery 

from castration seen in the isolated cases listed above may not be due to host resistance or 

parasite maladaptation but simply due to particular environmental conditions.

The behavioural change due to infection is a fixed trait and is required for completion of 

the parasite life cycle. The associated castration although not required for completion of 

the lifecycle may be integrally linked to the behavioural change. However if it is not, it will 

be under selection due to the increased resources available to the parasite (Kuris, 1974, 

Baudoin, 1975). So any development of the hosts’ ovaries may be a sign of suboptimal 

adaptation on the part of the parasite.

If S. bombi is a series of cryptic species, then no host ovary development would be 

expected in any of the host species. This is because the parasite should have an advantage 

in the coevolutionary race due to the many hazards encountered by the host.

If ovarian development is observed, it may be due to poor host tracking and diffuse 

coevolution with multiple host species. If development is seen in rarer host species (those 

less frequently infected) then it may be due to rare host advantage or inherent variation in 

resistance to ovarian suppression.
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If there is no resistance to, or tolerance towards, infection in all of the species encountered 

and in all sizes of queens caught, then no development of host ovaries will be seen. This 

will be the same among host species and will not be associated with size within species.

Prediction

In the case of parasite-induced castration it is clear that optimal virulence is expressed as 

no ovary development. This is expected of a species specific parasite but not in a 

generalist. In a locally adapted generalist, optimal virulence is expected in the most 

frequently infected and locally common host. Ovary development, despite infection, is 

expected in less frequently infected hosts. In contrast, the non-locally adapted generalist is 

expected to have the same level of virulence in all host species infected unless there are 

inherent differences susceptibility among host species.

Host variation and the impact of S. bombi on host longevity

Average lifespan varies among host species. In a previous study, the longevity of B. 

lucorum queens that were uninfected by S. bombi, Nosema bombi, Crithidia bombi and 

Apicystis bombi (screened by examination of faecal samples) and founded colonies was 

recorded as 106.77 ± 21.74 days post capture (Rutrecht and Brown, 2009). In contrast the 

longevity of the physically smallest host species found in the Dublin area, B. pratorum 

(uninfected) was recorded as 53 ± 27.6 days post capture (Rutrecht and Brown, 2008). 

However, I know of no other studies that have measured queen lifespan. A second way of 

estimating the lifespan of queens can be made by looking at the longevity of colonies. The 

lifespan of queens can also be estimated from the longevity of colonies because colonies 

deteriorate soon after the queen dies (Brown, MJF. pers. comm.).

Muller et al, (1992) reared colonies of B. lucorum and B. terrestris until 11 weeks post 

initiation and observed B. lucorum to have smaller colony size and a shorter cycle judged
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by timing of reproductive events. Alford (1975) observed colonies in the field and 

reported B. lucorum and B. terrestris colonies to last for up to 18 weeks compared to B. 

pratorum and B.jonellus colonies which last for between 8 to 16 weeks. B. pascuorum 

colonies lasted the longest, being active for up to 22 weeks. Cumber (1953) agreed with 

this view, saying that B. pratorum and B. hortorum had short colony cycles, whereas B. 

agrorum (pascuorum sic.) colonies persist from mid spring until late autumn. While 

neither Alford (1975) nor Cumber (1953) present evidence for colony longevity, their 

views on relative colony length among species agree with the few species that have been 

reared in the laboratory. Since we can assume from the biology of the S. bombi-Bombus 

spp. system that transmission is in part dependent upon the longevity of the host we can 

also assume that variation in average lifespan among host species represents different 

opportunities for the parasite and potentially different pressures on the optimal pattern of 

parasite larval production. In species with shorter lifespans optimal transmission might be 

reached through shorter prepatent periods and faster production of parasite larvae. In hosts 

with greater lifespans, longer prepatent periods which might allow for increased size and 

therefore fecundity, might be optimal.

In the host parasite system under investigation, parasite larvae are distributed to potential 

host hibernation sites by infected queens (Poinar and van der Laan, 1972). The longer the 

queens live, the more sites can be visited and larvae deposited. It follows that there is 

selection pressure on the parasite to increase, or at least not reduce, host longevity. 

However, fitness reduction of the host due to parasitism is caused by 

immunopathology/resistance and resources diverted from the host for production of 

parasite offspring. This is the classic trade off of virulence between fecundity and 

transmission (Bull 1994, Anderson and May 1982). In castrating parasites there is an 

opportunity to reduce the impact on host longevity by using resources the host has
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allocated to reproduction. This appears to be the case in infection of B. pratorum by S. 

bombi. Rutrecht and Brown (2008) found no reduction in longevity due to parasitism and, 

as in all other reports of this parasite, the hosts were castrated.

This ideal situation is likely to be disrupted by multiple infection as more parasites 

compete for the same resources. In multiple infection, the individual that starts 

reproducing first will produce the most offspring and have them distributed over the largest 

area. This strategy will escalate until the “tragedy of the commons” is reached. The result, 

if fecundity of many parasites is affected, is an intermediate level of virulence, or a 

mechanism of reducing virulence in high density infections. This is also dependent upon 

the relatedness of parasites within inffacommunites. If the likelihood of infracommunities 

being closely related is high then delayed reproduction and reduced virulence are more 

likely to be favoured (Herre, 1995 but see , Bashey et al, 2007).

Prediction

Consequently optimal virulence should be expected in cryptic specialists and be observed 

as little or no reduction in host longevity due to parasitism as seen in B. pratorum 

(Rutrecht and Brown, 2008). In contrast locally adapted generalist parasites should 

demonstrate optimal virulence in the most common host species and greater reduction in 

host longevity in other hosts. Finally, the non locally adapted generalist might be expected 

to reduce the longevity of all host species equally.

Size, resources and fecundity

Variation in optimal virulence may be apparent in relation to the different sizes of host 

species. Larger host speeies offer potentially more resources for parasite fecundity, 

therefore parasite fecundity should be proportional to host size. If the parasite is a
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specialised cryptic species or a non locally adapted generalist the observed maximum rates 

of larval parasite production in each species should be proportional to size. A locally 

adapted generalist should be observed to have greater maximum fecundity on the most 

commonly infected local species.

Density dependent mortality

Density dependent mortality may be related to host size. High intensities of infection may 

cause disproportionately greater mortality in host of smaller size due to reduced 

availability of resources compared to those available in larger hosts. This would not be 

expected in a cryptic specialist which should see no difference in mortality related to 

intensity of infection and host size.

Density dependent virulence

If density dependent virulence is observed it would be expected to be more severe in 

smaller host species than in larger ones. Increases in virulence due to additional parasites 

would be expected to be greater or to reach an asymptote (maximum impact) at a lower 

density in smaller hosts than in larger ones due to the difference in available space and 

resources. This may be apparent in one of two ways. Either resources will be limiting at a 

certain intensity and be displayed as no effect on longevity until the number of parasite 

uteri in each host reaches N and at greater intensities the longevity will be reduced. 

Alternatively longevity will be reduced in proportion to intensity of infection and the slope 

of that relationship will be steeper in smaller hosts than larger ones.

Density dependent virulence is linked, where it is not confounded by immunopathology 

(Schmid-Hempel, 2005), to parasite fecundity, through increased use of host resources 

(Salvaudon et al, 2007). Therefore difference in size of hosts among, and possibly within
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species, given a large enough sample and range, should be associated with changes in 

parasite fecundity.

Immunocompetence

Immunocompetence has been shovm to vary among populations of Bombus (Schmid- 

Hempel, 2003). This may be apparent at dissection, as immune response in insects against 

macroparasites is generally melanisation, by covering the foreign object in melanocytes 

(Allander and Schmid-Hempel, 2000, Moret and Schmid-Hempel, 2000). Immunity of 

recognition is likely to act immediately upon parasite invasion of the host. The effect of 

this may be observed in controlled infections but cannot be judged by examination of field 

collections. If immunity occurs at the initial invasion stage and thus prevents invasion, 

evidence of this will not be seen at dissection but may be apparent in decreased hibernation 

survival associated with increased exposure to S. bombi (see Chapter 5)

4.2 METHODS

Queens of all species found were collected from parks around Dublin (see Chapter 3). 

Once collected they were brought to the controlled temperature room and were housed in 

sandwich boxes with ad libitum sugar water and pollen for food (see Chapter 2). Once the 

queens were dead they were frozen until they were defrosted and dissected (see Chapter 2 

Section 1.3). For some queens the sand upon which they were kept was changed and 

checked for S. bombi (see Chapter 2, Section 4)

4.2.1 Raw data collection

To determine the impact of the parasite on host fitness, and the impact of the host on 

parasite fitness, I measured a series of variables:
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1) Capture Date and Year

The date each queen was caught was recorded. The time of year has an effect on 

prevalence of S. bombi, as seen in Chapter 3. The year of collection is important because 

prevalence cannot be assumed to be the same in two separate years. Queens were caught 

throughout the emergence and colony founding period, as described in Chapter 3. Catch 

date was recorded for use in analyses as a potential proxy for queen age post-emergence 

from hibernation. To my knowledge, nothing is known about whether all queens emerge 

from hibernation over a short period of time, or whether emergence is staggered across the 

season. In the former case, catch date will correlate strongly with queen age post

emergence. In the latter, catch date will indicate when queens emerged from hibernation, 

rather than their age post-hibernation. Given that different species of bumble bee emerge at 

different times in the spring, it is likely that similar variation in response to ground 

temperatures exists within species, and thus catch-date is likely to be a compound of 

emergence date and queen age post-hibernation.

2) Host Longevity

The longevity of the queens was recorded as the number of days alive in the laboratory 

post capture. This was the case for all species in 2006 and all non B. terrestris queens 

caught in 2007. Because some B. terrestris queens were sent to Biobest for rearing in 

2007, and these queens were not selected randomly from the captured population, B. 

terrestris from this year are excluded from analyses of longevity and parasite prevalence. 

In 2006 half of all the queens of all species collected were sacrificed by freezing at -20°C 

on the 7^*’ day post capture, see Chapter 2 for methodology. Sacrificed queens were 

obviously excluded from analyses of longevity. Also excluded are queens who were 

allocated to be sacrificed but died on or before they had been kept 7 days post capture.
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3) Queen size

The radial cell of the forewing was measured as a proxy for the queen size, described in 

Chapter 2 Section 1.3.

4) Infection

Infection by S. bombi was reported when eggs, larvae or the everted uteri of S. bombi were 

found within the abdomen of the dissected queen.

5) Parasite Uterus - number and volume

The number of uteri was recorded per host although in 5 cases (4 B. terrestris, 1 B. 

pascuorum) no uteri were found despite the presence of eggs and/or larvae of S. bombi. 

Where possible the length and width of the uteri were also recorded to give an approximate 

measure of volume. In 55 of 232 cases not all the uteri were extracted whole from the 

abdomen of the queen. While the total volume could be ascertained as well as the number 

(counting the number of ends and dividing by 2) the volumes of individuals could not be 

calculated so only a total volume was recorded. Only 2 other cases occurred where no 

volume was recorded. These were due to the poor condition of the uteri.

6) Parasite fecundity

In 2007 sandwich boxes with the sand in the base were changed weekly. Sand samples 

were checked using the quick detection method (Section 2.4.2.3). If parasite larvae were 

detected they were collected (Section 2.4.3 Recovery) and counted (Section 2.4.4) by 

taking samples and estimating the total number. In 2006 sandwich boxes with samples 

were checked fortnightly but the results were unreliable due to flaws detected in the 

methods used (see Chapter 2 Section 2.3). Consequently 1 will not report analysis of 

larvae d.eposited in 2006.
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7) Host Ovary development

Ovaries were measured at two points; after queens had died of natural death and at 7 days 

post capture for queens that were sacrificed. 7 days was chosen to maximise ovary 

development (Vogt et al 1998). If queens had been frozen at capture then the size of their 

ovaries would be dependent upon the environmental conditions, food availability and age 

preceding capture.

Ovary development was measured in two ways upon dissection: Firstly ovary development 

was binary coded as 0 for no visible egg development and 1 for queens that displayed signs 

of developing eggs or had fully developed eggs. Secondly the ovaries were removed and 

the length of the largest egg was measured, see general methods Section 2.1.3.

Dataset

A dataset including 585 bumble bees was set up (Table 4.1). 52 queens of B. terrestris 

were not included because they were sent to Biobest. Also not included were queens, of all 

species, that were identified as being infected by a parasite other than S. bombi (N =299), 

as well as those that could not be determined as uninfected (by any parasite N =34) or 

solely infected with S. bombi (N =25).

103



o
Co
x>

"o(A
"Oa>

a>

o
a.2
u
^c
>>

o
e3
,2"o
1)X)uOx:•4-»

‘oo■w
73u
C

•U■4-^•u
o
1>

xi

GO
=Jcr
XOX)3C3O
(L>
"O(U

a>
•4->*
(4-1o
S'
e
E
GCO

XAH

-C)
CO

Gbi)c
Gtu

Q

c<ueo

<
Q

cd3o
<

a

a

00^000^000000

oo(N
'Ooo<N

<L>"ra o ® U

u
a

00

•o *—

c^ ^ 3

M
s:o
CQ

^ o Cii o ^

o ^

qnqnqnqnqnqnqqnqnUhCihUhIXiUhCXmUhCjuIjuKJ^IXU^OuUhCihU^Un



4.2.2.1 Host Longevity

Longevity was analysed in samples of adequate size. To compare among the 4 most 

common species, data were taken from queens collected in 2006. The most common 

species in 2006 were B. terrestris, B. pratorum, B. pascuorum and B. lucorum.

Before the affect of S. bombi on longevity of queens was investigated the longevity of 

healthy queens was compared among species using a Kruskal-Wallis test. The same test 

was then applied to infected queens of the four species. The test statistic H is reported as a 

X by SPSS as the x distribution can be used to approximate a significance level for the 

test with samples with more than 5 cases per group.

Cox regression analysis was conducted on the same 4 species with the number of days 

alive post capture as the dependent variable. Predictor variables included in the analysis 

were queen size (continuous), capture date (continuous), species of bumble bee (deviation 

coding) and either infection by S. bombi as a categorical variable (Indicator coding) or the 

number of parasite uteri as a continuous variable. All two-way interactions were included 

in the initial model, which was run using the Forward log-likelihood procedure.

A second analysis was run using data from both years of collection. Queens were collected 

in 2007 in part to increase the sample size of the non B. terrestris species. In addition 

patterns within the data of the non B. terrestris species may be hidden by the much larger 

sample size of B. terrestris. Therefore the second analysis was run with non B. terrestris 

queens collected in 2006 and 2007. This allowed the comparison of two additional species 

B. lapidarius and B. hortorum. Year of collection (deviation coding) was included in the 

analysis.
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To compare among species, the variables, caught date and size were centred within 

species. In the second analysis caught date was also centred by year. Bumble bee species 

vary in size, to remove the covariation of size with species, radial cell length (by species) 

was reduced to a mean of 0. This was done for each analysis. The time of year that queens 

emerge varies among species and also from year to year due to its weather dependence. 

Therefore the date queens were caught was converted to Julian date and the mean caught 

date of each species within each year (in the second analysis) was reduced to 0.

If Cox regression analysis did not find any difference among species in the effect of S. 

bombi on longevity, then t-tests of longevity within species and by S. bombi 

presence/absence will be done. This will be informative because of the variation in sample 

sizes among species. Effects are more likely to be seen in larger samples of queens if they 

exist. Species with smaller sample sizes may be overwhelmed by other species.

4.2.2.2 Ovarian development

Binary logistic regression analysis was conducted on B. terrestris queens that were 

sacrificed by freezing, with egg development (yes/no) as the dependent variable. Predictor 

variables included in the analysis were queen size (continuous), capture date (continuous) 

and either infection by S. bombi as a categorical variable (Indicator coding) or the number 

of parasite uteri as a continuous variable. All two-way interactions were included in the
'y

initial model, which was run using the Forward log-likelihood procedure. A x test was 

also conducted because of failures in the binary logistic model.

Next, I asked whether egg-size was related to infection, or put another way, do infected 

queens that display egg development despite infection show the same potential for egg 

laying as uninfected queens. A Mann-Whitney U test was used to test whether the eggs of
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infected sacrificed queens of B. terrestris differed in size from the eggs in uninfected 

sacrificed queens. The data set was censored to only include queens of B. terrestris ’06 

that had some evidence of egg development.

I then asked if the size of eggs in infected queens was related to the intensity of infection.

A linear regression analysis was conducted on the infected, sacrificed queens that 

displayed development with egg size as the dependent variable. Predictor variables 

included in the analysis were queen size (continuous), capture date (continuous) and the 

number of parasite uteri as a continuous variable.

Using categorical data on egg development from queens that were allowed to die a natural 

death, the effect of S. bombi on egg development was compared among species using 

binary logistic regression. The same data sets were used as in the analysis of longevity. 

The first analysis of ovarian development compared the four most common species 

collected in 2006 B. terrestris, B. pratorum, B. pascuorum and B. lucorum.

Egg development (yes/no) was the dependent variable. Predictor variables included in the 

analysis were centred queen size (continuous), centred capture date (continuous), longevity 

(time alive post-capture) (continuous), and either infection by S. bombi as a categorical 

variable (Indicator coding) or the number of parasite uteri as a continuous variable. All 

two-way interactions were included in the initial model, which was run using the Forward 

log-likelihood procedure.

A second set of analyses were conducted excluding queens of B. terrestris and including 

queens collected in 2007 and of B. lapidarius and B. hortorum.
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G-tests were used to compare the proportions of queens that displayed egg development at 

dissection with respect to infection by S. bombi, using the 0/1 categorical variable “egg 

developmenf’ (‘0’ = no development, ‘1’ = some development).

Next, I asked whether egg-size was related to infection. A Mann-Whitney U test was used 

to test whether the eggs of infected queens of B. terrestris differed in size from the eggs in 

uninfected queens. The data set was censored to only include queens of B. terrestris ’06 

that had some evidence of egg development.

Resistance, in terms of ovary development despite infection, at the two time points 

examined in this study, was compared in B. terrestris using a Chi square analysis of a two 

by two table of ovary development (yes/no) and sacrificed or died a natural death. Yate’s 

continuity correction was included for a two by two table.

4.2.2.3 Parasite Fecundity

To examine parasite fecundity, a larger data set including queens that had other parasites 

was used (see Tables 4.12,4.13 and 4.14).

Reproductively successful infections

Queens of B. terrestris were selected for sending to Biobest on the basis that they had not 

deposited larvae in the 1 two weeks post capture. Therefore estimates of reproductive 

success in this species can not be made.

To determine the rate of deposition of larvae, 1 graphed the number of larvae deposited per 

week as a percentage of the total (Figure 4.9). This graph used data from queens that 

deposited no larvae in their week in the laboratory and then lived for a period of time
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after they had stopped depositing larvae. Inclusion of queens that died while producing 

larvae would have meant that potentially more larvae would have been produced had the 

queen lived longer. Therefore the pattern of deposition would not include all possible 

larvae. Queens were used that were infected with other parasites as well because there 

were otherwise too few to see a complete picture.

Linear regression of total larvae within B. terrestris

Linear regression analyses were conducted on B. terrestris queens (including those 

infected by other parasites) that had produced larvae and lived beyond deposition 

(patteml) with total lar\'ae deposited as the dependent variable. Predictor variables 

included in the analysis were queen size (continuous), capture date (continuous), the 

number of parasite uteri (continuous) and the whether the queen was infected solely by S. 

bombi (yes/no). The non-S. bombi parasites may have had individual effects but the 

sample size was too small to take them into account (see Table 4.13).

ANOVA of total larvae

To compare the number of larvae deposited among species an ANOVA was conducted. 

The dependent variable was the total number of larvae deposited per queen. The 

covariates included were reduced to species code (factor), longevity (covariate), and the 

number of parasite uteri per queen (covariate). This was due to the small sample size 

available for analysis. The excluded covariates were queen size (related to species) and 

caught date (for which there is no a priori reason it would affect this result). The analysis 

was run three times, the first compared queens that lived past larval deposition (pattern 1), 

the second compared the net total larval deposition (pattern 1 and 2). The third excluded 

queens with other parasites and used queens from pattern 1 and 2).
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4.3 RESULTS

4.3.1 Host Longevity

Summary of host longevity among species and infected and uninfected by S. bombi 

Sphaerularia does not affect the longevity of all species equally. B. terrestris and B. 

lucorum have shorter lives when infected hut B. pratorum and B. pascuorum do not. This 

may be due to the length of time which these queens normally live (under laboratory 

conditions). Figure 4.1 shows the longevity of infected and uninfected queens held in the 

laboratory post capture. From this it can be seen that the longevity of infected queens does 

not change very much but the longevity of healthy queens does. Kruskal Wallis analyses 

found no difference in the longevity of infected queens among species (x^=1.922, D.F. =3 

and P>0.5) but the longevity of healthy queens was found to differ significantly 

(X^= 13.027, D.F. =3 and P<0.01).

Figure 4.1 Box and whisker plot of longevity of infected and uninfected queens of different species

Sphaerularia p/a
B absence 
O presence

T---------- 1----------1---------- 1---------- T
B.lucorum | B.lapidarius | B.pratorum |

B.hortorum B.pascuorum B.terrestris

Host Species
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Table 4.2 Summat7 of host longevity post capture with respect to presence or absence of S. bombi uteri at 

dissection

N is the total number of dissected queens available for the analysis of longevity.

Species Longevity of uninfected queens Longevity of infected queens

N mean S.D. N mean S.D.

B. hortorum 7 26.7 24.0 1 26 -

B. lapidarius 8 62.2 34.7 3 24.7 23.5

B. muscorum 11 92.9 60.0 0 - -

B. lucorum 13 59.4 40.4 11 28.9 23.3

B. pascuorum 12 26.7 27.1 12 30.8 21.5

B. pratorum 18 38.8 28.1 13 40.2 24.8

B. terrestris 118 66.5 45.3 91 35.3 33.7

Cox regression analysis of queen longevity in the 4 most common species collected in 

2006 with infection described categorically

Infection by S. bombi reduced the longevity of queens by half (see Table 4.2) although 

larger queens lived longer (see Table 4.2. and 4.3.). The sample size used in this analysis 

of the 4 most common species B. lucorum, B. pascuorum and B. pratorum and B. terrestris 

can be seen in Table 4.3. The analysis was likely to be dominated by the largest sample, B. 

terrestris.

Table 4.3 Cox regression model of longevity post capture of queens of four species

95.0% Cl for Exp(B)

Parameter B“ S.E.*’ Wald‘S D.F. P-value Exp(B)‘‘ Lower Upper

Step Centred size -1.708 .654 6.819 1 .009 .181 .050 .653

2 S. bombi Oorl .567 .146 15.041 1 .000 1.763 1.324 2.349

“ The estimated Cox Regression coefficient 

The standard error of B

The Wald statistic which tests whether the coefficient B is different from zero 

‘‘ The log odds for the daily survival

205 cases were available for the analysis not including 66 that were missing a value for size (24.2%). 

Sample size for each species; B. lucorum N=12, B. pascuorum N=7 and B. pratorum N=17 and B. terrestris 

N=169. The fitted model explained significantly more than the base model (Likelihood ratio test of the 

model (-2LL) (x2=20.569, D.F. =2, P<0.001).
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Cox regression analysis of queen longevity in the 4 most common species collected in 

2006 with infection described by intensity

The analysis was run for a second time with infection described by the number of parasite 

uteri found per queen. The greatest effect on longevity was from increased number of 

parasites per queen. For every additional parasite a queen harboured, its chance of dying 

was increased exponentially by 6.5%, see Table 4.4. But instead of longevity also being 

dependent upon host size, as was observed in the previous analysis when infection was 

categorical, variation in longevity was found among the host species. This suggests that 

once the relationship between the number of parasite uteri and longevity has been 

accounted for that longevity varies among host species. All species had a mean lifespan 

shorter than B. terrestris (see Table 4.2). The 3 B. pascuorum collected in 2006 that had 

no parasites and were allowed to die a natural death lived for less than a week (mean 2.67 

± 2.887), compared to the 5 infected queens that lived for between 4 and 51 days (mean 19 

± 19.4). This explains the much greater relative risk of death seen in B. pascuorum (Table 

4.4)

The effect of intensity of infection on longevity of queens can be seen in Figures 4.2 to 4.8. 

Both the raw data and the mean longevity for each intensity of infection can be seen for B. 

terrestris in Figures 4.2 and 4.3. Figure 4.3 was possible because of the large sample size 

in this species. The remaining Figures show raw data only because it is more descriptive 

of the smaller number of data points. Figure 4.3 shows an almost linear reduction in 

longevity of queens of B. terrestris due to increased intensity of infection.
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Table 4.4 Cox regression model of longevity post capture of queens of four species

95.0% Cl for Exp(B)

Parameter B^ S.E.'’ Wald‘S D.F. P-value ExptB)** Lower Upper

Step 2 Species 16.637 3 .001

B. lucorum vs.

mean

B. pascuorum

.329 .301 1.198 1 .274 1.390 .771 2.508

1.641 .430 14.589 1 .000 5.160 2.223 11.975
V5. mean

B. pratorum V5.
.391 .259 2.278 1 .131 1.478 .890 2.456

mean

Number PU .063 .013 23.789 1 .000 1.065 1.038 1.092

“ The estimated Cox Regression coefficient 

The standard error of B

° The Wald statistic which tests whether the coefficient B is different from zero 

The log odds for the daily survival

Sample size for each species: B. lucorum N=12, B. pascuorum N=7 and B. pratorum N=17 and B. terrestris 

N=169. 204 cases were available for the analysis not including 67 missing values for size (24.7%). The 

extra excluded case was of B. pascuorum which was too decomposed to determine the number of uteri at 

dissection. The fitted model explained significantly more than the base model (Likelihood ratio test of the 

model (-2LL) (x2=28.972, D.F. =4, P<0.001).

Cox regression analysis of queen longevity in non B. terrestris species collected in 2006 

and 2007 with infection described by intensity

Next the analysis was run without queens of B. terrestris. For the other species {B. 

lucorum, B. hortorum, B. lapidarius, B. pascuorum, and B. pratorum) both years of 

collection were included and this provided B. lapidarius and B. hortorum with large 

enough samples to be included. The analysis would not run when infection was described 

categorically. This analysis therefore shows infection described by number of parasite 

uteri.

The primary factor explaining the longevity of queens was the intensity of infection (see 

Table 4.5). Infection therefore decreases longevity of queens in a density dependent 

manner. The exponential increase in likelihood of dying per day due to increased intensity
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of infection (8.8% per additional parasite) is similar to that seen in the model including B. 

terrestris. As established at the start of this section, infection by S. bombi does not affect 

the longevity of all species equally however, this may have been due to differences in 

intensities of infection seen. Therefore scatter plots of longevity and intensity of infection 

were created, see Figures 4.4 to 4.8. The species in which a reduction in longevity due to 

infection was not seen were B. pratorum and B. pascuorum. Figures 4.5 and 4.6 relate to 

these species respectively.

Table 4.5 Cox regression model of queen longevity post capture

Parameter B“ S.E.” Wald‘S D.F. P-value ExpiB)**

95.0% Cl for Exp(B)

Lower Upper

Step 1 Number PU .085 .036 5.495 1 .019 1.088 1.014 1.168

“ The estimated Cox Regression coefficient.

The standard error of B.

' The Wald statistic which tests whether the coefficient B is different from zero.

The log odds for the daily survival.

87 cases were available for the analysis not including 20 (18.7%) missing values for the number of parasite 

uteri per queen. Sample size for each species: B. lucorum N=19, B. hortorum N=7, B. lapidarius N=9, B. 

pascuorum N=22 and B. pratorum N=30. The number of queens of each species that were used in the 

analysis can be seen in Table 4.5. The fitted model explained significantly more than the base model 

(Likelihood ratio test of the model (-2LL) (x2=4.273, D.F. =1, P=0.039)). One queen of B. pratorum was 

caught late in the season (ID 859’06) and exclusion of this case was necessary for the analysis to run. When 

included, the error message received said that iterations were not leading to convergence.

Analysis of queen longevity in non B. terrestris species collected in 2006 and 2007 with 

infection described categorically
To investigate the effect of infection on mean longevity, t-tests were conducted for each 

non B. terrestris species with more than 1 infected queen (Table 4.6). The mean difference 

for B. lucorum is the closest to being significant. The mean difference in B. lapidarius is 

larger but the sample size is smaller.
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Table 4.6 Student’s t-tests of queen longevity post capture within species and with respect to infection

Species and N

Equal

variances

assumed
Y/N"

t-test for Equality of Means

t D.F.
Sig. (2-
tailed)

Mean

Difference

Std. Error

Difference

95% Confidence

Interval

Lower Upper

B. lucorum Y 1.943 19 .067 30.6 15.7 -2.3 63.6

N=21 N 2.202 18.9 .040 30.6 13.9 1.5 59.7

B. pascuorum Y -.409 22 .686 -4.0 9.9 -24.7 16.6

N=24 N -.409 20.9 .687 -4.0 9.9 -24.8 16.6

B. pratorum Y -.143 29 .887 -1.3 9.7 -21.3 18.5

N=31 N -.146 27.7 .885 -1.3 9.5 -20.9 18.1

B. lapidarius Y 1.661 7 .141 37.5 22.5 -15.8 90.8

N=9 N 1.909 5.9 .106 37.5 19.6 -10.7 85.7

” All passed the Levene’s test for equality of variances with P-values greater than 0.1 

Figure 4.2 Scatterplot Longevity of individual queens of B. terrestris against infection intensity
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Figure 4.3 Graph of mean (± ISE) longevity of queens of B. terrestris by infection intensity
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Figure 4.5 Scatterplot of longevity of individual queens of B. pratorum against infection intensity
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Figure 4.6 Scatterplot of longevity of individual queens of B. pascuorum against infection intensity
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Figure 4.7 Scatterplot of longevity of individual queens of B. lapidarius against infection intensity
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Figure 4.8 Scatterplot of longevity of individual queens of B. hortorum against infection intensity
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4.3.2 Host Ovarian Development at 7 days post capture

All of the sacrificed queens that were not infected by S. bombi displayed developing 

ovaries. The measurement of egg size used for comparisons between queens was taken 

from the largest egg found in each queen. The difference was greater than 0.64mm 

between the largest egg size of infected queens and the smallest egg size of healthy queens 

(for species with more than 1 infected queen).

Of infected sacrificed queens, the only species other than B. terrestris that had an adequate 

sample size to investigate ovary development despite infection was B. lucorum. However, 

only one of the 6 infected queens of B. lucorum that were sacrificed by freezing at 7 days 

did not have developing eggs. The analysis of egg development at this time point was 

therefore conducted on B. terrestris only. S. bombi had a significant effect on ovarian 

development (x^ = 89.9, D.F. =1, P<0.001, see Table 4.7) and no other factors such as 

caught date or size of the queen had an effect. The effect was not density dependent as 

shown by the failure of the model including number of parasite uteri to classify more cases 

correctly than the base model. There is clearly a difference at this time point between B. 

terrestris and B. lucorum. 83% (N=6) of infected B. lucorum displayed development of 

their ovaries compared to 24% (N=54) of infected B. terrestris. Only two B. pratorum and 

one B. pascuorum sacrificed were found infected, so no comparisons were made.

Table 4.7 Contingency table of ovary development in sacrificed queens of field caught B. terrestris ‘06 

queens with respect to presence/absence of S. bombi

S. bombi

infection

Egg Development 0 or 1 (1+2=>1) Total

No sign of egg

development

Evidence of Egg

development

Absence 0 83 83

Presence 41 13 54

Total 41 96 137
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Binary Logistic regression of ovarian development

The binary logistic regression model created with binary coded ovarian development as the 

dependent variable found the presence/absence of S. bombi to be the only signifieant 

variable needed to predict the finding of ovary development at dissection. However, the 

model failed to find a solution because the maximum number of iterations was reached. 

When infection was described by number of parasite uteri, this was the only significant 

predictor of finding ovary development at dissection. Again, however, the model with 

parasite uteri included failed to elassify more cases correctly than the model with eonstant 

only.

Egg size

Eggs from infected sacrificed B. terrestris queens (N=13 mean 0.7mm ± 0.3) were found 

to be significantly smaller than those of uninfected sacrificed queens (N=83 mean 3.2mm ± 

0.3) (U= 0.000, Z=-5.853, P<0.001). The size of eggs of these 13 queens was not 

dependent upon the intensity of infection. Linear regression of dependent variable egg 

length on number of parasite uteri was non significant (B=-0.005 ± 0.006SE, t=-0.831, 

P-0.423).

Ovary development in queens allowed to die a “natural” death

The first analysis (Table 4.8) used queens collected in 2006 and compared the 4 largest

samples {B. terrestris, B. pratorum, B. pascuorum and B. lucorum). There was no effect

on ovarian development other than infection by S. bombi. The proportion of queens that

displayed development despite infection was between 9 and 35%, with the exception of B.

hortorum which had 100% (N-1) ovarian development despite infection. This compares

to the proportion of uninfected queens that displayed ovarian development, 78-100%. The

second analysis (table 4.9) that excluded B. terrestris and included B. lapidarius and B.

hortorum and queens of 2007 also found that the only effect upon ovarian development
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was infection by S. bombi. The model with infection described by number of parasite 

uteri, did not classify as many cases correctly as the model with binary coded infection and 

was not a good fit of the data. So again the effect appears not to be density dependent.

In the second model of queens caught in 2006 (Table 4.8) the additional effect of caught 

date with number of parasite uteri is likely to be due to the correlation between caught date 

and infection seen in Chapter 3 in B. terrestris. This explanatory variable is unnecessary in 

model 1 that describes infection as yes/no.

Table 4.8 Best-fit Binary Logistic Regression model for the development of ovaries of field caught queens of 

4 species collected in 2006

Parameters B“ S.E.‘’ Wald" D.F. P-value Exp(B)‘‘

Model 1 SblnfDorl(l) -2.543 .354 51.699 1 .000 .079

Constant 1.758 .280 39.535 1 .000 5.800

Model 2 Number PU -.128 .035 13.252 1 .000 .880

Caught Date Julian -.029 .010 7.798 1 .005 .972

Constant .821 .188 19.116 1 .000 2.273

® The estimated Binary Logistic Regression coefficient.

The standard error of B.

' The Wald statistic which tests whether the coefficient B is different from zero.

** The log odds for the presence of ovarian development at dissection

201 queens were included in the model not including 70 that had missing values for ovary development or 

size. Of the queens included 167 were B. terrestris, 16 were B. pratorum, 6 were B. pascuorum and 12 were 

B. lucorum. There was a significant difference in the proportion of cases (N=201 not including 70 missing) 

predicted successfully by the fitted model (1) (77.1%) and that predicted by the base model (58.7%) 

(Omnibus test =64.261, D.F. =1, P<0.001). The Hosmer and Lemeshow test of goodness of fit was not 

calculated. Replacement of binary coded infection with number of parasite uteri per queen (continuous) 

resulted in a fitted model (2) that predicted cases (71.1%) correctly significantly more than the base model 

(58.7%) (Omnibus test =33.78, D.F. =2, P<0.001). The Hosmer and Lemeshow test was passed (x^

= 12.86, D.F. =8, P=0.117).
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Table 4.9 Best-fit Binary Logistic Regression model for the development of ovaries of field caught queens of 

non B. terrestris species collected in 2006 and 2007

Parameters B" S.E.'’ Wald' D.F. P-value ExplB)**

Model 1 S. bombi infection 0/1 (1) -3.795 .650 34.052 1 .000 .022

Constant 2.219 .471 22.210 1 ,000 9.200

Model 2 Longevity by Number PU -.025 .007 12.039 1 .001 .975

Constant 1.216 .300 16.470 1 ,000 3.374

“ The estimated Binary Logistic Regression coefficient.

*’ The standard error of B.

' The Wald statistic which tests whether the coefficient B is different from zero.

The log odds for the presence of ovarian development at dissection 

86 queens were included in the model not including 21 that had missing values. Of the queens Included 9 

were B. lapidarius, 7 B. hortorum, 29 were B. pratorum, 22 were B. pascuorum, and 19 were B. lucorum. 

There was a significant difference in the proportion of cases predicted successfully by the fitted model (1) 

(87.2%) and that predicted by the base model (60.5%) (Omnibus test =50.6, D.F. =1, P<0.001). The 

Hosmer and Lemeshow test of goodness of fit was not calculated because it had no degrees of freedom. 

Replacement of binary coded infection with number of parasite uteri per queen (continuous) resulted in a 

fitted model (2) that predicted cases (79.1%) correctly significantly more than the base model (60.5%) 

(Omnibus test x^ =28.32, D.F. =1, P<0.001). However the model was not a good fit to the data (Hosmer and 

Lemeshow test x^ =41.788, D.F. =3, P<0.001).

Proportion of queens dissected after natural death showing ovarian development and 

size of eggs

From the previous analysis it is clear that infection by S. bombi causes sterility in most 

queens. Approximately 80% of uninfected queens displayed signs of developing ovaries at 

dissection compared to ~30% of queens infected by S. bombi. A G test was used to 

compare the proportions of queens that displayed egg development at dissection among 

species. Of the queens that were infected there was no difference in the proportion that 

displayed egg development at dissection (G=9.757, D.F. =5, P=0.082). In the few cases of 

queens dissected after natural death that did display egg development despite infection (see 

table 4.10) the size of the eggs (compared using maximum length) was at the lower end of 

the range for that species. The eggs from infected B. terrestris queens (N=33) were found
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to be significantly smaller than those of uninfected B. terrestris queens (N=90) that died a 

natural death (U= 952.000, Z=-3.046, P<0.005).

The exception to this was B. hortorum whose largest egg was at the large end of the range 

seen in uninfected queens. One other infected B. hortorum was collected in the two years 

of this work and it also displayed ovary development, it was excluded from the present 

analysis due to a coinfection of N. bombi.

Table 4.10 Summary data on presence or absence of ovary development in field caught queens, of all species 

collected, and dissected after natural death, with respect to infection by 5. bombi

Sphaerularia Species Code

Egg Development 0 or 1 (1 +2=> 1)

No sign of egg Evidence of Egg

development development Total

% with

eggs

absence B. lucorum 3 13 16 81.3

B. hortorum 1 7 8 87.5

B. jonellus 0 1 1 100

B. lapidarius 0 8 8 100

B. muscorum 4 7 11 63.6

B. pascuorum 0 16 16 100

B. pratorum 1 16 17 94.1

B. terrestris 28 98 126 78.0

presence B. lucorum 10 1 11 9.1

B. hortorum 0 1 1 100

B. lapidarius 2 1 3 33.3

B. pascuorum 10 1 11 9.1

B. pratorum 11 3 14 21.4

B. terrestris 61 33 94 35.1

Resistance at day 7 post capture vs. resistance evident post natural death

In the presence of S. bombi there is no difference in the proportion of queens {B. terrestris 

only) that display ovarian development between those that were sacrificed and those that 

died of natural causes (see table 4.11, Pearson x^=2.205 including Yates’ continuity 

correction D.F. =1 and P=0.138).
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Table 4.11 Summary of the number of infected queens of B. terrestris caught in 2006 that were either 

sacrificed by freezing or found dead and whether they displayed ovarian development at dissection

Total Egg Development 0 or 1 (1 +2=> 1) % with eggs

No sign of egg

development

Evidence of Egg

development

Found Dead 105 66 39 37.1

Sacrificed 54 41 13 24.1

Total 159 107 52

4.3.3 Parasite fecundity

The larval counts collected in 2006 are not considered reliable (Section 4.2.1) and will not 

be used in the following analyses. The counts made from the 2007 collected queens were 

all done using the same validated method (2.4.3 and 2.4.4). Only sand from queens that 

were found to be infected at dissection was found to contain parasite larvae.

Reproductively Successful Infections

Reproductive success of the parasite is defined here as deposition of parasite larvae by the 

host. Nearly all infected queens that lived for longer than 11 days in the lab post capture 

deposited larvae, see Table 4.12 and 4.13. The exception was the infected B. hortorum 

queen that lived for 26 days and deposited no larvae. The other infected queen of B. 

hortorum (also infected with Nosema bombi) died at 13 days without depositing any 

larvae. Larval deposition was classified for description of the pattern of deposition. To 

look at the pattern of deposition queens were excluded if they deposited larvae in the 

week post capture. This is because larval deposition may have been started before capture. 

Queens that did not deposit in week one may also have deposited larvae before capture but 

it was assumed that this was less likely. Queens were classed as pattern 2 if they died 

while depositing parasite larvae. This was to ensure that the pattern of larval deposition 

could be viewed from start to finish (pattern 1).
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The reproductive success of infections in B. terrestris queens can’t be obtained from this 

dataset because queens were selected for sending to Biobest (Section 2.5.1) on the basis 

they had not deposited larvae in the two weeks.

Table 4.12 Counts of queens (solely infected by S. bombi) of each host species with regard to larval 

deposition

All were infected and were checked weekly while alive for deposition of larvae

Species Code Ni“

Larvae produced 0/1 Sum of queens of Pattern of production

o’’ 1 Pattern 1 +2 “ 1 2

B. lucorum 4 2 2 1 1 0

B. hortorum 1 1 0

B. lapidarius 2 1 1 1 1 0

B. pascuorum 7 0 7 5 3 2

B. pratorum 5 0 5 3 2 1

B. terrestris 42 14 28 13 4 9

Total 61 18 43 23 11 12

“Number of queens that were found at dissection to harbour a parasite uterus, eggs or larvae of S. bombi 

All of these queens lived for fewer than 11 days with the exception of B. hortorum.

‘ Number of infected queens that deposited larvae but not in the week post capture

Table 4.13 Counts of queens (with or without non S. bombi parasites) of each host species with regard to 

larval deposition

All were infected and were checked weekly while alive for deposition of larvae

Species Code Ni

Larvae produced 0/1 Sum of queens of Pattern of production

0 1 Pattern 1 +2 “ 1 2

B. lucorum 5 2“ 3 1 1

B. hortorum 2 2 0 -

B. lapidarius 3 1” 2 2 2

B. pascuorum 11 1“ 10 7 4 3

B. pratorum 10 1“ 9 7 4 3

B. terrestris 61 16 45 25 11 14

Total 92 23 69 42 22 20

“ These 2 queens lived for 10 days and 3 days 

ID 101 2007 lived for 1 day 

“ID 310 2007 lived for 1 day 

ID 1 2007 lived for 10 days

“ Sum of infected queens that deposited larvae but not in the 1" week post capture
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Pattern of larval deposition

Parasite larvae were deposited in a specific pattern. This is shown in Figure 4.9 which uses 

data on larval deposition per week from 11 B. terrestris queens that lived for 5 weeks or 

longer. Queens were not excluded for being infected by parasites other than S. bombi but 

they were excluded if they deposited larvae in the week post capture (20 of 45 see Table 

4.13), i.e., they started larval deposition in the lab, or if they died while depositing larvae 

(pattern 2). In Figure 4.9, the 4 queens of B. terrestris that outlived larval production and 

were not infected with other parasites are listed as 158, 130, 128 and 84.

The pattern of larval deposition in queens that lived longer than 5 weeks (35 days) was for 

larvae to be deposited for a period of 2 to 28 days. The only queen to deposit larvae in 

only two weeks and live past deposition was queen ID38 which also deposited the fewest 

larvae (3417). Because the sand underneath the queens was changed only weekly it is not 

known whether queen ID38 deposited larvae for only 2 days or for up to 14. The rest of 

the queens in Figure 4.9 were found to have deposited larvae in at least 3 separate weeks so 

the minimum period of production was 9 days. Number of larvae deposited peaked in the 

second week two of larval deposition, decreased in week three and again in week four.

Less than 1 % of all the larvae deposited were found in the fifth week after deposition was 

started.
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Figure 4.9 The pattern of larval deposition in the 1! B. terrestris queens (pattern I)

Queens were excluded that deposited larvae in week 1 or if they died while depositing parasite larvae.
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The selection of queens for Figure 4.9 was representative of the pattern of production in all 

queens that deposited larvae (Table 4.13). Of all 20 queens (all species) that started 

deposition in the lab and died while depositing larvae (pattern 2) none lived longer than 30 

days. Of the 27 queens (all species) that deposited larvae in week 1, nearly all had 

deposited 99% of the total within 5 weeks post capture, the exception was a queen of B. 

pascuorum 271 (2007). Figure 4.10 shows the pattern of larval deposition in: B. 

lapidarius, B. pascuorum, B. pratorum, and B. lucorum. The incidence of co-infections in 

queens that deposited parasite larvae can be seen in Table 4.14. There were too few of 

each category produce a meaningful analysis of the effects of coinfections on larval 

deposition.
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Figure 4.10 The pattern of larval deposition in the non B. terrestris queens (pattern I)

Queens were excluded that deposited larvae in week 1 or if they died while depositing parasite larvae.
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Table 4.14 Counts of queens with and without coinfections that deposited larvae in 2007

Pattern 1 describes queens that outlived the deposition period and pattern 2 describes queens that died while

depositing parasite larvae.

Pattern Species Code Ni Crithidia Nosema Locust Apicystis No Faeces S. bombi only

1 B. lucorum 1 - - - - - 1

B. lapidarius 2 - - - - 1 1

B. pascuorum 4 - 1 - - - 3

B. pratorum 4 1 - 2 - - 2

B. terrestris 11 2 1 1 - 3 3

2 B. pascuorum 3 - - 1 - - 2

B. pratorum 3 - - 1 1 - 1

B. terrestris 14 1 - 1 1 2 9

Description of total larvae deposited

All species deposited a mean number of larvae in the 10s of thousands and coinfections 

with other parasites do not appear to increase or decrease the number of parasite larvae 

deposited (see Table 4.15).
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Table 4.15 Summary of the total parasite larval deposition of queens of each species 

Queens with coinfections are listed separately

Pattern 1 Pattern 2

Species Code N Min Max Mean SD N Min Max Mean S.D.

B. lucorum 1 20138

B. lapidarius 2 46175 '140533

B. pascuorum 3 53181 116293 91516 33669 2 58125 82288

Coinfected 20354 ' 1 59125

B. pratorum 2 9905 17804 1 4766

Coinfected 2 d,e 99 '107240 2 '15150 30050

B. terrestris 4 52735 84442 67609 17124 9 1763 199150 98781 67797

Coinfected 7 '3417 '197241 84175 72406 5 ‘*9525 '133250 57315 51951

Queens with infected by parasites other than S. bombi were labelled accordingly. 

“ It could not be ascertained that this queen was solely infected by S. bombi 

’’ Nosema bombi 

° Locustacarus bitchneri 

Apicystis bombi 

' Crithidia bombi

Total larvae deposited compared among species

In all three of the analyses of variance of the number of larvae deposited that follow, none 

find a difference among host species but all show larval deposition to be dependent upon 

the intensity of infection.

Pattern 1 + coinfections

The first comparison among species used queens that started deposition in week 2 or 3 post 

capture and lived longer than the period of deposition (pattern 1). Also included were 

queens infected by other parasites. An ANOVA was used to compare the larvae deposited 

among groups (Table 4.16). There was no pattern within the predicted standardised 

residuals. The sample of 19 included 4 B. pascuorum, 4 B. pratorum and 11 B. terrestris.
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Table 4.16 One way analysis of variance with total number of larvae deposited as the dependent variable 

(pattern 1 + coinfections)

Queens of B. pascuorum, B. pratorum, B. terrestris included that lived past larval deposition

Source

Type III Sum of

Squares D.F. Mean Square F P-value

Corrected Model 2.131E10 4 5.328E9 2.399 .100

Intercept 1.073E9 1 1.073E9 .483 .498

Number PU 1.313E10 1 1.313E10 5.912 .029

Longevity 5.282E8 1 5.282E8 .238 .633

Sp Code 5.449E9 2 2.725E9 1.227 .323

Error 3.110E10 14 2.221E9

Total 1.399EI1 19

Corrected Total 5.241E10 18

The Levene’s test found the variance to be equal across groups (F2,i6=0-752, P=0.488).

Pattern 1 and 2 + coinfections

The second analysis used data from pattern 1 and 2 to compare the net deposition of larvae 

among species (Table 4.17). Queens not solely infected by S. bombi were also included. 

The sample of 39 included 7 B. pascuorum, 1B. pratorum and 11 B. terrestris. 21 queens 

had no other parasites and 18 either had other parasites, or were not confirmed solely 

infected by S. bombi.

Pattern 1 and 2-S. bombi sole infection

The same analysis was repeated (Table 4.18) using queens that deposited in pattern 1 and 2 

but excluding queens not solely infected by S. bombi. This left a sample size of 21 that 

included 5 B. pascuorum, 3 B. pratorum and 13 B. terrestris.
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Table 4.17 One way analysis of variance with total number of larvae deposited as the dependent variable

(pattern 1 and 2 + coinfections)

Queens included that lived past larval deposition

Type III Sum of

Source Squares D.F. Mean Square F P-value

Corrected Model 4.645E10 7 6.635E9 2.891 .019

Intercept L294E9 1 L294E9 .564 .458

Number PU 2.426E10 1 2.426E10 10.574 .003

Longevity 6.876E8 1 6.876E8 .300 .588

Sp Code 9.580E9 2 4.790E9 2.087 .141

No Other Ps 8.843E7 1 8.843E7 .039 .846

Sp Code * no Other

Ps
1.411E9 2 7.055E8 .307 .738

Error 7.114E10 31 2.295E9

Total 3.066E11 39

Corrected Total 1.176E11 38

The covariates included were longevity, species code, other parasites, and number of parasite uteri. There

was no pattern in the predicted residuals. The Levene’s test found the variance to be equal across groups

(Fj,33=1.952, P=0.112).

Table 4.18 One way analysis of variance with total number of larvae deposited as the dependent variable

(pattern 1 and 2 with queens solely infected by S. bombi)

Queens included that lived past larval deposition

Type III Sum of

Source Squares D.F. Mean Square F P-value

Corrected Model 2.988E10 4 7.471E9 4.137 .017

Intercept 1.811E8 1 1.811E8 .100 .756

Number PU 1.399E10 1 L399E10 7.746 .013

Longevity 2.503E9 1 2.503E9 1.386 .256

Sp Code 5.654E9 2 2.827E9 1.565 .239

Error 2.889E10 16 L806E9

Total L817EI1 21

Corrected Total 5.878E10 20

a. R Squared = .508 (Adjusted R Squared = . 386)

The Levene’s test found the variance to be equal across groups (F2,18=1.626, P=0.224). There were no 

patterns in the predicted residuals.
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Linear regression of total larvae deposited by infected queens of B. terrestris

The first analysis (Table 4.19) included queens in which the total life time productivity of 

parasites was observed (Pattern 1) (including those infected by other parasites, N=11). The 

number of parasite larvae deposited was explained by the intensity of infection. The 

second analysis (Table 4.20) used data from queens that died while depositing larvae 

(pattern 2, N=14). This model found that the number deposited was explained by the 

length of time the queen lived.

Table 4.19 Best fit linear regression model of dependent variable total larvae using queens of B. terrestris 

that lived past larval deposition (pattern 1)

Standardized

Unstandardized Coefficients Coefficients

Model B Std. Error Beta t P-value

(Constant) -286955.275 327722.520 -.876 .415

Number of PU 29741.302 6631.366 .869 4.485 .004

Days Alive -98.885 377.349 -.054 -.262 .802

Caught Date Julian 2826.020 3389.590 .148 .834 .436

No Other Parasites 23620.468 20536.478 .207 1.150 .294

The model described a significant proportion of the variation in the data (R - 0.838, F4=7.766, P=0.015).

Table 4.20 Best fit linear regression model of dependent variable total larvae using queens of B. terrestris 

that died while producing larvae (pattern 2)

Unstandardized Coefficients

Standardized

Coefficients

Model B Std. Error Beta t P-value

(Constant) -465777.316 261229.530 -1.783 .108

Number of PU 4871.242 2494.883 .296 1.952 .083

Days Alive 9007.058 1681.900 .821 5.355 .000

Caught Date Julian 3582.049 2590.579 .188 1.383 .200

No Other Parasites 12219.128 18689.680 .095 .654 .530

The model described a significant proportion of the variation in the data (R - 0.848, F4=12.542, P=0.001)
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4.4 DISCUSSION

As with all studies of wild-caught animals, any correlations between parasite presence and 

differences in host fitness do not necessarily represent a causal impact of the parasite on its 

host. Below, this is borne in mind but nevertheless results are interpreted in the context of 

what is currently known about S. bombi and each of its host species (Rutrecht and Brown, 

2009).

In this experiment I examined 3 measures of parasite virulence: parasite induced castration, 

host mortality and parasite fecundity. Nearly all queens that were found harbouring S. 

bombi at dissection had reduced ovarian development compared to healthy queens. Some 

development was observed despite infection but the eggs of infected queens were 

significantly smaller than in healthy queens with the exception of B. hortorum. Average 

lifespan of uninfected queens varied among host species. S. bombi was associated with a 

reduction in host longevity in species with average lifespan greater than 55 days. In all 

host species, an intensity-dependent reduction in longevity was observed. Parasite 

deposition per queen was not found to vary among host species in absolute number of 

larvae deposited or in the pattern of deposition. In all species measured, parasite fecundity 

was found to be density dependent. I discuss these results in detail below.

Previous studies contained observations made from queens that were sacrificed post 

capture (Palm, 1948, Cumber, 1949, Alford, 1969a) or after natural death (Hasselrot, 1960, 

Medler, 1962). Ovarian development despite infection has been observed in only two 

species from Europe {B. hortorum and B. hypnorum) (Hasselrot, 1960, Alford, 1969a, 

Roseler, 2002). I examined queens for parasite-induced castration of the host soon after 

capture (7 days) and after natural death. At 7 days post capture, S. bombi appears to have a 

castrating effect. This is demonstrated by the difference between uninfected sacrificed
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queens, which all had developed eggs in their ovaries, and the eggs of infected sacrificed 

queens which were smaller or not present. So at 7 days post infection there are no queens 

that display ovary development equal to uninfected queens. However, there was a 

difference in the proportion of queens displaying ovary development despite infection at 

this time point, 80% (N=5/6) of B. lucorum queens displayed development compared to 

24% of B. terrestris queens. B. pratorum and B. pascuorum were not compared due to 

small sample size. At 7 days post capture it appears that S. bombi infecting B. terrestris 

are better adapted to exploit their hosts than S. bombi infecting B. lucorum. This would be 

expected if the S. bombi was a locally adapted generalist because B. terrestris is the most 

common local host.

Examination of queens post natural death demonstrated a reduction in the number of 

healthy queens with developed ovaries (80%) compared to healthy queens sacrificed at 7 

days post capture. This may be due to absorption of eggs in older queens (Medler, 1962). 

However, only 30% of the infected queens had developing eggs, so the effect of S. bombi 

is also apparent after natural death. The eggs of infected queens were significantly smaller 

than in healthy queens, with the exception of both infected queens of B. hortorum which 

were found to contain developed ovaries with eggs of similar size to healthy queens.

The proportion of infected queens (samples of infected queens greater than 5) showing 

development at this time point did not vary among host species. Ovary development at this 

time point is confounded by ovary absorption in older queens (Medler, 1962). Species 

specific effects may be overlooked as a result. The apparent contradiction in the results 

from B. lucorum may be due to several factors. The larger sample size of B. lucorum at 

natural death rather than at 7 days suggests that ovary development despite infection may 

be a rare occurrence.
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Within the infected B. terrestris there was no difference in the proportion of queens 

showing development between those that were sacrificed and those that were found dead. 

That some ovary development is observed, demonstrates that virulence of S. bombi is sub- 

optimal because resources used by the host for its own reproduction necessarily reduce the 

resources available for parasite reproduction (Baudoin, 1975).

My results quantify host ovarian suppression by S. bombi relative to uninfected queens. 

This had previously only been a qualitative statement. 1 also show that ovarian 

suppression by the parasite is not temporary and that it is observed in both, queens 

sacrificed soon after capture and in queens examined after natural death. The time post 

capture that queens spent in the lab with food and sugar water ad libitum allow me to say 

that reduced ovarian development was due to suppression by the parasite and not a 

nutritional deficiency of the host. This had previously not been addressed in studies which 

sacrificed queens soon after capture. I have also provided quantitative data on the 

difference in size of eggs found in infected and uninfected queens. My results also provide 

additional data on resistance in B. hortorum.

There are few studies, of which I am aware, that have looked at parasite-induced castration 

across different host populations. Jaenike and Perlman (2002) review their work on the 

Howardula aoronymphium (Nematoda) - Drosophila spp. (Diptera) system. H. 

aoronymphium, like S. bombi, has a direct life cycle and was found to cause castration of 

field-caught hosts by infection with as few as one parasite in Drosophila putrida and D. 

neotestacea. Infected D. falleni and D. recens were found to be half as likely as healthy 

flies to show ovary development. The difference in virulence observed was not due to 

adaptation of the parasite but instead was found to be attributable to greater resistance to
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castration in D. recens and D. falleni compared to D. putrida and D. neotestacea. In 

another host parasite system, involving an indirectly transmitted Cestode (Schistocephalus 

solidus) and the three-spine stickleback {Gasterosteus aculeatus), S. solidus has classically 

been known as a trophically transmitted castrator, however, Heins and Baker (2008) 

review the current knowledge of the system and also introduce their own data to show that 

this is not the case in all populations of the parasite. In this system S. solidus appears to 

castrate its host by draining the host’s resources. The apparent resistance of Alaskan 

populations of stickleback to castration is, they suggest, due to the timing of infection and 

longevity of the host. Since the castrating effect of S. bombi appears to be density 

independent in Bumble bee queens then the ovary development seen in infected queens of 

B. hortorum may be due to inherent resistance to castration in this species, similar to the 

resistance observed in the D. recens and D. falleni.

Overall (excepting B. hortorum) it appears that the castrating effect of the parasite is not 

density dependent or related to host size or species. While potential evidence for 

resistance of ovarian suppression was found in sacrificed B. lucorum queens the sample 

was small (<10) and was not duplicated at natural death. The data of ovary development in 

infected queens of B. lucorum represents the first description of resistance in this species, 

whereas resistance in B. hortorum is corroborated by other studies despite the smaller 

sample size. As described above, species specific parasites would be expected to suppress 

all ovary development, whereas locally adapted parasites would be expected to suppress 

development in the most common host species. The same proportion of queens among 

species are observed to have developing eggs despite infection which suggests a generalist 

parasite with no local adaptation. This suboptimal virulence (loss of potential resources to 

host fecundity) may be due to diffuse coevolution with multiple host species (Lively et al, 

2004). The exception of B. hortorum (n=l) to suppression of egg development may be an
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example of rare host advantage (Dybdahl and Lively, 1998). In the example of H. 

aoronymphium and Drosophila', D. recens and D. falleni are competitively inferior speeies 

to D. putrida and D. neotestacea (Jaenike and Perlman, 2002). They may be inferior 

because of their resistance (cost of immunity) or their inferiority may allow them an 

evolutionary advantage, through tracking of the more eommon host speeies by H 

aoronymphium.

I analysed longevity in two ways each of which showed different results. The first 

comparison among species suggested that S. bombi had an impaet on species with a natural 

longevity longer than 55 days. The Cox regression analyses suggested that the reduetion in 

chance of survival per day was simply a result of infection and not related to host species 

and the t-tests found no impact of S. bombi on longevity in non-B. terrestris queens. There 

was an impact of parasitism on longevity in B. terrestris and this was what drove the result 

in the Cox regression model of data collected in 2006. The failure of the model to run, 

when infection was described categorically and with 2007 data included, may have been 

due to the necessary exclusion of B. terrestris data. What is clear in Figure 4.3 is that in B. 

terrestris, increased intensity of infection causes reduced host longevity. Comparing 

Figure 4.2 and 4.3 shows that there is also a lot of variation in host longevity for a given 

intensity of infection. This variation and the smaller sample sizes may explain the spurious 

results from the other species. In B. lucorum (Figure 4.4) and B. lapidarius (Figure 4.7) a 

reduction in host longevity is seen with increased intensity of infection. In B. pratorum 

and B. pascuorum, low intensities of infection do not appear to impact on host longevity.

B. pratorum has been reported to have a shorter lifespan as well as a shorter colony 

longevity (Cumber, 1953, Alford, 1975, Rutrecht and Brown, 2008) and this may explain 

the lack of impact from the parasite at low intensities of infection. In contrast B. 

pascuorum is reported to have long lived colonies (Cumber, 1953, Alford, 1975) and this is
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not reflected in the longevity of uninfected queens of this study. Colonies of B. pasciiorum 

have never (to my knowledge) been reared in the laboratory nor has longevity of queens of 

B. pascuorum been measured before. It may be that this long-tongued species is not 

catered for nutritionally by the honey bee collected pollen with which queens were fed in 

the laboratory. In both B. pascuorum and B. pratorum intensities of infection greater than 

6 parasites was associated with a reduced longevity. The lack of an apparent impact of 5. 

bombi on host mean longevity tested using t-tests, may be due to the variation and the 

small sample sizes available.

The mean longevity post capture for all infected queens across species varied between 24.7 

and 40.2 days. Almost all parasite larvae were deposited within 35 days post capture 

(Pattern 1 - queens that started larval deposition in the lab, and did not die while depositing 

larvae). The fact that the pattern remains the same in each host species may explain why a 

reduction in longevity is seen in longer lived host species. If damage to the host is caused 

by parasite larvae, this would explain the onset of increased host mortality after parasite 

larval production has begun and why longevity is reduced to the same mean in each host 

species. However, this does not account for density dependent mortality. The mean 

number of parasites per B. terrestris queen in pattern 1 was 2.6 (N=10). This is half the 

mean number of parasites in B. terrestris queens that died while depositing parasite larvae 

(Mean 4.8, N=14). It may be explained if larvae are produced earlier in higher intensities 

of infection. This would be a logical extrapolation of within host competition. However, 

the prepatent period can only be estimated using laboratory infections, when time of 

emergence from hibernation is not known.

The pattern of deposition of parasite larvae by infected queens is consistent among host 

species, admittedly from small sample size. However, the mean natural longevity of B.
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terrestris is almost twice as long as the mean natural longevity of B. pratorum and 

consequently I would expect (if there was a trade off between transmission and longevity) 

that infected queens of B. terrestris would also live longer than infected queens of B. 

pratorum. This is not what is observed and therefore suggests that S. bombi is a generalist 

parasite because no host specific adaptation in pattern of larval deposition is seen.

The reduction in host longevity due to increased intensity of infection was seen in all host 

species. Indeed re-analysis of the effect of S. bombi on th'e longevity of B. pratorum 

queens (16 solely infected by S. bombi out of 58) using Cox regression survival analysis 

found that infection was not associated with reduced longevity in agreement with Rutrecht 

and Brown (2008). However, when number of parasite uteri was included in the model 

instead of binary coded infection longevity was found to be reduced in a density dependent 

manner, see Table 4.21.

Table 4.21 The best-fit Cox regression model for B. pratorum queen longevity post capture reanalysed from 

Rutrecht and Brown (2008)

The factors included below are the result of two runs of the same analysis with different covariates.

B. pratorum B“ S.E.” Wald' D.F. P-value ExptB)'

Model 1 S. bombi 0/1 .264 .299 .779 1 .377 1.302

Model 2 Number PU .206 .070 8.591 1 .003 1.228

° The estimated Cox regression coefficient.

The standard error of B.

The Wald statistic which tests whether the coefficient B is different from zero. 

The log odds for the daily survival.

Density dependent mortality affects the parasite more than the host. The host’s fitness has 

already been reduced to zero through castration. Reduced host longevity due to higher 

intensities of infection may reduce the transmission of parasite larvae. 17.6% (N=204) of 

infections in B. terrestris were single S. bombi. A similar percentage (21.4%) was seen in 

infections of B. pratorum queens (N=28). A greater number (40 and 44.4%) of infections
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were of single parasite uteri in queens of B. pascuorum (N=25) and B. lucorum (N=19). 

The majority of parasite uteri are therefore found in multiple infections. This means that 

density dependent mortality of the host should present a high selection pressure on the 

parasite and therefore, theoretically, select for reduced or delayed virulence.

The mean number of parasite larvae deposited per queen (68,000 ± 54,000) that outlived 

larval deposition (pattern 1) did not vary among host species (measured in B. terrestris, B. 

pratorum and B. pascuorum). There was considerable variation in the number of parasite 

larvae deposited per queen within species and the only significant explanatory factor was 

intensity of infection. Intensity of infection was associated with increased larval 

deposition in all three analyses of total larval deposition. Total parasite fecundity was 

expected to increase with intensity of infection unless a limit of resources was reached, as 

seen in Heterakis gallinarium of Ring-necked Pheasants (Tompkins and Hudson, 1999). 

However, the limit of host resources was made apparent by the longevity of the host. In 

queens of B. terrestris that died while depositing parasite larvae, the total deposited was 

dependent upon the longevity of the host and not on the intensity of infection. This is an 

example of hypervirulence because the harm done to the host by infection was fatal and 

resulted in reduced potential transmission. Jaenike (1995) found density dependent 

mortality in Drosophila infected by Howardula aoronymphium. He also found within-host 

competition, demonstrated by reduced size of motherworms in higher intensities of 

infection. It is possible that density dependent mortality may be demonstrable using data 

from caught queens (Chapter 3), if higher intensities of infection are missing from 

collections of queens from late in the season.

There were too few data to determine whether total larvae was related to host size within or 

among species. However, the longevity of queens of B. terrestris (and 3 other host species
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of much smaller sample size) in the first Cox regression analysis was explained by host 

size as well as infection by S. hombi. This may indicate that larger hosts provide greater 

resources for parasite fecundity and therefore suffer reduced density dependent mortality 

or it may also be explained by lower intensities of infection in larger queens.

Parasite induced castration did not vary among all host species (with more than 2 infected 

queens sampled). The one species {B. hortorum n=l) which did show resistance to 

suppression of ovarian development has also been found to be resistant in previous reports 

from different locations (Alford, 1969 - South East England and Rdseler, 1967 quoted in 

Rdseler, 2002 - Germany). This suggests that the resistance is due, either to a lack of 

adaptation to this host and/or a different mechanism employed by this host species for 

developing its ovaries. Virulence, with respect to parasite induced increase in host 

mortality, displayed potential differences with respect to host species “natural” average 

lifespan. Host species with longer average lifespans appeared to have reduced longevity 

due to infection at low intensities. This was not apparent in host species with shorter 

“natural” average life spans. This may be due to the onset of larval deposition, the pattern 

of which does not appear to be different among species, again suggesting a lack of 

adaptation to each host species. There was an overall density dependent effect on host 

mortality and total parasite fecundity. Overall the virulence of S. bombi in its multiple host 

species suggests it is a generalist parasite.
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Chapter 5

Development of a laboratory model and the relationship between dose 

and infection

5.1 INTRODUCTION

Aggregation of parasites among their hosts has important implications for density 

dependent effects on the host, density dependent competition among parasites within 

infrapopulations, and the capacity of a parasite population to control its host population 

size over time (Anderson and May, 1979, Shaw and Dobson, 1995, Shaw et al, 1998, 

Wilson et al, 2002, Poulin, 2007).

For macroparasites the mortality or morbidity caused to the host is, in the majority of 

cases, directly proportional to the number of parasites that the host harbours (Wilson et al, 

2002). Therefore aggregation of parasites combined with the population mean burden 

directly affects individual host’s chances of attaining their reproductive potential and 

whether the host population size will be affected by the parasite or not. It is for this reason 

that a measure of aggregation is central to models designed to predict/describe the affects 

of macroparasites on their host populations (Roberts, 1995).

The causes of aggregation are important for understanding the ecology of the host-parasite 

system and for the evolutionary pressures facing the parasite. Aggregation is caused by 

heterogeneities in the geographical distribution of hosts and parasites and in 

heterogeneities among host and parasite individuals. Essentially the observed number of 

parasites per host is a result of the probability of a host encountering a parasite and the 

probability of it becoming infected by it. The rest is down to the host individual’s
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probability of being sampled by research workers which is directly affected by its 

longevity.

Sphaerularia bombi and its Bombus host is an ideal system within which to examine 

certain aspects of aggregation of parasites because, although the host’s potential of being 

sampled is affected by its longevity and behaviour, no parasites are lost over the course of 

the queens life time (mean burden at 7 days post capture = 6.4 and at natural death = 6.3, 

data from 2006 field collections of B. terrestris). Also infection takes place during one 

phase of the bumble bee queen’s annual life cycle and once she has emerged from 

hibernation there are no more opportunities to acquire S. bombi parasites. Other factors 

that are causes of aggregation in many host parasite systems such as host age, sex and 

seasonal sampling (reviewed in (Wilson et al, 2002) are irrelevant for this caste specific 

annual parasite.

Of the large number of studies that report the prevalence of S. bombi in Europe and North 

America only Alford (1969) collecting in South East England and McCorquodale et al., 

(1998) collecting in Nova Scotia, Canada report mean intensities (total number of parasite 

uteri found, divided by total number of queens sampled). Both Alford and McCorquodale 

et al. report mean intensities of infections for each species but do not differentiate between 

different years of collection. Sample size of each species in both of these studies varies 

across years and it is not known if this is due to abundance of hosts or sampling effort. It is 

known that estimates of prevalence are relatively resistant to changes in sample size with 

the exception of greater variation in smaller samples. In contrast, estimates of mean 

intensity are likely to be underestimated in small samples because of the rarity of heavily 

infected hosts in an aggregated system (Poulin, 1996). Therefore, the reported prevalence 

and intensity generated from field caught queens in this study are the first describing the
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Bombus-Sphaerularia system that can be directly related to abundance of host species in 

each year of collection.

Parasites with similar life cycles, i.e., producing large numbers of offspring in a direct life 

cycle and an essentially passive mode of encountering a new host, such as the 

trichostrongylids, tend to have a highly aggregated distribution with few hosts harbouring 

many parasites (Shaw and Dobson, 1995). S. bombi-Bombus system is another example of 

a parasite with direct lifecycle, high fecundity and essentially passive mode (waits for host) 

of infection. The distribution of parasites within a host population sampled from the field 

will therefore likely be highly aggregated. The host’s probability of encountering one 

parasite will be similar to its chance of encountering many parasites given the method by 

which they are deposited within the environment. S. bombi is likely to have a very limited 

range in which it can “hunt down” a host compared to the large geographical range 

available to the host. To elucidate the effects of host heterogeneity upon the observed 

aggregation of parasites, laboratory infections using known numbers of parasites were 

attempted.

In this study, I asked the following questions, all of which are related to understanding 

aggregation in this host-parasite system. 1) is hibernation survival of queens related to the 

number of parasitic nematodes they were exposed to? 2) does exposure to parasitic 

nematodes cause infection in queens under laboratory conditions? 3) if it does then how 

many nematodes are required to cause an infection of a queen? 4) does exposure to more 

nematodes increase the likelihood of infection and/or the intensity of that infection? I also 

examined aspects of parasite biology within these laboratory infections, investigating 

queen sterilisation and how infection relates to parasite reproduction.
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Figure 5.1 Diagram of Experiment 1
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Figure 5.1 Diagram of Experiment 2
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5.2 METHODS

Wild caught queens of all Bumble bee species seen in Dublin (Section 2.1.3) were 

collected (Section 2.1.4) and dissected (Section 2.2). The abundance (total number of 

parasite individuals) in each host species by year and the intensity of infections (number of 

parasite individuals per queen) were recorded. The variance to mean ratio as a measure of 

aggregation in these samples was calculated using mean intensity of infection (infected and 

uninfected queens) and the associated variance in number of parasite uteri per queen.

These data are displayed in Table 5.3 for comparison with aggregation produced by 

controlled infection experiments.

Two experiments were conducted in an attempt to answer the questions above.

In 2006 queens were exposed to matured nematodes deposited by B. terrestris queens 

collected around Dublin. Gynes were reared and mated from colonies of B. terrestris 

terrestris imported from Koppert in the Netherlands. This subspecies of Bumble bees is 

not inbred or very different from the naturally occurring subspecies found in the 

Netherlands. This is due to the necessary out-breeding every few generation to maintain 

queen viability (Beekman et al, 1999).

In the first experiment, queens were exposed to control, low, medium and high doses of S. 

bombi while being housed in test tubes in a controlled temperature cold room at 2-8°C in 

artificial hibernation. In early 2007, the queens were removed to another controlled 

temperature room at 21-28°C where they were housed in sandwich boxes with sand in the 

base until they died a natural death or reached 127 days post waking. At this time 

surviving queens were sacrificed by freezing.
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In 2007 gynes were again reared and mated from imported colonies for use in the second 

dosage experiment. These queens were exposed to medium and high doses of S. bombi, 

deposited by queens of B. pascuorum, while in artificial hibernation. They were woken in 

early 2008 and housed in sandwich boxes for 2 weeks at which point all surviving queens 

were sacrificed by freezing.

The variables measured to answer the questions above were:

In the queens of 2006-07 the sandwich boxes of surviving queens were changed after 

weeks 1, 2, 5, 8 and 11 post waking. The sand was checked for parasite larvae (Section 

2.4.2) and if present they were collected (Section 2.4.3) and counted (Section 2.4.4). All 

queens that were removed from their hibemacula and were not consumed by fungus were 

dissected as described in general methods Section 2.2. The variables measured that are 

relevant to the questions outlined above were:

1) The size of the queen as measured by her radial cell length

2) The age of the queen before she was entered into artificial hibernation

3) The colony that the queen originated from

4) The colony origin of the male with which the queen mated

5) Whether at dissection the queen was found to contain parasite uteri, eggs or larvae

6) The number of parasite uteri found within the queen

7) Whether the queen displayed developing eggs

Confounding effect due to mating

Factors that might influence the outcome of the experiments were genetic variation of the 

hosts on hibernation survival, resistance to infection and resistance to the effects of 

infection. This would be seen as an effect of the colony the queen originated from. Male 

sperm has the potential to affect a queen’s survival of hibernation (Komer and Schmid-
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Hempel, 2003) and may also influence the queen’s resistance to infection or its effects.

The age of queens before they enter hibernation may influence the resources the queen has 

stored for hibernation. In the wild, queens hibernate after mating and building up their 

stores of fat and sugar, to sustain them through hibernation. There is therefore a potential 

confounding effect among the origin of the male and queen colony and the age of the 

queens at hibernation. Queens were not all mated on the same day or to the same colonies 

of males. Queens were entered into hibernation on the same day, within experiments.

S. bombi collection and dose preparation for Experiment 1

S. bombi were collected from sand of boxes that had held infected B. terrestris queens 

collected from parks in Dublin in spring 2006. These larvae were removed from the sand 

and were stored in damp sterilised sand and soil in a ratio of 3:1 respectively in plastic 

boxes. The worm-farms were covered and stored in the dark and at room temperature for 

100-125 days. On 5/10/06 the S. bombi were removed from the worm-farm. A stock of 

35000 S. bombi (between 122 and 198 days old) in 450mls was used to create doses for 

infectious hibemacula. No male S. bombi were found out of 100 viewed at 100 times 

magnification. S. bombi were between 122 and 198 days old by the time the doses were 

created.

The aim was to set up treatment groups with high (~1000), medium (~100), low (~10) and 

no S. bombi.

74 queens were used in this experiment with 20 in each treatment group and 14 in the 

control group that were housed in the same way as the other queens but were not exposed 

to S. bombi.
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For the high dose group, the mean count of two trial tubes was 703 S. bombi per tube with 

a standard deviation of 190 for all 10 counts.

For the medium dose group, 3 trial tubes were set up and their counts had a mean per tube 

of 142 ±23.

For the low dose group, the mean of the 3 dummy tubes counted was 9 ± 3.46 S. bombi per 

tube.

S. bombi and dose preparation for Experiment 2 Chapter 5

S. bombi were collected from sand of boxes that had held infected B. pascuorum queens 

collected from parks in Dublin in Spring 2007. They were removed from the sand and 

were stored in damp sterilised sand in plastic boxes. On 9/10/06 S. bombi were removed 

from the worm-farm. A stock of 70000 S. bombi (between 131 and 159 days old) in tap 

water was used to create doses for infectious hibernacula. The S. bombi were between 146 

and 174 days old by the time the doses were created. Poinar and van der Laan (1972) 

observed that 65 days after the larvae were collected from queens half of them were at the 

adult stage of development.

The medium dose group had a mean of 111 ±9 5. bombi per tube.

The high dose group had a mean count being 917.5 ± 32 S. bombi per tube.

30 mated queens were used in each treatment. Groups of queens of each mating session 

and colony pairing were divided equally between the two treatment groups.

Queens were placed on the damp sand and stored in a controlled temperature room at 2- 

8°C for 3 months.
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5.2.3 Statistics

5.2.3.1 Hibernation survival

X^'tests were used to determine whether the proportion of queens that survived hibernation 

(defined as being alive for 1 or more days post waking) was related to treatment group.

Experiment 1

Binary logistic regression analyses were conducted on all 74 queens with survival of 

hibernation as the dependent variable. Survival was classed as being alive for 1 or more 

days post waking. Predictor variables included in the analysis were, age of queens when 

they were entered into hibernation (continuous), the number of nematodes the queen was 

exposed to (indicator coding), colony origin of the queen (deviation coding), and colony 

origin of the male (deviation coding). All two-way and three-way interactions were 

included in the initial model, which was run using the Forward log-likelihood procedure.

In most cases however, queens that died during hibernation were covered in fungus when 

they were removed from their hibemaculae. These queens were not dissected and did not 

have their radial cell length measured. Consequently, they were removed from all analyses 

apart from hibernation survival.

5.2.3.2 Infection by S. bombi Experiment 2

Binary logistic regression analyses were conducted using infection by S. bombi as the 

dependent variable. Predictor variables included in the analysis were, queen size 

(continuous), age of queens when they were entered into hibernation (continuous), colony 

origin of the queen (deviation coding), colony origin of the male (deviation coding) and 

whether queens were entered into hibernation in the first or second block (deviation 

coding). All two-way and three way interactions were included in the initial model, which
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was run using the Forward log-likelihood procedure. The analysis was repeated (model 2) 

excluding age at hibernation as a factor and therefore including 14 more cases in the 

model.

15 cases did not have a recorded age at hibernation. 4 queens did not survive hibernation 

and were not dissected. To see if any factors were involved in the likelihood of a queen 

becoming infected other than the exposure, the analysis was run on queens from each 

dosage group separately.

Exposure to infection

To determine if infection by S. bombi was related to the number of nematodes the queens 

were exposed to, a binary logistic regression analysis using infection as the dependent 

variable was conducted. Using the data from Experiment 1 (2006-07), the analysis could 

not find a final solution so the difference among groups was tested using a G-test.

Mann-Whitney U tests were used to determine if the mean parasite burden was affected by 

the number of S. bombi the queens were exposed to.

Survival analysis of queens post hibernation in Experiment 1 

Cox regression analysis was conducted on queens from Experiment 1 that survived 

hibernation, with the number of days alive post hibernation as the dependent variable. 2 

models were constructed. Both included predictor variables in the analysis of: treatment 

group (Nominal), queen colony origin (categorical), male colony origin (categorical), age 

at hibernation (Continuous). As well as infection by S. bombi as a categorical variable 

(Indicator coding) in the first model and infection described by number of parasite uteri 

(continuous variableO in the second model. Variables were added to the model using the 

Forward log-likelihood procedure.
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5.2.3.3 Aggregation in both studies

An aggregated distribution is one in which the variance to mean ratio of parasite numbers 

per host is significantly greater than one (Wilson et al. 2002).

The distribution of those parasites can be shown to be aggregated by the corrected moment 

estimate of k where k = (m -s In) / {s -m) (Wilson et al. 2002) where n is the number of 

hosts, m is the mean number or parasites per host, and s is the standard deviation. When k 

is large (>20) the distribution converges on the Poisson. As k gets smaller, parasite 

aggregation increases. The majority of parasite distributions investigated have a k of less 

than one (Poulin, 2007).

The index of dispersion Id is equal to s {n-\)lm. This measures the aggregation of a 

distribution of parasites and deviation from a random distribution can be tested by 

comparing it to the Chi Square distribution with n-1 degrees of freedom (Wilson et al, 

2002, Bandilla et al, 2005).

5.2.3.4 Reproductive success of infection 2006-07

The sand from all boxes changed, in the weeks reported above, was checked for parasite 

larvae (Section 2.4.2) which were collected (Section 2.4.3) and counted (Section 2.4.4). 

The percentage of total larvae deposited per queen in each sand collection was graphed 

(Figure 5.1).

5.2.3.5 Host Ovarian Development

Ovary development was not recorded in the 2006-07 study but was for 2007-08.

Only queens that were sacrificed at 2 weeks were included in the model (N=49).

Binary logistic regression analyses were conducted on all queens that survived hibernation 

with egg development (yes/no) as the dependent variable. Predictor variables included in
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the analysis were queen size (continuous), colony origin of the queen (deviation coding), 

colony origin of the male (deviation coding) and infection by S. bombi as a categorical 

variable (indicator coding). The analysis was run using the Forward log-likelihood 

procedure without interactions because the analysis with interactions failed to conclude a 

result.

Next, I asked whether egg-size was related to infection. A Mann-Whitney U test was used 

to test whether the eggs of infected queens differed in size from the eggs in uninfected 

queens. Then I asked whether egg size was related to intensity of infection. Eggs of 

queens with only one parasite uterus were compared to queens with more than one parasite 

uterus to determine if resistance/tolerance to infection was density dependent. A Student’s 

T test was then used to compare the size of eggs between uninfected queens and those with 

only one parasite uterus.

5.3 RESULTS

5.3.1 Hibernation survival in relation to treatment groups

There was no significant difference among treatment groups in the number of queens that
'y

were alive on the day they were woken from hibernation in 2007 (x -3, P=0.39) or 2008 

(X^= 1.68, P=0.64). 4 of 60 queens from 2007-08 did not survive hibernation, two per 

treatment group.

Factors affecting hibernation survival

In the Experiment 1, hibernation survival was related to the age of queens when they were 

entered into hibernation (Table 5.1).
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Table 5.1 Best-fit Binary Logistic Regression model for hibernation survival of queens in Experiment 1

B “ S.E." Wald‘S D.F. P-value ExpCB)*”

Age at Hibernation -0.140 0.049 8.192 1 0.004 0.896
Constant 3.392 1.001 11.485 1 0.001 29.724

“ The estimated Binary Logistic regression coefficient.

The standard error of B.

‘ The Wald statistic which tests whether the coefficient B is different from zero 

** The log odds for survival of hibernation

6 queens did not have an age at hibernation recorded and so were not included in the analysis. The base 

model correctly classified 66.2% of the queens. With age at hibernation included, the model correctly 

classified significantly more queens (73.5% Omnibus test ■^=\ 1.822, D.F. =1, P=0.001). The model 

including age at hibernation was a good fit of the data (Hosmer and Lemeshow test x^=l 1.091, D.F. =7, 

P=0.135).

5.3.2 Infection by S. bombi

Queens that were dead upon removal from the controlled temperature room were not 

dissected if fungus could be seen from the outside of the body, which is the reason for the 

discrepancy between the number dissected and the number in each treatment group.

5.3.2.1 Minimum infective dose

The first experiment showed that exposure to a mean of 142 ± 23 or more S. bombi 

originating from B. terrestris was required to result in an infection of a mated queen. 50% 

of queens exposed to S. bombi originating from B. terrestris became infected compared to 

21.4% of those exposed to medium dose (~100) S. bombi from B. pascuorum. However 

the infectivity of S. bombi from infected B. pascuorum and infected B. terrestris cannot be 

compared at a species specific level because the two experiments were conducted in 

different years and the age of the nematodes at the start of hibernation were different.

155



•o
c
cO

c
(1>
B

o,
X
a>
o

c/5o
"O

o
co
Id
CU)
•1>

cd
a.

<L>
s
Vi
cd
a>
s

-o

IId>
>

c/5

.2
e
<u

x>

c
<u

O'

o
S'
cd
B
B
zi

O)
fS

2
Cd
H

o
<5J)
C
Cd

c
o
s

o
a
X

UJ

cn
VO

rf 00 
Tf ^ 
<N CO

^ Tt 

(N (N

CO (N

(N
o
*r)

<N

VO CO00 oo

^ (N 

^ O

to fN
^ o

0^ VO
I I
o o

to (N

toI
o

vq
(N

ON o o

o o
(N <N

VO O OO 00 
(N (N

0^00 
(N ^ CO CO

£ 
.2 

■§5 ^

S 2

s
"S) ^ 
5 2

t— <N fN

C
.2
Id
6
<L>

£o
cfa
Id>o
£
o

co
cx
3
c/5
3
OX)

-o
<L>

a> •

cx
3

c/5 O 73 t;o W)
rSZ ^
1 g

•s u c 
4̂3

^ 2fli cd^ <u 
*C O

c/5 C
<u •"■ 

-O 73
P 2
c3 ^
^ £ 
o w

0^3
C _I,'2 3’^ 

*3 ,0 _ 
^ o

1) c
!> O
2 *- 
> (D 
3 X)

33 ^ £
43 J- 5 

° G 
C OX) ^I g>l

O »v-wS ^
OX) Jr; X) 
fc- ^ —<D 3* ^>3 0)
0 3 3

'trt
yO g "O 
c^ cd *0
> 2- §

0 3 3

5 0)

§1 
§ I

O' CL

OX) O
■3 ^ 3 a> 
<D X5
s 6

S c

<u
fD

43 •w
c/5
3
(U ^<1> o o 
3 u- u 
CP D

X> Xi
® S £»— 3 3^11 

£ Id Id 
3 3 3 §22

a
3
O
&)

3
O
£
<u
3

3 .£
.2 Vi
3 c:2 ^S a
•-S ^
3 ®

u-
73 <D
3
cE 3::: s

S3 ^
3 -

.3S
2 »i
3 ^
Ci. >

Vm
O ^ 
t- -o
2 c
-2 =3 3

3 ^ C 
^ b 3 
C ^I ^
£ ,
*3

3
<l>

73

£
R a>

’S

?ocd
3 X)

*0 — 
o^ e

O >
2 -a ^
3 o c^
3 O 
3 3 

— 3

<>5o'4-t
*3
3
cr ^ 
a> g
S-'
Q >5

cd 
> 

so ^

2-^
,.>

o CN

V, II.£

_o
3t-i
3
cd
<D
£

o

I
>
X
*3
(U

Cd
<D
B
3
.2

■4—•
Cd
OX)
(Uu.
OX)

O
g
0)
x:o
£

<u
o
3
3

73

X)
Cd

73
3
3
(U
U
3
.2
Id>
CL

'H.
£
3
Vi

OX)
3

O
X

c C
S

<< x>

3
O
(U
3cr

73
<u
o

-E
"o
o
2
"o

Cu^o
3
£
£
3

C/5
cq
IT)
E
X
3
H

73
a>
fe
cd
-5
r-
o
o
CN
73
33

VO
O
o
CN
.£
73
(U

O
O
c/5
3
(U
a>
3.
cr

r- C3S 
p (N 
v{ rf

(N On 
(N CN 
(O Tf

^ o
VO O

00 00
7f VO

u
a>a

O (N 
m —'

CN p tT
CN cn tri
CN m

On 00 
VO to o ^ p

(o r-- *o <oNO ^ ^ ^

^ p ^ 

^ 2

»r5 ON 
rj- OO

O
CO

VO W-) r- 
r- p 
o —^ CN

CN 
VO tT 
CN (O

(N p p —
vd 00
m •3* cn

c/5 CN On m X
3 p p p
<U rn CN X cn
3

CN ON
00
oiz CN

o
CN in

rt VO 
CN o ZJ tn 00 CNV-) ^

X

£g S .S2R a a
.a

>i
O t t—
8 a s

a
o

:v.O "§ a

S 2 1
Cl, CN 2

o
a C5-5: I s:o

CQ CQ CQ CQ CQ CQ 05

OX)
OX)
<D

3
CL
X
o
X
5:
3

3
<D
<L>
3
CT

X
£
3
3

*3
O

II



Factors affecting infection by S. bombi

Experiment 1

The same binary logistic regression was run for Experiment 1, but the analysis could not 

reach a final solution even when only dose was entered as a predictor variable. A G-test of 

dose and binary coded infection showed a significant difference in the proportion of 

queens that became infected (N=46 of 74, G=29.601, D.F. =3, P<0.001). Significantly 

more queens were found to be infected that were exposed to the high dose of S. bombi than 

were exposed to a medium dose, which is obviously more than the lack of infection found 

in queens exposed to 0 or low dose of S. bombi.

Experiment 2

In the second experiment, infection by S. bombi was related to the number of nematodes 

the queens were exposed to, see Table 5.2. Model 1 (Table 5.4) uses all queens and all 

variables. 60 queens were available and 18 had missing values for some variables, 

explained above. Model 2 excludes the variable age at hibernation and therefore includes 

14 more queens in the analysis.

When the different dosages were run separately using the same analysis (without dosage 

and with and without age at hibernation) no factor provided a better model than the 

intercept. This was carried out with and without interactions in the model.
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Table 5.4 Best-fit Binary Logistic Regression model for infection by S. bombi in Experiment 2 

The factors included below are the result of first a stepwise entry of variables into the model

Model Parameter B" S.E.” Wald" D.F. P-value ExpCB)"

1 Dose(l)' -1.451 .676 4.607 1 .032 .234

Constant .288 .441 .426 1 .514 1.333

2 Dose .002 .001 8.315 1 .004 1.002

Constant -1.492 .514 8.441 1 .004 .225

“ The estimated Binary logistic regression coefficient 

The standard error of B

' The Wald statistic which tests whether the coefficient B is different from zero 

'* The log odds of finding queen is infected at dissection

' The Indicator for dose was the 1000 group therefore the parameter listed above is relative to that.

The base model correctly classified 60% of the queens. With age at hibernation included the model correctly 

classified significantly more queens and with age at hibernation excluded the proportion rose from 58.9 to 

69.6%. The Hosmer and Lemeshow test failed because there were too few degrees of freedom.

5.3.2.2 Exposure and infection

There was no significant difference (x =2.71, P=0.099) in the number of queens that 

became infected between the groups exposed to medium and high doses of S. bombi from 

B. terrestris in Experiment 1. Mean parasite burden increased between the medium and 

high dose groups (Mann-Witney U=30, Z=-2.41 and P<0.05).

Exposure to a greater number of S. bombi originating from B. pascuorum (Experiment 2) 

during hibernation caused an increased number of queens to become infected (x^=8.93, 

P<0.005) and increased the mean parasite burden (Mann-Witney U=205 Z=-3.46 and 

P<0.05).

Cox regression analysis of queen longevity post hibernation from Experiment 1

In both models the colony origin of the male had a significant effect on longevity of queens 

post hibernation. Despite this, infection by S. bombi reduced the longevity of queens by 

more than half (see Table 5.5). This was evident when infection was described 

categorically (Model 1). Greater significance was attributable to density dependent
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mortality. This was evident in model 2, when infection was described by the number of 

parasite uteri per queen.

Table 5.5 Cox regression model of queen longevity post hibernation for Experiment 1 only

Model Parameter B“ S.E.'’ Wald‘S D.F. P-value ExpCB)"*

95.0% Cl for Exp(B)

Lower Upper

1 Male Colony 19.816 7 .006

Male colony F -.854 .400 4.553 1 .033 .426 .194 .933

Male colony G 1.528 .498 9.398 1 .002 4.609 1.735 12.243

Male colony H 2.513 1.098 5.241 1 .022 12.340 1.435 106.078

Male colony I -.844 .467 3.273 1 .070 .430 .172 1.073

Male colony J -1.021 .570 3.209 1 .073 .360 .118 1.101

Male colony N .396 .695 .325 1 .569 1.486 .381 5.796

Male colony 0 -.736 .352 4.378 1 .036 .479 .240 .954

S. bombi 0 or 1 .963 .394 5.958 1 .015 2.618 1.209 5.672

2 Male Colony 19.712 7 .006

Male colony F -.816 .469 3.028 1 .082 .442 .176 1.109

Male colony G 1.476 .512 8.328 1 .004 4.376 1.606 11.926

Male colony H 3.765 1.229 9.385 1 .002 43.169 3.882 480.085

Male colony 1 -.964 .484 3.969 1 .046 .381 .148 .984

Male colony J -1.512 .691 4.790 1 .029 .221 .057 .854

Male colony N .325 .719 .205 1 .651 1.384 .338 5.663

Male colony 0 -1.252 .432 8.415 1 .004 .286 .123 .666

Number of PU .296 .088 11.385 1 .001 1.344 1.132 1.597

“ The estimated Cox Regression coefficient.

*’ The standard error of B.

' The Wald statistic which tests whether the coefficient B is different from zero.

** The log odds for the daily survival.

41 queens were available for model 1 not including 10 missing due to missing age at hibernation or death 

date. In model 2, 35 queens were available not including 16 missing. The extra 6 missing queens had no 

value for number of parasite uteri at dissection due to fungus or decomposition.
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5.3.3 Aggregation

All of the treatment groups that produced infected queens showed aggregated distributions 

of parasites among queens, see Table 5.3 for measures of aggregation. The exception was 

exposure to medium dose of S. bombi originating in B. pascuorum which only produced 

single infections and therefore aggregation was not observed.

The queens exposed to medium dose (Id=31.78, D.F. =13, P=0.003) and high dose 

(Id=24.38, D.F. =9, P=0.004) of S. bombi in Experiment 1, have aggregated distributions 

of parasites and values of k greater than 1 (Table 5.2), which suggests they are closer to a 

random distribution than a negative binomial. The distribution of parasites in queens of 

the high dose treatment group was less aggregated (larger value of k) than the distribution 

of parasite uteri in the medium dose treatment group.

Aggregation in queens exposed to “high dose” of S. bombi from B. pascuorum was similar 

to that seen in the medium exposure treatment group in the first study. This reflects a 

much lower infection rate of S. bombi from B. pascuorum compared to those from B. 

terrestris.

5.3.4 Reproductive success of infection 2006-07

No larvae were found in boxes of queens that were not found to be infected at dissection 

(see Figure 5.1). 3 of the 9 infected queens of the high dose group, and 4 of the 7 infected 

queens of the medium dose group, deposited parasite larvae. No larvae were found in 

boxes of the first two weeks after the queens were woken from hibernation. All queens 

that did produce larvae lived for 30 days or more (see Figure 5.1). It may be assumed that 

30 days therefore is adequate time for parasite uterus development and larval production. 

However 3 of the 10 infected queens that lived for 30 or more days did not produce larvae.
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One queen that deposited larvae was not included in Figure 5.1 because it died before 6

weeks post hibernation. Queens deposited between 7646 and 64667 parasite larvae

although no correlation between intensity of infection and total larvae deposited was found

(Pearson correlation 0.655, P=0.158). In all queens that deposited parasite larvae, more

than 90% of the total were deposited before 6 weeks post hibernation (Figure 5.1).

Figure 5.1 The pattern of larval deposition in the 6 infected queens that deposited parasite larvae from 

Experiment 1.
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5.3.5 Host Ovarian Development in Experiment 2

Surviving queens of Experiment 2 (N==50) were sacrificed at 2 weeks so that parasite 

development and host ovarian development could be investigated at this time point. Data 

on ovarian development was included in the binary logistic regression model.

The likelihood of a queen showing developed ovaries at dissection was negatively 

associated with radial cell length and this pattern differed between infected and uninfected 

queens (see Table 5.6). Infected, sterilised queens (N=10) were significantly larger 

(measured using radial cell length in mm, 4.31 ± 0.11) than infected (N=12, 4.07 ± 0.2) 

queens showing ovary development (Mann-Whitney U=9, Z=-3.006, P=0.003).
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Uninfected queens showing ovary development (N=31,4.16 ± 0.19) were of intermediate 

size. No other variable was found associated with size of host.

Table 5.6 The best-fit Binary Logistic Regression model of evidence for host ovary development using of 

binary coded infection

The factors included below are the result of first a stepwise entry of variables into the model.

%' Step Parameter B“ S.E.” Wald‘S D.F. P-value Exp(B)‘’

95.6 Step S. bombi infection(l) by
-15.026 6.486 5.367 1 .021 .000

1 mean size

Constant 62.999 27.291 5.329 1 .021 2.292E27

93.9 Step Male Colony(l) -2.160 1.495 2.087 1 .149 .115

2 S. bombi infection(l) by
-25.269 13.805 3.351 1 .067 .000

mean size

Constant 106.056 57.845 3.362 1 .067 1.147E46

93.9 Step Male Colony(l) -2.160 1.495 2.087 1 .149 .115

3 mean size -19.520 1.360E3 .000 1 .989 .000

S. bombi infection(l) by
-5.749 1.360E3 .000 1 .997 .003

mean size

Constant 106.056 57.845 3.362 1 .067 1.147E46

“ The estimated Binary Logistic regression coefficient.

The standard error of B.

‘ The Wald statistic which tests whether the coefficient B is different from zero 

The log odds for finding evidence of ovarian development at dissection 

‘ The percentage of cases that are predicted correctly by the model at each step

A solution was reached on step one of the analysis that correctly classified significantly more than the base 

model (95.6%) (omnibus test x^=35.377, D.F. =1, P<0.001). The model at this step was an adequate fit of the 

data (Hosmer and Lemeshow test was passed (x^=0.690, D.F. =3, P=0.875). While the analysis finished at 

Step 3, the later models were actually less successful at predicting ovary development.

Oocyte size

The eggs of infected queens were significantly smaller than those of uninfected queens 

(Mann-Whitney U=71.0, Z=-2.148, P=0.033). Of the 11 queens that were sacrificed and 

were infected with only 1 parasite uterus, 7 had developed eggs in their ovaries (mean 

length in mm, 2.94 ± 0.655). 9 sacrificed queens had 2 to 5 parasite uteri, of which only 3 

had developing eggs (mean length of the largest oocytes 1.03 ± 0.431). The eggs of
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queens with only one parasite uterus were significantly larger than those of queens with 

more (Mann-Whitney U=0.000, Z=-2.3324, P=0.024).

The size of eggs of queens with one parasite were not significantly different from those of 

uninfected queens (mean 3.12 ± 0.457) (t-test: Levene’s F=2.011, P=0.165, t=0.843, D.F. 

=34, P=0.405). Figure 5.2 shows the maximum oocyte length per queen, with queens 

grouped by the number of parasite uteri they were found to contain at dissection. 31 

queens had developing ovaries and no parasite uteri, 7 queens had developing ovaries as 

well as 1 parasite uterus and 3 queens had developing ovaries despite infection by more 

than 1 parasite uterus.

Figure 5.2 Box and whisker plot of egg size in sacrificed queens that showed ovary development with class 

of infection.
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5.4 DISCUSSION

These studies show that hibernation survival was not associated with exposure to S. bombi 

or the intensity of exposure. Hibernation survival was associated with age of queens at 

entry to hibernation (Experiment!). Exposure of B. terrestris terrestris queens to 142 or 

more nematodes from either B. terrestris or B. pascuorum resulted in everted uteri of S. 

bombi being found at dissection. Exposure to higher concentrations of nematodes resulted 

in a higher proportion of queens becoming infected and/or greater intensities of infection. 

The majority of infections were reproductively successful, where queens lived for 30 or 

more days post hibernation. Resistance to suppression of ovarian development was 

evident in 50% of infected sacrificed queens. Egg development in the 7 sacrificed queens 

infected with only one parasite was similar to that in uninfected queens.

Survival of hibernation was not associated with exposure to parasitic nematodes, which 

suggests that there is no significant density dependent morbidity or mortality. To my 

knowledge, it is not known when S. bombi infective females invade their host. This 

suggests either that there is no cost to infection during hibernation, or that the cost to the 

host of being parasitized at this stage is too low to have an effect on survival. Post 

hibernation survival was reduced by infection with S. bombi but more significantly by 

increased intensity of infection. Post hibernation survival was also affected by the colony 

origin of the male with which the queen mated (Komer and Schmid-Hempel, 2003).

My results have shown that exposure to mature S. bombi nematodes, in humid conditions 

for a period of 3 months can result in the infection of queen bumble bees. This expands 

upon the observations made by Madel (1966) who observed an infeetion rate of 15% of 

bumble bee queens kept on a mixture of sand and soil eontaining Sphaerularia nematodes. 

These results eonfirm that it is possible that queens are infeeted at some point during
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hibernation period. Poinar and van der Laan (1972) concluded that this was the likely 

method of infection based on observations that active larvae were found in shallow holes 

dug by infected queens, and that these nematodes reached maturity in suitable time frame 

and in the same area, to infect a new host.

My results have also shown that S. bombi nematodes deposited by B. terrestris and B. 

pascuorum were able to cause infections in a different host subspecies and species 

respectively. In the case of S. bombi from B. terrestris it was also shown that the majority 

of infections where queens lived for more than 30 days resulted in parasite larvae being 

deposited. Woolhouse et al., (2001) and Poulin (2007) suggested maintenance of a 

generalist strategy requires the ability to infect multiple host species. This is evidence that 

not only can S. bombi infect a novel host but that it is reproductively successful in it.

It has been suggested by Alford (1969a) and Bols (1939) that the areas queens of different 

species use to hibernate overlap, therefore, that these cross infections can take place 

suggests that they may occur in the wild.

In Experiment 1, exposure to 142 ± 23 or more nematodes was required to cause infection 

of a queen. There are several possible factors that may influence the chances of a queen 

becoming infected by any one S. bombi nematode. The nematode contains a finite quantity 

of resources to fuel the location, and invasion of a host. It has been suggested that S. 

bombi does not obtain resources outside the host for survival (Poinar and van der Laan 

1972, Madel 1966), therefore it is possible that nematodes can exhaust their resources and 

become “too old” to be infective. It is also possible that not all of the females observed 

before doses were prepared, were fertilised and therefore infective. The adult S. bombi 

were placed in damp sand and the queen was placed in the top. To my knowledge, the
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route and method of infection is unknown, therefore the distance through 5mls of damp 

sand (up to 20mm) may have been too far for some S. bombi.

The increase in intensity of infection with increasing exposure observed in Experiment 1 

contradicts the observed negative relationship between exposure of pigs to a nematode 

parasite, Oesophagostomum dentatum, in which higher doses were associated with lower 

intensities of infection. The reduced intensities were likely due to increased 

immunological reaction to high dose of worms (Christensen et al, 1995). In bumble bees 

there does not appear to be an immunological reaction to the S. bombi, which may explain 

the positive relationship between exposure and intensity.

The colony origin of queens used in the experiments was included in the analyses of 

infectivity. That queen colony origin was not a significant factor in determining infectivity 

is evidence that host genetics did not play a role in infection success. Host genetics may 

still be a factor in wild populations because it would be expected to be a local interactive 

effect that may not be demonstrated in this experiment due to the distant host population 

used.

Aggregation

Two studies have reported the prevalence and intensity for S. bombi in its multiple host 

species (Alford, 1969a, McCorquodale et al, 1998). Both studies assume intensity to be 

independent of the year of sampling, despite changes in sample size and prevalence of S. 

bombi across years. In both studies, when calculations are based on more than 2 infected 

queens, the mean intensity remains below 7.5 parasite uteri per queen. In both studies the 

highest intensity (N infected (Ni)>2) is found in the species with the largest number of 

infected queens {B. lucorum mean 7.2, Ni=33 and B. terrestris 5.1, Ni=29 Alford 1969a)
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{B. fervidus mean 5.8, Ni=30 McCorquodale et al. 1998). This agrees with my results in 

which the highest intensity was seen in B. terrestris (mean 6.45, Ni=208). To produce 

similar intensities of infection under laboratory conditions, queens were exposed to 703 ± 

190 S. bombi from B. terrestris queens. A similar level of exposure was used in the second 

experiment but a mean intensity of 2.6 was observed. Although there are issues with 

comparing these two experiments, as described above, the lower intensity seen in response 

to exposure to S. bombi from B. pascuorum agrees with the lower mean intensity of 

infection seen in field caught queens (mean 3.92, Ni=12 in 2006 and 3.69, Ni=13 in 2007). 

If S. bombi from B. pascuorum are less infective than those from B. terrestris, this will be 

observed in the common garden experiment in Chapter 6.

Higher mean intensities of infection are expected in larger samples of infected individuals. 

If parasites are aggregated in the host population then individuals with very high intensities 

of infection are rare and likely only to be found in large samples (Poulin, 1996). The 

highest intensities of infection are found in the largest samples of infected queens, in my 

data and that of Alford (1969a) and McCorquodale et al. (1998). However, in my own 

data for B. terrestris, only 17.6% of infections are of single parasite uteri. The highest 

intensity of infection of 46 parasite uteri in one queen does not have disproportionate effect 

on the mean intensity, when 17.3% of infections contain more than 10 parasite uteri. This 

contrasts with statements by Poinar and van ser Laan (1972) and Cumber (1949) that while 

they found maximum intensities of 72 and 68 respectively, that most hosts only harboured 

1 parasite uterus. In the one paper that reports the standard deviation associated with the 

mean intensity the two largest samples suggest that the majority of infections are of more 

than one parasite uterus {B. fervidus Ni=30, 5.8 ± 1.7 and max 20, B. ternarius Ni=23, 3.5 

± 0.7 and a maximum of 10, McCorquodale et al. 1998). Overall this suggests that
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aggregation varies between sites of collection. Differences in aggregation among species, 

judged by mean intensity, are limited by variation in sample size.

Controlled laboratory infections eliminate (to some degree) three of the factors that 

potentially cause aggregation in this system. First is the patchy distribution of infectious 

stages in the environment (Wilson et al, 2002). Queens deposit parasite larvae at 

hibernation sites that may be used by new queens later in the year. If a site has not been 

visited then there is no chance of infection. However, if there are a limited number of sites 

and they have all been visited then the encounter rate could be 100%.

Second is the suitability of hibernation sites that contain both hosts and parasites for 

successful location and invasion of the host. Queens require humid conditions (Beekman 

1998) to prevent desiccation during hibernation, and nematodes require water to move and 

therefore locate and infect their host. If these conditions match completely, then encounter 

rate will be decided by the distribution of parasite larvae by infected queens. If they do 

not, which is entirely possible given the wide range of sites that queens have been found 

hibernating in (Alford, 1969b), then this is another factor that may cause aggregation.

Third is the variation in infectivity of S. bombi from different infrapopulations for the host 

they encounter. This variation may be caused by local adaptation to a previous host or if 

immune evasion is required of the parasite, then gene for gene interactions between host 

recognition and parasite evasion mechanisms may decide infectivity.

In controlled infections, all queens are exposed to parasites under the same conditions, and 

to a similar number of S. bombi, within treatment groups (mean exposures: 111 ± 9, 917.5 

± 32, 703 ± 190, 142 ± 23, 9 ± 3.46 adult S. bombi). The stock of S. bombi from which the
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doses were prepared was mixed thoroughly. Therefore, if only a small proportion of the S. 

bombi in the stock were infective then each queen should have been exposed to the same 

proportion.

The laboratory infection model was designed to remove, as much as possible, variation in 

the number and condition of S. bombi queens were exposed to. The major factor that 

remains in the experiment to produce heterogeneity in the distribution of parasites among 

hosts is the susceptibility of hosts to infection. Heterogeneity in susceptibility and 

infectivity generally result in aggregated distributions of parasites among their hosts.

Aggregation in the distribution of parasite uteri among hosts was much lower (closer to 

random) in the laboratory infections than was seen in the field collections shown by the 

lower variance to mean ratios. However, the distribution of parasite uteri in treatment 

groups was still aggregated. Bandilla et al (2005) conducted controlled infections on 

rainbow trout {Oncorhynchus mykiss) with Argulus coregoni (Crustacea: Branchiura).

They found that aggregation was due to variation in exposure rather than host 

susceptibility. This agrees with the lower level of aggregation found in Experiment 1 and 

2 due to reduced variation in exposure. However, Bandilla et al (2005) reported variance 

to mean ratios from 0 to 2.5. This is close to random and much lower than produced in the 

current infection experiments. The difference may be due to the medium of exposure. 

Although the sand was damp and small in volume, it still represents a heterogeneous 

environment to the nematode and host exposure depended on their amount of contact with 

the sand.

The reduction in aggregation may be due to any of the factors listed above or a 

combination of all of them. Susceptibility of hosts may be a factor producing aggregation
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of parasites but it has been shown by these results to be less important than aggregation 

caused by variation in exposure and infectivity of S. bombi.

Since the lower aggregation cannot be explained by loss of heavily infected individuals 

due to density dependant mortality, then it may be due to the lower variation in the number 

of infective S. bombi among those queens were exposed to. Variation among doses was 

greater for lower doses due to sample size.

Variation in infectivity of S. bombi between the two studies cannot be compared directly 

because different populations of queens were used. However, the difference in infectivity 

is 10 fold. S. bombi from B. terrestris appear to be 10 times as infective in this novel host 

as S. bombi from B. pascuorum. This may be due to local adaptation of S. bombi to their 

host species. It could also be due to the conditions under which the S. bombi were matured 

(sand and soil vs. sand alone). More infection experiments are required to confirm this 

effect.

I have developed a protocol for infecting queens with S. bombi with an expected 

prevalence of 50 to 90% with exposure to more than approximately 700 S. bombi. For 

comparing different sources of S. bombi in a common garden experiment, a 90% infection 

rate would be ideal, however, the post hibernation mortality at this level of exposure (see 

Experiment 1) would reduce the data produced on larval deposition. Whilst intensities of 

infection are similar to that found in samples of field-caught queens, aggregation is lower. 

This suggests that a major factor in the aggregation of S. bombi in the field is heterogeneity 

in exposure to infective motherworms. When the rate of parasite-induced mortality in 

experimental queens is included, then we can assume that the meaningful dose that queens 

are exposed to in the field is less than 1000 S. bombi. It may be considerably less
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considering that experimental queens did not burrow into the substrate containing infective 

motherworms as they would in the field, although this will depend upon the exact route of

invasion.
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Chapter 6

Is S. bombi a generalist or specialist parasite? A common-garden 

experiment

6.1 INTRODUCTION

It has recently been suggested that many species of parasite that had been classified as 

species specific are actually generalists, based on descriptions of their host range (Williams 

and Jones, 1994, Cleaveland et ai, 2001, Taylor et ai, 2001, Pedersen et al, 2005). It has 

been suggested that host range is a product of sampling effort and that estimates of host 

specificity are influenced by incorrect species identification (Poulin, 2007). The 

introduction of molecular tools to identify separate populations and the resulting studies 

that found previously generalist parasites to be cryptic species assemblages (e.g., Ba et al, 

1994, Bowles et al, 1995, Canestrelli et al, 2006) prompted Combes (2001) to suggest 

that supposedly generalist parasites should be considered with suspicion. Correct 

identification of parasites as generalist or specialists has important implications for our 

understanding of their impact on hosts, as the evolution of virulence has been shown to 

vary depending upon whether parasites have one or many hosts.

To understand the impact and importance of generalist parasites we need to know that they 

really are generalists and not cryptic species specialists. There are two major approaches 

to investigating the host range of a parasite. The first is to use genetic tools to infer mating 

frequencies between potentially segregated populations. For example, Brant and Orti 

(2003) sequenced a fragment of the NAD4 gene of two populations of shrews (Blarina 

brevicauda and B. hylophaga) and of a shared parasite, the intestinal nematode 

Longistriata caudabullata. Where the two species of shrew are sympatric, no difference
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was found between nematodes compared to reciprocal monophyly of the two host species. 

This means that in the area where the geographical range of the two host species overlap 

there is no segregation of the parasite population with respect to host species.

The second approach uses crossing-experiments to determine whether parasites have the 

ability to infect other host populations and to determine if they are adapted to their original 

host population. For example, Jaenike and Perlman (2002) review work on Howardula 

aoronymphium in which they found no difference in infectivity or virulence among 35 

isofemale lines derived from 3 species of Drosophila when they were crossinfected. This 

suggests that H. aoronymphium is a true generalist and does not comprise a set of host 

races.

S. bombi has been recovered from 12 species of Bombus and 4 species of Psithyrus from 

Europe (Table 1.1). It has also been reported in 8 species of Bombus of North America 

and 2 species of Bombus of New Zealand (Table 1.2). Morphologically all of these 

populations of parasites have been described as S. bombi and it is assumed to be a 

generalist although, to my knowledge, no work has ever been done to investigate this. The 

assumption is based on the life cycle and method of infection of the parasite. Bombus 

queens are infected by S. bombi during their underground diapause/hibemation. Once 

infected queens emerge from the ground they do not follow the uninfected behavioural 

pattern and start to found nests, instead they remain close to the area they used for 

hibernation (Bols, 1939, Cumber, 1949, Minderhoud, 1951, Hattingen, 1956, Alford, 

1969b). They have been observed to deposit parasite larvae involuntarily (Poinar and van 

der Laan 1972) as well as to investigate potential hibernation sites (Bols 1939; Alford 

1969a; Poinar and van der Laan 1972).
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Because infection happens in the soil during hibernation, the location of deposition of 

parasites and hibernation by different species of bumble bee determines the chance of 

cross-infection taking place. While few people have studied hibernation site preference, 

Alford (1969b) observed the preferences of hibernating queens: B. lapidarius and B. 

hortorum frequented slopes or banks, B. terrestris and B. lucorum were found in tree 

covered slopes and B. agrorum (sic B. pascuorum) was observed in more open, flatter 

ground. Bols (1939) showed that a wide range of Bombus species may inhabit a single S. 

bombi contaminated hibernation site. The potential for cross species encounters may 

increase in urban areas where hibernation sites may be less common.

In the absence of genetic tools, the status of S. bombi as a generalist or specialist can be 

investigated in two ways - a reciprocal cross-infection experiment or a common-garden 

experiment. For a cross infection experiment parasite, larvae would be collected from 3 or 

more Bombus species and colonies of those species of Bombus would be reared to obtain 

mated queens. Of the species of Bombus of Europe B. terrestris is known to produce large 

colonies and many sexuals (Alford 1975). This is in part responsible for its success in 

New Zealand and Tasmania (Schmid-Hempel et al, 2007). However colonies reared of 

two of the other species common in the sampling location of the current study, B. pratorum 

and B. lucorum, have been known to produce smaller colonies and few colonies result in 

the production of sexuals. In previous research on 150 to 200 queens of B. lucorum 

collected (M.J.F. Brown, pers. comm.), 28 founded colonies and only 12 produced new 

queens (gynes), for a total of 30 gynes (Rutrecht and Brown, 2009). Rutrecht and Brown 

(2008) collected 160 queens of B. pratorum from the Dublin area of which 24 founded 

colonies and only 2 of those produced queens. A theoretical minimum number required 

for a 3 species reciprocal cross-infection is 90 mated queens (30 queens re-infected with S. 

bombi from the same origin and 30 queens infected with S. bombi from each of the other
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species). Therefore at least 200 over-wintered queens of each of the host species under 

investigation would be required. While this is possible, the chance of failure to obtain 

enough mated queens is high.

The alternative is to compare the performance of S. bombi taken from several different host 

species in a novel host species. This is known as a common garden experiment and is 

effectively transplanting individuals originating from different local populations and 

directly comparing them in the same habitat (Kawecki and Ebert 2004). Any differences 

in infectivity and virulence can therefore be attributed to adaptations to their original host 

species. Colonies of B. terrestris terresths were obtained from Koppert in the 

Netherlands. This subspecies is ideal because it produces large colonies with many 

sexuals.

The three scenarios for the morphologically defined parasite S. bombi are first, that it is a 

series of cryptic species specific populations in each host species. The second, that it is 

one parasite population locally adapted to the most common host species and that 

infections in other species are incidental. Third, it is a true generalist comprising one 

parasite population infecting all the host species of a local area and is not specialised on 

any one of them.

If S. bombi is actually a series of cryptic species specialised upon individual host species 

then we might observe 1) no infections of the novel host 2) some species specific variation 

in infectivity of the novel host or 3) no variation in infectivity. If cryptic species are able 

to infect the novel host then species specific variation in within-host growth and replication 

would be expected.
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If S. bombi is a generalist then there should be little variation in infectivity and within-host 

growth and replication of the parasite in the novel host, with respect to the host species 

origin. However, variation in infectivity, if it occurs in all treatment groups, may be due to 

the quality of the original host species, rather than species specific traits. Greater resources 

available to the parasite larvae before leaving the host (maternal effects) may mean 

parasites are more likely to be infective when meeting the new host. This is potentially 

linked to crowding within individual hosts as resources available to larvae are likely to be 

reduced in proportion to their density. This may therefore be related to host size and total 

larvae deposited. Maternal effects are more likely to affect infectivity and not within host 

growth and reproduction. This is because location and invasion of the host must be 

achieved using energy resources gained from the previous host, whereas post successful 

invasion, parasites can use the resources of the new host.

The impact of S. bombi on its Bombus hosts has two components 1) the hormonal 

castration of the host and 2) the resources taken to produce parasite offspring.

Castration is an adaptation because the related behavioural effects are required for 

parasite’s offspring to be deposited near sites likely to be frequented by new hosts. 

Suppression of ovarian development presumably increases resources available for parasite 

fecundity. However castration of the host may or may not be required for parasite within- 

host replication because everted parasite uteri have been found in queens with corbicular 

pollen and developed ovaries (Alford 1969a) and in queens who have founded colonies 

(Roseler 2002). It was not recorded whether these queens deposited parasite larvae. 

Therefore parasite fecundity which is directly proportional to host resource use is likely to 

be affected by the level of ovarian suppression of the host but may or may not be 

dependent upon it.
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S. hombi should be expected to exploit host lifespan because the queen is required for 

transmission of parasite larvae to potential hibernation sites, therefore the longer she lives 

the more sites can be visited. An adaptation to a particular host species would be expected 

to show parasite deposition occurring for longer in hosts occupied by parasites from 

species with longer average lifespans. Data on queen longevity is limited but has been 

found to vary. The longevity of B. lucorum queens uninfected by S. bombi, Nosema 

bombi, Crithidia bombi dind Apicystis bombi was 106.7±21.74 days post capture (N=l 1 

Rutrecht and Brown, 2009). This contrasts with queens of B. pratorum found uninfected 

by parasites that lived for 53 ± 27.6 days post capture (Rutrecht and Brown 2008). If S. 

bombi is adapted to each of its host species then larval deposition in experimental queens 

infected by S. bombi from B. pratorum would be expected to start earlier and finish earlier 

than in queens infected by S. bombi from B. lucorum or other species with a longer average 

lifespan. Adaptation to different average host lifespan may also result in different rates of 

parasite fecundity. High virulence (increased mortality) in a host with a shorter lifespan 

will have less of an impact on transmission than in a host with a greater lifespan. 

Consequently longevity of queens infected by S. bombi from B. pratorum would be 

expected to be shorter than others if the parasite populations are species specific.

The second scenario of parasite adaptation to multiple host species, hypothesises that the 

parasite will be adapted to the most common host species, B. terrestris. This is one of the 

longest lived host species and therefore full exploitation of the novel host species is 

expected. This will be observed as a similar total fecundity to that seen in wild caught 

queens as well as parasite larval deposition lasting for as long as in wild caught queens. 

Little difference to this should be seen in infections with S. bombi from non-5. terrestris 

species.
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If S. bombi is a true generalist then no difference would be expected in longevity of the 

novel host or in the pattern of parasite larval deposition.

In terms of the host size, only examples from the larger Bombus sp. such as B. hortorum 

(Alford 1969a) and B. hypnorum (Rdseler 2002) have been shown to have developed 

ovaries despite infection. It is possible that there is a dilution effect of the chemicals 

required to cause castration in these larger hosts. If this is the case, and the parasite is 

made up of a complex of cryptic species, then S. bombi from B. pratorum and B. 

pascuorum would be expected to show less ovarian suppression of the novel host than S. 

bombi from larger hosts B. terrestris and B. lapidarius. No variation in suppression would 

be expected in either of the generalist strategies.

Size of the host also relates to the resources available for parasite fecundity. Adaptation to 

host size may be represented by limited parasite fecundity. In smaller host species, 

fecundity of a given level, will take proportionally more resources than in a larger host. 

Therefore, this will create increased host mortality in the smaller host for the same number 

of parasite larvae. Optimised virulence might therefore limit fecundity in smaller hosts to 

maintain potential transmission (host longevity). This will be observed in the novel host 

species as reduced larval deposition per queen infected with S. bombi from B. pascuorum 

and B. pratorum compared to those infected by S. bombi from B. terrestris and B. 

lapidarius.

Cryptic specialist populations of S. bombi, apart from any adaptation to host size, may 

show differences in ovarian suppression of the novel host due to divergent coevolution. 

Ovarian suppression is a strong selective force on the host and also the parasite so the
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mechanism of suppression and that of resistance are likely to coevolve. This may or may 

not coevolve in the same direction in each host species, but if it does not then variation in 

ovarian suppression of the novel host may be observed.

If the parasite is a generalist then there will be no difference among the species origins of 

S. bombi in the proportion of infected novel hosts showing ovary development.

Here I conducted an experiment to compare S. bombi from four different species of 

Bombus using a novel host species. I investigated the infectivity and reproductive success 

of infection. I also investigated the virulence of S. bombi, that is, the reduction in host 

fitness caused by the parasite in terms of potential host fecundity and host longevity.
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Figure 6.1 Diagram of Common Garden Experiment
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6.2 METHODS

Host species

S. bombi were collected from four host species: B. lapidarius, B. pascuorum, B. pratorum 

and B. terrestris. Deseription of their collection can be found in Chapter 2 (Section 2.1.3). 

The novel host B. terrestris terrestris was bought from Hortico industries Ireland who 

imported the colonies from Koppert in the Netherlands. The imported colonies were 

housed in the laboratory and gynes and males collected from the colonies as they emerged 

(Section 2.5). The gynes were introduced to males for mating and mated gynes (queens) 

were used in this experiment (Chapter 2, Section 2.5.8.4).

Queen age and colony

The age of queens when they were entered into hibernation varied with the colony from 

which the queens were derived. Colonies that produced the majority of queens used in this 

experiment also provided queens of different ages. Colonies that produced few queens are 

the cause of covariation between colony origin and age at hibernation. Queens were 

allocated to treatment groups on a stratified basis so that there was minimal variation 

between the treatment groups in queen colony origin, age, or male colony origin.

Nematodes

Nematode larvae collected from the speeies of queens listed above were placed in worm- 

farms (one or two farms combined, for each host species) for maturation. The mature S. 

bombi were removed from the sand in which they had been housed and were suspended in 

water before being added to tubes eontaining sand.

To investigate infectivity the same dose of S. bombi was prepared for each queen.
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To investigate the reproductive success of S. bombi individuals that successfully infected 

queens, the sand upon which the queens were housed was collected and checked for 

parasite larvae. Where found, parasite larvae were collected (Section 2.4.3) and counted 

(Section 2.4.4) so that the fecundity of motherworms of different queens could be 

estimated and compared.

Dosage

The mean dose of each treatment group was determined by counting trial dose tubes that 

were filled in sequence with the experimental tubes. The trial dose tubes contained no 

sand and were diluted to 3 mis so that they could be counted using a nematode counting 

slide. The mean dosage with standard deviation for each species origin was: B. lapidarius 

101 ± 13, JS. pascuorum 104 ± 7, B. pratorum 152 ± 28 and B. terrestris 104 ± 28. The 

mean doses were found to be significantly different using a repeated measures ANOVA 

(F=88.81, D.F. =1, P=0.003 test of between subject effects).

Queens in tubes with S. bombi from B. pratorum were exposed to proportionally one third 

more S. bombi than the other groups. This must be taken into account in the following 

analysis.

Hibernation

Queens were entered into hibernation in two blocks of 80 queens, containing 20 of each 

treatment group. The first block was placed in hibernation on the 2/10/07 and the second 

on 9/10/07.
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Analysis

Parasite induced mortality - hibernation

Binary logistic regression analyses were conducted on all queens with survival of 

hibernation as the dependent variable. Survival was classed as being alive for 1 or more 

days post waking. Predictor variables included in the analysis were age of queens when 

they were entered into hibernation (continuous), previous host species of nematodes 

queens were exposed to (indicator coding), colony origin of the queen (deviation coding), 

colony origin of the male (deviation coding), and whether queens were entered into 

hibernation in the first or second block (deviation coding). All two-way interactions were 

included in the initial model, which was run using the Forward log-likelihood procedure.

The binary logistic regression used all 160 queens of the experiment. The variables, size 

and infection status were not included in the analysis of hibernation survival because the 

majority of queens that died during hibernation were covered in fungus when removed 

from their hibemaculae. These queens were not dissected and did not have their radial cell 

length measured. Queens of block 2 (9/10/07) had their radial cell length measured but 

were not dissected.

S. bombi origin and infection

Binary logistic regression analyses were conducted on all queens that survived hibernation 

with infection by S. bombi as the dependent variable. Data were censored to separate 

queens that had been exposed to nematodes from B. pratorum.

Predictor variables included in the analysis were queen size (continuous), age of queens 

when they were entered into hibernation (continuous), previous host species of nematodes 

(indicator coding), colony origin of the queen (deviation coding), colony origin of the male 

(deviation coding) and whether queens were entered into hibernation in the first or second
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block (deviation coding). All two-way interactions were included in the initial model, 

which was run using the Forward log-likelihood procedure. A second analysis was run 

which comprised of all treatment groups included queens exposed to nematodes from B. 

pratorum.

Aggregation

The distributions of parasite uteri within infected queens were compared among the 

treatment groups using a Kruskal-Wallis test.

Black tissue masses

During disseetions of queens in this experiment an anomaly was found. See Plate 6.1 for a 

picture of an ovariole with a black tissue mass at the end elosest to the genital opening. 

G-tests were used to determine whether black tissue masses were related to infection by S. 

bombi or to the treatment group. This was done separately for sacrifieed and natural death 

queens, using the 0/1 categorical variable “black tissue mass” (‘0’ = absence, ‘1’ = 

presence).

A Binary Logistie Regression was conducted with the presence or absence of black tissue 

masses at dissection as the dependent variable with covariates: whether queens were 

entered into hibernation in the first or second block (deviation coding), colony origin of the 

queen (deviation coding), colony origin of the male (deviation coding), previous host 

species of nematodes (indicator coding), age of queen at hibernation (continuous), 

infection by S. bombi (indicator coding), queen size (continuous)and all 2 and 3 way in 

interactions.
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Longevity

Cox regression analyses were conducted using the number of days alive post waking as the 

dependent variable. Predictor variables included in the analysis were queen size 

(continuous), age of queens when they were entered into hibernation (continuous), 

previous host species of nematodes (indicator coding), colony origin of the queen 

(deviation coding), colony origin of the male (deviation coding), whether queens were 

entered into hibernation in the first or second block (deviation coding) and either infection 

by S. bombi as a categorical variable (indicator coding) or the number of parasite uteri as a 

continuous variable. When two-way or three-way interactions were included in the model, 

which was run using the Forward log-likelihood procedure, it did not run so the model was 

computed without interactions.

The data set was filtered to exclude queens that died during hibernation. Of the remaining 

125 queens 13 had broken wings and therefore no value for radial cell length. The analysis 

was run with infection binary coded and then with infection described by the intensity of 

infection. In both cases radial cell length was not significant. Both analyses were run again 

without radial cell length so that queens that were missing wings due to wear and tear 

could be included in the analyses.

Parasite larval deposition

The ultimate test of the common garden experiment is how well S. bombi originating from 

different species reproduce within the novel host. There are two factors that can be 

compared between treatment groups 1) whether infections were reproductively successful 

(deposit larvae) given opportune conditions (the queen lived longer than the parasite’s 

patent period), 2) the number of larvae deposited by a queen recognising that factors such 

as host size and number of parasites per host may be important.
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Pattern of larval deposition

To determine the rate of deposition of larvae, I graphed the number of larvae deposited per 

week as a pereentage of the total (Figure 6.3). This graph used data from queens that lived 

past the period of larval deposition (classed as pattern 1).

Infection success

Binary logistic regression analyses were conducted on all infected queens with larvae 

deposited (yes/no) as the dependent variable. Predictor variables included in the analysis 

were queen size (continuous), age of queens when they were entered into hibernation 

(continuous), previous host species of nematodes (indicator coding), colony origin of the 

queen (deviation coding), colony origin of the male (deviation coding), whether queens 

were entered into hibernation in the first or second block (deviation coding) and the 

number of parasite uteri as a continuous variable. All two-way interactions were included 

in the initial model, which was run using the Forward log-likelihood procedure.

Number of parasite larvae

The total number of larvae deposited per queen was investigated. For queens that lived 

after deposition had stopped, it was known that all the larvae that were ever to be produced 

by that queen had been counted (pattern 1) but for queens that died while depositing larvae 

(pattern 2) this was not known. So pattern 1 was analysed first and then the two were 

analysed together. The two groups could be analysed together because the total number of 

larvae deposited is a measure of actual reproductive success. The total deposited was 

analysed in two ways. The first is an ANOVA with few variables included due to the 

sample size. The second is a generalised linear model.

186



Number of parasite larvae ANOVA

A one way ANOVA was conducted with the total number of larvae deposited as the 

dependent variable. The data from the known maximum number of larvae produced 

(pattern 1) were analysed first. Due to the small sample size the covariates: queen colony, 

male colony and age at hibernation were excluded. These covariates were not found to be 

relevant in the analysis of categorical reproductive success of infection, which justifies 

excluding them from the ANOVA. The covariates included were therefore size, S. bombi 

origin, time post waking and number of parasite uteri.

Host ovary development and infection by S. bombi

Binary logistic regression analyses were conducted on all queens that survived hibernation 

with egg development (yes/no) as the dependent variable. Predictor variables included in 

the analysis were queen size (continuous), age of queens when they were entered into 

hibernation (continuous), previous host species of nematodes (indicator coding), colony 

origin of the queen (deviation coding), colony origin of the male (deviation coding), 

whether queens were entered into hibernation in the first or second block (deviation 

coding) and either infection by S. bombi as a categorical variable (indicator coding) or the 

number of parasite uteri as a continuous variable. All two-way interactions were included 

in the initial model, which was run using the Forward log-likelihood procedure. In the 

third analysis, infection was described by presence or absence of S. bombi as well as 

whether the infection had been reproductively successful.

Egg size

Of the queens that did display ovary development at dissection the size of the eggs was 

compared between infected and uninfected queens using a t-test.
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6.3 RESULTS

6.3.1 Hibernation survival

Binary logistic regression was conducted with dependent variable survived (1) or not (0). 

The analysis failed to find a solution so individual G-tests were run against the dependent 

variable, see Table 6.1. A binary logistic regression was run with only age of queens 

before hibernation entered, Table 6.2. 160 queens were available for each analysis.

Table 6.1 G-tests of factors affecting hibernation survival

G“ D.F. P-value

S. bombi origin 0.399 3 0.941

Male colony origin 11.907 6 0.064

Queen colony origin 20.833 10 0.022

Block/woken 8.446 1 0.004

“ G statistic

Table 6.2 The best-fit Binary Logistic Regression model of the survival of hibernation using only age of 

queens before hibernation.

B“ S.E." Wald" D.F. P-value Exp/B)"

Age At Hibernation -.098 .027 13.238 1 ,000274 .907
Constant 3.546 .695 26.006 1 .000000 34.690

“ The estimated Binary Logistic coefficient.

The standard error of B.

° The Wald statistic which tests whether the coefficient B is different Irom zero 

'* The log odds for survival of hibernation

The omnibus test of the model found a significant difference between a model with age at hibernation added 

than without =14.606, D.F. =8, P<0.001). The Hosmer and Lemeshow test of goodness of fit was passed 

(X^ =7.878, D.F. =8, P=0.445). However, the model with age at hibernation only predicted 0.6% more cases 

correctly than the model with only an intercept (78%).

Age at hibernation was negatively associated with survival of hibernation but interactions 

with male colony origin, queen colony origin and block are necessary to explain more of 

the data. Queens entered into block 1 (2/10/07, 31.25% died) were less likely to survive 

hibernation than queens entered into block 2 (9/10/07, 12.5% died). 80% (4/5) queens 

from colony 1 died during hibernation compared to 0 to 38.5% of the other colony origins.
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This contrasts with queens that mated with males from colony 1 (7.4% died) and 7 (10.3% 

died), compared to queens mated with males of other colonies with higher death rates 

(between 22.0% and 66.7% died).

Of the 160 queens entered into this study 35 did not survive past hibernation. Three 

queens that died during hibernation were in good enough condition to be able to determine 

the presence or absence of S. bombi. Two of these queens were found infected: Pr39 with 

2 parasite uteri and Te39 with 1 parasite uteri. The rest were not dissected so no 

relationship between hibernation survival and infection by S. bombi could be examined.

6.3.2 S. bombi origin and infection

Data used to analyse factors involved in infection of queens by S. bombi.

25 queens removed from hibernation on the 2/1/08 were excluded from the analysis 

because they did not survive hibernation and therefore did not have their radial cell length 

measured or were not dissected to find S. bombi. 1 queens removed from hibernation on 

9/1/08 did not survive hibernation. Their radial cell lengths were measured but they were 

not dissected due to fungus. 13 queens were dissected but had no radial cell length (11 due 

to wear and 2 were unmeasured). La26 and Pa3 were not dissected and Pr 26 was 

dissected but found to be full of fungus so no determination of infection could be made. 

Consequently, a total of 81 queens were entered into the analysis

Factors involved in infection by S. bombi

Two logistic regression models were constructed to look at the factors associated with 

infection by S. bombi. The first (Table 6.3) excluded the treatment group exposed to S. 

bombi from B. pratorum and the second (Table 6.4) included this treatment group. In both 

models a significant predictor of infection was the size of hosts and the species origin of
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the S. bombi. The difference in size of hosts among treatment groups and between infected 

and uninfected is marginal, as seen in Figure 6.1. There is a clear difference among 

treatment groups in the number of queens infected (Table 6.5). The rate of infection of 

queens exposed to S. bombi from B. terrestris and B. pascuorum was similar (40 and 47%). 

Far fewer queens exposed to S. bombi of B. lapidarius became infected (13%) and queens 

exposed to the slightly higher dose of S. bombi from B. pratorum were 1.7 times more 

likely to be found infected (78%) than queens exposed to S. bombi from B. terrestris.

The relationship between age of queens when they were entered into hibernation and size 

of queens can be seen in scatterplot Figures 6.2 a and b. Figure 6.2a shows the queens 

entered in the second block of the experiment (removed from hibernation on 9/1/08). In it 

can be seen a negative correlation between the age of queens at hibernation and queen size. 

This relationship was not seen in Figure 6.2b (first block of the experiment with queens 

woken on 2/1/08). In Figure 6.2b there can be seen a correlation between age of queens at 

hibernation and the likelihood that they were later found to be infected. There is also a 

non-significant effect of queen colony origin that helps explain more of the data (Table 

6.3). When the treatment group exposed to S. bombi from B. pratorum are included in the 

model (Table 6.4) the explanatory variable queen colony origin is lost in favour of the 

interaction between age and size.
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Figure 6.1 Variation in size of queens in each treatment group and whether they were found infected at 

dissection.

A = B. lapidarius B = B. pascuorum C = B. pratorum and D = B. terrestris 
o = uninfected and i = infected

■a 4 .00-raa.
a
(/>

+
c 3 .80-

Treatment Group

Table 6.3 Best-fit Binary Logistic Regression model of infection of queens by S. bombi excluding the 

treatment group exposed to S. bombi from B. pratorum.

B“ S.E.'’ Wald' D.F. P-value Exp(B)"

Species * Size 8.858 2 .012

B. lapidarius (1) by Size vs. mean -.415 .214 3.752 1 .053 .660

B. pascuorum (2) by Size vs. mean .329 .192 2.917 1 .088 1.389

Age at Hib by Size by

Woken(l)2nd
-.023 .007 10.874 1 .001 .978

Queen Colony 11.071 9 .271

QueenCol(l) 4 20.135 36264.737 .000 1 1.000 5.555E8

QueenCol(2) 7 -16.036 17134.208 .000 1 .999 .000

QueenCol(3) 9 2.315 4769.841 .000 1 1.000 10.124

QueenCol(4) 10 -.060 4769.842 .000 1 1.000 .942

QueenCol(5) 11 2.141 4769.842 .000 1 1.000 8.510

QueenCol(6) 12 .681 4769.842 .000 1 1.000 1.977

QueenCol(7) 14 5.727 4769.842 .000 1 .999 307.032

QueenCol(8) 15 -17.359 16722.830 .000 1 .999 .000

QueenCol(9) 16 1.963 4769.841 .000 1 1.000 7.121

Constant -3.109 4769.841 .000 1 .999 .045

N=81 missing 39 out of 120

Variables were entered using forward likelihood ratio stepwise. There was a significant difference in the 

proportion of cases predicted successfully by the model with variables included (77.8%) and that predicted 

by the base model (64.2%) (Omnibus test =45.633, D.F. =12, P<0.001). The Hosmer and Lemeshow test 

of goodness of fit was passed (x^ =3.951, D.F. =8, P=0.862).
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Table 6.4 Best-fit Binary Logistic Regression model of infection of queens by S. bombi including the 

treatment group exposed to S. bombi from B. pratorum.

B“ S.E.'' Wald'= D.F. P-value Exp(B)‘'

Age at Hibernation by Size .026 .010 6.314 1 .012 1.026

Species origin by Size 21.479 3 .000

B. lapidarius (1) by Size
-.422 .192 4.836 1 .028 .656

VS. mean

B. pascuorum (2) by Size
.167 .152 1.200 1 .273 1.182

VS. mean

B. pratorum (3) by Size
.519 .163 10.186 1 .001 1.681

VS. mean

Age at Hib. by Size by

Woken(l) 2nd
-.013 .003 14.586 1 .000 .987

Constant -2.647 .953 7.713 1 .005 .071

Annotations apply to both tables 

“ The estimated Binary Logistic regression coefficient.

The standard error of B.

° The Wald statistic which tests whether the coefficient B is different from zero 

The log odds for infection by S. bombi being found at dissection.

' The S. bombi origin B. terrestris was used as the reference 

“^The woken date 9/2/08 (Block 2) was used as the reference 

N=111 missing 49 out of 160 

Validity of the analysis (Table 6.4)

Variables were entered using forward likelihood ratio stepwise. There was a significant difference in the 

proportion of cases predicted successfully by the model with variables included (77.5%) and that predicted 

by the base model (55.6%) (Omnibus test =49.305, D.F. =5, P<0.001). The Hosmer and Lemeshow test of 

goodness of fit was passed =10.963, D.F. =8, P=0.479).

192



Figures 6.2 a and b Scatterplots of the relationship between age and size of queen at entry to hibernation and 

whether they were found infected by S. bombi at dissection.

Figure 6.2a Second block of the experiment (queens woken on the 9/1/08)
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Proportion of infected queens by treatment group

While the treatment group B. pratorum were exposed to more S. bombi and more queens 

became infected, queens exposed to S. bombi from B. lapidarius were exposed to the same 

number of S. bombi as from B. pascuorum and from B. terrestris but significantly fewer 

infections occurred than the other two treatment groups (Table 6.5).

Table 6.5 Summary of infectivity and intensity of infection of queens with S. bombi with respect to S. bombi 

host species origin

Host species

origin of S.

bombi

Sphaerularia Infection Intensity of infection

V/M"*No“ Ni’’

Mean

Total Percentage intensity S.D. Range

B. lapidarius 27 4 31 12.9 1.75 0.957 1-3 1.98

B. pascuorum 16 14 30 46.7 2.64 1.447 1-5 2.22

B. pratorum 7 25 32 78.1 3.13 2.634 1-11 2.95

B. terrestris 19 13 32 40.6 2.00 1.225 1-5 1.94

Total 62 31 93

“ N not infected 

N infected

' Total number of parasite uteri divided by the number of infected queens 

Variance to mean ratio, calculated using infected and uninfected queens

6.3.3 Aggregation

There was no difference among all four treatment groups in the proportion of queens with 

different intensities of infection. This was tested using a Kruskal-Wallis test of 

distributions excluding uninfected queens and queens that did not survive hibernation 

(X^=1.888, D.F. -2) and P=0.596). Table 6.5 shows the variation in intensity of infections 

among treatment groups. The mean intensity and the maximum number of parasites found 

within a queen are positively correlated with the number of queens that are found infected.
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6.3.4 Black tissue masses

There was no association of the black tissue masses with host species origin of S. bombi 

(N=125, G=^l .094, D.F.=3 and P=0.782). However, there was a positive association 

between black tissue masses and infection by S. bombi (G=8.542, D.F. =1 and P=0.003), 

see Table 6.6. The presence of black tissue masses was also associated with older infected 

queens, see Table 6.7

Table 6.6 Summary of queens found with black tissue masses at dissection with respect to whether they were 

found infected by S. bombi.

Host species

origin of S. bombi Sphaerularia

Black tissue masses

absence presence of Total

Percentage with

black tissue masses

B. lapidarius Not Infected 24 3 27 11.1

Infected 3 1 4 25

B. pascuorum Not Infected 15 1 16 6.3

Infected 9 5 14 35.7

B. pratorum Not Infected 6 1 7 14.3

Infected 17 6 23 26.1

B. terrestris Not Infected 18 1 19 5.3

Infected 9 4 13 30.8

Table 6.7 Best-fit Binary Logistic Regression model of the presence or absence of black tissue masses in the 

body tissue of the queen at dissection.

The factors included below are the result of stepwise entry of variables into the model.

B" S.E.'’ Wald‘S D.F. P-value Exp(B)‘’

Age at hibernation by S. bombi 0/1 (1) .057 .019 8.602 1 .003 1.058
Constant -2.292 .383 35.816 1 .000 .101

The estimated Binary Logistic regression coefficient.

** The standard error of B.

“ The Wald statistic which tests whether the coefficient B is different from zero 

The log odds for black tissue masses being found at dissection.

Validity of the analysis

The base model and the model including age by infection both correctly predicted 80.7% of the cases. 

However the fitted model was significantly different to the base model (Omnibus test =8.878, D.F. =1, 

P=0.003). The Hosmer and Lemeshow test of goodness of fit was passed (x^ =0.806, D.F. =4, P=0.938).

111 queens were included with 49 excluded due to missing data points.
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Plate 6.1 One set of ovarioles removed from the abdomen of a queen with “blaek tissue mass” at the base

63.5 Longevity

Missing cases

Including queens for which I did not measure radial cell length, 7 queens were excluded 

due to missing data points. These include: 1 queen without a recorded longevity, 1 queen 

without a recorded age at hibernation, 3 queens could not be determined infected or 

uninfected by 5. bombi and 2 queens were recorded as positive for S. bombi but the number 

of parasite uteri they contained could not be determined.

Result

5 models were constructed using Cox regression survival analysis (Table 6.8). Models la 

and b described infection categorically and models 2a and b described it by number of 

parasite uteri. Models a) include size as a covariate and b) models exclude it. In the final 

model (3) 1 excluded the variable size, which was not found to be significant in models la 

and 2a. 1 also excluded queens that mated with male colony 9. Queens that mated with 

male colony 9 (N=3) lived for less time (mean longevity of 44.7 ± 51.7) than queens that 

mated with males from other colonies.
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In all models, infection was associated with a higher likelihood of dying on any given day. 

The mean longevity of uninfected queens was 87.9 ± 39.7 (N=68) compared to the mean 

longevity of infected queens, 53.2 ± 26.8 (N=53). The block was significant in models 1 a 

and b, this was lost in models 2 a and b when infection was described by intensity. In 

addition when infection was described by intensity of infection there was no effect of host 

origin of the S. bombi. When more queens were included in the model (by excluding the 

variable size), age of queens at hibernation and male colony origin became significant. 

Older queens were more likely to die early. When queens that mated with male colony 9 

were excluded (Model 3) the sole significant variable was the number of parasite uteri per 

queen. Since the bloek effect was also due the higher intensities of infection in the second 

block, intensity of infection appears to be the determining factor of longevity in this study.
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Table 6.8 Best-fit Cox Regression model of the number of days that queens lived post waking

The factors included below are the result of first a stepwise entry of variables into the model. Models la and 
b describe infection as 0/1 and models 2a and b describe infection by the number of parasite uteri found, a)

Analysis Factor S.E.*" Wald‘S D.F. P-value ExpfB)"*
Model la Origin Species 8.140 3 .043
Step 4
Size included

B. pascuorum vs. mean .169 .295 .329 1 .566 1.185

Infection = 0/1 B. pratorum vs. mean .099 .303 .108 1 .743 1.105
N = 107 queens B. terrestris vs. mean .748 .291 6.622 1 .010 2.112
out of 125 Male Colony origin 13.895 6 .031

Age at hibernation .064 .020 10.232 1 .001 1.066
Infection 0/1 .422 .124 11.514 1 .001 1.526

Model lb Male colony origin 18.286 6 .006
Step 4
Size excluded

Age at hibernation
Woken 2"“* relative to 9th

.057 .020 8.320 1 .004 1.058

Infection = 0/1 .261 .129 4.072 1 .044 1.298
N= 120out of 125 Infection 0/1 .576 .114 25.420 1 .000 1.780
Model 2a
Step 1
Size included
Infection - number of 
PU
N= 105 of 125

Number PU .234 .049 22.593 1 .000 1.264

Model 2b Male Colony Origin 14.860 6 .021
Step 3
Size excluded

Male Colony (1) vs. mean
.551 .235 5.504 1 .019 .576

Infection = number of 
PU
N = 118 of 125

Male Colony (2) vs. mean .407 .309 1.734 1 .188 1.502
Male Colony (3) vs. mean

.124 .208 .353 1 .552 .884

Male Colony (4) vs. mean .063 .232 .073 1 .787 1.065
Male Colony (5) vs. mean .132 .417 .100 1 .752 1.I4I
Male Colony (6) vs. mean

.942 .277 11.587 1 .001 .390

Age at hibernation .066 .019 12.427 1 .000 1.068
Number PU .204 .051 16.232 ! .000 1.226

Model 3
Step 1
Size excluded
Male Col 9 excluded 
Infection = number of 
PU
N=113 of 125

Number PU .266 .048 31.283 1 .000 1.305

‘ The estimated Cox regression eoefficient.
The standard error of B.
The Wald statistic which tests whether the coefficient B is different from 
The log odds for risk of a queen dying on any given day.

' The male colony number 15 was used as a reference

zero
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63.6 Larval Deposition

Pattern of deposition

Larval deposition started in the third or fourth week (15-28 days) post-hibernation and 

ceased by the end of the 6'*’ week when more than 99% of the total larvae deposited by a 

queen had been deposited. The dynamics of larval deposition of queens that out lived the 

deposition period (pattern 1) can be seen in Figure 6.3. For queens that died while 

depositing larvae (pattern 2, N=8), none lived longer than 6 weeks post hibernation.

Figure 63 Bar chart of the number of larvae deposited per week expressed as a percentage of the total.

For each queen that deposited larvae and outlived deposition (pattern 1, N=19). Bach series is data from an 

individual queen.
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Reproductive success of Infection

Reproductive success of infection is easily classified as deposition of parasite larvae. 

Failure of queens to deposit larvae may have been due to queens dying before the patent 

period of the parasite. This may have been the case for the 6 infected queens that died 

before 28 days post hibernation. In queens that lived longer than 27 days failure to deposit 

larvae was assumed to be due to a reproductively unsuccessful infection. 50% of infected 

queens (N=46) that lived longer than 27 days failed to deposit parasite larvae.
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Therefore to compare successful infections among the different origins of S. bombi, queens 

that lived for fewer than 28 days and those that were found uninfected were excluded from 

the analysis (Table 6.9). 44 queens were included in the analysis, not including 4 queens 

with missing data points. One was missing due to radial cell length, two did not have an 

intensity of infection and one queen was missing a value for age at hibernation.

Table 6.9 Best-fit Binary Logistic Regression model of the deposition of larvae from infected queens 

The factors included below are the result of first a stepwise entry of variables into the model.

B“ S.E.*’ Wald‘S D.F. P-value ExptB)"

Forward LR Number of PU .956 .340 7.901 1 .005 2.602
Woken(l)'' -4.066 1.498 7.367 1 .007 .017

Constant -1.391 .760 3.351 1 .067 .249

“ The estimated Binary Logistic regression coefficient.

’’ The standard error of B.

‘ The Wald statistic which tests whether the coefficient B is different from zero 

‘‘ The log odds for larvae to be deposited by infected queens.

^ The woken date 9/2/08 (block 2) was used as the reference 

Validity of the analysis

The base model classified 50% of the cases correctly compared to the fitted model which classified 75% 

correctly (Omnibus test: =24.868, D.F. =2, P<0.001). The fitted model was also a good fit of the data 

(Hosmer and Lemeshow test: =3.516, D.F. =6, P=0.742)

Result seen in Table 6.9

The chance that an infected queen would deposit parasite larvae was positively related to 

the number of parasite uteri found at dissection. There was also a block effect between the 

two groups placed into hibernation at different times. Infected queens in the first group 

were much less likely to deposit larvae than infected queens in the second group.

37% of queens infected with 1 to 3 parasite uteri (N=l 1/35) deposited larvae. 90.1% of 

queens infected with more than 3 parasite uteri (4-1IPU, N=10/l 1) deposited larvae.
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Total larval deposition

ANOVA of dependent variable total larval deposition per queen was examined first using 

only the queens that outlived deposition (pattern 1, Table 6.10). The only significant 

parameter was the number of parasite uteri found at dissection. The positive relationship 

between intensity of infection and number of parasite larvae collected can be seen in 

Figure 6.4. The number of queens of each treatment group that deposited larvae and lived 

past deposition was for B. lapidarius 2, B. pascuorum 7, B. pratorum 4 and for B. terrestris 

4. No influence was found of host species origin of S. bombi on the number of parasite 

larvae that were deposited by queens.

Table 6.10 One way analysis of variance with total number of larvae deposited as the dependent variable 

Queens included that lived past larval deposition

Source

Type III Sum of

Squares D.F. Mean Square F P-value

Corrected Model 9.833E9 6 1.639E9 2.743 .076

Intercept 4.285E8 1 4.285E8 .717 .417

Number PU 4.739E9 1 4.739E9 7.932 .018

Longevity 3.570E7 1 3.570E7 .060 .812

Size 4.319E8 1 4.319E8 .723 .415

Origin 2.874E9 3 9.581E8 1,604 .250

EiTor 5.974E9 10 5.974E8

Total 3.541E10 17

Corrected Total 1.581E10 16

The Levene’s test for equality of variance between the groups was passed (F3_i3=0.132, P=0.939).

When all queens that deposited larvae (pattern 1 and pattern 2) were included in the 

analysis the number of queens of each treatment group that deposited larvae was increased: 

B. lapidarius 2, B. pascuorum 8, B. pratorum 1 and for B. terrestris 6. However no factor 

was found to significantly influence the number of larvae deposited in this analysis (Table 

6.11).
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Figure 6.4 The relationship between the mean number of larvae deposited and the number of parasite uteri 

contained per queen (pattern 1)
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Table 6.11 One way analysis of variance with total number of larvae deposited as the dependent variable 

All queens that deposited larvae (pattern 1 and 2) are included

Source

Type III Sum of

Squares D.F. Mean Square F P-value

Corrected Model 5.916E9 6 9.860E8 1.222 .346

Intercept 1.183E7 1 1.183E7 .015 .905

Number PU 3.004E9 1 3.004E9 3.724 .072

Longevity 3.998E7 1 3.998E7 .050 .827

Size 3.892E7 1 3.892E7 .048 .829

Origin 5.534E8 3 1.845E8 .229 .875

Error 1.291E10 16 8.068E8

Total 4.624E10 23

Corrected Total 1.882E10 22
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6.3.7 Host Ovary Development

Development of the host’s ovaries was classified as present or absent and was analysed in 

two logistic regression models. The first, described infection as presence or absence of S. 

bombi (Table 6.12) and the second was designed to look for intensity dependent effects 

and so described infection by the number of parasite uteri found (Table 6.13). Treatment 

group was left out of both models using the forward stepwise likelihood ratio. Ovarian 

development was less likely to be found in infected queens and even less likely in queens 

with higher intensities of infection. Ovarian development was less likely to be found in 

older uninfected queens than young ones, but this association was not seen in infected 

queens. Experimental block (Woken) was included in the 1 model, due to the difference 

in intensities of infection between the two blocks. It was therefore lost from the second 

model.

Table 6.12 Best-fit Binary Logistic Regression model with presence or absence of host ovarian development 

as the dependent variable and infection described categorically

Parameter B“ S.E.'’ Wald' D.F. P-value Exp(B)‘'

S. bombi 0/1 -2.492 .714 12.192 1 .000 .083

S. bombi 0/1 by Woken(l)*^ .485 .246 3.902 1 .048 1.625

S. bombi 0/1 by Longevity .023 .009 7.221 1 .007 1.023

Constant .718 .295 5.928 1 .015 2.051

“ The estimated Binary Logistic regression coefficient.

The standard error of B.

' The Wald statistic which tests whether the coefficient B is different from zero 

The log odds for evidence of ovarian development being found at dissection.

^The woken date 9/2/08 (Block 2) was used as the reference 

N=99 missing 26 out of 125 

Validity of the analysis

Variables were entered using forward likelihood ratio stepwise. There was a significant difference in the 

proportion of cases predicted successfully by the fitted model (73.7%) and that predicted by the base model 

(56.6%) (Omnibus test =24.498, D.F. =3, P<0.001). The Hosmer and Lemeshow test of goodness of fit 

was passed (x^ =6.453, D.F. =8, P=0.597).
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Table 6.13 Best-fit Binary Logistic Regression model with presence or absence of host ovarian development 

as the dependent variable and infection described by number of parasite uteri

Parameter B“ S-E.” Wald‘S D.F. P-value Exp(B)‘’

Longevity by Number PU -.007 .003 8.310 1 .004 .993

Constant .714 .255 7.849 1 .005 2.041

“ The estimated Binary Logistic regression coefficient 

The standard error of B

° The Wald statistic which tests whether the coefficient B is different from zero 

'* The log odds for evidence of ovarian development being found at dissection 

N=99 missing 26 out of 125 

Validity of the analysis

Variables were entered using forward likelihood ratio stepwise. There was a significant difference in the

proportion of cases predicted successfully by the fitted model (62.6%) and that predicted by the base model

(56.6%) (Omnibus test =10.767, D.F. =1, P<0.001). The Hosmer and Lemeshow test of goodness of fit
,2 _was passed {y =13.393, D.F. =4, P=0.010).

Egg size

Of queens that did display ovarian development at dissection there was no difference 

between the size of eggs of infected queens (N=13, 2.85±0.8) and those of uninfected 

queens (N=30, 2.6 ± 1.0) (t4i=-0.78, P=0.44). There was a negative relationship between 

size of eggs and longevity of queens (Figure 6.5). This was evident in healthy queens but 

was not visible in infected queens due to the reduced variation in longevity of infected 

queens that showed ovarian development.
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Figure 6.5 Scatterplot of the relationship between length of largest oocyte per queen and the length of time 

post hibernation that the queen lived

Note the negative relationship between oocyte size and longevity in healthy queens, which is not evident in 

infected queens.
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6.5 DISCUSSION

In this study the key results were that the proportion of queens that became infected was 

different among the treatment groups. 78% of queens exposed to S. bombi from B. 

pratorum were found infected compared to 47% from B. pascuorum, 41% from B. 

terrestris and 13% from B. lapidarius. This suggests that there was variation in the 

infectivity of S. bombi originating from different host species, with S. bombi from B. 

pratorum being more infective and S. bombi from B. lapidarius less infective. There was 

no variation found among S. bombi species origin in terms of parasite induced mortality; 

pattern of larval deposition, likelihood of depositing larvae or the number deposited.
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The queens of the B. pratorum treatment group were exposed to 50% more nematodes than 

queens of other treatment groups. Exposure and proportion of queens infected have been 

shown to be related in Chapter 5, although there were only two points of reference 

generated in each study. In Chapter 5 the increase in number of S. bombi that queens were 

exposed to, in both studies, was 10 fold. In the first dosage study that used nematodes 

from B. terrestris there was no significant difference in the number of queens infected but 

there was a doubling of the mean intensity of infections that occurred. In the second 

dosage study which used S. bombi from B. pascuorum almost 3 times as many queens 

became infected due to a 10 fold increase in exposure. Consequently, increased exposure 

of queens to nematodes of B. pratorum cannot be ruled out as the cause of twice as many 

queens becoming infected. However, from the previous work on dosage (Chapter 5) a 2 

times increase in proportion of infected queens suggests the S. bombi were almost 10 times 

as infective. The 50% increase in exposure is unlikely to account for this.

Variation in infectivity of S. bombi from the same species was also observed between the 

dosage studies of Chapter 5 and the current study (see Table 6.14). Queens exposed to a 

medium dose (~100) S. bombi from B. terrestris were infected at a similar rate and with 

intensity of infection between the two studies. In contrast, queens exposed to S. bombi 

from B. pascuorum were infected at very different rates between the two studies. The 

percentage infected and mean intensities produced in the common garden experiment are 

closer to the results seen in 1000 exposure group of the dosage study. This difference may 

have been due to the conditions under which the S. bombi were farmed or to differences in 

the quality of queens presented as hosts. One potential explanation for the variation in 

infectivity seen among treatment groups in the common garden study is differences in the
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proportions of infective S. bombi. This may be due to methodological rather than species- 

origin reasons.

Table 6.14 Summary of results of exposure to nematodes (Chapters 5 and 6)

Species Chapter® Mean S.D. Mean Intensity “ V/M'

B. terrestris 5 - medium dose 142 23 50 2.4 2.44

6 104 28 40.6 2 1.94

B. pascuorum 5 - medium dose 111 9 21.4 1 0.83

6 104 7 46.7 2.64 2.22

5 - high dose 917 32 60.7 2.6 1.86

“ Chapter in which the data were produced 

Mean number of S. bombi the queens were exposed to 

‘ Percentage of dissected queens found infected 

Total number of parasite uteri divided by the number of infected queens 

' Variance to mean ratio, calculated using infected and uninfected queens

The low proportion of queens infected by nematodes from B. lapidarius may be related to 

the number of queens that the nematodes were derived from. Only 2 queens of B. 

lapidarius deposited larvae compared to 10 5. pasciiorum, 9 B. pratorum and 45 B. 

terrestris. This means that there was a smaller genetic diversity available within the S. 

bombi derived from B. lapidarius compared to the other groups. If infection of the host 

relies on specific interactions between surface properties of the parasite and the host 

immune system, as seen in Steinernema feltiae body-surface lipids in infections of Galleria 

sp. (Brivio et al, 2004), then a gene for gene coevolutionary model (Thompson and 

Burdon, 1992) may explain the relationship between diversity and infectivity.

However, greater infectivity was not seen in B. terrestris with 45 infected queens 

contributing parasites. In addition, invasions that were countered by the host immune 

system would still place an energetic cost on the host. This would be observed as a higher 

mortality during hibernation, which is also not observed. Therefore infectivity may not be 

dependent upon diversity itself and in the case of S. bombi from B. lapidarius, low
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infectivity may be due to poor quality nematodes from those particular infections. It is not 

known how many parasite uteri may have contributed to the stock suspension of S. bombi 

nematodes available for this treatment group because one of the two B. lapidarius was 

found to be consumed by fungus at dissection.

The theory of infectivity being related to resources available to parasite larvae before they 

leave the host is not supported by these results. B. lapidarius is much larger than B. 

pratorum and therefore could provide more resources to parasites. The result of infectivity 

suggests the opposite of what would be expected if size was related to infectivity. 

Experimental repeats would be required to make a definitive conclusion.

If S. bombi was a generalist we would expect no difference among the treatment groups in 

the proportion of queens that became infected. The lower infection rate of queens exposed 

to B. lapidarius suggests that there may be a subpopulation of S. bombi that infect B. 

lapidarius and are not as infective of the novel host as the other species. B. lapidarius are 

known to emerge later in the season than other species and this may suggest that they 

hibernate in banks in contrast to B. terrestris which hibernates in tree covered slopes and 

B. pascuorum which hibernates in more open flatter areas and thus they have a lower 

chance of cross species encounters (Alford, 1969b). The higher infection rate of queens by 

S. bombi from B. pratorum, if it is not explained by dosage as suggested above, may also 

suggest a subpopulation of parasites that infect this species. However, B. pratorum emerge 

from hibernation at the same time as B. terrestris which suggests they may hibernate in 

similar areas.

The intensity of infection did not differ significantly among infected queens of each 

treatment group. The intensity of infection increased with the number of queens found
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infected. The distributions of parasites obtained were skewed and the increase in intensity 

is most likely due to increasing sample size.

Virulence (excluding castration)

The next step in investigating whether S. bombi is a generalist or a specialist is to 

investigate the parasite-induces reduction in host fitness, measured as reduced host 

longevity. If S. bombi is a generalist then no difference parasite-induced reduction in host 

longevity would be expected among S. bombi origin.

Host longevity

Longevity of queens post waking was negatively associated with infection by S. bombi and 

this effect increased with increasing intensity of infection. There was no effect of S. bombi 

origin on the reduction of longevity. This suggests that parasites did not have species 

specific adaptations to the expected lifespan of the previous host. At least that was 

detectable with the number of infected queens generated by this work.

Longevity was affected by the age of queens before they entered hibernation and the 

colony origin of the male the queen mated with. These two factors are related in that 

mating took place on several occasions over a period of 20 days and groups of males used 

for mating were assigned by appropriate age rather than study design. An effect of male 

colony origin on queen longevity post hibernation was also seen in Experiment 1 of 

Chapter 5. The colony origin of the male with which the queen mates is known to affect 

queen hibernation survival and post hibernation longevity as well as colony founding 

success (Baer and Schmid-Hempel, 2003, Komer and Schmid-Hempel, 2003, Gerloff and 

Schmid-Hempel, 2005). There was also a block effect as queens that were entered into 

hibernation in the first block and survived hibernation and lived longer than those of the
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second. This effect was removed when infection was classified by number of parasite 

uteri. Therefore the difference between blocks can be explained by the number of queens 

infected. As discussed above intensity was related to prevalence, therefore the higher 

intensities of infection in the second block resulted in lower longevity overall. That 

reduction in longevity of infected queens, in proportion to intensity of infection, is as 

predicted. The within-host competition for resources by parasites results in reduced 

longevity of the host and therefore reduced opportunities for transmission.

Larvae were not deposited steadily throughout the life of the queen post hibernation.

There appears to be a patent period of 2 weeks before larv'ae are deposited. This agrees 

with MadeTs (1966) observations that the everted sphaerularia-schXoMch. (uterus) produces 

most of its eggs between 1 and 1.5 weeks post-hibernation. The larvae hatch after 4-7 days 

and within 8-10 days are ready to leave the host. It is unclear whether Madel (1966) based 

these observations on wild-caught queens or from laboratory infections. Larvae were 

deposited in week 3, 4 and 5 with 99% of all larvae deposited by the end of week 6. All 

queens that deposited larvae started between 15 and 28 days.

The pattern of larval deposition did not vary among treatment groups and was the same as 

in wild-caught queens that were known to start deposition in the laboratory, see Chapter 4. 

This suggests a generalist parasite strategy. Uninfected B. terrestris live for twice as long 

as uninfected B. pratorum and therefore offer different opportunities for transmission of S. 

bombi. Adaptation to the original host species was expected to be seen as shorter longevity 

in queens infected by S. bombi from B. pratorum as well as a shorter deposition period. 

This was not apparent in the current study.
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Only 50% of infected queens that lived for longer than 28 days deposited parasite larvae. 

There was also no difference among treatment groups in the number of infections that 

resulted in deposition of larvae. Examination of infected queens that lived for longer than 

28 days found the likelihood of larval deposition to be related to the intensity of infection 

and the block the queens were entered into. As discussed above, the intensities of infection 

were higher in block two and this may have led to the inclusion of this factor. The mystery 

tied up in this result is that it is not known, in infections that were successful in depositing 

larvae, whether one parasite uterus or more was responsible for producing the larvae that 

were deposited. This could tell us if it is the fitness of the individual parasite that decides 

larval deposition or whether there is a group effect on the queen which allows larval 

deposition. For example, this could be caused by immune suppression of the host. 

However, that not all infections result in larval deposition suggests that there are more 

factors involved in the reproductive success of infection than originally thought.

The number of larvae deposited (among queens that did deposit larvae) was only related to 

the intensity of infection (after the lone queen from colony 10 was removed). This 

suggests again that the source of S. bombi has no effect after the adult female nematode has 

invaded the host and everted its uterus. It also suggests that maximum exploitation of 

these hosts was not reached. This unfortunately means that variation in the maximum 

fecundity, limited by adaptations to the original host species, cannot be compared. The 

number of larvae deposited is within the range seen in wild-caught queens (Chapter 4), 

suggesting that in the infections that were reproductively successful, virulence, in terms of 

parasite fecundity, was similar to infections in field-caught queens.

Ovary development was negatively affected by infection with S. bombi in a density- 

dependent manner as seen in laboratory infections of Drosophila spp. with H.
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aoronymphium (Jaenike 1998). This is in contrast to the results of infected field-caught 

queens in which parasite-induced castration was density independent. The difference in 

these results may be due to local adaptation to the Bumble bee species of Dublin or 

possibly to poor quality of laboratory-reared compared to wild S. bombi nematodes.

In another multiple host castrating parasite, the Howardula-Drosophila system (Jaenike 

and Perlman 2002), different host species show different levels of resistance to ovarian 

suppression in response to the same population of nematodes (Jaenike 1998). My results 

show the reciprocal, that parasites from different populations express the same level of 

virulence in a novel host.

There was a negative effect of longevity on ovary development in uninfected queens. This 

was likely to be due to regression of ovaries (Medler 1962). The lack of any difference 

among S. bombi origin and proportion of queens castrated again suggests a generalist 

parasite rather than species specific cryptic parasites.

There was no significant difference in size between eggs of infected and uninfected queens 

that displayed development at dissection. This suggests that uninfected queens and 

infected queens, that resisted ovarian suppression, had the same potential for reproduction. 

This is in contrast to ovaries of infected field-caught queens which displayed less 

development than uninfected queens (Chapter 4). Again this could be due to local 

adaptation of the parasites to Dublin’s bees or it could be due to poor quality S. bombi used 

for infections.

Black tissue masses are associated with infection by S. bombi and in queens that were older 

at hibernation. The affected areas were similar in appearance to melanised parasite uteri, a

212



host immune response, but they did not seem to be associated with parasite uteri (within 

the host). The tissue masses could be caused by an auto-immune reaction triggered by S. 

bombi but this is just speculation. To my knowledge, no similar tissue masses have been 

reported from dissections of queens or have been observed by researchers (Brown, MJF. 

and Baer, B. pers. comm.). There was no association between the black tissue masses and 

parasite origin. This suggests that if it is caused by an immune reaction to infection then 

there is no association with the previous host.

Overall it appears that S. bombi is a generalist parasite although from this data it is not 

possible to ascertain if it is locally adapted. Infectivity is more likely to be affected by 

experimental design than parasite growth and reproduction post-infection. This is because 

infectivity is based on age of adult female S. bombi, resources contained (required for host 

location and invasion) and genetic diversity (required to overcome the host immune 

system). In contrast, parasite growth and reproduction post-infection should be more 

independent of these factors as resources should be available from the host.

Infectivity varied among the different sources of S. bombi. The increased infectivity of S. 

bombi from B. pratorum may in part be explained by the increased dose, but comparison 

between infection experiments suggests there is a lot of variation in the fitness of S. bombi 

from the same host species. The lower infectivity of S. bombi from B. lapidarius may be 

explained by reduced diversity, but only if assumptions about the mechanism of immune 

evasion are made. Overall this work suggests there may be host species specific 

differences in infectivity, however, repeat experiments are required to draw conclusions. If 

these “maternal” effects are real they are not reflected in post-infection performance.

There was much variation in total fecundity of parasites and in ovarian development of 

infected hosts but these were not explained by the source of S. bombi but rather the
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intensity of infection. The pattern of larval deposition also did not vary among the host 

species origins of S. bombi. There appears to be no evidence of host species specific traits 

in post-infection parasite growth and reproduction.
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Chapter 7

Is S. bombi a generalist or specialist parasite? A molecular approach 

7.1 INTRODUCTION

Molecular tools are a useful method of investigating population structure of parasite 

populations (Archie et al, 2009). Recently, molecular tools have been used to search for 

cryptic species (morphologically similar but genetically distinct) (Hung et al, 1999, 

Jousson et al, 2000, Leignel et al, 2002). Here, the aim is not to differentiate between 

known species but to prospect for new ones in populations of morphological generalists 

(Blouin, 2002).

One approach to investigating population structure uses markers from the mitochondrial 

DNA (mtDNA) (reviewed in Hu and Gasser, 2006). This has been advocated by Blouin 

(2002) for prospecting for cryptic species due to its high mutation rate in nematodes. Its 

use has aided the study of nematode population genetics (Blouin et al, 1999, Brant and 

Orti, 2003, Braisher et al, 2004).

An alternative is the use of microsatellite markers which have the benefit of being 

biparentally inherited. With enough markers, under neutral selection, resolution of 

relatedness within infrapopulations is possible, this makes them much more useful for 

population genetics (Johnson et al, 2006). Microsatellites have been developed in 

relatively few parasitic nematodes (Fisher and Viney, 1996, Floekstra et al, 1997, 

Underwood and Bianco, 1999, Barker and Bundy, 2000, Conole et al, 2001, Anderson et 

al, 2003) possibly due to the high number that fail to produce interpretable PCR banding 

patterns. It has been postulated that this is due to inter-locus flanking sequence homology
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(Fisher and Viney, 1996, Hoekstra et al, 1997, Barker and Bundy, 2000, Otsen et al,

2000, Thiery and Mugniery, 2000, Plantard and Porte, 2003).

mtDNA NADH dehydrogenase subunit 4 (NAD4) is ideal for prospecting for new species 

(Blouin, 2002) and microsatellites can potentially provide fine scale resolution of 

population structure of parasitic nematodes.

At the time of this investigation only one marker was known for S. bombi. This marker is 

from the 28S ribosomal subunit and has been used to place Sphaerularia within the 

phylogeny of the Tylenchid nematodes (Subbotin et al, 2006). Unfortunately it does not 

provide the resolution necessary for prospecting for cryptic species. Subsequently, Kanzaki 

et al (2007) have identified a new species of Sphaerularia from the hornet, Vespa 

simillima. They distinguished it from S. bombi using partial ribosomal internal transcribed 

spacer sequences and the D2 and D3 expansion fragment of the 28 S ribosomal RNA genes.

In this investigation both mtDNA and microsatellite markers will be used to investigate 

population structure of S. bombi among its multiple host species. To develop primers for 

microsatellites a blind technique that relies on the fact that microsatellites occur in clusters 

in sections of DNA will be used. This was developed by Provan and Wilson (2007) and 

uses Inter Simple Sequence Repeats (ISSR) to find potential microsatellites. To amplify 

the NAD4 region of the mitochondrial genome primers developed by Blouin et al (1995) 

will be used.

The prediction is that if S. bombi is a generalist and the hibernation areas of the different 

species infected overlap then any variation in markers found among individuals will not be 

segregated by the host species that the samples came from.
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7.2 MATERIALS AND METHODS

General

I extracted DNA from 2 S. bombi uteri each from single infections (one parasite uterus per 

queen) (T22c3/4FZ10/4, Tlc22/3FD20/5) of B. terrestris queens. One was from a queen 

that had been frozen at 7 days post capture and one from a queen frozen after she had died 

of “natural causes”. This was done to ensure that usable DNA could be obtained from 

parasite uteri from both treatment groups.

I extracted the DNA from the uteri using a high salt extraction protocol (Paxton pers. 

comm., see Appendix 1). To check that the DNA I extracted was from S. bombi and not 

the bumble bee, I ran a PCR with primers for a fragment of the 28S rRNA gene (Subbotin 

et al, 2006), forward D2A (5_-ACA AGT ACC GTG AGG GAA AGT TG) and reverse 

D3B (5_-TCG GAA GGA ACC AGC TAC TA). I also added B124, a reliable primer for 

a microsatellite of bumble bees (Paxton pers. comm.).

The protocol for this PCR was modified from Maafi (2003), see Table 7.1 and used a final 

reaction volume of 25pl, see Table 7.2 for the reaction mix. The result of this PCR can be 

seen in Plate 7.1 which shows a band at 700bp in wells that contained product from the S. 

bombi and the S. bombi primer set, no other well showed amplification. The DNA 

extracted was therefore from S. bombi and unlikely to be from the Bumble bees.

Amplification with microsatellite primers

To amplify regions of DNA that potentially contained microsatellites I used an Inter 

Simple Sequence Repeat (ISSR)-based technique (Provan and Wilson 2007). This method 

relies on the fact that microsatellites are often located near other microsatellites on the 

same stretch of DNA. Primers that resemble microsatellites and have 5’ anchors are 

combined with DNA from the sample to amplify regions that contain microsatellites, see 

Table 7.5. 8pl PCR product was resolved on an agarose gel and gave multi band products,
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see Plate 7.2 to 7.5. See Tables 7.6, 7.7, 7.8 and 7.9 for reaction mixes and protocols used 

with microsatellite primers. That products of varying length were produced suggests some 

of the products may contain additional microsatellites.

Ligation

The remaining products were purified, pooled and ligated into pGEM-T vector (Promega) 

according to the manufacturer’s instructions. This involves inserting the DNA fragments 

that potentially contain microsatellites, into vector plasmids, which are taken up by 

bacteria {Escherichia coli JM109) and grown in cultures on plates. The vector contains a 

gene for resistance to ampicilin as well as gene for metabolising a particular sugar.

Bacteria that took up plasmids which had inserted DNA were not able to metabolise the 

sugar and therefore appeared white on the plate. This is because the gene for metabolising 

the sugar is interrupted by the ligated DNA. The white colonies were picked and cultured 

in broth to increase the yield of target DNA. The bacteria are heat-killed in a PCR 

machine forlO minutes at 94°C and cleaned up using a MinElute PCR purification kit.

The first 24 white (positive) colonies picked were heat killed and the DNA purified. The 

samples were amplified in PCR with universal primers Ml 3 Forward and Reverse. The 

PCR protocol is shown in Table 7.3 and the reaction mix was in Table 7.4. lOpl of 

products of this PCR were run on an agarose gel visualised with Ethidium bromide 

staining, see Plate 7.6. Variation was seen in nearly all of the clones. The remainder of the 

products were purified using the Qiagen MinElute purification kit and a microcentrifuge 

according to the manufacturer’s instructions.

Result of sequenced clones

Only 6 of the 24 picks gave a readable sequence in which the universal primer could be 

found. So 96 white colonies were picked, heat killed, purified and amplified using the
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universal Ml 3 primers, see Plate 7.7 for results from products of the 1^* 30 PCR products 

of the 96.

The quality of sequences were still poor so 12 more colonies were picked and grown in LB 

broth to increase the yield of plasmids. The cultures were heat killed and the DNA 

purified using a Qiagen plasmid miniprep kit, according to the manufacturer’s instructions. 

The plasmid DNA was sent for sequencing with universal primers. This proved more 

successful, as 2 out of 12 clones produced sequences containing microsatellites outside of 

the primers. The process was repeated and 96 colonies were picked. 6 of the cultures were 

lost because they were dropped. The remaining 90 were processed as above and sent for 

sequencing.

Primer design

Of 108 plasmid DNA samples sent for sequencing, 25 contained microsatellites not 

associated with the primers and with novel (hopefully conserved) DNA on either side.

This was necessary so that primers could be designed to amplify the microsatellites. 

Primers were designed using Primer 3 (Rozen and Skaletsky, 2000). 15 primer sets were 

designed (see Table 7.10(2)). After some optimisation of the PCR protocol all 15 primer 

pairs were run in one PCR protocol, with three samples of S. bombi uteri from B. terrestris 

(787D, 745, 372), see Tables 7.11 and 7.12 for protocol and temperature regime. The 

annealing temperature was 53 instead of 58°C in Table 7.12.

The results were visualised on Spreadex 400 gel after separation using submerged gel 

electrophoresis (Elchrom system) and binding with SYBR Green stain, see Plates 7.8 and 

7.9. Primer set 3 amplified a product of the same weight across the 3 samples. Primer sets

219



4, 14 and 15 amplified products of 2 different weights across the 3 samples. Bands were 

not well defined so the annealing temperature was increased by 5°C to 58°C.

Finally primer sets 3, 4 and 14 were used to amplify DNA from 15 S. bombi uteri, each 

from a separate queen, although some were from multiple infections. 5 were from each of 

the species: B. terrestris, B. pascuorum and B. pratorum. See Table 7.11 for the reaction 

mix and PCR protocol. The results can be seen in Plates 7.10 and 7.11. Primer 3 was 

constant across all samples. Primer 4 amplified a product at 217 and ISObp. Primer 14 

amplified products at approximately 170 and 180bp. Another 15 samples, again including 

5 from each of the 3 species, were run with the same primers and the same protocol. The 

results can be seen in Plates 7.12 and 7.13.

Amplification of NAD4 region

Primers used by Blouin et al (1995), see Table 7.13, were applied to samples of S. bombi. 

Figure 7.1 shows the orientation of the primers. Primers 1 and 2 were tried initially, in 

combinations, Hcl with Hp4 and Hcl with Hc4. The reaction mix and PCR protocol can 

be seen in Tables 7.14 and 7.15. The samples used were from B. terrestris queens with 

extracted DNA labels MDKl and 745A.

The products of this reaction were visualised by separation in an agarose gel, then staining 

with Ethidium bromide, see Plate 7.14. Multiple bands are seen in all wells except with 

sample MDKl with primer pair HclHc4 (lane A2).

The aimealing temperature was very low and may have contributed to the multiple bands 

seen. Therefore a graduated PCR was conducted with annealing temperatures between 

36“C and 46°C. The reaction mix and PCR protocol were otherwise the same (Tables 7.13 

and 7.14). A bumble bee DNA sample was included so that non specific binding could be
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ruled out. The products were separated on an agarose gel and visualised by staining with 

Ethidium bromide, see Plates 7.15 and 7.16.

Gel extractions and sequencing

The remainder of 6 products, 4 that were used in Plates 7.15, and 2 that were used in Plate 

7.16, were separated on an agarose gel and visualised using Ethidium Bromide. The bands 

were cut from the gel and labelled as seen in Plate 7.17. DNA was extracted from the 

cubes of gel using a Qiagen MinElute Gel Extraction kit. The extractions were sent to 

Macrogen for sequencing with the appropriate primers Hcl, Hc4 and Hp4.

7.3 RESULTS

3 primer pairs (3, 4, and 14) were found that amplified fragments of DNA in every S. 

bombi sample examined, see Plates 7.21 to 24. Primer 3 amplified a 174bp fragment in all 

uteri examined. However, because it did not show variation among samples, it was not 

sent for sequencing. From Plates 7.21 to 24 primer 4 amplified products of 150 and 217bp. 

This agrees with the sequences obtained (see aligned sequences A4.7 and A4.6 from 

parasite uteri of B. pascuorum below) which are 152 and 195bp fragments. In Plates 7.21 

to 7.24 primer 14 amplified products of 173 and 180bp fragments which are similar to the 

sequences obtained of 153 and 161bp (see aligned sequences B14.1 and B14.2 from 

parasite uteri of B. terrestris below). Primer 14 had bands close together and when 

sequenced was found to have an 8bp difference between two S. bombi uteri from separate 

B. terrestris queens. The regions amplified by both primer 14 and 4 appear to be highly 

variable between samples from the same host species. The differences between the pairs 

of sequences are due to additional repeats of microsatellites but also due to substitutions 

and insertions of other sections of DNA. The variation seen in Primer 4 and 14 among
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samples (Plates 7.21 to 24) was linked so that samples with heavy bands for primer 14 also 

had heavy bands for primer 4. The two apparent heterozygotes for Primer 14 are also 

heterozygotes for primer 4, (Plates 7.24, A1 and A5). There was no segregation of 

variation among samples of S. bombi from the 3 species (Plates 7.21 to 7.24).

Sequence from Primer pair 14 (B 14.1) from S. bombi of B. terrestris 
Sequence from Primer pair 14 (B 14.2) from S. bombi of B. terrestris 
1 ATNACTTTCTTCGGCAGCACTTGAATAAGCTGTATTAGTA
1 ATNACTTTCTTCGGCAGCACTTGAATAAGCTGTAGTAGTA

41 ... ATAATAGCTGCTTCTTTATTGGCT................. GCTGTAG
41 GTAACAATAGCTG ATTCTTTATTGGCTACCGCTGCTGTAG

81 AAG AAGAAGAAGTGG ATGAGG AGCTTTCCACGG AATTTG A
81 AAG A AGAAGAGGTGG ATGAGG AGCTTTCCACGG AATTTGA

121 TTCGGCC A A A AT ATTCTG ATTA AATTCTTTATTC A A A A AT
121 CTCCGCTA A A ATATTCTG ATTG A ATTCTTTATTC A A A A AT

141 TCTTTCAATTTCATCGGGTGGT
141 TCTTTCAATT .CATCGGGTGGT

Sequence from Primer pair 4 (A4.7) from S. bombi of B. pascuorum 
Sequence from Primer pair 4 (A4.6) from S. bombi of B. pascuorum 
1 AAATTATTTGTGCATTTGGCAATTGTCAGNTNGTTTGTCT
1 AAATTATTTGTGCATTTGGCAATTGTCAGTTT GTTTGTTT

41 GTCNGTCNGTCTGTCTGTCTGNGTGTGNGNGTGTCTGTCT
41 GTCTGTC TGTCTGTCTGT.......................................................

81 GTCTGTCCTCGTCATAACTCNGTCNGTCTGTGTNGTCTGT
81 ................................................................................................

121 CC ACGTC ATAACTC ATC A ATTTTTTG ACTTATTCG ACCTA
121 CCACCTCCTAACTCATCAATT .TTTGACTTATCCGACCTA

141 ATTTATTTTTTGAAAAAAGGTTTTCGACTACGGCGAANAC
141 ATTTATTTTTCTATA A AGGGTTTTCG ACTATAACG AAG AC

181 GCCCCCGATATAAGT
181 GCCCCCGTTATCAGT

Mitochondrial DNA

All of the bands from Figure 7.17 were cut out, purified and sent for sequencing. However 

none of these produced a readable sequence.

222



7.4 DISCUSSION

The regions amplified by Primer pair 14 and 4 were variable at one locus. Two S. bombi 

uteri were found to be heterozygous, these were of B. pratorum. The remaining queens 

appeared to be homozygous for each primer pair. There was no segregation of variation of 

this microsatellite among B. pratorum, B. terrestris and B. pascuorum. This is a limited 

result but it does not suggest segregation of S. bombi into separate populations based on the 

host species they occupy. The variation in both primer set 14 and 4 appeared to be linked. 

This suggests they may occur on the same section of DNA, and therefore do not provide 

any further resolution of population structure.

From both mitochondrial and microsatellite work, the samples sent for sequencing often 

returned with poor reads if they could be read at all. This may have been due to the 

variable nature of the DNA under examination or poor matching of primers to target DNA.

Of 15 potential microsatellite primer sets designed from amplified sequences, only 3 

amplified products in all samples tested, and 2 of those produced variable results. Of the 2 

that amplified variable sizes of products variation in both was linked reducing the useful 

number of primer sets designed, to one. This is a similar percentage success as found in 

other studies where attempts have been made to isolate microsatellites. Johnson et al. 

(2006) developed 16 microsatellites from 307 microsatellite loci isolated from 

Trichostongylus tenuis.

The mitochondrial primer sets used were not specific for Tylenchid nematodes and no 

samples sent for sequencing produced readable results. The graduated PCR to remove 

multiple bands seen in reaction products should have been done over a greater temperature

223



range. This would have determined the upper limit of the primers and may have lead to 

greater specificity.

Future directions

Sequencing the D2AD3B fragment of the 28S RNA subunit to compare to that of Russian 

and Japanese S. bombi may provide information at populations across large geographical 

range.

In the current study the success rate of sequencing of samples was poor and this should 

have been optimised before work continued. PCR protocols should have been optimised to 

produce clear bands and eliminate smearing early on, which may have helped with the 

sequencing problems.

Investigation of S. bombi mitochondria may benefit from the use of different mtDNA 

primers, especially ones from Tylenchid nematodes. Alternatively primers could be 

designed for the NAD4 region from the nearest relative of S. bombi, for which the 

mitochondrial genome has been sequenced.

The limiting stage of the microsatellite development protocol was in how many colonies 

were grown from the transformed bacteria. Several colonies picked seemed to have taken 

up the same section of DNA. Therefore the greater number of colonies that are grovm and 

picked the greater potential for isolating microsatellites with flanking conserved DNA. 

Using this blind method it is not known if the microsatellites found are neutrally inherited. 

They may be linked to a gene that is under selection pressure. This must be investigated 

before conclusions can be drawn about population structure.
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7.5 TABLES

Table 7.1 Reaction mix for amplification of S', bombi DNA amplification with primers D2A, D3B and B124.

Component Volume in pi Notes

Total reaction volume 25pl

H2O 16.20 deionised

Buffer 5x (Promega GoTaq Buffer) 5.00 Contains loading dye

MgCl (Promega) 0.00 25mM

d’NTP’s 0.60 (2.5umol of each nucleotide)

Primer (forward and reverse) 1.00 lOpM

Taq polymerase (Promega GoTaq) 0.20 (5 units / pi)

Sample 2.00

Table 7.2 Temperature regime for S. bombi DNA amplification with primers D2A, D3B and B124

Protocol Time Temperature

Denaturing phase 3 minutes 94°C

Denaturing phase 30 seconds 94“C

Annealing phase 1 minute 50'’C

Extension phase 1 minute 30 seconds 72°C

Elongation phase 10 seconds 72"C

Hold 4“C

Table 7.3 Reaction mix for amplification of plasmid DNA with Universal primers M13 forward and reverse

Component Volume in pi Notes

Total reaction volume 25pl

H2O 6.0 deionised

Buffer 5x (Promega GoTaq Buffer) 5.00 Contains loading dye

MgCl (Promega) 0.00 25mM

d’NTP’s 2.50 (2.5umol of each nucleotide)

Forward Primer Ml3 2.50

Reverse Primer Ml3 2.50

Taq polymerase (Promega GoTaq) 0.20 (5 units / pi)

Sample 6.25
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Table 7.4 Temperature regime for amplification plasmid DNA with Universal primers M13 forward and 

reverse

Protocol Time Temperature

Denaturing phase 3 minutes 94°C

Denaturing phase 30 seconds 94“C

Annealing phase 1 minute SS^C

Extension phase 1 minute 12°C

Elongation phase 10 seconds 72“C

Hold 4“C

Table 7.5 Summary of 5’ anchored microsatellite primers used to amplify regions with potential

microsatellites

Microsatellite primer Sequence Tm

ISSR882 VBV(AT)7 42

ISSR883 BVB(TA)7 42

ISSR884 HBH(AG)7 48

ISSR885 BHB(AG)7 48

ISSR886 VDV(CT)7 48

ISSR887 DVD(TC)7 48

ISSR888 BCB(CA)7 48

ISSR889 CBC(AC)7 48

ISSR890 VHV(GT)7 48

ISSR891 HVH(TG)7 48

RCA (GAG)4RC 46

RCB (CAC)4RC 46

RCC (CTC)4RC 46

RCD (GTG)4RC 46

1 Bill GGCC(AC)8 60

2 Ben GGCC(AG)8 60

3 Flo CCGG(AG)8 60

4 Men CCGG(AC)8 60

The lUPAC code for mixed bases (wobbles) is:

M = (A/C) 

R = (A/G) 

W = (A/T) 

S = (G/C)

Y = (C/T)

K = (G/T)

V = (A/G/C) 

H = (A/C/T)

D = (A/G/T)

B = (G/C/T)

N = (A./G/C/T)
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Table 7.6 Reaction mix amplification with primers Bill, Ben, Flo and Men

Component Volume in pi

Total reaction volume 25pl

H2O 15.30*

Buffer 5x (Promega GoTaq Buffer) 5.00

MgCl (Promega) -

d’NTP’s 2.00

Primer (forward and reverse) 2.50

Taq polymerase (Promega GoTaq) 0.20

Sample 2.00

Table 7.7 Temperature regime for amplification with primers Bill, Ben, Flo and Men

Protocol Time Temperature

Denaturing phase 3 minutes 94°C

Denaturing phase 30 seconds 94°C

Annealing phase 1 minute 55"C

Extension phase 1 minute 72“C

Elongation phase 10 seconds** 72°C

Hold 4°C

35 cycles of second denaturing to extension

*too much water was added as it did not account for the 2pl of sample DNA.

**this was a mistake in entering the programme into the machine but should not have great an affect on the

end product.

Table 7.8 Reaction mix for amplification with primers ISSR 884-891 and the 4 RC primers

Component Volume in pi Notes

Total reaction volume 12.5pl

H2O 6.20 deionised

Buffer 5x (Promega GoTaq Buffer) 2.50 Contains loading dye

MgCl (Promega) 0.00 25mM

d’NTP’s 0.60 (2.5umol of each nucleotide)

Primer (forward and reverse) 1.00 lOpM

Taq polymerase (Promega GoTaq) 0.20 (5 units / pi)

Sample 2.00
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Table 7.9 Temperature regime for amplification with primers ISSR 884-891 and the 4 RC primers

Protocol Time Temperature

Denaturing phase 3 minutes 94°C

Denaturing phase 30 seconds 94“C

Annealing phase 30 seconds 45°C

Extension phase 1 minute 30 seconds 72°C

Elongation phase 10 minutes 72“C

Hold 4°C

35 cycles of second denaturing to extension

Table 7.10 Summary of primers designed using Primer 3 for amplification of potential microsatellites.

Primer
name

Forward seq. Micro
sat

Reverse seq.

Sbl P7ol2R CAATAAATACGCGTAAA
CACAAA

(CA)12 ACGTGGAACCAAACACACA
A

Sb2 Pll TCGCCTTCATCATTGAA
TTG

(ACT)5 GATCGCAAAGATCGCAAAA
T

Sb3 P24 TGACCATCGTGCATTTC
AATA

(CAA)5 TATGTGGAGGTGGTCCGAA
T

Sb4 P64 AAATTATTTGTGCATTT
GGCAAT

(GTCT)4 ACTGATACGGGGGCGTCT

Sb5 P40 GGGCTAAAAATAAAGC
CCAAT

(GTT)5 TGAGAGTTGACCTTTTTGG
GTTA

Sb6 P29r GGAGGAGGAGACACCA
ACTG

(TAAA)4 TGACAAAGGGGTTATGTCA
AA

Sb7 P40r AAAAACCCCCATTTCCG
TAG

(GA)26 TTTTTCTTTTGAATGCGACA
AA

Sb8 P40r TCTCGTTTCTCTGCTGAT
TATTTATT

(CT)12 TTTTTCTTCTTCTTCTCTCGT
TTT

Sb9 P56f GCCATTTCCAACAGACA
CAA

(CAA) 14 
(CA)IO

GAAACCAAAAACGGCTCA
AA

SblO P56f GCGCGCATAATTTTATG
TACAAC

(CA)iO AACCGACCCCAGAGAAAG
AG

Sbll P56f CTTTCTCTGGGGTCGGT
TG

(CAA) 14 CCACTCACCTGTCCGTTTTT

Sbl2 P56r TAACTGGGGAAAAACC
AACG

(GT)13 GGTGTTTTGCCAAGTGCTTT

Sbl3 P48f CCGCATTCTTTTTGATTC
GT

(GAG)4 TGGGATACTAAAAGTTGGT
GGAA

Sbl4 P48f ATCACTTTCTTCGGCAG
CAC

(TCT)4
(TAC)4

ACCACCCGATGAATTGAAA
G

Sbl5 P48f CTTTATTGGCTACCGCT
GCT

(TCT)4 CATTTTCGCAACAAAATCC
A
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Table 7.11 Reaction mix for amplification with primers 3, 4 and 14

Component Volume in pi Notes

Total reaction volume 12.5pl

H2O 6.20 deionised

Buffer 5x (Promega GoTaq Buffer) 2.50 Contains loading dye

MgCl (Promega) 0.00 25mM

d’NTP’s 0.60 (2.5umol of each nucleotide)

Primer (forward and reverse) 1.00 lOpM

Taq polymerase (Promega GoTaq) 0.20 (5 units / pi)

Sample 2.00

Table 7.12 Temperature regime for amplification with primers 3, 4 and 14

Protocol Time Temperature

Denaturing phase 3 minutes 94“C

Denaturing phase 1 minute 94‘’C

Annealing phase 1 minute 58”C

Extension phase 1 minute 72°C

Elongation phase 10 minutes 72”C

Hold 4°C

29 cycles of second denaturing to extension

Mitochondrial approach

Table 7.13 Primers for amplifying the NAD4 region of nematode mitochondrial DNA after Blouin (1995)

Species Primer 1 and 2 Primer 3 and 4
Haemonchus 1 Hcl 3 Hc3
contortus CGACAAACCACCTTGATACTTT TAATTTTTAGTATTRTGTTTGC

Primer 2 and 4
ATAT
2 Hc2 4Hc4
ATTCAATATTATACTGTTAGTG GCTTATTCTTCAGTTACACATAT

Haemonchus 1 CGACAAACCACCTTGAT
AAGA
3 Same as H. contortus

placet
Primer 2 and 4 2Hp2 4 Hp4

TTTTCCTCAACATTATTCTG CAAAGTGATTCCAAGTCATTGGC
Teladorsagia 1 CGACAAACCACCTTGATATTT 3 Tc3
circumcincta CAAACAGCGGTGTGCCCCC
Primer 2 and 4 2Tc2 4 Same as H. placet

Mazamastrongylus
GAATAGTAAAATGCCACTAAA
1 Same as H. placet 3 Mo3

odocoileus CTAATAGTGGTGTTCCACC
Primer 2 and 4 2 Same as T. ctrcumctncta 4 Same as H. placet
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Table 7.14 Reaction mix for amplification with primers Hcl forward, Hc4 reverse and Hp4 reverse

Component Volume in pi Notes

Total reaction volume 12.5pl

H2O 6.15 deionised

Buffer 5x (Promega GoTaq Buffer) 2.50 Contains loading dye

MgCl (Promega) 0.00 25mM

d’NTP’s 0.60 (2.5umol of each nucleotide)

Primer (forward and reverse) 1.00 lOpM

Taq polymerase (Promega GoTaq) 0.25 (5 units / pi)

Sample 2.00

Table 7.15 Temperature regime for amplification with primers Hcl forward, Hc4 reverse and Hp4 reverse

Protocol Time Temperature

Denaturing phase 3 minutes 94'’C

Denaturing phase 1 minute 93‘’C

Annealing phase 1 minute 36“C

Extension phase 1 minute 30 seconds 12°C

Elongation phase 

Hold

10 seconds 72°C

4“C
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7.6 PLATES

The ladder (L) used in all of the figures is a lOObp ladder. From the top, the first bright 

band is ISOObp, then lOOObp. There is a band every lOObp afterwards with a brighter band 

at 500bp. The controls used in PCR reactions were water or bumble bee DNA.

Plate 7.1 Confirmation of extracted DNA from Sphaerularia

The bands in lanes B2 and B1 are approximately 700bp in length. These lanes contained product from 

D2AD3B primers and extracted S. bombi DNA. The third lane of each primer set was a water control and 

lanes A3 an A2 had a Bumble bee primer.

L B3 B2 B1 A3A2A1

Plate 7.2 Products from amplification of S. bombi DNA with primers Bill (b), Ben (B), Flo (F) and Men (M) 

Third lanes (Ml, FI, Bl, bl) contained water instead of sample DNA.

L1 M3 M2 Ml F3 F2 FI B3 B2 B1 b3 b2 bl

231



Plate 7.3 Products from amplification of S. bombi DNA with primers ISSR887, 886, 885 and 884 

Third lanes (73, 63, 53 and 43) contained water.

73 72 71 63 62 61 L 53 52 51 43 42 41

Plate 7.4 Products from amplification of S. bombi DNA with primers 1SSR888, 889, 890 and 891 

Third lanes (83, 93, 03 and 13) contained water.

83 82 81 93 92 91 03 02 01 L 13 12 11

> M Ml

h'-. Hi

Plate 7.5 Products from amplification of S. bombi DNA with primers RCA, RCB, RCC and RCD. 

Third lanes (D3, C3, B3 and Al) contained water.

D3 D2 D1 L C3 C2 Cl B3 B2 B1 A3 A2 Al

VMM
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Plate 7.6 Products amplified with universal primers from the first 24 picked colonies 

24 23 22 21 20 19 18 17 16 15 14 13 L

Plate 7.7 Products amplified with universal primers from the first 30 picked colonies of the 96 that were sent 

for sequencing

30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 L

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 L
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Plate 7.8 to 7.13 Products were run on Speadex® 400 submerged gels for increased clarity 

of separation of fragments. The marker used in these gels was M3. See Appendix 5 for 

marker details.

Plate 7.8 and 7.9 Products amplified by primer sets 1 to 15 with 3 S. bombi DNA samples

Figure 7.8 Products of primers 1 to 8 and Figure 7.9 products of primers 9 to 15. No water controls are

shown here. A, B and C are samples of S. bombi DNA from parasite uteri of different bumble bee queens.

1A 1B 1C 2A 2B 2C 3A 3B 3C 4A 4B 4C M 5A 5B 5C 6A 6B 6C 7A 7B 7C 8A 8B 8C

9A 9B 9C10A10B10C11A11B11C12A12B12C M L 13A 13B 13C 14A 14B 14C 15A 15B 16C

(M3 Marker (lane M) can be seen in Appendix 4)
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Plate 7.10 to 7.13 Products amplified by primer sets 3, 4 and 14 in combination with DNA from 30 S. bombi 
from individual queens
15 samples can be seen in each pair of Figures. T1-5=S. bombi from B. terrestris, Rl-5=5'. bombi from B. 
pratorum, A1-5=S. bombi from B. pascuomm. Primer 3 is the first set of 15 in each pair and shows no 
variation. Primer 4 is next then Primer 14.
■Ivi T1 T2 T3 fr4 T5 R1 R2 R3 R4 R5 ■A1“A2 A3 A4 A5 M Tl 12 T3 T4' T5 Ri R2 R31
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Figures and Plates created in the course of mitochondrial work

Figure 7.1 The orientation of primers used to amplify the NAD4 region of nematode mitochondrial DNA, 

reproduced from Blouin 1995.

3 4

COi INC ND4 (463 bp)

1 2

Plates created from the investigation of mitochondrial primers were visualised by 

separation on agarose gels and staining with Ethidium bromide.

Plate 7.14 Initial PCR showing the products of mitochondrial primers Hcl-Hc4 and Hcl-Hp4 with 3 S. 

bombi samples and 1 Bombus sample

Plate 7.15 and 7.16 Products of 2 mitochondrial primer sets with 3 S. bombi samples and 1 Bombus sample 

run at 6 different temperatures.

A is 36‘’C, B=38, C=40, D=42, E=44 and F=46

L2 F7 F6 F3 F2 E8 E7 E6 E4 E3 E2 D8 D7 D6 D5 D4 D3 D2 D1 L1
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Plate 7.17 Agarose gel of products of mitochondrial primers from which bands were cut to send for 

sequencing
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Chapter 8

S. bombi and its multiple host species

GENERAL DISCUSSION

Prior to my thesis work we knew that a parasite which was morphologically defined as 

Sphaerularia bombi infected a wide range of different host species of bumble bee (Tables 

1.1 and 1.2). It had been suggested that there was temporal variation in prevalence during 

the period over which queens emerge post-hibernation and prior to founding nests. The 

majority of infections contained fewer than 10 parasite uteri with a few examples of up to 

68 or 72 per queen (Cumber, 1949, Poinar and van der Laan, 1972). It had been 

established that the likely method of infection of queens was during hibernation (Poinar 

and van der Laan, 1972) and that behavioural manipulation of the host was necessary for 

completing the parasite lifecycle (Bols, 1939, Poinar and van der Laan, 1972, Lundberg 

and Svensson, 1975). Successful infections (those that lead to deposition of parasite larvae 

at hibernation sites) result in a reduction of host fitness to zero through hormonal castration 

(Palm, 1948). Some data were available for two host species that suggested not all species 

are castrated by the parasite (Hasselrot, 1960, Alford, 1969a, Rdseler, 2002). The parasite 

was not believed to impact on the host’s longevity (Rutrecht and Brown, 2008). It had 

been suggested that the patent period of the parasite was greater than 7 days post 

emergence of the queen from hibernation (Madel, 1966). Assuming that after the prepatent 

period parasite larvae are deposited steadily until the death of the queen, then host 

longevity is directly related to transmission potential.

In my work I have added to or changed our knowledge in various different ways. In 

Chapter 3,1 build on the work on temporal prevalence, to show that the prevalence of S.
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bombi does increase through the period of spring in which queens of B. terrestris and B. 

pascuorum are easily available for sampling. I also demonstrated with analysis of data sets 

of previous research on B. terrestris (Sweden, Hasselrot 1960) and B. lucorum (England, 

Cumber 1949) that the increase in prevalence occurs in different species and different 

countries. With knowledge of the change in prevalence, I showed that the base prevalence 

of S. bombi does vary among host species and that the most abundant host species, 

predominantly, has the highest prevalence. However, prevalence was not found to be 

proportional to abundance of hosts.

In Chapter 4,1 provided the first quantitative data on nematode reproductive fitness in its 

various host species. I found that variation in the total number of larvae deposited by wild 

caught queens was explained by intensity of infection rather than by host species. This 

was supported by data from controlled infections in Chapter 6, in which the number of 

larvae deposited per queen, was dependent upon intensity rather than host origin of 

parasites. I quantified the impact of the nematode on host ovary development and found 

that suppression of host ovarian development, in all species sampled, was not dependent 

upon intensity of infection and that not all host species were affected equally. This 

contrasted with ovarian suppression in controlled infections (Chapters 5 and 6), where it 

was found to be dependent upon intensity of infection and not host species origin of 

parasites. I also documented parasite-induced mortality of queens, which had not been 

shown before. I demonstrated that parasite-induced mortality was dependent upon 

intensity of infection in all host species (with sample size greater than 2 infected queens). I 

also demonstrated density-dependent mortality, through reanalysis of data from Rutrecht 

and Brown (2008) in which no effect on host longevity by infection had been found.
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In Chapter 5,1 build on a brief note in a paper by Madel (1966) to develop a consistent and 

usable infection model which enabled me to investigate questions about aggregation and 

intensity. This model was used to show that the parasite-induced reduction in host fitness 

was additive (meaning that infected queens would likely have gone on to reproduce if they 

had not been infected) and not compensatory (that infected queens were anyway prone to 

poor health and unlikely to reproduce even if not infected by S. bombi). That S. bombi has 

an additive effect of reducing bumble bee queen reproduction has important implications 

for the effect of the parasite on host population dynamics. The experimental model also 

found no parasite-induced mortality during the hibernation of queens. This suggests that 

greater confidence can be taken in estimates of prevalence made post emergence of queens. 

The model was also used to demonstrate that some of the variation in intensities of 

infection seen, may be due to variation in susceptibility of hosts, but that the majority of it 

was likely to be due to variation in the number of infective nematodes that queens are 

exposed to. Controlled infections were essential in ascertaining the pattern of parasite 

larval deposition from queens, because it could not be known exactly how old field caught 

queens were at capture, and whether they had deposited parasite larvae before being 

caught. In laboratory infections, therefore, the prepatent period was greater than 14 days 

post waking of queens from hibernation. This period may be shorter in wild queens if 

parasites react to an increase in metabolic rate or other change in the host, prior to 

emergence of the queen from hibernation. Laboratory infections also demonstrated that 

parasites are deposited between 14 and 42 days post hibernation, which supports estimates 

of total larval deposition made from field caught queens that started deposition in the 

laboratory.

In a common garden experiment (Chapter 6), I provided evidence that S. bombi is a true 

generalist parasite, because nematodes collected from 4 different species were able to
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infect a novel host species. No variation was apparent in parasite growth and reproduction 

post invasion of queens, except that which was explained by intensity of infection. 

However, there is some indication that there might be variation in infectivity of S. bombi 

from different host species. Nevertheless, the estimates of infectivity produced from this 

experiment were subject to several variables, which may explain the variation in infectivity 

due to host species origin of S. bombi. The first was a difference among treatment groups 

in the potential genetic diversity of S. bombi to which queens were exposed (assumed to be 

related to the number of hosts the pool of S. bombi was derived from). Secondly, one of 

the treatment groups was exposed to a greater number of S. bombi than the other 3, and this 

was associated with a higher rate of infection. The difference in exposure between 

treatment groups in Chapter 6 was similar to that seen between Experiment 1 of Chapter 5 

and the treatment group in Chapter 6 which used the same host origin of S. bombi. In 

contrast, S. bombi derived from a different host species were used in two experiments with 

a similar level of exposure to queens and very different infection rates were observed. 

Overall, this suggests that there is more variation in infectivity than in parasite growth and 

reproduction post-infections. The causes of variation in infectivity require further 

investigation.

In Chapter 7,1 generated preliminary molecular data to investigate segregation of the 

parasite population among its different host species. In the one variable site that I 

produced, no variation was evident in parasites from different host species.

Overall this thesis has considerably advanced knowledge of the S. bombi-Bombus system.
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Commencing this thesis, the question I was concerned with was what the pattern of 

virulence would be in a multihost parasite and whether S. bombi is a generalist or a 

specialist and how that might affect the evolution of virulence.

Is S. bombi a generalist or a specialist?

More specifically, where does S. bombi lie on the spectrum of host exploitation strategies? 

Three extreme explanations for the observed prevalence of S. bombi in multiple hosts are 

1) it consists of a group of species specific cryptic populations, 2) that it is one pan-mictic 

population of parasites that infects each host species and 3) that S. bombi is supported by 

only the most common locally available host, B. terrestris, and other infections are 

paratenic (dead ends).

The third explanation, B. terrestris is the reservoir for the parasite and that infections in 

non B. terrestris are paratenic, can be dismissed, because infections in non B. terrestris 

hosts were found to be reproductively successful and nematodes from non B. terrestris 

were able to infect queens of B. terrestris terrestris and those infections were also 

reproductively successful.

My results produced some evidence for specialisation, at least in terms of infectivity, but 

complications exist for these results (see above). Both aspects of virulence, parasite 

induced castration, and parasite fecundity, did not show variation among the majority of 

species that were investigated. The temporal pattern of parasite larval deposition and 

therefore parasite larval production was the same in B. terrestris, B. lucorum, B. pratorum, 

B. lapidarius and B. pratorum. There was an overall density dependent effect on host 

mortality but at lower intensities of infection there was a greater effect on longevity in 

species with average “natural” lifespan greater than 55 days. It is reasonable to assume

242



that larval deposition is harmful to the host and therefore that reduction in host longevity 

will be seen in queens with natural lifespans greater than the average patent period of S. 

bombi. Any species specific reduction in host longevity is therefore not related to 

specialised traits but rather a lack of adaptation to specific host species lifespans. All of 

which suggest that S. bombi is indeed a generalist parasite. The exceptions to complete 

ovarian suppression (no oocyte development observed) were B. lucorum queens that were 

sacrificed at 7 days post capture and both infected queens of B. hortorum. Evidence of 

resistance to ovarian suppression in B. lucorum was not evident after natural death of 

queens. In contrast both infected queens of B. hortorum were dissected after natural death 

and both were found to contain developed host eggs. Furthermore, this matches reports 

from previous studies on the same species (Alford, 1969a, Roseler, 2002). One 

explanation might be that B. hortorum uses a different mechanism for stimulation ovary 

development than is used in the majority of species. To my knowledge no experimental 

work has been done on the biology of B. hortorum. There is also the exception of B. 

muscorum of which none were found infected despite a sample size of 17 queens caught in 

the first year and a sample of 4 queens in the second year of collection. Only one other 

sample (N=5, B. hortorum) in the 2 years of collections had a prevalence of zero. 

Unfortunately, no report could be found on the hibernation preference of B. muscorum. In 

contrast, B. hortorum has been observed to hibernate in slopes or banks opposed to the tree 

covered slopes or banks preferred by B. terrestris and B. lucorum (Alford, 1969b). It is 

possible that S. bombi is a generalist across most of the host species I looked at, but in the 

genus of hosts as a whole, there is some evidence that it is not a complete generalist.

Excepting B. hortorum and B. muscorum, we can narrow our focus to those species which 

were available in samples greater than 20 queens. Within B. lucorum, B. pascuorum, B. 

pratorum and B. terrestris, S. bombi may be a true generalist with no specialisation on any
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of its host species. It may, alternatively, be locally adapted to its most abundant locally 

available host species, with infections in other host species a result of spillover.

If infections in non B. terrestris species were just spillover, then we would expect to see 

adaptation to B. terrestris, unless all hosts appear exactly the same from the point of view 

of the parasite. No adaptation was evident from this work within the subset of species 

described above. Within B. lucorum, B. pascuorum, B. pratorum and B. terrestris, S. 

bombi must be a true generalist. This, of course, makes assumptions about the migration 

potential of parasites among host species which can only be elucidated with further 

molecular work. It also makes assumptions about the reciprocal selection pressure 

experienced by the host and parasite.

Whether the parasite is a true generalist or adapted to its most common locally available 

host, matters, because of coevolution of each host species with the parasite, and also the 

long term affects of the parasite on the host species community.

The impact on each of the parasite’s host species is directly related to the prevalence of the 

parasite within each host species. This is due to the density independent parasite induced 

castration of the host. In Chapter 3,1 demonstrated that prevalence did vary among host 

species. To have the same level of prevalence in all host species would require that all host 

species had an equal probability of exposure (assuming no difference in susceptibility). If 

the parasite was actually an assemblage of species specific subspecies, this could result in 

the same probability of exposure in each host species. However, an assemblage of species 

specific subspecies would link the size of the parasite population (abundance of sub 

species A) to the size of the host population (abundance and density of host species A). 

Prevalence and intensity would therefore be lower in rarer host species (Arneberg et al.,
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1998) and this is not what is seen in S. bombi. In contrast if all host species are exposed to 

the same pool of parasites (generalist strategy) then prevalence is dependent upon exposure 

to S. bombi, and intensity will not be restricted in rarer host species. In this generalist 

strategy, prevalence will be highest in the most common host species. Prevalence in less 

common host species will depend upon how much overlap there is in hibernation site 

preference between each host species and the most common one. Prevalence can therefore 

not be higher in a less abundant host species unless it is more susceptible to infection. In S. 

bombi the variation in prevalence is likely to be driven by overlap in choice of hibernation 

site with that of B. terrestris. This is supported by the similar emergence times of the 

species with high prevalence of S. bombi (B. terrestris, B. lucorum and B. pratorum). B. 

terrestris and B. lucorum have been observed to share a preference of hibernation site 

(Alford 1969b), whereas B. pascuorum, which has a lower prevalence of infection 

(Chapter 4), is a late emerging species and has been observed to hibernate in different sites 

to the most commonly infected species (Alford 1969b).

In conclusion S. bombi appears to be a generalist across this subset of species. Whether it 

is a generalist because the hosts are sufficiently similar, as far as the parasite is concerned, 

or it is a generalist because it has been selected to be through rates of migration among 

host species, is impossible to disentangle using the current knowledge of the system. With 

sufficient molecular markers we would be able to measure migration among host species 

of the parasite and elucidate the relationship further.

Parasites that castrate their hosts, in theoretical modelling, have a great capacity for 

controlling host population size (Jaenike 1998). This has been demonstrated in two 

systems Howardula in Drosophila and a digenetic trematode. Microphallus sp., in the 

snail, Potamopyrgus antipodarum (Jaenike 1998 and Lively 2006). In a generalist
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parasite, modelling suggests there is the potential for the parasite to cause extinction of one 

host population if the parasite is maintained in a reservoir host (Castro and Bolker, 2005). 

This has been demonstrated in practice in an example of apparent competition using a 

parasitoid of two species of moth (Bonsall and Hassell, 1997). The opposite end of this 

spectrum is suppression of the most common host at the benefit of less frequently infected, 

rarer, host species. This stabilising effect on community diversity favours the parasite 

because it will always be maintained in the most common host species, whichever that may 

be, thus increasing the chance the parasite will not suffer local extinctions (Dobson 2004). 

In the majority of reports on S. bombi, from Europe, it is most prevalent in the most 

abundant (abundance is assumed to be proportional to sample size) host species (Table 1.1 

and Chapter 3). The most abundant species also with the highest prevalence in studies 

from Europe, that report the presence of S. bombi, was one of B. terrestris, B. pratorum, B. 

pascuorum, B. lapidarius or B. lucorum. In 9 of the 13 years of sampling covered by 

studies listed in Table 1.1 the most common species was either B. terrestris, B. lucorum or 

B. lapidarius. The results from my work agree with those of others, that the most common 

host also has the highest prevalence of S. bombi.

Horizontally transmitted parasites in annual host species are theoretically supposed to 

produce highly fluctuating population sizes (Kawecki and Ebert 2004). However, the 

prevalence of the parasite and abundance of hosts appears to be stable in Dublin over the 

two years of sampling for this work. The effect of removal of many queens from each host 

species from the two main sites of sampling in year one, may have affected the abundance 

of hosts and prevalence in year two. Unfortunately this effect cannot be disentangled.

One potential result of selection pressure on queens of a species by S. bombi is a change in 

hibernation site preferences. Through avoidance of hibernation sites that support large
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amounts of the parasite population, queens can completely avoid exposure to infection.

The lack of infection found in B. muscorum may suggest it has a hibernation site 

preference very different to that of B. terrestris. It is also a possible route to segregation of 

parasite populations in different host species. Divergent choice in hibernation sites may 

produce separate subspecies of S. bombi.

The Sphaerularia - Bombus spp. system I have investigated can be classified as a 

generalist macroparasite that infects multiple host species with a direct lifecycle and 

reproduction occurs in the host. The only other system I know that anybody has done that 

breadth of work in is the Howardula-Drosophila system of Jaenike. Therefore I am 

providing the second case study of a system of this type. In addition a change in host 

behaviour is required for completion of the parasite’s lifecycle. This may be caused by the 

same mechanism that causes the host to be sterilised by S. bombi. Manipulation of host 

behaviour has most often been reported for trophically transmitted parasites to increase the 

chance of infecting an upstream host (Poulin, 2007). Therefore S. bombi presents a 

valuable addition to direct life cycle parasites that manipulate host behaviour.

The fact that S. bombi is present in so many Bombus spp. assemblages in the northern 

hemisphere, that it has a severe impact on host fitness and that it is also highly prevalent, 

means that the multi-host parasite community can be studied in a variety of environmental 

conditions and in replicate. This gives much greater power to theory derived from this host 

parasite system.

The 5 species (Tables 1.1 and 1.2) in which S. bombi was not found had sample sizes of 7 

or fewer queens. In these species it cannot be confirmed whether they never harbour S. 

bombi, potentially due to their rarity or whether increased sample sizes would detect S.
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bombi. Determination of parasitism by S. bombi is confirmed by dissection of queens. It 

would be fascinating to investigate the relationship between host rarity and parasite 

prevalence and abundance but there are obvious ethical concerns regarding those rarer host 

species because many Bumble bee species are in decline (Fitzpatrick et al, 2007, Goulson 

et al, 2008). Another way of determining infection by S. bombi is to capture the queen 

and place it in a transparent tube and wait for it to defecate. If parasite larvae are found 

(visible by eye when the tube is held up to the light) then the queen is infected and can be 

collected at no cost to the host species. However, as has been established by 

demonstration of the pattern of parasite larval deposition, infected queens may be missed 

because they have not yet begun deposition of parasite larvae or they have survived that 

period of infection and have stopped.

Finally, I develop 5 themes for further research that I believe would be particularly 

productive.

First, the laboratory infection model would benefit from investigation of host finding 

behaviour. Does S. bombi use an ambush or cruise forage behaviour (Grewal et al, 1994, 

Campbell et al, 2003, Fenton and Rands, 2004). The hypothesis being that S. bombi stays 

dormant post-mating until cues are picked up that a bumble bee is near by and invasion is 

triggered. The null hypothesis is that S. bombi mated females continue to cruise and search 

for a bumble bee host until they find one or their resources expire. This would help with 

design of the laboratory infection model. It should be combined with investigation of the 

length of time inseminated female S. bombi remain infective. Since they do not feed 

outside the host then there would presumably be a limited time for which they can remain 

infective, and should mean that an ambush approach is more likely. This will have 

implications for the methods used for collection and enumeration of infective females.
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Second, investigation of local adaptation within a host species would be relatively straight 

forward, given the prevalence of the parasite in Europe. Bumble bee colonies of local B. 

terrestris in two locations would be reared to obtain mated females. Nematodes of S. 

bombi collected in the same locations as the queens would be swapped between the two 

locations and farmed to produce infective females. Transplant and control groups would 

be created and their performance compared. The hypothesis is that S. bombi is locally 

adapted and will be more infective in the sympatric host population than in allopatric host 

population. The null hypothesis is that S. bombi will show no adaptation and will infect 

allopatric and sympatric hosts equally. Adaptation should take into account infectivity as 

well as the number of larvae that are deposited per queen.

Third, after improvement of the laboratory infection model S. bombi appears to be an ideal 

parasite in which to study resource limited fecundity, within-host competition and local 

adaptation. As in most macroparasite infections, size and fecundity of the parasite can be 

easily measured. The bumble bee does not appear to raise an immune response, in 

reproductively successful infections, which could reduce parasite fecundity. Instead 

parasite fecundity is limited by available resources one of which is size. One hypothesis is 

that larval deposition will increase in proportion to intensity of infection and reach an 

asymptote at a specific intensity whereas the null hypothesis would be that it will continue 

to increase with intensity. In the null hypothesis host death is likely to be the limiting 

factor as parasite reproduction cannot continue unabated. I predict that larval deposition 

will reach an asymptote above 10 parasite uteri per host. This is based on parasite uterus 

volume data from frozen queens that was not included in this thesis.
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Fourth, using data from field caught queens, intensity dependent mortality can be 

investigated. Once intensity of infection has been corrected for sample size, in which there 

should be a relationship, given the skewed distribution of parasites among their hosts, then 

intensity can be compared to the time of collection. This may be affected by two factors 1) 

high intensities may cause early emergence in queens due to drained energy stores, in 

which case intensity would decrease with time of emergence. 2) high intensities of 

infection may cause increased mortality, in which case they will be lost from the sampled 

population faster than queens with lower intensities of infection. This will be observed as 

a reduction in intensity of infection with time post emergence of the majority of queens of 

a species. The null hypothesis is that intensity of infection will remain constant over the 

collection period.

Fifth, I think more patterns in mortality of hosts can be investigated with respect to the 

pattern of parasite larval deposition. Is the risk associated with increased mortality from 

infection by S. bombi proportional throughout the queen’s life? In Chapter 4,1 suggest that 

increased host mortality may be a result of parasite larval production and migration of the 

larvae out of the host. If this is the case, then increased risk of mortality associated with 

infection is not proportional to time, and the critical assumption of the Cox regression 

survival analysis is invalid. The null hypothesis is that the rate of mortality does not differ 

with age post capture or waking with respect to uninfected queens. In addition it may be 

possible, with the current data set, to further investigate the pattern of larval deposition.

The rate of larval deposition was recorded per week, which may be too coarse a 

measurement to see a decreased prepatent period of the parasite. The prepatent period in 

this system is the time post waking of the host from hibernation before larvae are 

deposited. The number of larvae deposited in the 1^‘ week of deposition, relative to the
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second and third, for each queen, and each intensity of infection, may indicate a reduced 

prepatent period and suggest the occurrence of within host competition.
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Appendices

Appendix 1

High Salt Extraction Protocol

After Paxton, R. Nuclear or mtDNA isolation of material preserved in ethanol or frozen 

Clean the bench and turn on the waterbath.

I removed the uterus and motherworm from the sample tube, placed it in a fresh 1.5ml 

Eppendorf and ground it with a pestle. I added 350ul of SET buffer(SET buffer contains 

0.15M NaCl, 0.02M Tris, ImM EDTA pH 8.00), 6.Sul proteinase K (20mg/ml) and 15.Sul 

of SDS (25%) and ground the sample again to ensure the tissues were well broken up. The 

proteinase k was vortexed before use. The sample was then incubated at 55C for 2 hours, 

with occasional mixing. To the sample was added 275ul of 6M NaCl (saturated). It was 

then vortexed hard for 10 seconds to mix and centrifuged in a microcentrifuge at 13,000 

rpm (15,000) for 10 minutes. 150ul O.OlMTris (pH8.0) was added to a new 1.5ml 

Eppendorf tube and it was labelled with the individual’s identification number. ca.550ul of 

the supernatant (which contains the DNA) from centrifuged tube was added to the labelled 

1.5ml Eppendorf tube containing Tris. The new tube now containing DNA was filled with 

ice-cold 99% EtOH (-20C) and stored overnight (or longer) at -20C.

The sample was spun at 10,500 rpm (10,000g) for 15 minutes. The ethanol was then 

poured off (in one go), and 1ml of 70% EtOH(sourced) (-20C) was added. This was then 

spun at 10,500rpm (10,000g) for 8 minutes. Again the ethanol was poured off and to 

remove the remaining traces of ethanol the sample was dried in the vacuum dryer for one 

to three. The DNA pellet was then re-dissolved in lOOul of ddH20, and left on the shaker
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overnight (at 2-4C). This was vortexed then pulse centrifuged to make sure all the sample 

was at the bottom of the tube and stored at -20C.

Appendix 1 steps

Rapid DNA extraction using Chelex

from Estoup, A and Turgeon, J. Microsatellite isolation protocol, version 1, November 

1996.

1. Put a small piece of tissue in a 1.5ml Eppendorf tube.

2. Grind the tissue with a pestle to improve digestion efficiency

3. Add 500ul of Chelex 10% (Biorad, Chelex resin 100) solution. Pipette the Chelex 

solution while at 60C and under agitation. (Cut 0.25cm off the extremity of a lOOOul 

pipette tip and pipette directly from the Chelex solution while it is being agitated).

4. add 7ul of Proteinase K solution at 20mg/ml.

5. incubate for 1 hour at 55C in a shaking/rocking incubator.

6. Incubate for a further 30 minutes at lOOC with a quick manual shake at 15 minutes

7. store the tubes still containing resin balls at 2-5C or -20.

8. Prior to use in a PCR the tubes must be spun at 10,000g for 3 minutes, in order to pellet 

the Chelex resin balls.
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Appendix 2

Agarose gel electrophoresis

1% Agarose gels were made from 7g of Agarose (Sigma) and 70mls of TBE. The agarose 

and TBE suspension as heated in a mierowave until all the agarose had dissolved and no 

bubbles were seen in the liquid. The solution was then allowed to cool until the side of the 

flask was not too hot to touch with the bare hand. The solution was then poured into a U- 

shaped gel mould with the ends covered with tape and a 16 or 28 tooth comb. Once set, 

the tape was removed from the ends of the mould and the gel was gently placed into the gel 

rig containing IxTBE. The TBE was topped up if required so that it just covered the gel. 

This maximised the voltage across the gel.

4 to 8pl of the PCR products were then loaded into the wells. The volume loaded 

depended upon the quantity of DNA that was in the product. To at least one of the wells 

was also added a 100 base pair ladder (Biotools 0.2mg/ml). The lid of the rig was put in 

place and the power paek set to 120 volts. Depending upon the weight of the PCR- 

products and the length of the gel being used and observation of the movement of the 

loading dye the time the gel was run for was between 30 minutes and 1 hour.

Once the DNA had been drawn across the gel it was removed from the gel rig and placed 

in a bath of Ethidium bromide (Etbr). Etbr has a high affinity for DNA and fluoresces 

under UV light, allowing the DNA to be seen. It was left in EtBr for 30 minutes to 2 hours 

depending upon the thickness of the gel and the quantity of DNA that was in the PCR 

products. The gel could be removed from the EtBr, drained and placed on a UV light box 

to examine and decide whether a longer period of time in the EtBr was required for the 

bands of DNA to be seen. Once the bands were suitably visible a photograph was taken of 

the gel using a digital Polaroid.
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Appendix 3

Elchrom submerged gel electrophoresis

The gels for this system are ready to use (Spreadex ® EL 400 and 600). The gel is 

submerged in TAE buffer (a 1 in 40 dilution of Elchrom stock solution) preheated to 55C.

1 to 4pl of PCR-product was loaded into wells of the gel. 1 added lul of molecular marker 

to Sul of loading dye before loading it into the gel. The molecular marker used was M3 

(Elchrom Scientific) and on 3 occasions also a lObp ladder (Invitrogen). Once the DNA 

was loaded into the gel the lid was put in place and the voltage set to 120 and a timer set to 

either 90, 120 or 150 minutes.

The gels were stained using Cyber Green stain by adding lOul of stain to 50mls of Elchrom 

TAE (diluted 1 in 120). The gels were then placed in the gel bath which was covered and 

placed on a shaker for 30 minutes. The stained gel was washed in deionised water and 

pictures were taken using a digital Polaroid while lit by UV light.

269



Appendix 4

M3 Marker used in Elchrom Speadex® gels

M3 marker I Ml marker
— 622 — 622
— 587

540
— 527 — 527
— 504

— 458

— 434

— 404 — 404
393

348
337
332

— 309 — 309

270
— 287
— 2SB

242 — 242
— 238 — 238

234

___ 217 — 217_ 213
— 206
__ 201 — 201

132
190, 190 — 190,
184

— 180 — 180
— 174

180, 160 — 160,
153
152 151 
147, 147

141

132
131

124
123, 123

110
109
104
103
100

93
90
89

83
80

76
76

147, 147

123, 123 

110

_ 90

_ 78
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