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SUMMARY ABSTRACT

Many bumblebee species are suffering from the effects of habitat fragmentation and
population isolation. In some cases, populations have lost genetic diversity due to
genetic drift and it is possible they are now at heightened risk of extinction. Inbreeding
may be particularly costly to bumblebees because, as Hymenoptera, their
complementary sex determination system can lead to the production of sterile or
inviable diploid males. However, little is known about the effect that diploid male
production has on bumblebee colony fitness. Here, the consequences of brother-sister
mating in the bumblebee Bombus terrestris are investigated, and the production of
diploid males was found to exert considerable costs at the colony level by reducing
productivity and survival. Diploid males may therefore act as indicators of the genetic
health of populations, and their detection could be used as an informative tool in
hymenopteran conservation. Due to the costs associated with inbreeding, selection may
have favoured the evolution of kin recognition systems in bumblebees. Data are
presented that suggest that B. terrestris can discriminate between kin and non-kin as

gynes were less willing to mate with siblings compared to non-relatives.

Theory predicts that inbreeding may impose further costs on bumblebees through
increased levels of parasitism, but empirical data are scarce. The relationship between
population genetic diversity and parasite prevalence is assessed using Hebridean island
populations of Bombus muscorum and Bombus jonellus. In the more outbred B. jonellus,
there was no relationship between parasite prevalence and population heterozygosity.
But prevalence of the gut parasite Crithidia bombi and the tracheal mite Locustacarus

buchneri were found to be higher in populations of B. muscorum that had lower genetic



diversity. In addition to assessing infection status, the activity of the immune system
was assessed in each individual bee. However, there was no relationship between
population heterozygosity and these immune parameters. This suggests that, in some
Hymenopteran species, as populations lose genetic diversity the impact of parasitism
will increase, potentially pushing threatened populations closer to extinction. Therefore,
preventing population fragmentation by the creation of suitable habitats and by ensuring
connectivity between habitat patches are important aspects of hymenopteran

conservation.

Finally, this thesis investigates the potential threat of pathogen spread from
commercially reared bumblebees used for crop pollination to wild bumblebees.
Although no direct evidence for parasite spillover is found, the prevalence of C. bombi
was significantly higher in B. terrestris by the end of the season on farms that used
commercial bumblebees compared to farms that did not. This high prevalence does
suggest that pathogen spillover is a potential threat and it would be preferable to reduce
the usage of commercial bumblebees where possible. For example, sowing wild flower
mixes could boost natural pollinator populations, which in turn would benefit soft fruit
pollination. Overall, this thesis contributes to our knowledge of the consequences of
inbreeding in bumblebees and the relationship between genetic diversity and parasite
prevalence. It provides a greater understanding of the factors that might be pushing
threatened pollinators towards extinction and as a whole provides important information
that may inform conservation practitioners, whose aim is to protect the future of our

hymenopteran pollinators.
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Chapter 1 - General Introduction



1.1  The global loss of biodiversity

1.1.1 Anthropogenic causes of species declines

Human intervention in natural ecosystems seriously threatens global biodiversity.
Indeed, many ecologists believe that a global mass extinction may be occurring due to
the rapid rate at which species are being lost (Diamond, 1989; McKinney & Lockwood,
1999). The destruction and degradation of natural habitats is the most important cause
of such anthropogenic biodiversity decline (Tilman ez al., 1994). The loss of habitat also
inevitably leads to its fragmentation, which causes formerly widespread species to
become restricted to small patches where populations often become small and isolated
and extinction risks are heightened (Fahrig, 2003). Human-mediated introduction of
non-native species is also responsible for a large proportion of species declines. Such
invasive alien species can detrimentally effect native species through introducing
disease, competition, genetic hybridisation and habitat modification (Mack et al., 2000)

and are thought to be a leading cause of extinctions (Clavero & Garcia-Berthou, 2005).

1.1.2  The decline of bumblebees

Many bumblebee species have been subjected to habitat loss and invasive species, and
have been suffering significant range contractions throughout the Northern Hemisphere
over the last few decades (Kosior et al., 2007, Williams & Osbourne, 2009). These
declines were initially documented in the UK due to the comprehensive historical
information on the distribution and abundances of the native bumblebee species

(Alford, 1980; Williams, 1982). It is now recognised that 3 of the 25 native species have
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become extinct, 10 species have undergone severe range contractions and 7 species
have been placed on the UK Biodiversity Action Plan (Goulson, 2010a). It has been
more recently recognised that similar trends are occurring elsewhere in Europe.
Fitzpatrick et al. (2007) compared distribution maps of Irish bumblebees pre- and post-
1980 and found that similar species are declining in Ireland and Britain. Additionally,
late-emerging species have suffered the most significant declines. A further study by
Kosior et al. (2007) assessed the distribution and status of bumblebees in mainland
Europe and found that approximately 30% of species were threatened throughout their
range. The equivalent baseline data is not available in North America but there is
emerging evidence that some bumblebee species have been suffering from dramatic

declines in recent decades (Cameron et al., 2011).

The primary cause of these losses is the intensification of agriculture, which has
coincided with the period of most significant bumblebee declines in the latter half of the
20" century (Goulson et al., 2008; Williams & Osborne, 2009). Such intensification has
resulted in a loss of flower rich grasslands and other natural habitat, which has led to a
decline in floral diversity. This leads to a loss of bumblebees as they are dependent on
flowers for nectar and pollen, which almost exclusively comprise their diet. Indeed, a
direct correlation has been found between the number of wild bee species and the floral
diversity of an area (Hines & Hendrix, 2005). The intensification of agriculture has also
lead to a loss of potential nesting sites for bumblebees, for example in hedgerows and
unimproved grassland, and this is thought to have contributed to their decline (Goulson

et al.,2008).



Although it is recognised that agricultural intensification is partly responsible for
bumblebee losses in North America (Grixti et al., 2009), it is also thought that the
spread of disease from commercial bumblebees is having a detrimental impact on
bumblebee populations (Cameron ef al., 2011). Studies have found higher prevalence of
the bumblebee pathogens Crithidia bombi and Nosema bombi at sites near to
glasshouses where commercial bumblebees are deployed and suggest this is evidence
for pathogen spillover into the wild bumblebee population (Colla et al., 2006;
Otterstatter & Thomson, 2008). In the early 1990’s bumblebee queens from North
America were shipped to European rearing facilities, where it is thought they may have
become infected with disease. The colonies were then shipped back to North America
and released. Disease is thought by some to be responsible for the recent catastrophic
declines in at least five native bumblebee species in North America since this time
(Thorp & Shepherd, 2005; Winter et al., 2006). However, it should be noted that there

is no direct evidence for this at present (Brown, 2011).

1.2 Inbreeding and inbreeding depression

1.2.1 Overview

Genetic diversity is vital in maintaining the fitness of populations and is an important
consideration in the conservation of species that have been undergoing population
declines. Such diversity is required to withstand short-term environmental perturbations
and is crucial in allowing populations to evolve and adapt to long-term environmental
change (Frankham et al., 2010). Large populations of naturally outbreeding species

usually have extensive genetic diversity but small isolated populations are at risk from



losing their diversity. In smaller populations, random genetic drift can result in a steady,
inexorable loss of genetic diversity, a process that may be greatly exacerbated during
population bottlenecks. This process promotes homozygosity of certain alleles and

causes rare alleles to be lost (Frankham ez al., 2010).

The loss of genetic diversity in small populations can also occur in the short term as a
result of inbreeding (Keller & Waller, 2002). The term inbreeding is used in a number
of different contexts but it invariably refers to situations where matings occur between
relatives. Inbreeding due to such non-random mating refers to the degree of relatedness
between mates, relative to two mates chosen at random from the population. Population
subdivision can also cause non-random mating, which then leads to inbreeding (Keller
& Waller, 2002). The consequence of all types of inbreeding is a loss of genetic
diversity because it increases the frequency of individuals that are homozygous for
alleles that are identical by descent (Keller & Waller, 2002). If this loss of genetic
diversity leads to a loss of reproductive fitness it is termed inbreeding depression, which
is predominantly caused by an increase in the frequency of homozygotes for deleterious
recessives (Charlesworth & Charlesworth, 1999). It should be noted that if a species has
always had a small effective population size, it may regularly inbreed and if deleterious
recessives are frequently purged from populations, inbreeding depression may not
occur. However, if a rare species was previously more common it is more likely that

inbreeding depression will occur.

Inbreeding depression in diploid organisms significantly increases the risk of extinction
(Frankham, 2005). This has been clearly demonstrated with stochastic computer models

in a study by O'Grady ef al. (2006). A meta-analysis of the literature was used to



estimate the impact of inbreeding depression on the fitness of species across a broad
taxonomic range and this estimate was used to model its effect on extinction risk. It was
found that inbreeding depression significantly reduced the time to extinction in all of the
30 species modelled. Further evidence of this relationship has been found under natural
conditions. For example, small isolated populations of the Glanville fritillary butterfly
Melitaea cinxia were found to have reduced heterozygosity and a resultant increase in
extinction risk via effects on larval survival, adult longevity and egg-hatching rates
(Saccheri et al., 1998). Additionally, genetic factors have been found to be related to
population dynamics and hence extinction risk in two species of wolf spider in the
Genus Rabidosa. Smaller populations with lower genetic diversity were found to have
reduced population growth rates, particularly under stressful environmental conditions

and this increased their probability of extinction (Reed et al., 2007).

1.2.2  Inbreeding in haplodiploids

Haplodiploid organisms have often been assumed to suffer less inbreeding depression as
recessive deleterious and lethal mutations were thought to be purged through the
haploid males (Werren, 1993). But some authors have challenged this assumption,
primarily because purging will not be effective against female sex-limited traits, such as
hibernation survival and fecundity (Henter, 2003). Indeed, a meta-analysis by this
author concluded that when inbreeding is experimentally imposed on haplodiploid
populations, substantial inbreeding depression does occur. For example, the
haplodiploid wasp Uscana semifumipennis demonstrated significant inbreeding
depression, with longevity and fecundity reduced 38% and 32% respectively (Henter,

2003).



Haplodiploids may suffer further genetic costs of inbreeding due to their single-locus
complementary sex determination (sl-CSD) system, which is ancestral to the
haplodiploid Hymenoptera. Under this system, individuals heterozygous at the
polyallelic sex-determining locus develop into diploid females and hemizygotes develop
into haploid males. When a diploid individual is homozygous at the sex locus a diploid
male is produced. This rarely occurs in large outbreeding populations because many
CSD alleles can be maintained by negative frequency-dependent selection. However,
genetic drift in small populations increases diploid male production (DMP) by reducing
CSD allelic richness (Cook & Crozier, 1995). Inbreeding also increases DMP as there is
a higher probability that a matched mating will occur, where a female mates with a
haploid male that carries a sex allele identical to one of her own and produces a colony

where on average 50% of the offspring are diploid males (Duchateau ef al., 1994).

Diploid males represent significant fitness costs, primarily through their inviability or
sterility. For example, in the parasitoid wasp Brecon hebetor, very few diploid males
mature beyond the embryo stage (Petters & Mettus, 1980). In a few species, such as the
sawfly Athalia rosae ruficornis and the wasp Diadromus pulchellus, diploid males can
produce diploid sperm and mate, but this results in sterile or inviable triploid progeny so
the costs are merely deferred by a generation (Naito & Suzuki, 1991; Elagoze et al.,
1994). It should be noted that in some hymenopteran species diploid males are viable,
for example in the parasitoid wasp Cotesia glomerata, diploid males have been found to
successfully reproduce (Elias ef al., 2009). It is thought that diploid male fertility has
been selected for over time in this species as the occurrence of inbreeding is relatively

frequent (Elias er al., 2010). In social insects, however, diploid males do exert



substantial fitness costs as they effectively replace 50% of the female workforce and do
not contribute to colony productivity and this can be viewed as 50% worker mortality
(Duchateau et al., 1994; Packer & Owen, 2001). In honey bees and ants this cost is
reduced as the larvae are consumed by the workers, but in bumblebees they are reared
to adulthood (Duchateau et al., 1994). The production of diploid males has been shown
to slow the rate of colony growth in Bombus atratus under laboratory conditions
(Plowright & Pallett, 1979) and result in higher mortality of founding queens in the fire
ant Solenopsis invicta (Ross & Fletcher, 1986). Modelling has demonstrated that DMP
can initiate a rapid extinction vortex and suggests that haplodiploids are more prone to

extinction due to genetic reasons than previously supposed (Zayed & Packer, 2005).

1.2.3  Inbreeding in bumblebees

The study of genetic diversity and inbreeding in bumblebees is particularly relevant
because of the population declines and range contractions they have been experiencing.
Due to the loss of habitat, populations of the rare species have become fragmented and
genetically isolated and are therefore susceptible to inbreeding depression, which has
serious implications for their persistence (Darvill et al., 2006; Ellis et al., 2006;

Takahashi et al., 2008).

The negative genetic consequences of population fragmentation and isolation are
exacerbated in bumblebees as there are a number of factors that predispose them to
inbreeding and a low level of heterozygosity. Firstly, as haplodiploids, in any one
generation there are only 75% as many gene copies compared to diplodiploid

organisms. The effective population size of a haplodiploid is, therefore, smaller than for
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an equivalent diplodiploid (Packer & Owen, 2001). Secondly, the effective population
size of bumblebees is further reduced by their social nature as it is determined by the
number of successful nests in an area and not by the number of sterile workers, which
are considerably more abundant (Goulson, 2010a). Finally, the majority of bumblebee
species are monoandrous (Estoup et al, 1995; Schmid-Hempel & Schmid-Hempel,
2000). This increases their susceptibility to inbreeding compared to polyandrous
species, which effectively have more breeding individuals per generation (Page &
Metcalf, 1982). Additionally, polyandrous species such as the field cricket Gryllus
bimaculatus are able to avoid the costs of genetic incompatibility through

postcopulatory selective fertilisation (Tregenza & Wedell, 2002).

Only a small number of studies have directly investigated inbreeding in bumblebees and
these focus on the common and widespread species, Bombus terrestris. Duchateau et al.
(1994) found that the growth rate of inbred colonies producing diploid males was only
slightly affected. Gerloff e al. (2003) mimicked inbreeding through one generation of
brother-sister mating in B. terrestris and studied its effects on two measures of fitness;
immune defence and body size. Contrary to expectation, inbreeding did not significantly
affect immune response or body size in either workers or haploid males and the
variation in these response variables was largely explained by the maternal family and
the colony of origin. Gerloff & Schmid-Hempel (2005) then extended this study to
investigate the effects of inbreeding on hibernation survival, colony foundation success,
colony size and the quantity and quality of reproductive output in the next generation.
Colony size was negatively affected by inbreeding but variation in the other life history
traits were again predominantly explained by maternal genotype. In contrast, an earlier

study by Beekman et al. (1999) did find some evidence for inbreeding depression in B.



terrestris: inbreeding had a slight negative impact on the fecundity of the queens and on

the size of colonies.

The apparent lack of severe inbreeding depression in B. terrestris partly explains why
this species can be invasive and has been extremely successful in colonizing new areas
from small founder populations. For example, B. terrestris is spreading rapidly across
Tasmania after its introduction in the early 1990’s, despite a severe genetic bottleneck
and ensuing low genetic diversity (Schmid-Hempel et al., 2007). However, this success
is likely to have been aided by a favourable climate, lack of inter-specific competition

and few parasites (Gerloff & Schmid-Hempel, 2005).

Rather than directly study inbreeding, a number of studies have investigated the
population and genetic structure of various bumblebee species. The findings show that
more common species, for example B. terrestris and Bombus pascuorum, exhibit little
spatial genetic differentiation between populations (Estoup ef al., 1996; Widmer et al.,
1998; Pirounakis et al., 1998; Widmer & Schmid-Hempel, 1999). However, when rare
and common species are compared, the rare species with fragmented populations, such
as Bombus sylvarum and Bombus humilis, have a much lower genetic diversity than
common, widespread species such as B. terrestris and B. pascuorum (Ellis et al., 2006).
Similar results have been found in North America, where populations of declining
species of bumblebees have lower levels of genetic diversity than co-occurring
populations of species that are not suffering from declines (Cameron et al., 2011).
Additionally, extremely low effective population sizes have been found in two species

of threatened bumblebees in the UK: in B. sylvarum effective population size ranged
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from 21 to 72 (Ellis et al., 2006) and in Bombus distinguendus the size ranged from

only seven to 42 (Charman et al., 2010).

Darvill et al. (2006) investigated inbreeding and population structure in B. muscorum,
yet another rare and declining species now predominantly found in the Western Isles of
Scotland. Isolated island populations were found to be genetically differentiated to those
closer to the mainland and had substantially reduced genetic diversity. In addition,
genetic diversity was lower than in the closely related but more common species, B.
pascuorum. Subsequent work has shown that B. muscorum shows markedly higher
population structuring and isolation by distance than the coexisting Bombus jonellus (0
= 0.13 compared to 6 = 0.034). This indicates that B. muscorum has a lower dispersal
ability (estimates of the maximum dispersal range being only 8 km, compared to 50 km
for B. jonellus) and hence is more susceptible to population isolation due to habitat
fragmentation (Darvill et al., 2010). Diploid males have also been recorded in rare
bumblebee species (Darvill ef al., 2006; Takahashi et al., 2008), demonstrating that the
loss of genetic variation has an associated fitness cost. It seems probable that inbreeding
and loss of genetic diversity in isolated bumblebee populations reduces their fitness but

it remains to be established if this is driving them to extinction.

1.2.4  Inbreeding and parasite susceptibility

One mechanism by which genetically impoverished populations may become extinct is
through parasitism. Inbreeding and increased homozygosity can increase either the
prevalence of parasites at the population level or susceptibility to parasites at the

individual level. At the population level, a loss of genetic diversity due to inbreeding
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reduces the capacity of the population to respond to novel virulent pathogen genotypes.
The more genetically diverse a population is, the more likely it is that some individuals
can resist a pathogen and this limits epidemic spread and facilitates evolution. In large
populations, selection maintains this diversity but in small populations, alleles will be
lost by genetic drift, and this will increase the probability that a pathogen that can kill
one individual can kill many or all individuals (Frankham et al., 2010). Studies in
vertebrates have supported this, for example the genetic diversity of populations of the
frog Rana latastei is negatively correlated with susceptibility to an emergent pathogen
(Pearman & Garner, 2005). Similar relationships have been found in other taxa for
example the endangered fish Poeciliopsis o. occidentalis (Hedrick et al., 2001) and the

rodent Peromyscus maniculatus (Meagher, 1999).

At the individual level, correlations between heterozygosity and variations in fitness
related traits, for example parasite susceptibility, are collectively known as
heterozygosity-fitness correlations (HFC). HFCs have been reported where loss of
heterozygosity in individuals leads to higher rates of infection and disease, for example
in sheep, (Coltman et al., 1999), sparrows (MacDougall-Shackleton et al., 2005), sea
lions (Acevedo-Whitehouse ef al., 2006) and cooperative crows (Townsend et al.,
2009). However, this is certainly not a universal trait as a number of studies have
recently emerged that show no such relationship (Pujolar et al., 2009; Cote et al., 2005).
Indeed, Chapman ef al. (2009) has used multivariate techniques to conduct a powerful
meta-analysis of HFC studies and concluded that there was only weak evidence for
heterozygosity-fitness correlations across many traits. Additionally, there is ongoing

debate about the extent to which the measures of heterozygosity used in HFCs

12



(predominantly microsatellites) actually reflect the true inbreeding co-efficient of

individuals (for example, David, 1998; Slate et al., 2004; Ljungqvist et al., 2010).

The majority of studies incorporated in the meta-analysis by Chapman et al. (2009)
were vertebrates and the studies that have addressed the effects of inbreeding on
immunity and/or parasitism in invertebrates have demonstrated that the relationship is
complex. For example, Stevens et al. (1997) found that the effect of inbreeding on the
susceptibility of the flour beetle Tribolium castaneum to parasitic nematodes was not
consistent and depended on host lineage. The effect of inbreeding can also depend on
host sex, for example inbred females of the autumnal moth Epirrita autumnata have a
significantly reduced immune response, but there is no such effect in males (Rantala &
Roff, 2007). It has also been shown that the effect of inbreeding on infection can depend
on the parasite species, with inbred Daphnia magna hosts becoming more susceptible to
one parasite species but not to another (Haag ef al., 2003). A recent study by Drayton &
Jennions (2011) found that inbreeding in the cricket Teleogryllus commodus had no
negative affect on immunity as measured by lysozyme-like activity and hemocyte
counts. The effect of inbreeding on infection can also depend on the genetic diversity in
the parasite population. Experiments have shown that genetically diverse populations of
Daphnia magna only had lower infection rates compared to homogenous populations
when exposed to a number of different parasite strains. No such effect of host
heterogeneity was found in host populations exposed to single parasite strains (Ganz &

Ebert, 2010).

There is, however, evidence to suggest that inbreeding can decrease the immunity of

invertebrates at the individual level. Spielman et al. (2004) found that inbred
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populations of Drosophila melanogaster had a significantly reduced resistance to the
insecticidal toxin, thuringiensin, and live Serratia marcescens bacteria and this was
shown to result from the loss of specific resistance alleles. A further laboratory study
with Drosophila has also found evidence for inbreeding depression, which then led to
increased susceptibility to parasites. Experimentally inbred lines of Drosophila
nigrospiracula were found to have a reduced capacity to sustain defensive behaviours
against the ectoparasitic mite Macrocheles subbadius (Luong et al., 2007). Similarly,
inbred termites suffer from increased disease susceptibility, which is due to a decrease
in the efficacy of group level disease resistance rather than a loss of individual
immunity per se (Calleri et al., 2006). Fewer studies have investigated the relationship
between heterozygosity and parasite prevalence at a population level but two studies
have found no correlation in subpopulations of snails and earthworms (Trouve et al.,
2003; Field et al., 2007). However, another study on a freshwater snail did find a
negative correlation between population heterozygosity and probability of infection
(Puurtinen ef al., 2004). Similarly, in D. magna, the transmission of a virulent parasite

was found to be higher in inbred host populations (Ebert ef al., 2007).

In bumblebees, circumstantial evidence does exist supporting the hypothesis that inbred
populations are more susceptible to parasitic infection. Firstly, the invasive Bombus
terrestris in Tasmania is highly inbred due to small numbers of founding queens and
individuals have been found to support very high loads of ectoparasitic mites (Schmid-
Hempel et al., 2007; Allen et al., 2007). Secondly, an interdisciplinary study has looked
at the population genetics and levels of pathogen infection in bumblebee populations

across North America. The populations that were found to be declining had lower levels
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of genetic diversity and significantly higher prevalence of the pathogen Nosema bombi

compared to the stable bumblebee populations (Cameron et al., 2011).

1.2.5 The parasite hypothesis

Despite the lack of consistent experimental evidence about the effect that inbreeding in
bumblebees may have on immunity, there is reason to believe that parasite load will be
greater in inbred populations that have a lower heterozygosity. This is due to the
parasite hypothesis, which states that genetically diverse colonies of social insects have
a selective advantage as they are more resistant to parasitism (Sherman et al., 1988; van
Baalen & Beekman, 2006). Fundamental to this hypothesis is the assumption that
different host genotypes have a varying susceptibility to different parasite strains, which
would mean that a parasitic infection is not likely to spread as rapidly and as far through
a genetically heterogeneous colony (Sherman ef al., 1988; Schmid-Hempel, 1998).
Experimental support for the hypothesis has been provided by a number of studies using

bumblebees and their parasites as a model system and these are summarised below.

Shykoff & Schmid-Hempel (1991a) used the host-parasite system of B. terrestris and
the intestinal trypanosome C. bombi to show that within species variation in
susceptibility to the parasite does exist and infections spread more slowly between
unrelated workers than among related workers. Strong effects of colony genotype on the
probability of infection and transmission of C. bombi were also reported by Schmid-
Hempel & Schmid-Hempel (1993). Further evidence for a genetic component in the
patterns of infection has been provided by Wilfert et al. (2007) through studying

quantitative trait loci (QTL) related to C. bombi infection in B. terrestris. Investigations
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under field conditions have provided additional support for the parasite hypothesis.
Liersch & Schmid-Hempel (1998) created genetically homogeneous and heterogeneous
colonies of B. terrestris and placed them in the field where they were naturally exposed
to parasitism. It was found that the genetically heterogeneous colonies had significantly
lower prevalence, load and richness of a range of parasites, including protozoa,
nematodes, mites and parasitoids. This work was taken further by Baer & Schmid-
Hempel (2001) who artificially inseminated queens with sperm from one to four males,
to represent different levels of polyandry. They found that the intensity and prevalence
of C. bombi decreased with increasing levels of colony heterogeneity resulting from

multiple inseminations.

The evidence outlined above does suggest that heterogeneous colonies of bumblebees
suffer less damage from parasitic infections than homogeneous colonies but modelling
has shown that this advantage may be smaller than expected. van Baalen and Beekman
(2006) modelled the effect of colony heterogeneity on the fitness cost inflicted by
parasites and diseases and their results supported the parasite hypothesis to an extent.
However, in heterogeneous colonies more genotypes are present that are susceptible to
different parasites and so they may actually suffer an increased frequency of infection at

the colony level, despite there being less per-infection damage.

The parasite hypothesis is used to contribute to the explanation for the evolution of
multiple mating in eusocial insects (Sherman et al., 1988). Because polyandry reduces
the average relatedness between colony members it was seen as a paradox for the
original kin-selection explanations for the evolution of eusociality in hymenopterans

(Hamilton, 1964). It is now understood that multiple mating can have selective
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advantages by increasing the genetic heterogeneity within a colony, as seen in the case
of parasites. However, bumblebees are predominantly monogamous (Estoup et al.,
1995) so theories concerning multiple mating are not generally applicable. But the
parasite hypothesis provides a useful framework against which to predict what effect

bumblebee genetic diversity might have on parasite susceptibility.

1.2.6 Inbreeding avoidance

Due to the potential fitness costs associated with inbreeding, one might predict that
selection would have favoured the evolution of kin recognition and inbreeding
avoidance behaviours in bumblebees. The mating behaviour of bumblebees has been
well studied in the laboratory (for example, Sauter & Brown, 2001) but little is known
about inbreeding avoidance behaviours. One study found that queens of Bombus
frigidus and possibly Bombus bifarius preferentially mated with unrelated males when
given a choice (Foster, 1992). Males of these two species exhibit the pre-mating
behaviour known as ‘patrolling’, where males mark objects with a pheromone and visit
them sequentially to encounter potential mates attracted by the scent (Alford, 1975;
Williams & Zervos, 1991). In the natural situation it is unlikely that reproductives will
encounter both siblings and non-siblings at the same time. Therefore, choice
experiments such as Foster’s (1992) perhaps do not represent the natural situation and
clearly more research is need into the potential inbreeding avoidance behaviour of

bumblebees.
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1.3  Bumblebee parasites and immunity

1.3.1 The parasite of bumblebees

Bumblebees have long been known to harbour a great number and diversity of parasites

(Alford, 1975; Schmid-Hempel, 1998) (see table 1.1). For the majority of the parasite

species listed in Table 1, little is known about their biology, epidemiology or how the

host-parasite interaction impacts bumblebee population biology. However, the most

common parasites have been quite intensively studied and the following paragraphs

introduce the parasite species that are encountered in the subsequent chapters.

Table 1.1 A summary of the parasites reported for bumblebees (taken & adapted from Schmid-

Hempel, 2001).

Group Parasite Remark

Virus Acute Bee Paralysis Uncertain status in nature
Entomopox virus

Bacteria Spiroplasma In haemolymph
Aerobacter cloaca and
other unidentified bacteria

Fungi Acrostalagmus sp. Short hibernation in diseased queens.
Beauveria bassiana
Candida sp.
Hirsutella sp.
Paecilomyces farinosus Pathogenic
Verticilium lecanii

Protozoa Nosema bombi See section 1.3.1.2
Crithidia bombi See section 1.3.1.1
Apicystis bombi See section 1.3.1.3
Neogregarina sp.

Nematodes Sphaerularia bombi Infects overwintering queens, causing a
behavioural change; queens do not found
nests but seek further hibernating sites.

Hymenopteran Syntretus splendidus Probably exclusively attacks spring queens
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parasitoids

Melittobia acasta; M. chalybii

Monodontomerus montivagus

Pediobius williamsoni

Dipteran parasitoids

Apocephalus borealis

Feeds on thoracic muscles

Boettcharia litorosa

Helicobia morionella

Brachioma devia; B. sarcophagina; B.
setosa

Can be extremely destructive

Conops algirus; C. argentifacies, C.
elegans; C. flavipes; C. quadrifasciatus, C.
vesicularis

Investigated particularly in B. terrestris

Melaloncha sp.

Physocephala brugessi; P. dimidiatipennis;

P. dorsalis; P. nigra; P. obscura; P. rufipes;

P. sagittaria; P. tibialis; P. vittata

Pupa can be hyper-parasitised by
pteromalid wasps

Senotainia tricuspis

Sicus ferrugineus Investigated particularly in B. terrestris
Zodion sp.
Lepidoptera Ephestia kiihniella Feeds on colony provisions

Acari (mites)

A large number of species

Unclear status as parasites.

Locustacarus buchneri

See section 1.3.1.4

1.3.1.1

Crithidia bombi

The intestinal parasite C. bombi (Trypanosomatidae, Zoomastigophorea, (Lipa &

Triggiani, 1988)) is a single-celled flagellate. Recent molecular work has discovered

that this species has two very distinct lineages and so it is now classified as two separate

species: C. bombi & Crithidia expoeki (Schmid-Hempel & Tognazzo, 2010). But due to

the recent nature of this discovery, this thesis only refers to C. bombi. The cells of the

parasite attach to the walls of the mid- and hindgut in infected bumblebees and multiply

rapidly. New parasite cells are then released from two to five days after the initial

infection and pass out in the faeces, increasing in numbers for 8-13 days, after which the

faecal pathogen load levels out but continues to fluctuate (Schmid-Hempel & Schmid-

Hempel, 1993; Logan et al., 2005). Horizontal transmission of the parasite occurs

between workers within a colony by the ingestion of infective cells on nest materials.
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Horizontal transmission between colonies occurs when foraging workers from
uninfected colonies ingest cells left on flowers by workers from infected colonies
(Durrer & Schmid-Hempel, 1994). A study by Imhoof & Schmid-Hempel (1999)
showed that the rate of horizontal transmission by C. bombi is notably high, with all
workers from lab-reared colonies of B. ferrestris showing signs of infection after only
10 days of exposure in the field. In addition, the rate of horizontal transmission
increases as the season progresses, due to the larger number of foraging workers. The
vertical transmission of the parasite to the next generation depends on the parasite
infecting daughter queens that survive to establish their own nests the following spring

(Ulrich et al., 2011).

The prevalence of C. bombi among bumblebees is typically high but varies among host
species, locality and the time of year, usually falling within the range of 10% to 35% of
bees infected (Shykoff & Schmid-Hempel, 1991b; Korner & Schmid-Hempel, 2005).
Colonies infected with C. bombi are able to survive and reproduce, suggesting that the
virulence of the parasite is low (Imhoof & Schmid-Hempel, 1999). However, C. bombi
is pathogenic and can cause a slower colony development early in the season and a
reduction in ovary size in queens as well as workers (Shykoff & Schmid-Hempel,
1991c¢). Infections may also affect the build-up of the queen’s fat body for hibernation
(Schmid-Hempel, 2001). In addition, the parasite can result in higher worker mortality
under adverse environmental conditions. For example, starvation causes the mortality
rate from the parasite to increase by more than 50% (Brown et al., 2000). As such
starvation can occur in natural situations, for example when rain or cold weather
interrupts foraging, it is possible that C. bombi has significant adverse effects on the

growth and survival of bumblebee colonies in the wild (Brown et al., 2000). The
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virulence of C. bombi has also shown to be context-dependent and can cause substantial
loss of fitness for B. ferrestris queens under stressful hibernation and colony founding

(Brown et al. 2003b).

The nutritional status of the bumblebee host also affects the population dynamics of the
parasite itself, as was demonstrated in a study by Logan et al., (2005). It was found that
pollen-starved bees maintained a significantly lower C. bombi population that
developed later after infection. This has implications for the horizontal transmission of
the parasite between colonies as there would be a decreased parasite population in the
faeces of pollen starved bees, which would decrease inter-colony transmission. This
could in turn decrease the overall parasite population and so C. bombi may be less
prevalent in food stressed host populations than would be expected when only

considering host susceptibility.

Infection by C. bombi also impairs cognitive processes and diminishes a bumblebees’
ability to utilize floral information and make economic foraging decisions (Gegear et
al., 2006). Although this subtle behavioural change may not significantly reduce the
fitness of the individual bee, the cost to the colony may be much more severe as the
reproductive success of a colony is directly related to the foraging success of workers
(Schmid-Hempel & Schmid-Hempel, 1998). C. bombi has been found to have further
effects on the foraging behaviour of bumblebees with the number of flowers visited per
minute and the flower handling time varying with infection intensity. Bees with more
intense infections (i.e. more infectious bees) visited fewer flowers per minute and this
may subsequently influence the probability of transmission but further work is needed

to fully understand this complex system (Otterstatter & Thomson, 2006).
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The interaction between C. bombi and its host (B. terrestris in all experiments) is
strongly influenced by the genotypes of both. Transmission experiments have shown
there is genotypic variation in the expression of host susceptibility and parasite
infectivity (Schmid-Hempel & Schmid-Hempel, 1993; Schmid-Hempel et al., 1999). It
has also been shown that there is extremely high diversity of parasite genotypes, which
again indicates that there are strong genotypic host-parasite interactions in this species
(Schmid-Hempel & Funk, 2004). Such genotypic interactions suggest that C. bombi
exerts considerable selection pressure on its host and this is supported by studies that
have demonstrated the high virulence of this parasite, even if this virulence is condition

or context dependent (Brown et al., 2000; Brown et al., 2003b).

1.3.1.2 Nosema bombi

Nosema bombi (Microsporidia, Nosematidae, Fantham & Porter, 1914) is another
single-celled intestinal parasite and the only microsporidian known to infect
bumblebees. The spores germinate in the gut lumen of infected bumblebees and
primarily invade the mid-gut cells and the malpighian tubules but infections have also
been found in fat tissue, nerve tissue, tracheae and reproductive organs (Larsson, 2007).
After replication, the parasite releases mature spores back into the gut lumen, which
begin to be passed out in the faeces from five days to as much as 21 days after the initial
infection (Mclvor & Malone, 1995). N. bombi is particularly infective of larvae and
young bees (Rutrecht et al., 2007), although it can also infect mature adults (Schmid-
Hempel & Loosli, 1998). A higher infectivity of young bees favours the successful
transmission of N. bombi because it can take up to 21 days before infective spores are

passed out in the faeces. As the life expectancy of a bumblebee worker in the field is
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roughly 20-30 days (Rodd et al., 1980), young bees are much more likely to survive to

the time post-infection when spores can be transmitted.

The transmission dynamics of N. bombi are less well understood than those of C. bombi.
One study found a positive relationship between spore dose and infection success and
that a transmittable infection can only be established if a bee ingests a minimum dose of
100,000 spores (Rutrecht et al., 2007). This suggests that the nest is the major arena for
infection, as spores will accumulate due to the concentration of bees and their faeces
(particularly as infected colonies are dirtier, possibly due to the diarrhoea caused by the
parasite and/or decreased cleaning behaviour of the workers) and these spores will be
protected from destructive UV rays. This is further supported by the fact that N. bombi
preferentially infects larva and young bees, both of which remain within the nest
(Rutrecht & Brown, 2008). However, horizontal transmission between colonies must
also occur as this one species of parasite infects many phylogenetically distant
bumblebee species (Tay ef al., 2005). If no horizontal transmission takes place, genetic
differentiation would have occurred in the parasite as it has done in its host, resulting in

greater genetic diversity between N. bombi lineages.

The effect of N. bombi on its host appears to be variable, demonstrated by the
contrasting results of different studies. A number of studies have found infection by M.
bombi to be unrelated to the number of reproductives produced or the size of the colony,
which suggests the parasite has few detrimental fitness effects (Fisher & Pomeroy,
1989; Imhoof & Schmid-Hempel, 1999; Whittington & Winston, 2003). However, these
studies were simply correlative and did not experimentally infect bumblebees to

investigate causal relationships. To further understand this parasite, Otti & Schmid-
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Hempel (2007) investigated the effects of N. bombi in B. terrestris under standardised
laboratory conditions. They found that the mortality rate of infected workers was five
times higher than that of uninfected workers. Additionally, infected males had a lower
survival and significantly less sperm and some gynes had extended abdomens, crippled
wings and were unwilling to mate. Such severe infection effects in the sexuals are likely
to either substantially reduce or completely eliminate their reproductive success. This
high virulence may result from the unlimited food resources in the laboratory enabling
the bees to support more intense infections than they would in the field. A field
experiment was then conducted to investigate the effect of N. bombi under natural
conditions (Otti & Schmid-Hempel, 2008). Infected queens produced significantly
smaller colonies than uninfected queens and they also produced no sexual offspring,
whereas a number of the uninfected colonies produced males. If N. bombi had similarly
high virulence in all of its bumblebee host species, its transmission to further
generations would be impeded. Rutrecht & Brown (2009) investigated this apparent
paradox by conducting controlled laboratory infections in Bombus [ucorum, a
bumblebee species that occurs sympatrically with B. ferrestris. Although B. lucorum
was negatively affected by infection with N. bombi, the virulence did not appear to be as
high as in B. terrestris, as colonies were still able to produce reproductives that were

capable of mating, thus enabling the successful vertical transmission of this parasite.

The prevalence of N. bombi varies spatially, temporally and across species. This has
been demonstrated in a study by Paxton (2005), which recorded the incidence of N.
bombi in 21 bumble bee species from 7 European countries in 2003 and 2004. A total of
2846 bees were examined and microsporidia were detected in 9 of the species.

Interestingly, N. bombi was found in all species where more than 60 individuals were
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examined, which suggests the parasite is ubiquitous even if it exists at low levels in
some species. The incidence of infection varied between countries, year and species.
For example, 46% of B. terrestris/lucorum were infected in Ireland in 2003, whilst only
3% were infected in Sweden. And, overall, an average of 19.3% of B. terrestris/lucorum
were infected, compared to only 3.7% of B. pascuorum. The factors that drive these

high levels of variation are unknown.

1.3.1.3 Apicystis bombi

Comparatively little is known about the third gut microparasite to infect bumblebees. A.
bombi (Neogregarinida, Lipotrophidae: Lipa & Triggiani, 1996) infects adult
bumblebees through the ingestion of spores. These release sporozoites that penetrate
through the gut wall infecting the fat body cells where they develop and multiply.
Spores are then excreted in the faeces, to be transmitted to other individuals

(Macfarlane et al., 1995).

Apicystis bombi is known to have quite serious detrimental effects on its host; infected
workers have a disintegrated fat body (Durrer & Schmid-Hempel, 1995) and infected
colonies have a much decreased chance of growth and reproduction (Schmid-Hempel,
1998). In addition, 4. bombi causes the premature death of queens after emergence
(Macfarlane et al., 1995; Rutrecht & Brown, 2008). Very little is known about the
distribution of this parasite, although it is less common than both C. bombi and N.

bombi.
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1.3.1.4 Locustacarus buchneri

The endoparasite L. buchneri Stammer (Acari: Podapolipidae) infects the trachea of
bumblebees. Gravid female mites overwinter inside hibernating bumblebee queens and
when the queens become active in the spring, the mites pierce the tracheal wall with
their mouthparts and feed on the haemolymph. Several mites may infest a single host
and females deposit up to 50 eggs, which hatch into the mobile larviform females and
males. After mating the females can migrate to other hosts within the nest via the host’s
spiracles (Alford, 1975) and will predominantly move from adult bees to 3 or 4™ instar
bee larvae, when the wax-pollen larval surround opens to allow feeding (Yoneda et al.,

2008).

As with most parasite species, the prevalence of L. buchneri is highly variable. It is
typically found in less than 10% of field caught bumblebees (Macfarlane et al., 1995)
but prevalence of up to 50% have been found in some species, although it is unclear
why certain bumblebee species appear to be preferentially parasitised (Otterstatter &
Whidden, 2004). Little experimental work has been carried out on this parasite but
observations suggest that this mite can have negative fitness effects on its host. For
example, Husband & Shinha (1970) reported that bees infected with large numbers of L.
buchneri were suffering from diarrhoea and had a decreased foraging ability.
Additionally, a B. terrestris queen that was observed to be weak and cease in its nest
building activity, was found to contain a large number of L. buchneri and was almost
entirely wasted away internally (Skou e al., 1963). However, one laboratory study
found that bumblebees infected with L. buchneri were no less efficient at foraging than

uninfected bees (Otterstatter et al., 2005), although the sample size was small.
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1.3.2  The bumblebee immune system

The immune system of bumblebees, like that of all invertebrates, provides protection
against the vast array of parasites and pathogens that may be encountered throughout
their life history. The system is activated when an attacker breaks through the external
barriers of the outer body wall or endothelia and is recognised as non-self. This
recognition is achieved by pattern recognition receptors that identify pathogen
associated molecular patterns (PAMPs) on the surface of the intruding microbe
(Medzhitov & Janeway, 2000). The identification of PAMPs initiates a series of events
that eventually leads to the appropriate defence response. Invertebrate defence
responses are often classified into either the constitutive or inducible branches of

Immunity.

Constitutive immunity includes the production of haemocytes and the enzyme
phenoloxidase (PO) from its inactive precursor prophenoloxidase (pro-PO). These
immune responses are referred to as constitutive as they are present even without
contact with a pathogen and as a result they can be activated rapidly and are effective
against a broad range of parasites (Schmid-Hempel, 2005). PO catalyses the oxidation
of phenols into quinones, which then polymerize into melanin (Soderhall & Cerenius,
1998). Melanin is deposited round the parasite, isolating and externalising it; such
melanisation is a common defence mechanism in a wide range of invertebrates (e.g.
Allander & Schmid-Hempel, 2000). Haemocyte-mediated immune responses include
phagocytosis, nodulation and encapsulation. Phagocytosis occurs when a haemocyte
encounters a pathogen smaller than itself and engulfs it. When multiple haemocytes

bind to and smother larger pathogens, it is known as nodulation. Encapsulation is
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similar to nodule formation but occurs on a larger, more organised scale in response to

macro-parasite infection (Lavine & Strand, 2002).

The inducible element of the invertebrate immune system is slower to activate and may
be tailored to particular pathogen classes. It involves the production of anti-microbial
peptides, which are manufactured in the fat body, epithelium and hemocytes. A large
number of antimicrobial peptides have been described, which are effective against a
variety of pathogens (Hetru ef al., 1998). Recent work has shown that the bumblebee B.
terrestris strongly upregulates three known antimicrobial peptides (abaecin, defensin 1
and hymenoptaecin) after wounding and bacterial infection (Erler et al., 2011).
Evidence has also shown that the invertebrate immune system is more sophisticated that
previously supposed as it exhibits a form of immune memory and specificity. The
offspring of immune challenged bumblebee queens showed significantly higher
antibacterial activity than the offspring of control queens (Sadd et al., 2005). This trans-
generational immune priming has been demonstrated to be mediated by factors inside

the egg (Sadd & Schmid-Hempel, 2007).

Immunocompetence (IC) can be defined as the ability of an organism to mount an
immune defence against a parasite through either cellular, humoral or behavioural
pathways (Konig & Schmid-Hempel, 1995; Schmid-Hempel & Schmid-Hempel, 1998;
Adamo, 2004; Rantala & Roff, 2005; Wilson-Rich et al, 2008). It is possible to
empirically estimate IC by mimicking the challenge posed by a real parasite using
synthetic material, which creates a standardised challenge against which different
responses can be compared. The most universal method involves implanting a nylon

monofilament into the abdomen of an insect, where it is exposed to the circulating
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haemolymph. This triggers the encapsulation response, which can be measured as the
degree of melanisation (Konig & Schmid-Hempel, 1995; Schmid-Hempel & Schmid-
Hempel, 1998). This measure is a good illustration of the non-specific constitutive
immune response as melanisation is used by invertebrates to respond to a wide and

indiscriminate range of pathogens (Gupta, 1986).

In bumblebees, implanting a nylon monofilament mimics the action of conopid flies,
which are widespread parasites of bumblebees that oviposit into the abdomen of worker
bees (Schmid-Hempel et al., 1990). The encapsulation response has helped elucidate
many aspects of the bumblebee immune system (e.g. Schmid-Hempel & Schmid-
Hempel, 1998; Allander & Schmid-Hempel, 2000). Additionally, the encapsulation
response has been found to positively correlate with overall size of a bumblebee colony
and the number of reproductives it produces, so it is a good correlate of fitness (Baer &

Schmid-Hempel, 2003).

The level of phenoloxidase in an insect can be measured photospectrometrically and is
also used to estimate an individual’s IC. The role of PO in insect immunity is
undoubtedly very complex and some studies have suggested its role is not essential as
pathogens can sometimes be overcome in its absence (for example Leclerc et al., 2006).
However, more recent data have provided convincing evidence of the importance of the
role of PO (summarised in Cerenius et al., 2008). For example, the bacterial pathogen
of the moth Manduca sexta can inhibit host PO but when this bacterium has a mutation
that prevents the PO inhibitor from working it loses its virulence and the moth suffers

no ill effects (Eleftherianos ef al., 2007). A genetic correlation has also been found
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between PO levels in the haemolymph and ability to encapsulate artificial implants in

larvae of the moth Spodoptera littoralis (Cotter & Wilson, 2002).

However, despite the essential role of PO in immunity, its measurement often does not
explain resistance to certain parasites and correlations between levels of PO and
resistance to real pathogens are not normally found. For example, Cornet ef al. (2009)
found no relationship between PO activity in Gammarus pulex and resistance to the
bacteria E. coli, suggest