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SUMMARY

Sphaerularia homhi (Phylum Nematode: Order Tylenchida), an entomoparasitic 

nematode, infects and parasitises bumblebee (Bombus) queens (Phylum Arthropoda: Order 

Hymenoptera) resulting in dramatic physiological and behavioural changes in the host 

phenotype with the most devastating effect being host castration (Poinar and Van Der Laan, 

1972, Lundberg and Svensson, 1975). While the pathology-associated with parasitism has 

been extensively documented, the molecular mechanisms related to the dynamics o f the host- 

parasite interaction between S. homhi and its bumblebee host are unknown. To address this 

issue, a systems level investigation o f genome expression within the host-parasite interaction 

between S. homhi and the buff-tailed bumblebee, Bomhus terrestris, an important pollinator, 

was performed to provide a novel insight into molecular mechanisms involved in this 

relationship.

Using next-generation sequencing technology, referent transcriptomes were generated 

for both host (B. terrestris) and parasite {S. homhi) providing genomic templates for down

stream transcriptomic and proteomic analyses o f the host-parasite interaction. In addition, 

transcriptomic analyses provided a novel insight into genome-wide gene expression with both 

species allowing for the examination o f conservation o f genes putatively involved in host 

resistance while also genes expressed by the parasite that may facilitate host exploitation. To 

complement the transcriptomic analyses, a proteomic analysis using mass spectrometry-based 

proteomics was performed on the host haemolymph, the site o f interaction between host and 

parasite, to provide an insight into immune potential o f non-parasitised queens.

To provide an insight into transcriptional changes within the development o f the host- 

parasite interaction, quantitative transcriptomic analyses was performed between S. homhi 

parasitised and non-parasitised bumblebee queens over temporal periods important for the 

establishment (during host diapause) and development (post-diapause) o f the host-parasite 

interaction. Parasitism by S. homhi resulted in global changes in parasitised host transcription 

affecting general biological processes, such as metabolism and development, as well as 

processes potentially important to the host-parasite interaction, such as immunity and 

neurology. Host immune expression were differentially expressed at both time-points 

providing evidence o f immunomodulation within the parasitised host while also confirming a 

dynamic interaction between S. homhi and the host immune response. Transcripts with 

putative roles in aspects o f the host's nervous system were also affected by parasitism and



may contribute to the altered behavioural and neurological phenotype evident within 

parasitised queens. Nematode gene expression was detected within parasitised hosts at both 

time-points providing a novel insight into S. bombi gene expression in vivo while also 

identifying expression o f genes potentially important for host exploitation and manipulation.

To complement the transcriptomic analyses o f the host-parasite interaction, a 

quantitative proteomic analyses was performed on S. bombi parasitised and non-parasitised 

host haemolymph to identify changes in the host haemolymph in response to parasitism. In 

addition, parasitised host haemolymph was examined for the presence o f nematode-derived 

peptides to improve our understanding o f the role o f S. bombi within the dynamic interaction. 

Distinct haemolymph profiles were identified between parasitised and non-parasitised queens 

with parasitism affecting the abundance o f proteins with functional roles in metabolism, 

reproduction, olfaction and immunity. Aspects o f the host humoral immune response were 

identified to be differentially abundant in response to S. bombi supporting changes identified 

within the host transcriptome in response to S. bombi. Increase in humoral immunity may be 

representative o f  a general host immune response against the parasite or alternatively, 

parasite-mediated to increase the immune potential o f the host-parasite system. Nematode- 

derived peptides were detected within parasitised host haemolymph throughout the time- 

points examined providing evidence for a dynamic interaction between the parasite and host 

throughout parasitism.

Taken collectively, the work presented within this thesis provides a novel and 

significant insight into the molecular mechanisms involved in a natural insect-nematode host- 

parasite interaction. In addition, the data generated within the study provides important 

resources for advancing our understanding o f these two important species.
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1.1 Host-parasite interactions and the role of the genome

1.1.1 Co-evolution o f host-parasite interactions

Host-parasite interactions are among the most dynamic interactions within the 

biological world. Both host and parasite exert enormous selective pressures upon each other, 

which have shaped their individual, as well as co-, evolution. These pressures have resulted 

in both parties engaging in a continuous co-evolutionary conflict resulting in reciprocal 

adaptive changes to maintain parity with the competing party.

Within host-parasite interactions, parasites require mechanisms to exploit host 

resources for sustenance as well as mechanisms for subversion or evasion o f host defences 

(Maizels and Yazdanbakhsh, 2003, Schmid-Hempel, 2008). As the fitness o f the parasite is 

measured by their ability to transmit their genes to the next generation, it is essential that the 

parasite is able to survive and reproduce either within (endoparasite) or on the surface 

(ectoparasite) o f the host. Through exploitation, parasitism can impact on the fitness o f  the 

host, which is generally characterised by a reduction in host reproductive potential or 

fecundity (Combes, 1997). Parasite-mediated reduction o f host fitness can be classified as 

virulence (Bull, 1994, Poulin and Combes, 1999). However, the detrimental effects caused by 

the parasite on the general health o f the host, may also impact on the fitness o f the parasite 

through reduction in transmission o f offspring. This results in a cost o f virulence (Combes, 

1997, Poulin and Combes, 1999). This leads to selective pressure upon the parasite to evolve 

mechanisms o f virulence to obtain a balance that does not result in detriment to the parasite 

(Anderson and May, 1982, Bull, 1994, Ebert and Herre, 1996, Poulin and Combes, 1999). A 

balance or optimal level o f virulence is required, where a virulence equilibrium develops 

whereby an increase or decrease in virulence would result in a loss o f fitness (Ebert and 

Herre, 1996).

Reduction in the fitness o f the host may be the result o f direct or indirect mechanisms 

on the part o f the parasite. Mechanical disruption o f the host reproductive tract through direct 

feeding on gonadal tissues can occur but is quite rare (Hurd, 1990, Hurd, 1998). Parasites can 

also secrete toxic molecules that may result in a curtailment o f host reproductive activities 

(Hurd, 1990, Hurd, 1998). Parasite-mediated reduction in host reproductive capacity is said to 

be an adaptation if  it improves the fitness o f the parasite (Poulin, 1995, Thomas et al., 2005). 

As host reproduction can be a metabolically costly endeavour, reduction or inhibition o f host
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reproduction may free up resources for exploitation by the parasite (Baudoin, 1975, Ebert et 

al., 2004). However, decrease in host fitness may not be directly caused by the activities or 

products o f the parasite and may be an indirect effect o f the activities o f the parasite. For 

example, parasites compete with hosts for nutritional resources. Nutritional deprivation may 

lead to reduced resources for non-essential (non-survival) activities, such as reproduction 

(Hurd, 1998). In addition, presence alone o f the parasite may cause a host-mediated change in 

phenotype that results in decreased fitness (Poulin, 1995, Poulin and Thomas, 1999). Host- 

mediated castration has been identified as a strategy to improve longevity o f the host during 

parasitism (Minchella. 1985, Lafferty and Kuris, 2009).

Parasitism associated loss o f host fitness is not restricted to effects on the reproductive 

trad . Other important biological processes o f the host can be affected by the presence or 

actions o f  a parasite. The immune system, an important barrier to infectious agents, can be 

suppressed by a parasite resulting in the host being unable to defend itself against 

opportunistic pathogens and parasites. Infection can lead to extensive morbidity that impacts 

on the reproductive fitness o f the host. In extreme cases, host mortality can occur. For certain 

parasites, such as parasitoids, host mortality is essential for the completion o f the parasite life 

cycle.

Unsurprisingly, hosts have evolved counter-measures to combat parasitism. As the 

parasite can impact on the fitness o f the host, selection acts on mechanisms within the host to 

reduce the fitness o f the parasite. Consequently, hosts have evolved resistance, which can be 

related to host-mediated loss o f fitness for the parasite, and can even culminate in parasite 

mortality (Combes, 1997). As maximum fitness o f the host can be considered to occur when 

the host is in a parasite-free state, in theory, the more efficacious the resistance response, the 

greater the fitness o f the host (Combes, 2001).

However, in practice, resistance can be metabolically costly to implement. Any 

change within the host in response to a parasite may result in acquisition o f resources 

destined for other biological processes resulting in a potential trade-off This trade-off may 

ultimately be detrimental to the health o f the host and impose an additional fitness reduction 

on the host. For example, increases in host immunity to an immune challenge may result in a 

trade-off with other metabolically costly activities, such as reproduction (e.g. (Adamo et al., 

2001, Schwartz and Koella, 2004, Ahmed et al., 2002)), or indeed reduce longevity (Moret 

and Schmid-Hempel, 2000). Therefore, like virulence for the parasite, resistance may impose
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fitness costs on the host and therefore, must be maintained at an optimal equilibrium that does 

not impact on host fitness. In certain scenarios, this may result in the host not generating an 

immune response but instead demonstrating tolerance to the parasite infection. This strategy 

may provide a fitness benefit to the host within associations when parasite infection occurs 

for a relatively short period o f time or when resistance is too costly to generate (Minchella, 

1985).

1.1.2 Role of the genome and consequences of host-parasite interaction

Co-evolution o f counter-measures between host and parasite is a continuous event. 

Central to the development and evolution o f these measures are genes and the genome. The 

genome consists o f the entire genetic complement o f an individual, carrying heritable 

information, as well as containing coding regions for the entire protein complement 

(proteome) o f an individual. Within host-parasite interactions, associations can occur between 

the genomes o f both parties resulting in the establishment o f a system at the genomic level 

that takes on novel characteristics (Combes, 2001). The close proximity and prolonged 

association at the genomic level can result in evolutionary consequences for both parties 

involved. Consequences include the expression o f one party’s genome in the context o f the 

other's phenotype (Dawkins, 1982), the evolution o f innovative genes, and gene exchange 

between the interacting parties (Combes, 2001).

Parasites exploit their host, be it for nutritional gain, a hospitable environment in 

which to develop and reproduce, or use as a vehicle for dispersal. To aid in exploitation, 

parasites may manipulate aspects o f their host phenotype, such as their morphology, 

physiology or behaviour, to improve their fitness (Poulin and Thomas, 1999, Poulin, 1995, 

Poulin et al., 1994, Thomas et al., 2005). At the genomic level, the parasite genome may 

encode for secretory molecules with the ability to cross the species barrier and interact with 

receptors within the host, resulting in subtle to pronounced phenotypic changes (Combes, 

2001). The ability o f  products o f  the parasite genome to interact with the host phenotype was 

used by Richard Dawkins as one o f  the most striking examples for his notion o f the 

"extended phenotype", the ability o f one organism to express its genome beyond its own 

physical limits (Dawkins, 1982). Parasite presence alone can result in phenotypic changes in 

the host but these changes cannot be classified as an extended phenotype o f the parasite 

unless a fitness advantage results to the parasite (Thomas et al., 2005).
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The prolonged duration of interactions between the genomes of host and parasite can 

result in two sets of genes (i.e. effective gene duplication) being present within the host- 

parasite system. While the two genes are not homologous, they may be analogous in their 

functional capacity within this system. The appearance of double usage of genes within the 

system may lead to redundancy on the part of one of the two genes with the lack of selection 

pressure on the gene potentially resulting in the acquisition of deleterious mutations that may 

affect the functionality of the protein. Alternatively, the gene may be removed completely 

from the genome (Combes, 2001). Within host-parasite interactions, gene loss is generally 

evident within the parasite genome as it becomes reliant on the molecular machinery of the 

host. A direct consequence o f the host's genome being expressed in the parasite phenotype is 

that it aids in the exploitation o f the host by the parasite.

Genomic analyses o f parasitic organisms have identified significant gene loss that 

may be partially related to the adoption of a parasitic life cycle. High degrees of gene loss for 

metabolic and immune pathways have been identified within the genome of the parasitic 

schistosome. Schistosoma japonicum  (Zhou et al., 2009), the filarial nematode, Brugia malayi 

(Ghedin et al., 2007), and parasitic cestodes, such as Echinococcus multilocularis (Tsai et al., 

2013). Reduction in metabolic pathways is suggested to be a result of dependency on host 

metabolism while the decline in immune-related genes may be due to reliance on the host 

immune response to remove pathogens and parasites that may be detrimental to the parasite 

whilst in the host (Ghedin et al., 2007).

In addition to loss of genes due to utilisation of host machinery, parasites may also 

encode proteins analogous to host proteins to aid in exploitation o f resources or manipulation 

of the host immune response. Genomic analyses of helminth parasites, such as S. japonicum  

and B. malayi, have identified the parasites to have greater similarity in predicted protein 

domain abundance to their hosts than to free-living organisms of their own phylogenetic 

group, suggesting potential convergence on the part of the parasite (Zhou et al., 2009, Ghedin 

et al., 2007). Examinations o f proteins secreted by parasitic nematodes have identified certain 

secreted proteins to share sequence similarity to host proteins, suggesting that they can 

interact with and suppress aspects of the host immune response (Zang et al., 2002, Park et al., 

2009, Cho et al., 2007).
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1.1.3 Molecular mechanisms related to the dynamics of a host-parasite interaction

Within host-parasite interactions, the genomes o f antagonistic parties provide an 

insight into adaptations at the genetic level that may have formed as a result o f their co

evolution. However, the genome is a rigid entity and it is only through examination o f the 

products o f genome expression that the molecular mechanisms related to the dynamics 

involved in a host-parasite interaction can be understood. The primary product o f the genome 

is messenger ribonucleic acid (mRNA), which is transcribed from a template sequence o f 

deoxyribonucleic acid (DNA) present within the genome. The transcribed products o f the 

genome, known collectively as the transcriptome, provide an insight into the functional 

activity o f the genome. In addition, the transcribed mRNAs also contain the necessary 

information for the production o f the secondary products o f the genome: proteins. 

Transcription o f mRNA takes place within the nucleus o f the cell from a template sequence 

o f DNA. Mature mRNA is transported from the nucleus to the cytoplasm where it enters a 

ribosome, the primary site o f protein synthesis. The entire protein complement o f an 

individual is generally described as the proteome.

In comparison to the rigid genome, the transcriptome and the proteome exist as 

dynamic and transient states and are prone to change in response to stimuli. Due to their 

dynamic nature, both provide ideal platforms for studying the mechanisms related to the 

dynamics involved within host-parasite interactions. Transcriptomics, the study o f the 

transcriptome, allows for the quantification o f  changes at the gene expression level within 

host-parasite interactions. Similarly, proteomics, the study o f the proteome, allows for 

identification o f changes at the protein level. Integrating the two genomic fields allows for 

the examination o f the interaction between host and parasite at two levels o f genome 

expression, providing a systems level view into the mechanisms employed within the 

association at the molecular level. As parasitism can impact on multiple aspects o f the host's 

phenotype, including their genome expression, adoption o f a systems approach to investigate 

the mechanisms employed at various stages o f expression can provide a global and 

comprehensive insight into the molecular basis o f  a host-parasite interaction.
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1.2 Introduction to nematode-insect interactions

1.2.1 Nematode-insect associations

The interactions between parasitic nematodes (Phylum Nematoda) and insect hosts 

(Phylum Arthropoda: Subphylum Hexapoda) provide an excellent system to investigate the 

molecular mechanisms related to host-parasite interactions. The utilisation of nematodes, 

such as the free-living nematode Caenorhabditis elegans (Consortium, 1998), and insects, 

such as the fruit fly Drosophila melanogaster (Adams et al., 2000), as model organisms has 

resulted in the generation of vast amounts of genomic resources for these groups providing a 

rich compendium for comparative analyses using non-model organisms (Elsworth et al., 

2011, Yook et al., 2012, Marygold et al., 2013). In addition, nematode-insect interactions 

have medical, veterinary, agricultural and ecological importance. Filarial nematodes, such as 

B. malayi and Onchocerca volvulus, which cause diseases such as lymphatic filariasis and 

river blindness, affecting an estimated 120 million humans, utilise insect vectors for 

transmission (Hurd, 2003, Taylor et al., 2010). Parasitic nematodes of agricultural 

importance, such as the plant parasitic nematodes o f the genera Bursaphelenchus and 

Aphelenchoides, have evolved phoretic relationships with insects for transmission between 

plant hosts (Poinar, 1983). Entomopathogenic nematodes, such as Steinernema and 

Heterorhabditis species, actively infect and use endosymbiotic bacteria to kill insect hosts 

within a relatively short timescale (Kaya and Gaugler, 1993, Hunt, 2007, Dillman and 

Sternberg, 2012). The ability of entomopathogenic nematodes to infect and kill a large range 

of insect hosts, including a number of important agricultural insect pests (Kaya and Gaugler, 

1993), has seen an increase in research on the mechanisms of interaction between nematodes 

and their insect hosts as a possible environmentally friendlier alternative to pesticides.

Associations between nematodes and insects range from mutualistic to parasitic and 

can be divided into four main categories: phoretic; necromenic; entomopathogenic; and 

entomoparasitic (Poinar, 1983, Dillman and Sternberg, 2012). Within phoretic associations, 

nematodes have evolved the ability to use insect hosts for transport or shelter but gain no 

direct nutritional benefit from the host. Necromenic nematodes obtain nutrition from the 

cadaver of an insect host but are not involved in host death. Entomopathogenic nematodes 

use endosymbiotic bacteria to rapidly kill the insect host and feed off bacteria developing on 

the decomposing cadaver (Kaya and Gaugler, 1993). In comparison, entomoparasitic 

nematodes infect and feed off their hosts without directly resulting in host mortality (Dillman
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and Sternberg, 2012). Parasitism o f insects by nematodes can be separated into facultative 

and obligate parasitism. Nematodes demonstrating a facultative parasitic life strategy can use 

insect hosts to complete their life cycle but are not entirely dependent and can complete their 

life cycle independent o f the host. In contrast, obligate parasites cannot complete their life 

cycles in the absence o f the host (Poinar, 1983).

Entomopathogenic and entomoparasitic life strategies are suggested to have evolved 

from other nematode-insect associations (Poinar, 1983, Dillman and Sternberg, 2012). A 

sequential progression has been proposed whereby a free-living ancestor established a 

phoretic relationship with an insect host. This relationship evolved to necromeny with the 

nematode evolving the mechanisms to obtain nutrition from host material (Poinar, 1983). 

Parasitism and entomopathogeny are suggested to have evolved from a necromenic life cycle 

(Dillman and Sternberg, 2012). Indeed, the genomic sequencing o f the necromenic nematode. 

Pristionchus pacificus, identified an increased repertoire o f antioxidant and degradation 

genes that would aid in necromeny but may also serve as a pre-adaptation to parasitism 

(Dieterich et al., 2008). While only one entomoparasitic genome has been sequenced so far 

{B. malayi; (Ghedin et al., 2007)), ongoing and planned genome projects (Kumar et al., 2012) 

will provide greater insights into adaptations at the genomic level for insect host 

manipulation and exploitation.

1.2.2 Dynamics of nematode-insect interactions

Host defences present a major obstacle to completion o f the parasite life cycle. Insect 

hosts defend themselves from parasites in a variety o f ways. Initial defences include physical 

barriers, such as the cuticle or gut lining, clot formation within the haemolymph and 

production o f cytotoxic compounds at the site o f wounding (R olff and Reynolds, 2009, 

Beckage, 2008). Beyond these defences, the parasite or pathogen must contend with aspects 

o f the host immune response present within the haemocoel. Insects lack an adaptive or 

acquired immune system but possess a complex innate immune system that consists o f 

cellular and humoral immune effectors (Hoffmann, 1995, Hoffmann et al., 1996, Hoffmann 

et al., 1999, Beckage, 2008). The cellular immune response is characterised by the activities 

o f the host immune cells, the haemocytes, which partake in activities such as phagocytosis, 

nodulation and encapsulation (Lavine and Strand, 2002, Strand, 2008). In contrast, the 

humoral immune response consists o f plasma-like molecules present within the host 

haemolymph, which are involved in the recognition and removal o f  foreign bodies (Boman
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and Hultmark, 1987, Gillespie et al., 1997). Constituents o f the humoral immune response 

include antimicrobial peptides (AMPs) (Bulet et al., 1999, Bulet and Stocklin, 2005), 

complement-like peptides (Lagueux et al., 2000), reactive oxygen and nitrogen species 

(Nappi and Vass, 2001, Bogdan, 2001), and enzymatic cascades, such as the 

prophenoloxidase (proPO) pathway, which initiate and regulate coagulation and melanisation 

(Soderhall and Cerenius, 1998, Cerenius and Soderhall, 2004). While the cellular and 

humoral immune responses are generally discussed independently, both aspects o f the 

immune response can function together in the removal o f an immune challenge. For example, 

humoral factors can opsonise agents for recognition by haemocytes while haemocytes in turn 

can synthesis certain humoral immune effectors, such as the AMPs (Beckage, 2008).

1.2.3 Cell-mediated insect immunity

The cellular immune response is important in defence against a range o f pathogens 

and parasites. Effectors o f the cellular response, the haemocytes, are produced as precursor 

cells, the prohaemocytes, from the haematopoietic organ (Lavine and Strand, 2002). The 

prohaemocyte can differentiate into different haemocyte types distinguishable by their 

function within the immune response (Beckage, 2008). Haemocytes perform functions in 

phagocytosis, nodulation and encapsulation. Phagocytosis refers to the ability o f the 

haenocyte to recognise, bind and uptake foreign agents through receptor-mediated 

endocytosis that occurs on the surface o f the haemocyte. The pathogen is internalised into a 

transport vacuole, known as the phagosome. A specialised organelle containing hydrolytic 

enzymes, known as the lysosome, fuses with the phagosome to form a phagolysosome. 

Active enzymes within the phagolysosome degrade and digest the absorbed foreign matter 

(LaAine and Strand, 2002). Other activities undertaken by the haemocytes involve 

aggregations forming to deal with an immune challenge. In response to a bacterial challenge, 

haemocytes can aggregate around the infectious body forming a sheath. The sheath acts to 

contain the bacteria while, in addition, acting as a barrier to restrict the spread o f the pathogen 

within the host. This defence process is known as nodulation (Lavine and Strand, 2002). A 

similar process, known as encapsulation, is evoked against larger parasites, such as 

parasitoids and nematodes. Like nodulation, encapsulation is a defence based on the 

formation o f sheaths from aggregations o f haemocytes (Jiravanichpaisal et al., 2006). 

Haemocytes bind to the pathogen forming a multilayer capsule, entrapping the parasite and 

ultimately leading to the death o f the parasite through asphyxiation. Viability o f the invader 

can also be reduced through the deposition of melanin, a cytotoxic compound, on the surface
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o f the parasite in a process known as melanisation, which can aid in the encapsulation process 

(Jiravanichpaisal et al., 2006). In addition, cytotoxic products, such as free radicals, produced 

as by-products o f the melanisation cascade, can also cause damage to the parasite.

Due to the important role o f haemocytes within the encapsulation process, nematodes 

have evolved mechanisms to evade and suppress the activities o f these immune cells 

(Mastore and Brivio, 2008, Brivio et al., 2010, Castillo et al., 2011). The entomopathogenic 

nematode, Steinernema feltiae, uses surface molecules to bind to host haemolymph proteins, 

camouflaging the nematode and avoiding detection by circulating haemocytes within the 

haemolymph (Mastore and Brivio, 2008). Nematodes also possess the ability to reduce the 

activities o f the haemocytes. A trypsin-like protease secreted by the nematode Steinernema  

carpocapsae alters the shape o f haemocytes o f the waxmoth Galleria mellonella, reducing 

their ability to recognise and bind to the nematode in vitro (Balasubramanian et al., 2010). 

Within the same host. S. feltiae  have been identified to cause a significant decrease in 

phagocytic activity o f haemocytes through the sequestering o f  host opsonic factors present 

within the haemolymph (Brivio et al., 2010). Surface coat proteins (SCPs) o f the nematode, 

Steinernema glaseri, have been identified to function in the direct killing o f haemocytes o f 

the oriental beetle, Exomala orientalis (Li et al., 2009), as well as suppression o f 

phagocytosis by haemocytes o f the Japanese beetle, Popillia japonica  (Wang and Gaugler, 

1999).

1.2.4 Insect humoral immunity against nematodes

The insect humoral immune response consists o f plasma-like molecules with roles in 

recognition, opsonisation and also direct killing o f pathogens (Boman and Hultmark, 1987, 

Beckage, 2008). Expression o f humoral immune effectors can be constitutive as an important 

line o f defence against pathogens or inducible in response to immune challenge with the 

primary site o f activity being the host haemolymph (Beckage, 2008).

Antimicrobial peptides (AMPs) are an important constituent o f the humoral immune 

response. Their biological activity has largely been demonstrated against bacterial pathogens, 

exerting bactericidal and bacteriostatic effects, although activity has also been identified 

against fungi and viruses (Bulet et al., 1999, Bulet and Stocklin, 2005). Within insects, the 

primary site o f AMP synthesis is the insect fat body while minor sources o f production 

include the haemocytes and some epithelial cells (Ferrandon et al., 2007). AMPs are secreted 

into the haemolymph where they freely circulate. Some AMPs are constitutively present
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within the insect haemolymph while immune challenge can result in increased levels of 

inducible AMPs. In addition, the specificity o f action can vary depending on the family of 

AMPs (Rolff and Reynolds, 2009, Beckage, 2008).

Recent studies on insect AMPs have proposed a potential role in immune defence 

against nematodes. The AMP, defensin, has been detected within the haemolymph o f 

mosquitoes inoculated with microfilariae o f the filarial nematodes, B. malayi and Dirofilaria 

immitis (Chalk et al., 1994, Bartholomay et al., 2004), while another group o f AMPs, the 

cecropins, have been identified to reduce the mobility o f  B. malayi microfilariae in vitro 

(Chalk et al., 1995). Transcription o f defensin has also been identified to be upregulated 

within the mosquitoes, Aedes aegypti and Culex quinquefasciatus, infected with the filarial 

nematode, Wuchereria hancrofti (Magalhaes et al., 2008, Kumar and Paily, 2008). 

Upregulation o f cecropin was identified within A. aegypti inoculated with W. hancrofti with 

the increase in AMP expression coinciding with observable abnormal development within 

nematode microfilariae suggesting a potential role for host cecropin in disruption o f normal 

nematode development (Magalhaes et al., 2008).

Studies on the dynamics o f the insect humoral response against entomopathogenic 

nematodes have indicated that nematodes may reduce or inhibit this response to aid in the 

establishment o f infection by their bacterial endosymbionts (Hallem et al., 2007, 

Eleftherianos et al., 2010, Castillo et al., 2011). Immunosuppression o f the insect humoral 

response has been demonstrated by the nematode-bacteria Heterorhabditis hacteriophora- 

Photorhahdus luminescens complex within the greater waxmoth, G. mellonella. An 

extracellular protease secreted by the nematode-bacteria complex possesses anti-cecropin 

activity and is suggested to aid in establishment o f bacterial infection within the insect host 

(Jarosz, 1998, Castillo et al., 2011). Synthesis o f AMPs has been shown to be inhibited within 

G. mellonella inoculated with the nematode, S.feltiae. Nematode cuticular lipids interact with 

and remove host proteins from the haemolymph, which is suggested to inhibit host AMP 

synthesis (Brivio et al., 2006). Studies examining the immune response o f insects to axenic 

nematode strains (i.e. free o f bacterial contaminants) have identified little or no humoral 

immune activity in the absence o f bacterial endosymbionts (Hallem et al., 2007, Eleftherianos 

et al., 2010). Infection o f the tobacco homworm, Manduca sexta, by axenic H. hacteriophora 

elicited a weaker host immune response in comparison to Photorhahdus-cdLXxy'mg nematodes. 

Transcription o f  immune recognition and AMP genes was lower or non-detectable within 

hosts infected with axenic nematodes (Eleftherianos et al., 2010). The same study identified
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axenic nematodes to be able to suppress melanisation, nodulation and encapsulation events 

(Eleftherianos et al., 2010). Comparative expression analysis o f AMP genes in the fruit fly, 

D. melanogaster, in response to challenge with symbiont-carrying and axenic strains o f the 

nematode, H. bacteriophora, identified four AMPs to be upregulated in response to natural 

infection by the symbiont-containing strain (Hallem et al., 2007). In contrast, no significant 

expression o f AMPs was detected within flies infected with axenic nematodes indicating that 

the bacterial symbiont may be the target o f the humoral immune response (Hallem et al., 

2007). Regardless o f the intended target, it is still o f importance that nematodes possess the 

ability to suppress or evade the insect humoral immune response as humoral effectors can 

function as opsonisation agents for cellular effectors as well as initiate enzyme amplification 

cascades that can lead to parasite encapsulation (Castillo et al., 2011).

1.2.5 The prophenoloxidase pathway and melanisation cascade

Insects possess amplification cascades that can be an important defence against 

parasites. The prophenoloxidase (proPO) pathway is a serine protease cascade resulting in the 

production o f the dark pigment, melanin. The precursor molecule to cascade activation 

appears as an inactive zymogen, prophenoloxidase (proPO), within the insect haemolymph 

(Cerenius and Soderhall, 2004, Cerenius et al., 2008). Upon immune challenge, serine 

proteases present within the haemolymph, known commonly as prophenoloxidase-activating 

enzymes, are activated and act to convert proPO to the active form, phenoloxidase (PO), 

through the removal o f a propeptide sequence present on the zymogen. Active PO catalyses 

the conversion o f  quinones into melanin. Melanin synthesis occurs in response to a range o f 

invasive pathogens and parasites with melanin deposition aiding in nodule or capsule 

formation (Soderhall and Cerenius, 1998, Cerenius and Soderhall, 2004, Cerenius et al., 

2008, Nappi and Christensen, 2005).

The role o f melanisation in the formation o f the encapsulated capsules is thought to be 

a key mechanism in the defence against macroparasites (Castillo et al., 2011). Encapsulation 

o f the parasite can result in restriction o f nutritional intake leading to death o f  the parasite 

through starvation (Chen and Chen, 1995). In addition, melanin synthesis results in the 

production o f reactive oxygen and nitrogen intermediates that can have toxic effects on 

parasites and aid in host defence (Nappi and Ottaviani, 2000, Nappi and Christensen, 2005).

The importance o f the proPO pathway as a defence against parasitic nematodes is 

reflected in the mechanisms used by nematodes to subvert or evade this key insect defence.
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ProPO activity is reduced within the waxmoth, G. mellonella, by parasite cuticular lipids 

(PCLs) present on the surface of the nematode, S. feltiae (Brivio et al., 2002, Brivio et al., 

2004). PCLs are able to interact and remove immune recognition proteins present within the 

host haemolymph that leads to a dramatic decline in proPO activity (Brivio et al., 2004). In 

addition, the PCLs have been identified to reduce lipopolysaccharide-elicited proPO activity, 

potentially through a decrease in the activity of proteases present within the haemolymph 

(Brivio et al., 2002, Brivio et al., 2004). Another nematode, S. carpocapsae, secretes serine 

proteases that inhibit proPO activity, preventing melanisation and encapsulation by the host 

immune response (Balasubramanian et al., 2009, Balasubramanian et al., 2010).

1.2.6 Genomic tools to examine nematode-insect interactions

Transcriptomic and gene-centred studies have been performed to identify 

transcriptional changes within insect hosts in response to parasitic nematodes. Inoculation of 

the mosquito, C  quinquefasciatus, with the filarial nematode, W. hancrofti, results in an 

increase in gene expression of defensins and serpins (Kumar and Paily, 2008). While the 

immune activity of defensin against W. hancrofti is unknown, the increase in serpin activity is 

suggested to regulate the melanotic encapsulation o f the nematodes within the host (Kumar 

and Paily, 2008). Another study investigating the same system identified W. hancrofti 

infection to result in an increase in expression of the receptor of the lipid transporter, 

lipophorin, which is suggested to aid in clotting formation and may also aid in encapsulation 

o f parasitic nematodes (Kumar and Paily, 2011). Microarray analysis of transcriptional 

changes within the mosquito Aedes aegypti in response to infection by the filarial nematode, 

B. malayi, identified transcript abundance changes for genes involved in stress tolerance and 

proteolysis (Erickson et al., 2009). In addition, altered abundances of immunity-related genes 

were identified throughout the developmental stage of the parasite within the host. Genes, 

including cecropin and Down syndrome cell adhesion molecule (DSCAM), had increased 

expression when L2 feeding juveniles were present within the host. By the time L3 juveniles 

were detected within the host, components of the Toll, such as TOLL? and TOLLIO, and 

proPO signalling pathways, such as PP02  and a number of serine proteases, had increased 

transcript abundance (Erickson et al., 2009). Putative components involved in melanisation 

were identified to undergo temporal changes in expression within the mosquito, Armigeres 

subalhatus in response to infection by the filarial nematode, B. malayi (Aliota et al., 2007). 

Other humoral immune effectors, such as cecropin, defensin, gamhicin and lysozyme, as well
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as antioxidant genes, such as oxidoreductase and glutathione peroxidase, also had altered 

expression throughout the period o f infection (Aliota et al., 2007).

At the protein level, protein-centred studies have largely studied the effects of 

individual purified proteins (e.g. (Wang and Gaugler, 1999, Balasubramanian et al., 2009, Li 

et al., 2009, Balasubramanian et al., 2010)). Proteomic studies have been performed on the 

excretory-secretory products o f the filarial nematode, B. malayi, through stimulation within a 

cell culture medium mimicking mammalian serum (Hewitson et al., 2008, Bennuru et al., 

2009). However, identification and characterisation o f secreted/excreted nematode proteins 

within an insect host has not been undertaken. As secretions by parasitic nematodes may play 

an important role in host manipulation, examination and characterisation o f parasite proteins 

in vivo is required to improve our understanding o f the molecular dynamics involved in 

nematode-insect interactions.

While no published proteomic data are available for nematode-insect host-parasite 

interactions, studies have been performed on insects infected with other parasites that provide 

an insight into changes in the insect host proteome in response to parasitism. Proteomic 

analyses have been performed on the brain and head o f insect hosts challenged with parasites, 

such as trypanosomes (Lefevre et al., 2007a), protists (Lefevre et al., 2007b) and hairworms 

(Biron et al., 2005, Biron et al., 2006), in an attempt to examine mechanisms related to 

behavioural changes within infected hosts. Studies to investigate immunological changes in 

host proteome in response to immune challenge have focussed on the host haemolymph. 

Haemolymph, the blood plasma equivalent o f the invertebrate open circulatory system, is 

involved in the transportation o f nutrients around the insect body. In addition, humoral 

immune effectors are circulated within the haemolymph making it an ideal medium to study 

changes in immune protein abundance in response to challenge. Our understanding of the 

immune capacity o f the haemolymph has greatly improved from recent proteomic studies that 

have characterised changes in the haemolymph in response to immune challenges, such as 

wounding (Vierstraete et al., 2004a, Randolt et al., 2008), bacteria (Levy et al., 2004a, 

Vierstraete et al., 2004a, Vierstraete et al., 2004b, Guedes et al., 2005, Chan et al., 2006, 

Randolt et al., 2008) and fungi (Levy et al., 2004a, Vierstraete et al., 2004b). Within 

nematode-insect interactions, the haemolymph generally represents the primary site of 

interaction between host and parasite. However, although previous studies using artificial and 

natural challenges provide an insight into general immune response within the host
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haemolymph proteome, systemic response to nematode infection is unknown. Therefore, 

further studies are required.

1.2.7 Social insect-nematode interactions

Social insects (ants, bees, wasps and termites) represent an important ecological group 

and have been traditionally studied due to their complex behavioural repertoires and highly 

evolved social structures. Genomic sequencing o f the first social insect, the honey bee Apis 

mellifera (Weinstock et al., 2006), identified a significant reduction in immunity-related 

genes in comparison to the dipteran genomes o f D. melanogaster and the mosquito, 

Anopheles gamhiae (Evans et al., 2006). Further genomic sequencing o f the ants, 

Camponotus floridanus, Harpegnathos saltator (Bonasio et al., 2010), Pogonomyrmex 

barhatus (Smith et al., 201 lb ) and Linepithema humile (Smith et al., 201 la), have identified a 

similar complement o f immunity-related genes presenting an interesting question about 

immunity within social insects. Due to their high density social structures, relatively 

homeostatic nest environment and presence o f stored resources, social insects have an 

increased risk o f pathogen transmission (Schmid-Hempel, 1998). Therefore, the reduction in 

immunity-related gene complement within these groups represents a paradox. A leading 

hypothesis for the reduction o f the immune genes is related to their social evolution (Evans et 

al., 2006). Social insects demonstrate colony-based defences, where collective immunity is 

demonstrated by individuals within the colony through behavioural, physiological and 

organisational adaptations that reduce pathogen transmission (Cremer et al., 2007). While 

subsequent sequencing o f  non-social insect species, such as jewel wasps, Nasonia species 

(Werren et al., 2010), and the pea aphid, Acyrthosiphon pisum  (Richards et al., 2010), have 

revealed similar gene repertoires for immunity-related genes, social immunity is still 

suggested to play a role in compensating for entry, establishment and transmission o f 

parasites and pathogens.

Social insects belonging to the Order Hymenoptera (ants, bees and wasps) and Order 

Blattodea (termites) are parasitised by nematodes. Mermithid nematodes have been identified 

to infect and parasitise a range o f ant species resulting in dramatic morphological, 

physiological and behavioural changes within the host (Schmid-Hempel, 1998). Ecologically 

and commercially beneficial insects, such as A. mellifera and bumblebee Bombus species, 

have also been identified to be infected with entomoparasitic nematodes. As nematode
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infections may impact on host population dynamics, increasing our understanding o f  these 

interactions is warranted.

1.2.8 The Bombus terrestris-Sphaerularia bombi system

The most documented interaction between a parasitic nematode and a social insect is 

the natural host-parasite interaction between the nematode, Sphaerularia bombi (Order 

Tylenchida), and the bumblebee queens o f the genus Bombus (Order Hymenoptera) (Poinar 

and Van der Laan, 1972, Poinar, 1983, Madel, 1966, Madel, 1972, Alford, 1969, Kelly, 

2009). S. bombi is an obligate parasite o f Bombus species queens with infection occurring 

during host diapause. Parasitism is associated with physiological and behavioural changes 

within the host with the most dramatic change being host castration through inhibition of 

ovarian development (Poinar and Van der Laan, 1972). S. bombi has a Holarctic distribution 

(Alford, 1969, McCorquodale et al., 1998, Triggiani and Tarasco, 1997, Rutrecht and Brown. 

2008), with the exception o f New Zealand, where the parasite was believed to be introduced 

accidentally with infected queens from Europe (MacFarlane and Griffin, 1990). Recently, S. 

bombi has also been documented as infecting the neotropical bumblebee, Bombus atratus, in 

Argentina (Plischuk and Lange, 2012), expanding its believed geographical range. With 

respect to prevalence, it can be as high as 50% in certain areas (Kelly, 2009). Due to its 

impact on host fecundity, it may impact on host population dynamics. Therefore, studies 

investigating its mechanisms o f action are required.

S. bombi is a highly virulent parasite o f the buff-tailed or earth bumblebee, B. 

terrestris, an important ecological and commercial pollinator o f  a variety o f crops (Alford, 

1969, Alford, 1975). W ithin the host, caste differentiation is present within the female sex 

with a single monandrous queen responsible for the primary reproductive output o f the 

colony while the majority serve as functionally sterile workers performing altruistic tasks, 

such as foraging, nursing, colony maintenance and defence (Goulson, 2003). B. terrestris 

demonstrates an annual life cycle, where mated queens enter a state o f dormancy, known as 

diapause, for 6-9 months. In early spring, the queen emerges from diapause and forages for 

resources for the establishment o f a colony. She locates a suitable colony-formation site, 

constructs the initial nest and lays a batch o f eggs (see Fig. 1.1). After approximately four 

days, the eggs hatch as first instar larvae. The bumblebee larval stage lasts approximately 10- 

14 days and involves four periodic developmental moults. The larval stage is characterised as 

a period o f intensive feeding, during which time the larvae are completely dependent on
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provisions provided by the queen or their sister workers (Pendrel and Plowright, 1981). The 

larval stage terminates when the fifth instar larvae spins a cocoon or pupal case, enveloping 

itself from the external environment. Pupation occurs for approximately 14 days, during 

which, the dramatic transformation from grub-like larvae to the adult phenotype occurs 

(Goulson, 2003, Alford, 1975). Like all social Hymenoptera, sex determination is 

haplodiploid with diploid eggs developing into females while haploid eggs develop into 

males. The queen produces worker-destined diploid eggs until a transition event occurs 

within the colony cycle, known as the competition phase. During the competition phase, 

workers begin to develop their ovaries resulting in competition with the queen for 

reproductive output within the colony. Workers lay unfertilised male-destined haploid eggs. 

The competition phase initiates haploid egg laying by the queen while diploid eggs present 

within the colony during this phase may develop into virgin queens, also known as gynes. 

Males and gynes leave the colony soon after emergence. Virgin queens are single mated and 

subsequently, locate a suitable site to diapause during the winter months (Alford, 1975).

The S. homhi life cycle contains four juvenile stages as well as an infective adult stage 

(Madel, 1966, Poinar and Van der Laan, 1972, Alford, 1975). Infection occurs within the soil 

during host diapause (see Fig. 1.1). The point o f entry is unknown at present but it has been 

suggested that the parasite enters through the mouth, anus or between the teguments (Madel, 

1966, Poinar and Van der Laan, 1972). Within S. bombi, the fertilised female adult is the 

infective stage. Within the host, the nematode migrates to the haemocoel and begins to evert 

its uterus and associated reproductive structures. Eversion o f the uterus is temporally halted 

and the nematode enters a state o f  apparent dormancy, overwintering within the queen. Post

diapause, uterus eversion is reinitiated with the everted uterus expanding up to 300 times the 

volume o f the adult nematode (see Plate 1.2(b)). While responsible for the reproductive 

output o f the parasite, the everted uterus also functions in nutrient acquisition from the host 

haemolymph (Poinar and Hess, 1972). Invaginations on the surface o f  the uterus allow for 

absorbance o f host material through pinocytosis (Poinar and Hess, 1972). Acquired nutrients 

are internalised into food vacuoles and digested. The digested matter is transported into the 

o\'ary-oviduct where they are packaged into droplets. The droplets are then moved from the 

o \ arian tissue into developing eggs, providing a source o f nutrition. At approximately 10-14 

days post-diapause, the nematode releases eggs into the haemocoel o f  the host. Nematode 

eggs contain the first larval (LI)  juvenile stage (see Plate 1.2(a)). The LI undergoes the moult 

to the second larval (L2) juvenile stage within the egg. At approximately 21 days post-
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Plate 1.1: Bombus terrestris life cycle stages. Figure displays a standard B. terrestris colony 
complete with representatives of the main life cycle stages o f the bumblebee: grub-like 
larvae; cocooned pupae; adult workers; and a single queen (Photo: TJ Colgan).

L1/L2 eggs

L3 juveniles

Plate 1.2 Sphaerularia bombi life cycle stages, (a) Eggs of S. bombi containing either LI or 
L2 juveniles, with free-living L3 juveniles; (b) Parasitic stage o f S. bombi complete with fully 
everted uterus. (Photos: (a) TJ Colgan; (b) Dr. Mike Kelly)
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diapause, free-living third stage (L3) juveniles hatch from the eggs into the host haemocoel 

(see Plate 1.2(a)). Like the adult nematodes, the mouth and anus structures o f the L3 juveniles 

are sheathed over. It has been suggested L3 juveniles may obtain sustenance from the host 

haemolymph through osmosis (Madel, 1966). The L3 juveniles eventually burrow into the 

digestive tract o f the host and actively exit through the anus. Outside o f the host, the L3 

juveniles enter the soil where they undergo two further moults, eventually reaching sexual 

maturity (see Fig. 1.1). S. bomhi is a dioecious species producing two independent sexes 

(Madel, 1966). Females are fertilised by the males and post-mating, reside within the soil 

until they encounter a host (Poinar and Van der Laan, 1972).

Parasitism o f the bumblebee host by S. hombi results in pronounced behavioural and 

physiological changes in the host (Poinar and Van der Laan, 1972, Lundberg and Svensson, 

1975). Post-diapause, non-parasitised queens forage for resources, locate a suitable nest site 

and establish a colony soon after (see Fig. 1.1) (Goulson, 2003, Alford, 1975). In comparison, 

parasitised queens do not establish a colony but instead investigate prospective overwintering 

sites (see Fig. 1.1) (Poinar and Van der Laan, 1972, Lundberg and Svensson, 1975). In 

addition, the parasite is suggested to affect aspects o f the host's neurology with parasitised 

queens displaying disorientated flight movements (Lundberg and Svensson, 1975). The 

changes in the behavioural phenotype o f the host are suggested to be a possible parasite- 

mediated adaptation to increase the transmission rate o f  the parasite by increasing the 

probability o f novel host encounter (Lundberg and Svensson, 1975).

Parasitism by S. bombi is also associated with host castration through inhibition o f 

ovarian development and is suggested to be caused through a reduction in the production o f 

the regulatory hormone, juvenile hormone (JH) (Roseler and Roseler, 1973, Roseler, 2002). 

This reduction is believed to be the result o f restricted development o f a hormone-producing 

gland, the corpora allata (CA) (Palm, 1948, Alford, 1975). Reduction in the size o f the CA is 

associated with reduced JH titres within the host haemolymph, which is suggested to 

influence the development o f the ovaries. The mechanism o f reduction in the CA is suggested 

to be parasite-derived toxins (Palm, 1948, Pouvreau, 1962). However, at present, the 

mechanisms and potential related secretory molecules are unknown and therefore, further 

investigation is required to identify if  these effectors can be detected within the host and 

provide an insight into the dynamics o f the interaction.
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1,2.9 Aims of the study

Parasitism-associated pathology has been well documented within the natural host- 

parasite interaction between B. terrestris and S. hombi. However, at present, the molecular 

mechanisms related to the interaction are unknown. To elucidate mechanisms related to this 

host-parasite interaction, I have adopted a systems level approach to examine changes in the 

host transcriptome and proteome in response to parasitism. In the absence o f fully available 

genomic resources, transcriptomics platforms, such as the Roche 454 Life Sciences 

sequencing platform, provide the ability to generate a reference to allow for quantitative 

down-stream analysis at the transcriptomic and proteomic level. Changes in host gene 

expression were examined and quantified using transcriptomic tools, such Illumina GAIIx 

and HiSeq2000 platforms, while changes in the proteome were assessed using mass 

spectrometry based proteomics. Integration o f  both genomic fields will provide a 

comprehensive view into the dynamics within this important natural host-parasite interaction.

1.3 Experimental approaches to investigate the molecular dynamics of the 
B. terreslris-S. bombi interaction

1.3.1 Next-generation transcriptomics

In the absence o f a reference genome, transcriptomics provide the technology to 

produce de novo assemblies for reference transcriptomes (Ellegren, 2008). This process has 

been largely adopted for the study o f non-model organisms where genomic resources are 

poor or not available (e.g. (Vera et al., 2008)). Within this study, both host, B. terrestris, and 

parasite, S. hombi, are without completed genomes. The first step in this study was the 

generation o f reference host and parasite transcriptomes to allow for downstream quantitative 

transcriptomic and proteomic analyses. Traditional transcriptome sequencing relied on 

methods, such as Sanger sequencing (Sanger et al., 1977), which operated under a dye-chain 

termination method, which was both costly and slow to perform. The advent o f next- 

generation sequencing technology platforms, such as the Roche 454 Life sciences (Margulies 

et al., 2005), Illumina (Bennett, 2004, Bentley, 2006) and SoLID ABI sequencers (Shendure 

et al., 2005), revolutionised the field o f genomics providing a more cost-effective and rapid 

form o f sequencing. Next-generation sequencers possess the ability to perform sequencing 

runs in parallel resulting in a higher through-put o f data in comparison to traditional methods, 

such as Sanger (Margulies et al., 2005, Mardis, 2008, Shendure and Ji, 2008). The sequencers
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Normal
Workers, males and 
new queens 
produced

Queen forages, 
initiate a 
new colony

Queen hibernates -  female 
S bomhi en ter haemocoel 
and develop

Queen dies, 
nem atodes 
m olt twice and m ate

Parasitised

i
Queen visits flowers -  
S.bombiproduces eggs 
in host

Queen finds hibemacula 
instead of a nest site. L3 nem atode 
larvae released into the soil

Queen continues to 
fly, juvenile S.bombi 
develop in the host

Figure 1.1: Bombus terrestris- Sphaerularia bombi life cycle. Diagram depicts differences 
in the life cycle of non-parasitised (normal) and S. bomhi parasitised B. terrestris queens.
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can vary in the length o f reads generated, sequencing accuracy, number o f reads generated 

per run, time and cost for run (Shendure and Ji, 2008, Mardis, 2008, Metzker, 2010).

1.3.2 Roche 454 Life sciences sequencing platform

The Roche 454 Life sciences sequencing platform was first commercially introduced 

in 2005. The platform performs parallel pyrosequencing reactions producing up to 1 million 

reads per run within a 24 hour period. In brief, a DNA or complementary DNA (cDNA) 

template for sequence is fragmented. Adaptors are ligated to the ends o f the template 

fragments, which facilitate the amplification o f the fragments and also aid in sequencing. 

Resin beads coated in primer sequences are added to the sample. The primer sequences 

attached to the beads are complementary to sections o f the adaptors now ligated to the sample 

template. Adaptors present on the template bind to the primer sequences on the bead. Only 

one template fragment will be able to bind to each individual bead. An emulsion oil 

containing DNA polymerase and individual nucleotide bases are added to the sample to 

promote amplification via polymerase chain reaction (PCR). This PCR reaction, known as an 

emulsion PCR (Dressman et al., 2003), results in amplification, which causes the replication 

o f  template strands attached to the beads. Once amplification is complete, the beads within 

the sample mixture are filtered to remove unattached beads. The amplified fragments present 

on the beads are then denatured to produce a single strand form o f the template, which 

enhances sequencing efficiency.

The sample is transferred onto a picotitre plate, within which template bound beads 

enter individual wells. Enzyme beads, known as packing beads, are added to the well. DNA 

polymerase and primers are then added to each and attach to the adaptors present on the 

amplified fragments on the beads. Nucleotide bases are presented in waves sequentially. If  a 

nucleotide is present within the complementary strand o f the template, the nucleotide is 

incorporated. When it is incorporated during an extension reaction, a pyrophosphate is 

released and emits a light. The light emission is detected and recorded. The intensity o f  the 

light generated is equivalent to the number o f  nucleotides o f the same base incorporated into 

complementary strand synthesis (Metzker, 2010). By plotting this sequentially, the sequence 

o f the original template can be deciphered (Ellegren, 2008).

The process o f sequencing used by 454 sequencing platforms is known as 

pyrosequencing, which operates on the detection o f pyrophosphate release during nucleotide 

incorporation within the strand complementary to the original template (Ronaghi et al., 1996,
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Shendure and Ji, 2008). A major advantage of 454 sequencing is the ability to generate longer 

reads on average in comparison to other sequencing platforms, such as Illumina or SoLID 

(Mardis, 2008, Shendure and Ji, 2008). The average length of 454 reads (approximately 400- 

700 bp) facilitated the development of a range of software algorithms to perform de novo 

transcriptome assembly with 454 reads (Kumar and Blaxter, 2010). As transcripts are 

generally fragmentary in nature, assembly is required to identify over-lapping sequences 

between transcripts to form consensus sequences, known as contigs. The read length 

generated by 454 sequencing as well as the range of assembling software were contributing 

factors in the choice to use 454 sequencing to generate transcriptome references for both host 

and parasite within the present study.

1.3.3 Transcriptome assembly

Assembly algorithms scan reads and try to identify overlaps between transcripts that 

can be joined to form a consensus sequence. Assembly is an important stage in the 

development of the reference transcriptome but is not a simple process. Complications can 

arise that impact on the efficiency and accuracy of assembly. Errors generated during 

sequencing can lead to mismatches in assembly resulting in non-assembly (Kumar and 

Blaxter, 2010). In addition, the sequencing process of 454 platforms is prone to reporting 

homopolymer errors, where the number of repeated nucleotides within a sequence may be 

overestimated (Mardis, 2008, Shendure and Ji, 2008, Metzker, 2010). Polymorphisms 

between transcripts may also complicate recognition of sequence overlaps. The abundance of 

transcripts can vary within a non-normalized library, which can impact on effective 

sequencing coverage of certain transcripts. In addition, assembly software operate using 

assembling algorithms that differ in their criteria for assembly (Kumar and Blaxter, 2010).

Recent investigation and comparison of available assembling software identified the 

most optimal assembly to be generated from different assemblers resulted in a more credible 

final assembly, in comparison to using just one assembly program (Kumar and Blaxter, 

2010). Based on the results of this study, I have used a two assembler approach in the 

generation o f 454 transcriptomes for both host and parasite. In this approach, provisional 

transcriptome assemblies are generated by each of the two assemblers, known as primary 

assemblies. The two primary assemblies are then entered into a third assembler that detects 

and recognises overlap between the two primary assemblies forming consensus sequences. 

The consensus sequences generated in this manner are regarded as highly credible contigs as
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they have been produced independently by two different assemblers using two different 

assembling algorithms (Kumar and Blaxter, 2010). These contigs are known as secondary 

contigs. The contigs that do not assemble during the secondary assembly would be 

considered o f less credibility as they were only produced within one primary assembly.

1.3.4 Functional annotation

Once contigs are assembled, functional annotation is required to infer biological 

function (see Fig. 1.2). For model organisms, such as C. elegans and D. melanogaster, 

information on a gene and the protein it encodes for are easily available (Yook et al., 2012, 

Marygold et al., 2013). In contrast, in non-model systems like the bumblebee, gene-centred 

investigations largely focus on gene expression, for example, identifying genes involved in 

immunity (Riddell et al., 2009, Schluens et al., 2010, Riddell et al., 2011, Erler et al., 2011), 

or development and caste differentiation (Pereboom et al., 2005). However, lack o f a 

published genome in addition to low amounts o f experimental data on nucleotides and 

proteins results in a heavy reliance on homology-based functional annotation. Homology 

searches can be performed for nucleotide and protein sequences o f  interest using alignment 

software programs, such as basic local alignment search tool (BLAST) (Altschul et al., 1990), 

to search against databases o f available nucleotide and protein sequences. Homology-based 

searches can also assign gene ontology (GO) terms to a sequence o f  interest providing 

information on the molecular function, biological processes and cellular component o f the 

gene product. Functional assignment tools, such as annotSr (Schmid and Blaxter, 2008) and 

B last2G 0 (Conesa et al., 2005, Conesa and Gotz, 2008), perform automated tasks of 

annotating gene products to a high level. Without these tools and the associated functional 

annotation software, it would be difficult to understand the biological context and 

significance o f transcriptomic and proteomic data.

1.3.5 Quantitative transcriptomics: Illumina technology

Once a functionally annotated transcriptome resource is available for both host and 

parasite, downstream analysis can be performed to identify qualitative and quantitative 

differences at the transcript and protein level. Illumina sequencing platforms provide an ideal 

means to identify differential gene expression between treatments. In comparison to other 

next-generation platforms, the Illumina sequencing platform provides a higher level o f base- 

calling accuracy (Shendure and Ji, 2008). In addition, Illumina sequencing can provide a 

larger data output at a lower cost per base in comparison to 454 and SoLID sequencing
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Figure 1.2: 454 transcriptome assembly pipeline. Samples are collected and total RNA 
extracted. cDNA is synthesised and sequenced using Roche 454 Life Sciences Titanium FLX 
sequencer. Post-sequencing, base calling is performed to assess read quality and adaptors 
removed using customised PERL scripts. Reads are then assembled into consensus sequences 
and functionally annotated using freely available global annotation software programmes.
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technologies (Metzker, 2010). For these reasons, Illumina sequencing platforms were utilised 
within this study to examine changes within the host transcriptome in response to parasitism.

1.3.6 Illumina sequencing

The Illumina sequencing technology shares similar preparation steps with 454 

platforms. The sample DNA or cDNA is initially fragmented into smaller segments with 

adaptors ligated onto the ends o f template fragments and the fragments then added to a 

"lawn" containing primers complementary to the ligated adaptor sequences. The template 

fragments bind to an individual primer sequence via one adaptor-ligated end. The template 

fragment then bends to adjoin the second adaptor-ligated end to a complementary primer 

sequence present on the lawn. DNA polymerase is added to the mixture and amplification 

occurs resulting in the formation o f clusters o f the same individual sequences. When 

amplification is complete, one o f the strands o f the amplified templates is removed to 

increase sequencing efficiency.

During the sequencing reaction, DNA polymerase and primer sequence are added to 

the reaction mixture. The primers attach to the adaptors present on the template DNA. 

Illumina sequencing operates using reversible dye terminators that allow the identification o f 

individual nucleotide bases as they are incorporated into a complementary strand. The four 

types o f  reversible termination bases are added to the reaction mix during sequencing. Each 

base type (adenine, cytosine, guanine, and thymine) is fluorescently labelled with a different 

colour. The four bases simultaneously compete for the binding site in the complementary 

strand o f template DNA to be sequenced (Bentley, 2006). A nucleotide base is incorporated 

into strand synthesis while non-incorporated nucleotides are washed away (Bentley, 2006). 

After each incorporation, a laser is applied to remove the 3' terminal blocking group and 

probe. The removal coincides with the production o f a detectable fluorescent colour that is 

specific to one o f  the four bases. This colour is identified and recorded with the cycle 

repeated until the entire original DNA template is identified (Bentley, 2006).

1.3.7 Filtering and read alignment

Once the sequencing reaction has been completed, the data are filtered for 

contaminants or reads o f poor quality, identifiable by the large percentage o f  Ns called within 

a sequence (see Fig. 1.3). The next step after filtering is the mapping o f reads to the reference 

genomic or transcriptomic reference (see Fig. 1.3). Read alignment to a reference is not a 

trivial task. Illumina/Solexa sequencing technology generally synthesises from 50 million up
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to 3 billion 32-150bp reads on a single machine run. Aligning this large amount of short reads 

to a reference genome, which can be gigabases in size, can lead to problems in efficiency and 

accuracy of alignments. In addition, the computer processing time for alignment can be 

extremely demanding. The advent of Illumina/Solexa technology produced data at such 

volumes that it made traditional alignment tools, such as BLAST (Altschul et al., 1990) and 

BLAST-like alignment tool (BLAT) (Kent, 2002), redundant for this technology, resulting in 

a vave of new alignment tools being developed to meet the mapping needs of Illumina 

technology. Alignment software based on the Burrows-Wheeler transform method, such as 

BoAvtie (Langmead et al., 2009) and Burrows-Wheeler aligner (BWA) (Li and Durbin, 2009, 

Li £nd Durbin, 2010), were developed to provide accurate, fast and more efficient alignment 

of short reads to a reference genome or transcriptome. Once reads are aligned, count matrices 

are generated for each alignment and, using statistical packages, comparative analyses can be 

performed between different treatments to identify differentially expressed genes.

1.3.B Proteomic examination of host-parasite interaction

While changes at the transcriptome level can provide an insight into differential gene 

expression within a host in response to parasitism, proteins are the functional end products of 

genome expression and are the effectors within the dynamics of host-parasite interactions. To 

complement the transcriptomic data, mass spectrometry-based proteomic analyses were 

conducted specifically focused on the actual site of interaction between the host and parasite: 

the host haemolymph. The host haemolymph is the blood plasma equivalent o f the 

invertebrate open circulatory system. Throughout the parasitic part of its life-cycle, S. homhi 

is continuously in contact with the host haemolymph and actively feeds off the host 

haemolymph through invaginations within its prolapsed uterus (Madel, 1966, Poinar and 

Hess, 1972, Poinar and Van der Laan, 1972). Therefore, the haemolymph represents an 

important medium with respect to an examination of the molecular mechanisms related to 

dynimics o f the host-parasite interaction.

1.3,^ Mass spectrometry-based proteomics

Mass spectrometry (MS)-based proteomics provides an insight into the biological 

status of a sample through the identification of proteins present within a sample. MS-based 

protiomics offers an unbiased insight into the proteins (and their quantities) in a biological 

sample regardless of whether the function of the identified proteins is known. Post- 

ideitification, the biological function of a protein can be further annotated through
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Figure 1.3: Quantitative transcriptomics pipeline. Samples are collected and total RNA 
extracted. cDNA synthesis is performed, followed by sequencing using an Illumina 
sequencing platform. Reads are filtered to remove low quality reads and adaptor sequences 
are trimmed. Reads are aligned to an annotated reference transcriptome using read alignment 
tools. Aligned reads are counted and counts summarised to generate a count table. Statistical 
analyses are then performed on the counts to identify differential gene expression between 
treatments.
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bioinformatics or experimental means. While bumblebee proteomics may be in its infancy, 

proteomic-based methods have been applied to understanding the biology o f other social 

insects, such as the honey bee. Gel-based and gel-free techniques have been used to perform 

proteomic analyses on honey bee samples (Chan et al., 2006, Randolt et al., 2008, Baer et al., 

2009, Gatschenberger et al., 2012). The gel-based approach involves using a polyacrylamide 

gel to separate out proteins based on molecular mass. Protein bands can then be stained and 

visualised on the gel. Protein bands can then be extracted, digested and the digested protein(s) 

submitted to mass spectrometry to identify the protein(s) present. Protein identification can 

also be achieved through gel-free methods, such as in-solution digests using an enzyme, such 

as trypsin. Within this thesis, the majority o f proteomic-based methods performed primarily 

consist o f in-solution tryptic digests o f bumblebee haemolymph samples, followed by 

separation o f the peptides using liquid chromatography prior to mass spectrometry.

1.3.10 Tandem mass spectrometry

Tandem mass spectrometry, also known as MS/MS, refers to the acquisition o f two 

sequential mass spectra to identify a peptide. Sample preparation for MS/MS consists o f the 

sample being subjected to a hydrolytic enzyme, such as trypsin, which cleaves a protein at the 

basic residues o f lysine or arginine producing smaller peptides. The cleaved peptides are 

subjected to liquid chromatography, a step designed to reduce the effective complexity o f a 

sample through separation o f complex peptide mixtures present within the biological sample 

based on physical properties, such as the physical composition o f the sample. The separation 

facilitates the exit o f peptides at different times. The charged peptides within the sample are 

transformed into a gaseous phase by an electrospray device. The gaseous charged particles 

enter the mass spectrometer and can be manipulated in electric and/or magnetic fields 

depending on the instrument used. Within this study, the linear trapping quadrupole (LTQ)- 

Orbitrap was primarily used based on its high accuracy in the measurement o f peptide ion 

masses. The Orbitrap can measure to an accuracy o f less than 2 parts-per-million (ppm). In 

addition, the Orbitrap has high resolution generating lower overlapping peaks, providing 

information-rich mass spectra. This combination o f high mass accuracy and high resolution 

ion spectra provides an efficient platform for accurate peptide identification as well as a 

means o f quantitation (see Fig. 1.4).
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1.3.11 Peptide identification, functional annotation and label free quantitation

The raw data produced from a tandem MS/MS run is comprised o f a list of ion mass- 

to-charge ratios and their respective intensities collected during the process. For identification 

purposes, the raw data is searched against a database containing peptide masses for the 

available predicted protein complement of an organism (see Fig. 1.4). In addition, the 

database should contain proteins that would be expected as potential contaminants. Predicted 

proteins would be theoretically digested using the same enzyme as used in the experimental 

study generating a suitable database for searching of raw data. Searches are conducted by 

software tools, such as Andromeda as part o f the MaxQuant software package (Cox et al., 

2011), comparing the experimental data against the theoretical predicted set. A score or 

ranking order is generated based on the level of similarity between experimental and 

theoretical peptides. Once identification of experimental peptides has been achieved, proteins 

from which the peptides derive can be ascertained. Functional annotation of the protein 

matches can then be performed using annotation software tools, such as Blast2G0 and 

armotSr.

The measurement o f peptide ion intensities can be used to determine protein amounts 

in a sample and thus permits MS-based quantitative proteomics (see Fig. 1.4). The relative 

amount of a protein is determined as a product of the intensities for the peptides identified for 

that protein. By comparing these intensities across samples, statistics based approaches can 

be adopted to determine qualitative and quantitative changes in the proteomes of control 

versus challenged experimental groups. Traditionally, the accurate quantitative measurement 

of protein using mass spectrometry relied on labelling protein extracts with chemical adjuncts 

that could be differentiated and measured by MS (Ong et al., 2002, Ong et al., 2003, Ong and 

Mann, 2005). Using different labels, protein extracts could be mixed and measured on the 

same MS run (Ong et al., 2002, Ong et al., 2003). However recent improvements in 

resolution, accuracy and reproducibility o f mass spectrometers (as seen with the LTQ 

Orbitrap) have resulted in label free quantitation (LFQ) approaches where the peptides are 

matched across individual runs followed by a quantitative evaluation. Such a LFQ approach 

was applied to investigate the haemolymph proteomic response to parasitism by S. bombi 

across different timepoints using MaxQuant to complement the quantitative transcriptomic 

analysis undertaken as part of this project.
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Figure 1.4: Quantitative proteomics pipeline. Haemolymph was collected, purified and in
solution digestion performed. Digested peptides were run on a mass spectrometer and 
resulting raw data mapped against a predicted proteome reference for both host and parasite 
to provide protein identification. Peptide ion intensities were calculated for each peptide 
within a sample. Using label free quantitation (LFQ) methods, intensities were compared 
across samples allowing for statistical methods to identify differences in protein abundances 
between treatment groups.
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1.4 Thesis outline

S. bomhi is a highly virulent parasite o f bumblebee hosts impacting on multiple 

aspects o f the host's phenotype. At present, the molecular basis o f the mechanisms employed 

within this important natural host-parasite interaction is unknown. As bumblebees are 

important ecological and commercial pollinators undergoing global population declines with 

parasites and pathogens being suggested as potential contributing factors (Brown and Paxton, 

2009, Meeus et al., 2011), increasing our understanding o f the dynamics involved within 

these systems is required.

To advance our understanding o f the molecular basis o f the host, Bombus terrestris, 

an examination o f the host transcriptome was performed (Chapter 2). As the transcriptome is 

a transient entity with certain genes expressed only at certain stages o f the host life cycle, 

multiple life cycle stages, including developmental stages (larva and pupa), sexes (male and 

females) and castes (workers and queen) were incorporated into the analyses to produce a 

comprehensive compendium of host gene expression. Genes with potential roles in 

resistance, such as immunity, as well as other important biological processes, such as 

olfaction, were examined. The transcriptome produced served as a reference for downstream 

transcriptomic (Chapter 4) and proteomic analyses (Chapters 5 and 6).

To investigate potential candidate genes involved in parasitism, as well as providing a 

novel insight into the general biology o f the parasite, a transcriptomic analysis o f S. bombi 

life cycle stages was performed (Chapter 3). Like the host, multiple life cycle stages (L3 

juvenile stage, free-living adults and parasitic stage females) were incorporated into the 

analyses to increase gene discovery allowing for transcripts potentially involved in host 

exploitation, immune manipulation as well as novel S. bombi sequences. This transcriptome 

served as a reference for transcriptomic (Chapter 4) and proteomic analyses o f parasitised 

hosts (Chapter 6).

To investigate changes in the host transcriptome in response to parasitism by S. 

bombi, quantitative transcriptomics on parasitised hosts over a short time course was 

performed (Chapter 4). Quantitative transcriptomics provided a novel insight into host gene 

expression affected by S. bombi parasitism, as well as allowing for examination o f 

differential expression o f biological processes hypothesised to be affected by nematode 

parasitism, such as host immunity and neurology. In addition, transcriptomic analysis o f
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parasitised queens allowed for the investigation o f parasite gene expression in vivo providing 

a novel insight into molecular mechanisms related to parasitism.

To provide an insight into the immunity-related protein complement o f the host 

haemolymph, the primary site o f interaction between host and parasite, a proteomic analysis 

o f control host haemolymph was performed (Chapter 5). Proteins with putative roles in 

resistance, such as antioxidant, venom, olfaction and transport proteins, were also 

investigated to provide a novel and comprehensive examination o f immune capacity o f a 

highly important, yet understudied, bumblebee caste.

To examine the systemic response o f the bumblebee host haemolymph proteome to 

parasitism by S. bomhi, mass-spectrometry proteomics were used to identify and quantify 

changes at the protein level over a short temporal period incorporating time-points important 

to the development and establishment o f the host-parasite interaction (Chapter 6). In addition, 

proteomic analyses allowed for the investigation o f potential parasite-derived proteins within 

the host haemolymph to improve our understanding o f the role o f  S. homhi within the 

dynamics o f the host-parasite interaction.
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Chapter 2 

Polyphenism in social insects: Insights from a 

transcriptome-wide analysis of gene expression in 

the life stages of the key pollinator, Bombus terrestris
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2.1 Introduction

A major problem in biology is understanding phenotypic plasticity. Phenotypic 

plasticity, the ability o f  a single genotype to express alternative forms o f morphology, 

physiology and behaviour in response to environmental conditions (West-Eberhard, 1989) 

provides the opportunity to study the influences o f environment on the genome o f an 

individual or group. Within the natural world, phenotypic plasticity is widespread and has 

been key to speciation and evolution (West-Eberhard, 1989, Agrawal, 2001, Schlichting, 

2002). However, within eusocial species it has resulted in polyphenism, where multiple 

distinct adult phenotypes result from differential expression o f a single genome (Evans and 

Wheeler, 2001). Revealing how multiple sets o f  genes are differentially expressed within the 

distinct phenotypes o f eusocial species offers an unprecedented opportunity to understand the 

molecular mechanisms related to polyphenisms.

The eusocial Hymenoptera (ants, some bees and wasps) present an excellent system in 

which to study how gene expression relates to numerous types o f polyphenism. Firstly, the 

social Hymenoptera undergo complete metamorphosis, or holometabolous development, 

where four morphologically distinct developmental stages (egg, larva, pupa and adult) exist. 

Holometabolous development is widespread in the superorder Endopterygota and the success 

o f the life history trait is reflected in the high rates o f diversification o f species that undergo 

complete metamorphosis (Mayhew, 2003). Secondly, they possess caste differentiation 

within the female sex, where a clear division o f labour is evident between two or more 

physiologically, behaviourally and, in many cases, morphologically distinct phenotypes 

(Wilson, 1971, Watson et al., 1985). The reproductive duties o f the colony are dominated by 

a queen while the majority o f individuals serve as functionally sterile workers that perform 

altruistic tasks such as larval feeding, resource foraging, nest maintenance and colony 

defence (Hamilton, 1964). Third, social Hymenoptera display haplodiploid sex 

determination, with females produced from diploid eggs, while haploid eggs develop into 

males (Cook, 1993).

Transcriptomic studies have the potential to unveil key gene expression differences 

that govern central biological processes, such as immunity and olfaction, within and across 

life cycle stages. A number o f studies have been performed in social Hymenoptera to 

determine which genes are differentially expressed across the adult castes (Evans and 

Wheeler, 1999, Pereboom et al., 2005, G raeff et al., 2007, Sumner et al., 2006, Hoffman and
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Goodisman, 2007, Grozinger et al., 2007, Hunt et al., 2010) and across the sexes (Baratte et 

al., 2006, Gempe et al., 2009, Colonello-Frattini et al., 2010). These analyses addressed only 

subsets o f  the complete transcriptomes o f the target species. Recent advances in sequencing 

technology, such as Roche 454 and Illumina sequencing platforms, generate vastly higher 

volumes o f data (Margulies et al., 2005, Wicker et al., 2006). As a consequence, these 

technologies have been used in several studies o f non-model species, such as the Granville 

butterfly (Vera et al., 2008), the Propertius duskywing and the Anise swallowtail butterflies 

(O'Neil et al., 2010), the migratory locust Locusta migratoria (Chen et al., 2010) and the 

primitively eusocial wasp, Polistes metricus (Toth et al., 2010). These studies demonstrate 

the potential o f transcriptomics to provide insights into the expression o f polyphenisms in 

insects, including eusocial species. Thus, the utilisation o f transcriptomic tools can 

significantly improve our knowledge o f what genes influence the evolution o f polyphenism 

within eusocial insect species.

The buff-tailed bumblebee Bomhus terrestris, which is common across Eurasia, is an 

important ecological pollinator o f a wide variety o f  crops (Alford, 1975, Goulson, 2003). The 

success o f B. terrestris as a pollinator is reflected in its increased utilisation in commercial 

agriculture, a multi-million dollar industry (Velthuis and van Doom, 2006). Caste 

differentiation in the female sex is evident in B. terrestris with a single monandrous queen 

responsible for the main reproductive duties o f the colony while functionally sterile workers 

perform altruistic tasks. As in all social Hymenoptera, sex determination is haplodiploid. B. 

terrestris has an annual life cycle, where queens overwinter for several months, postmating. 

Post-hibernation, the overwintered queen establishes a colony in early spring. She constructs 

the initial nest, and lays eggs. These hatch after four days into larvae that are completely 

dependent for feeding from the queen or sister workers for 10 to 14 days (Pendrel and 

Plowright, 1981). After spinning a cocoon or pupal case, the larva pupates for approximately 

fourteen days and metamorphoses into the adult (Alford, 1975). Bomhus workers display a 

range o f sizes, with size being correlated to function, such as larger bees functioning as 

foragers (Goulson et al., 2002). Worker-destined diploid eggs continue to be laid by the 

queen until a transition point occurs during the colony life cycle, known as the competition 

phase, where the workers begin to develop functional ovaries and compete with the queen for 

reproductive output. Workers lay unfertilised male-destined haploid eggs. The initiation o f 

the competition phase coincides with haploid egg laying by the queen while diploid eggs 

present in the nest may develop into gynes, or virgin queens. Sexuals leave the colony soon
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after emergence. Virgin queens are mated and subsequently, locate a suitable site to diapause 

for the duration o f the winter months (Alford, 1975).

Two previous transcriptomic studies for B. terrestris have been performed. Sadd et al. 

(2010) generated 29,428 expressed sequence tags (ESTs) from the thorax and abdomen o f 

four pooled workers (2 were seven days post-emergence while the second 2 were aged 

fourteen days post-emergence) using Sanger sequencing technology. More recently, Woodard 

et al. (2011) generated 454 reads from the brains and abdomens o f over 50 workers, to 

include in an analysis o f genes central to convergent evolution o f  eusociality within the bees. 

While both studies have provided valuable resources for the study o f the genomics o f  B. 

terrestris, they focused on gene expression within workers and as genes may be differentially 

regulated throughout development, caste or sex, a study incorporating multiple life cycle 

stages is required to increase our knowledge o f gene expression in this important pollinator.

Here I present a deep-sequencing Roche 454 transcriptome study o f the pre-adult 

stages, adult castes, and sexes o f B. terrestris, based on individual specimens. I identify 

potentially differentially expressed transcripts related to polyphenism and use differential 

expression to explore hypotheses for the involvement o f two important biological processes, 

immunity and olfaction, in the life cycle o f the bee. These processes were chosen because 

they represent generally important aspects o f animal biology, they are expected to exhibit 

specific patterns o f differential expression in social insects, and they can act as exemplars for 

the power o f  the transcriptomic approach. Immune defence against foreign agents would be 

expected to be heightened in life cycle stages that are more prone to infection, such as larvae, 

which are housed in a homeostatic nest environment with a high density o f nest-mates and 

consumable resources (Schmid-Hempel, 1998), compared to those that are more protected, 

such as pupae, which are enclosed in a sealed cocoon. In adults, workers, which have 

increased exposure to the environment through foraging and increased contact with 

potentially infected individuals in the colony, and gynes, which need to survive mating and 

hibernation, would require a heightened immune response to increase longevity compared to 

the non-social short-lived male (Baer, 2003, O'Donnell and Beshers, 2004, Ruiz-Gonzalez 

and Brown, 2006). Olfaction is a key aspect o f animal biology, and in Bombus is particularly 

important for nest-mate recognition and communication (Getz and Chapman, 1987), resource 

discrimination (Kunze and Gumbert, 2001), subordinate control by the queen (Cnaani et al., 

2000) and also mate selection (Ayasse et al., 2001). I thus predict that specific olfaction- 

related genes would be upregulated in the adult stages, for purposes o f resource
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discrimination and mate recognition, while distinct repertoires will be active in pre-adult 

stages, for caste-development pheromone reception.

2.2 Materials and methods

2.2.1 Animals

B. terrestris colonies (Koppert, Netherlands) were maintained at 27±1°C (45-50% 

RH) under red light. Pollen and sugar water (Apilnvert®) were supplied to the colonies ad  

libitum. Two colonies were chosen where the founding queen was present, only worker 

callows were emerging from hatching pupal cases and sexual offspring, i.e., males and gynes, 

were absent. From one colony, individual specimens o f worker life stages (larva, pupa and 

worker, known hereafter as worker 2) were collected. Adult stages (male, gyne and worker, 

known hereafter as worker 1) were similarly collected from the second colony. Workers were 

collected from both colonies to provide a comparison o f gene expression across the colonies 

for the worker phenotype. In total, six individuals (one worker larva, one worker pupa, one 

male, one gyne and two worker adults) were collected for transcriptomic analyses. The larva 

and pupa were maintained in their natal colony and monitored daily using photography. At 

seven days o f development, the larva (third instar) and pupa were removed, snap frozen in 

liquid nitrogen and stored at -80°C. Upon emergence, adults were removed to a nursery, 

which housed three distinguishable older workers, each with clipped wings, a brood clump, 

pollen and sugar water (providing both a normal social environment to stimulate normal gene 

expression in the newly emerged adults and a setting that was simple to monitor). The 

presence o f older workers within the nursery would suppress ovarian development and 

subsequent egg laying within subordinate younger adults. Adults matured in the nursery for 

three days. Adults were then sacrificed by snap freezing in liquid nitrogen and stored at - 

80°C.

2.2.2 RNA Extraction, cDNA synthesis and EST sequencing

Total RNA was isolated from the whole bodies o f  specimens using TRIzol Reagent 

(Invitrogen, UK) according to the manufacturer’s instructions. Each specimen was ground 

using a high performance disperser (T-18 Basic ULTRA TURRAX, IKA®) in 5 ml o f 

TRIzol reagent. 1.5 ml o f chloroform (Sigma, Ireland) was added to the TRIzol extract, 

mixed by inversion and incubated at room temperature for 3 min. The sample was 

centrifuged at 11,500 g at 4°C for 15 min. The aqueous phase containing RNA was 

transferred to a fresh tube and an equal volume o f 2-propanol (Sigma, Ireland) was added.
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The sample was vortexed, incubated at room temperature for ten min and then centrifuged at 

11,500 g at 4°C for 10 min, resulting in the precipitation of the RNA out of solution in the 

form of a pellet. The supernatant was then removed, 70% ETOH was added, and the sample 

was vortexed and centrifuged at 9,250 g at 4°C for 5 min. The new supernatant was removed 

and the pellet was allowed to dry at room temperature. The final pellet was resuspended in 

100 |il Elution Solution supplied with the GenElute^'^ Mammalian Total RNA kit (Sigma, 

Ireland), and RNA purified using the kit following the manufacturer’s instructions. DNase 

treatment was perfomied using an On-column DNase (Sigma, Ireland) at a concentration of 

70 |il of DNase Digest Buffer for On-column DNase Digestion to 10 îl of DNase I. Total 

RNA was quantified and integrity assessed on an Agilent 2100 Bioanalyzer using the Agilent 

RNA 6000 Nano Chip kit. cDNA was synthesised for 3 |ig of RNA using the Evrogen 

SMART cDNA synthesis service (Evrogen, Russia). 5 |ig of cDNA from each sample was 

used to create a Roche 454 sequencing library and sequenced on a Roche 454 Life Sciences 

GS FLX Titanium Series sequencer. The six B. terrestris samples were sequenced 

independently (one sample per lane), and base calling and quality screening performed using 

standard Roche pipeline version 2.3. Roche 454 sff files were deposited in the SRA on the 

EBI, library ERP000936.

2.2.3 Transcriptome assembly

Roche 454 reads from the individual life cycle stages were combined for the purpose 

of assembly. Reads were assembled into a first draft transcriptome for B. terrestris following 

the approach of Kumar and Blaxter (2010). Two distinct assemblers were used to generate 

primary assemblies: gsAssembler from Roche/454 Life Sciences (also known as Newbler, 

version 2.5.3;with settings "-urt", "-cDNA", "-vt SMARTAdaptors.fna" ) (the Newbler_454 

assembly), and MIRA (version 3.0.2; (Chevreux et al., 2004) (the MIRA_454 assembly)). For 

MIRA assembly (settings: "—job=denovo,est,normal, 454"), SMART adaptors were removed 

using BLAST and a custom PERL script.

The B. terrestris Sanger-sequenced expressed sequence tag (EST) data (generated by 

Sadd et al. (Sadd et al., 2010) and other pre-existing B. terrestris mRNAs in EMBL/GenBank 

were downloaded from EMBL nucleotide database (18th August 2010), and assembled using 

PartiGene (Parkinson et al., 2004a) (the PG Sanger assembly).

The three contig sets (PG Sanger, Newbler_454 and MIRA_454) were then 

coassembled using CAP3 (Huang and Madan, 1999) (with settings: sequence similarity 98%
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and base overlap 50 bp), to generate BT_transcriptome_v 1 contigs. Examination o f the 

BT_transcriptom e_vl contigs both affirmed that the assembly generated contig sequences o f 

higher credibility than from the single assemblers, but also identified issues o f remaining 

redundancy in the data. Therefore the BT_transcriptome_vl contig set was reclustered using 

PartiGene to generate the final B. terrestris transcriptome assembly, BT_transcriptome_v2, 

for annotation and analysis. Each o f the input reads in the Roche 454 data was mapped back 

to this final BT_transcriptome_v2 assembly using BLAST and assessed stage-specific 

expression o f each contig by counting reads per contig for each source library using a custom 

PERL script. The vast majority o f the total reads (1,441,743 ESTs or 92.4%) were mapped to 

33,875 BT_transcriptome_v2 contigs.

2.2.4 Assessment of completeness and integrity of the assembly

The quality o f BT_transcriptome_v2 was assessed by: (a) assessing congruence with 

available B. terrestris transcriptome shotgun assembly data from Woodward et al. (2011) 

(INDC Accession numbers: JI045408-JI025924.1) using BLAST (Altschul et al., 1990); and 

(b) assessing completeness compared to the whole-genome derived transcriptomes for other 

Hymenoptera (the official gene set (OGS) for the honeybee Apis mellifera (from 

http://hymenopteragenome.org/beebase/), and the ants Camponotus floridanus [NCBl 

Genome Project ID: 50201] and Harpegnathos saltator [NCBI Genome Project ID: 50203]) 

and other arthropods (the OGS for Drosophila melanogaster from the latest genome release: 

http://flybase.org/), using tBLASTx with an E-value cutoff o f le-10.

2.2.5 Functional annotation

The BT_transcriptome_v2 contigs was annotated with best BLAST matches by 

comparing them to the NCBI nr database (27th March 2011; reporting up to five matches 

with an E-value cutoff o f le-06). BT_transcriptome_v2 contigs were also annotated with 

Gene Ontology (GO), Enzyme Commission (EC) and Kyoto Encyclopaedia o f Genes and 

Genomes pathways (KEGG) identifiers using annotSr (v. 1.1.1; (Schmid and Blaxter, 2008)) 

with a cut-off bit score o f 55. GO terms were further summarised using the GO-Slim 

hierarchy. InterProScan was performed to infer putative function for hypothetical and 

unannotated contigs using Blast2G0 software tool (V.2.4.8; (Conesa and Gotz, 2008, Gotz et 

al., 2008)).
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The annotated data were searched for genes, pathways and processes o f interest. Gene 

hsts were generated based on annotated processes and pathways for the eusocial honeybee, A. 

mellifera, the parasitoid jewel wasp, Nasonia vitripennis, the holometabolous fruit fly, D. 

melanogaster, and the hemimetabolous pea aphid, Acyrthosiphon pisum. Protein and 

nucleotide sequences o f genes o f interest were obtained from NCBI and compared to the B. 

terrestris transcriptome data using BLAST.

2.2.6 Comparison of expression between life stages of B. terrestris

R-STAT analysis devised by Stekel et al. (2000), was used to identify contigs in 

BT_transcriptome_v2 that varied in their proportional contribution from each o f the six 

sequenced samples. R-STAT calculates a log likelihood ratio statistic that estimates variation 

o f  proportional contribution to each contig from each sample. The resulting statistic, the R- 

value, expresses the variation in read contribution to each contig across life cycle stages. The 

results from this study are treated as preliminary because, given the absence o f replication 

within life cycle stages and castes, these categories are confounded with the age o f the 

individual specimens. Statistical analyses were carried out using the R language (version 

2.11.1; http://cran.r-project.org/).

2.3 Results

2.3.1 Sequencing, assembly and assembly validation

Six cDNA preparations were sequenced using the Roche 454 Life Sciences GS FLX 

Titanium Series sequencer, generating a total o f 1,610,742 sequences. After removal of 

adapters and poly(A) tails, and trimming for base quality, there were 1,560,873 high quality 

sequences with an average length o f 323 bases. Using the method outlined by Kumar and 

Blaxter (2010), these were assembled using two different assemblers, Roche 454’s 

gsAssembler (“Newbler”) and MIRA, to generate the first-order assemblies (hereafter, known 

as Newbler_454 and MIRA_454, respectively). There were 38,212 contigs in Newbler_454 

with a mean length o f 650 bases, while MIRA 454 contained 65,786 with a mean length o f 

668 bases. Using PartiGene, 29,428 B. terrestris Sanger ESTs generated by Sadd et al. (2010) 

and 234 B. terrestris mRNA sequences (obtained from EMBL nucleotide database) were 

clustered into 12,337 contigs (hereafter referred to as PG_Sanger). The three first order 

assemblies (PG_Sanger, Newbler_454 and MIRA 454) were coassembled using CAP3 to 

generate the BT_transcriptome_vl contig set. This contained 22,318 contigs with 

contributions from more than one first order contig, o f which 4,867 had contributions from all
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three first order assemblies, and 33,819 additional contigs containing single first order contigs 

(Fig. 2.1). As expected, the improved data sampling in terms o f depth, life cycle stage, caste 

and sex resulted in there being an excess (14,675 contigs) o f CAP3 contigs with contribution 

from only Newbler_454 and MIRA_454. Those contigs with independent evidence from 

Sanger and 454 data, and presence in all three primary assemblies are regarded as being 

highly credible. CAP3 contigs with contributions from two or only one primary assembly are 

likely to be o f lower credibility.

Some residual redundancy was noted in the BT_transcriptome_vl contig set, and thus 

reclustered using the 56,137 second order contigs with PartiGene (removing 1,249 contigs 

with length o f 100 bases or less). This dataset. BT_transcriptome_v2, contained 36,354 

contigs. O f these, 25,886 were unchanged from BT_transcriptom e_vl, while the remaining 

29,210 BT_transcriptome_vl contigs were clustered into 10,468 BT_transcriptome_v2 

contigs. BT_transcriptome_v2 contigs have an average length o f 1,102 bases (minimum 

length = 100 bases, maximum length = 26,105 bases) with an N50 contig size o f 1,533 bases. 

The total span o f  the BT_transcriptome_v2 contigs is 40MB.

PG_Sanger contigs that did not coassemble with the 454 primary assemblies were 

examined for biological credibility. Approximately 75% (22,142) o f the B. terrestris Sanger 

sequences were included in contigs with 454 data while in comparison, 862,818 (55% o f total 

high quality screened reads) 454 reads mapped to the PG_Sanger contigs. The remaining 

7,519 Sanger sequences clustered into 5,266 contigs, o f which 4,091 (77%) were singletons. 

Thus the results conclude that the Sanger-sequencing derived contigs that lack 454 data 

support are more likely to be rarely expressed genes or technical artefacts. However, AT 

content was approximately equal for both sets (63.8% for Sanger-only compared to 64% for 

those that coassembled with 454), suggesting that these isolated contigs do not derive from 

genomic contamination. In terms o f gene content, 43% o f the 5,266 Sanger-only contigs had 

significant (BLASTx E-value < le-6) matches to the nonredundant protein database, again 

suggesting that many have recognisable coding potential and are less likely to be artefacts. 

Full information on testing o f credibility is provided in Appendices 1: section 1.1.

The B. terrestris genome project has released a first draft assembly and 95.9% o f the 

BT_transcriptome_v2 contigs (n=34,861) had high significance megablast matches (E-value 

< le-65) to these data. Woodard et al. (2011) generated an assembly o f \ 9,485 B. terrestris
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Figure 2.1: Bombus terrestris transcriptome_vl assembly: (a) Venn diagram depicting the contig contribution to CAP3 second order contigs 
from the three primary assemblers, MIRA 454 (green), Newbler_454 (red) and PG_Sanger (blue) contigs, consisting of previously available 
Sanger sequenced ESTs and mRNA available on GenBank. Verm diagram displays overlaps betweeen the first order contig assemblers in CAPS 
second order assembly. Numbers in bold in the figure correspond to the number of contigs assembled or unassembled from primary assemblies 
by CAP3. (b) Map o f regions of Venn diagrams depicting range in contig credibility; 1° contigs are highly credible, consisting of contributions 
from all three primary assemblies; 2° contigs are less credible contigs, consisting of contributions from only two primary assemblies; 3° contigs 
consist of CAP3 contigs assembled from only one primary assembly set; 4° contigs are unassembled contigs from the primary assembly and are 
considered poorly credible.
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contigs from Roche 454 data derived from sampling the brains and abdomens o f over 50 

bees, which were obtained from the TSA database on NCBI. Nearly 75% o f these contigs 

(14,576) matched 9,003 contigs within BT_transcriptome_v2. The contigs unique to the study 

of Woodard et al. (2011) may derive from rare transcripts, or from differences in origin of 

samples as Woodard et al. (2011) generated transcripts from only brains and abdomens of 

workers while whole bodies o f several stages were used within the present study.

2.3.2 Annotation of BT_transcriptome_v2

BT_transcriptome_v2 was compared to the NCBI nr protein database and found 

significant matches (BLASTx, with E-value cut-off o f le-06) for 57.8% (n=21,028) contigs 

(Fig. 2.2). O f these contigs, 14,268 were assembled from more than one first order assembly. 

Based on the fact that these contigs were independently assembled using two different 

algorithms, greater confidence may be had in the biological validity o f these 14,268 contigs. 

The majority o f top-scoring matches (20,958 or 57.6%) were to Hymenoptera, including Apis 

species (36.4% o f all contigs), the ant species H. saltator (5.7%>), C. floridanus (5.5%) and 

Solenopsis invicta (3.4%), the parasitoid wasp N. species (1.7%) and Bomhus species (1.1%) 

(the proportional representation reflecting the available protein sequence data). The 

transcriptome assembly was compared to the whole-genome derived proteomes o f a set o f 

model Hymenoptera and other insects. O f the 36,354 BT_transcriptome_v2 contigs, 19,744 

(54.3%)) matched a predicted protein from the honeybee A. mellifera genome, 19,640 (54.0%) 

matched predicted proteins in the ant C. floridanus, and 19,762 (54.4%) matched predicted 

proteins in the ant H. saltator. There were 14,258 (39.2%) matches to the D. melanogaster 

transcriptome. To generate a gene estimate for the BT_transcriptome_v2 contig set, the 

amount o f best BLAST matches (tBLASTx cut-off o f le-10) between the transcriptome set 

and the OGS o f the honeybee, A. mellifera, was examined. In total, the 

BT_transccriptome_v2 contig set matched 9,217 unique predicted proteins from the latest 

Apis genome OGS suggesting the potential for an equal number o f homologous protein- 

encoding genes within the transcriptome set. Contigs that had no match to a previously 

predicted protein may derive from non-coding RNAs, untranslated regions o f mRNAs, or 

from protein coding genes highly diverged in or novel to B. terrestris.

Functional annotation classification using the GO, EC and KEGG ontologies using 

annotSr resulted in the assignment o f 533,897 GO terms, 14,345 EC terms and 47,355 KEGG 

terms to BT_transcriptome_v2 contigs. Approximately 39% (n = l3,996) o f contigs were
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annotated with GO terms. While many other contigs had significant BLAST matches in 

protein databases, these were to genes that have no GO annotation. GO-Slim analyses were 

also performed assigning high level GO annotations for the contig set (see Appendix 1). 

InterProScan searches were performed generating predicted protein signatures for 24,998 

BT_transcriptome_v2 contigs, of which 10,358 contigs received InterProScan (IPR) 

annotations with information regarding protein family, occurrences of functional domains 

and repeats. 14,640 contigs had no IPR annotation but were annotated with functional 

domains.

2.3.3 Conservation of major biological processes and pathways across Insecta

To assess the completeness of the B. terrestris transcriptome, the presence in 

BT_transcriptome_v2 of genes in conserved developmental and physiological pathways 

across a set of sequenced insect genomes was investigated. For each pathway or system, a set 

of canonical genes was collated from the proteomes of four species (the eusocial 

hymenopteran, A. mellifera, the solitary hymenopteran, N. vitripennis, the holometabolous 

dipteran, D. melanogaster, and the hemimetabolous hemipteran, A. pisum) and these were 

compared to BT_transcriptome_v2 (Table 2.1). For each species, between 98.5% and 96.7% 

of the surveyed genes had matches in BT_transcriptome_v2, suggesting that deep sequencing 

with 454 technology has indeed yielded comprehensive insight into the core regulatory 

machinery in B. terrestris.

2.3.4 Life cycle differential expression in B. terrestris

The expression level of each contig was estimated by counting 454 reads mapped 

back to the BT_transcriptome_v2 dataset. The majority (1,441,743 ESTs or 92.4%) were 

mapped uniquely to 33,875 contigs. 7,635 contigs (22%) received ESTs from all life cycle 

stages, and these universally expressed genes represented a majority (a mean of 74.5%) of the 

ESTs from each life cycle stage. There were 1,678 (4.9%) singletons (contigs with a single 

EST mapping). For 6,341 of the 33,875 contigs expression was detected in only one life cycle 

stage (Fig. 2.3). The larval and pupal stages had the highest proportion of stage-restricted 

contigs (~4% each). The adult stages had few stage-restricted contigs (workers: 3,865 [0.75% 

of total worker reads]; male: 4,182 [1.62% of total]; gyne: 1,449 [0.65% of total]). The two 

worker samples were very similar, with 95% (worker 1) or 97% (worker 2) of reads mapping 

to 13,611 shared contigs.
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Figure 2.2: Pie-chart displaying the species distribution for top BLAST matches for BT_transcriptome_v2 contig set against NCBI nr 
database. BLASTx, E-value cut-off of le-06, against NCBI nonredundant database generated putative matches for 21,028 B. terrestris 
sequences. Species generating the most putative matches were hymenopteran insects: 13,251 {Apis species)', 2,066 (C. floridanus); 1,996 (//. 
saltatory, 1,219 {S. invicta)-, 608 {Nasonia species); and 410 {Bomhus species). Others account for 1,478 putative BLAST matches for 
BT_transcriptome_v2 contigs.
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2.3.5 R-STAT analysis of differential gene expression amongst life cycle stages and 
castes

Although the life cycle stage samples are non-replicated, with the exception o f  the 

workers (N=2), to provide a preliminary assessment o f potential differential expression 

across the life cycle stages o f the bee, the R-STAT method devised by Stekel et al. (2000) 

was employed. As samples were not replicated across life cycle stages, with the exception of 

the workers, a full understanding o f  age or individual variation within the differential 

expression analysis is lacking but operating under the assumption that variation would be 

minimal between life cycle stages, the following was examined. In total, 2,185 

BT_transcriptome_v2 contigs were identified as having high R-values (R-value >20; 

following the methods by Stekel et al. (2000)). The thirty contigs that had the highest R- 

values amongst all life cycle stages are detailed in Table 2.2. The ten genes that best 

distinguish the different life-stages are provided in Appendix 1.

2.3.5.1 Gene expression within the workers

The contig with the highest R-value (BTT05460_1; R-value = 10,101) was identified 

as alpha-glucosidase, with elevated expression in both workers (Table 2.2; Appendix 1, 

Tables 1.4c and 1.4d). The workers also had elevated expression o f genes involved in flight 

(sallimus; BTT20899_3); defence (bombolitin; BTT20391_1); metabolism (two contigs, 

BTT05294 1 and BTT33135 1, matching cytochrome P450 proteins); and a protein with 

domain matches to both haemolymph juvenile hormone binding and mite allergen group-7 

(BTT05272_1).

Examination o f the ten genes that best distinguish the worker caste (based on genes 

highly expressed in both worker samples) identified genes involved in metabolism, chitin 

binding and defence (see Appendix 1, Tables 1.4c and 1.4d)). Both workers exhibited high 

expression o f genes involved in metabolism, such as oxidation o f organic compounds (three 

contigs matching three cytochrome P450 proteins (BTT22253_1, BTT24074_1 and 

BTT22199 1)), and glucose breakdown, (glyceraldehyde-3-phosphate dehydrogenase 

(BTT00029_1) and glucose oxidase (BTT20590 1)). A lipase (BTT15820_1), involved in the 

breakdown o f lipids essential for periods o f high activity, was also highly expressed in the 

workers. Two contigs (BTT05313_2 and BTT35235_1) matched chitin-binding, peritrophin- 

like proteins. Two worker-upregulated contigs matched genes implicated in immune defence: 

allergen- related G12 protein (BTT05276 1) and bombolitin (BTT05263_2). Other contigs
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Table 2.1: Conservation of biological processes and pathways across Insecta. Biological 
processes and pathways with the number of pathway proteins with significant matches to 
BT_transcriptome_v2 contigs in the honeybee, A. mellifera, the jewel wasp, N. vitripennis, the fruit 
fly, D. melanogaster, and the pea aphid, A. pisum. The number of reference proteins is given in 
brackets.

Biological Processes and 
Pathways

A.
mellifera

N.
vitripennis

D.
melanogaster

A.
pisum

Development
Dorsoventral Axis Formation 21 (22) 10(10) 63 (65) 17(17)
Progesterone mediated oocyte 50 (50) 41 (41) 59 (59) 37 (39)
maturation

Developmental Signalling  
Pathways
Decapentaplegic 21 (22) 19(19) 33 (34) 23(24)
Hedgehog 23 (25) 24 (25) 36 (37) 15 (15)
Notch 16(17) 18(18) 31 (32) 18(19)
Wnt 62 (63) 60 (60) 118 (119) 49(50)

Metabolism
Metabolic Pathways 526 (532) 497 (508) 1118 (1169) 528 (533)

Physiology
Circadian rhythm 6(7) 7(7) 31 (36) 8(8)
JAK-STAT 13(14) 11(12) * 17(17)
MAPK 9(11) 6 (7 ) 25 (28) 15(17)
mTOR 23 (23) 20 (20) 42 (43) 25 (25)
Neuroactive-ligand binding 27 (29) 15 (15) 43 (43) 12(12)
receptor
Phototransduction 26 (28) 24 (24) 45 (46) 17(17)
Proteasome 35 (35) 35 (35) 50(50) 45 (45)

Defence
Endocytosis 69(69) 66 (66) 139(139) 75 (75)
Lysosome 51 (52) 53 (53) 113 (116) 55 (59)
Natural Killer Cell Cytotoxicity 19(19) 13 (13) 36 (36) 22(22)
Phagosome 38 (39) 50(51) 99 (100) 44(44)
Regulation o f  Autophagy 12(12) 11(11) 18(18) 14(14)

Total 1047 980 2099 1036
(proportion) 97.9% 98.5% 96.7% 98.5%
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highly differentially expressed in workers included diapause-related protein 41 

(BTT05480_1; physiological function unknown), and two contigs matching hypothetical 

proteins from the ant C. floridanus  (BTT20743_1) and the honeybee (BTT05577_1). 

BTT05480_1 and BTT20743_1 have both transmembrane and signal peptide domains 

suggesting a cell-surface or membrane-bound location.

2.3.5.2 Gene expression in the gyne

The top ten differentially expressed genes included elevated expression in the gyne of 

an amino acid storage protein, hexamerin (BTT05275 2) (see Table 2.2). Within the ten 

genes that best distinguish the gyne (see Appendix 1; Table 1.4f), five contigs matched 

storage proteins: four hexamerins (BTT05275_2, BTT36615_1, BTT05275 1 and 

BTT05277 1) and one arylphorin (BTT05260 1). Apart from genes involved in storage, one 

contig (BTT00028 1) matched acyl-CoA delta-9 desaturase, a protein involved in fatty acid 

biosynthesis, another a chitin-binding peritrophin (BTT05289_2) and a third crooked, a 

protein involved in maintenance o f tracheal tube structure (BTT18720_1). Two contigs had 

matches to hypothetical proteins in the ant Brachymyrmex patagonicus (BTT07422_1) and 

the ant C. floridanus (BTT20597_1). BTT07422 1 was annotated with a predicted signal 

peptide domain while BTT20597_1 had predicted transmembrane, signal peptide and 

fibronectin-like 1 domains.

2.3.5.3 Gene expression in the male

The male sample had a high expression o f genes involved in immunity (see Table 

2.2). The male contributed a high proportion o f ESTs to a contig similar to the allergen 

protein G12 (BTT05276 2) and also exhibited high expression o f two contigs encoding 

antimicrobial peptides identified as hymenoptaecins (BTT24170 1 and BTT24170_2). 

Within the top ten genes that distinguished the male (see Appendix 1, Table 1.4e) a third 

hymenoptaecin contig was identified (BTT36277 1). Immunity aside, the male had high 

expression o f genes involved in metabolism (i.e. sentrin-like protease; BTT06274 2) and a 

serine carboxypeptidase (BTT05501_1), flight (i.e. the muscle protein titin; BTT05775_1) 

and cuticle formation (i.e. the peritrophin like gene BTT05289 1). Two contigs o f unknown 

function were also overexpressed in the male. One had a predicted fibronectin-like domain 

(BTT00570_1) while the second contig had transmembrane and signal peptide domains 

(BTT09205_1).
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2.3.5.4 Gene expression in the larva

The pre-adult stages accounted for 19 o f the top thirty highest R-value annotated 

contigs (6 from the larva and 13 from the pupa). The larva (Table 2.2) had elevated 

expression o f proteins involved in cuticle formation (BTT03121_2, BTT05366_1, 

BTT20843_1 and BTT20746 1), and amino acid storage (hexamerin 70b: B T T 189111). A 

member o f the cytochrome P450 superfamily (BTT20966 1) was also highly expressed in the 

larva. Within the larva elevated expression was identified for additional genes involved in 

development and cuticle formation (Appendix 1, Table 1.4a). The enzyme, carbonic 

anhydrase, which is involved in metabolism, was highly expressed (BTT12993_1). Two 

functionally unidentified contigs were also overexpressed, one o f which (BTT35627 1) had 

predicted transmembrane and signal peptide domains.

2.3.5.5 Gene expression within the pupa

In contrast to the high expression o f cuticular and structural proteins in the larva, the 

pupa had a higher expression o f a diversity o f amino acid storage proteins (Table 2.2; 

Appendix 1, Table 1.4b). O f the amino acid groups, seven contigs matched hexamerins: four 

to hexamerin 110 (BTT05433_2, BTT05442_1, BTT35255_1 and BTT20945_1), one to 

hexamerin 70c (BTT05437 1) and two to an unclassified hexamerin (BTT23482_1 and 

BTT35822_1). There was a high pupal EST contribution to a contig matching a peregrin-like 

protein, which has a role in dorsal/ventral axon guidance, an important biological process 

during transformation from larva to adult. O f the three contigs putatively matching metabolic 

enzymes, two contigs (BTT05434 2 and BTT38955_1) matched beta-ureidopropionase, an 

enzyme involved in metabolism o f pyrimidine and beta-alanine, while one matched a short- 

chain dehydrogenase-reductase (BTT17751 1). Vitellogenin, which has a role in lipid 

transport, was highly expressed in the pupa (BTT07410_1) in comparison to the larva.

2.3.6 Differential expression of immunity-related genes across the B. terrestris life cycle

The development and expression o f the immune response in B. terrestris is 

particularly interesting (see Introduction). B. terrestris homologues were identified for the 

four major A. mellifera immune signalling pathways {Toll, Immune deficiency (ImD), Janus 

kinase and signal transducer and activator o f transcription (JAK-STAT), and JNK immune 

signalling) in BT_transcriptome_v2 contigs, and analysed these for expression differences
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Figure 2.3: Contigs unique to B. terrestris life cycle stages within the BT_transcriptome_v2 contig set. Column chart displaying the number 
o f singletons (sequences consisting o f 1 454 read) and contigs containing more than 1 454 read generated uniquely from reads contributed from 
each o f the B. terrestris libraries within the BT_transcriptome_v2 contig set. The proportion o f the stage restricted contigs is provided as a 
percentage o f  the total BT_transcriptome_v2 contig set.
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among life cycle stages (Fig. 2.4). O f the Toll pathway components, expression was uniform 

across life cycle stages apart from two signalling components, Tube and Pelle. Neither was 

expressed in the pupa, while Tube was only detected in the female adult stages (workers and 

gynes). For the ImD, INK, and JAK-STAT signalling pathways, two components were not 

present in BT_transcriptome_v2: the transmembrane receptor Domeless, and the transcription 

factor for the JNK pathway, INK MAP Kinase basket. Components o f these three pathways 

were detectably expressed in all stages, but TEPA, DREDD, and TGF-P activated kinase 1 

(TA K l) were only expressed in workers. Sadd et al. (2010) also enumerated pathway 

component expression in workers, but more complete coverage o f expected pathways was 

identified, including a complete Toll signalling pathway.

Ten immunity-related effector genes w'ere differentially expressed across the sequenced 

specimens (Table 2.3). Nine o f these were expressed in all life cycle stages (the antimicrobial 

peptide (AMP) abaecin was absent from the larva). Phenoloxidase subunit A3 

(BTT08527_1), which functions in the production o f melanin and other polyphenic 

compounds for both cuticle biosynthesis and immune encapsulation, had highest expression 

in the pupa. A C-type lectin (BTT07416_1) and a gram-negative binding protein 

(BTT09196_1), which both have roles in immune detection o f bacteria, had elevated 

expression in the larva, while the gram-positive binding peptidoglycan recognition protein 

(PGRP) SA was highly expressed in the gyne (BTT21344 1). Transferrin, an iron chelator 

that impacts on the survival o f bacteria within a host, matched 22 contigs with differential 

expression, o f which 20 contigs had high EST contributions in the male while two contigs 

had high EST contribution from the gyne (BTT35862 1) and the larva (BTT35539 1), 

respectively (Table 2.3). The male had elevated expression o f the AMPs abaecin, apidaecin, 

hymenoptaecin and defensin 1 (Table 2.3: Antimicrobial peptides). Several distinct contigs 

encoding the 5ow/?M5-specific AMP bombolitin (BTT20391_1, BTT34958_1, BTT35608_1 

and BTT40712_1), a constituent o f venom, showed elevated expression in the female adults, 

especially the workers.

2.3.7 Differential expression o f olfaction genes in B. terrestris

Olfaction was expected to differ among castes and life cycle stages because o f their 

differing needs for, and responses to, social and other cues. The presence and differential 

expression o f olfaction-related genes, namely the odorant-binding proteins (OBPs) and the 

chemosensory proteins (CSPs) was examined (Table 2.4). Both larva and pupa had low
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Table 2.2: R-STAT analysis for the life cycle stages of B. terrestris. Mapped read contributions from each sequenced life cycle stage were analysed 
using R-STAT to identify contigs with potential differential expression. Read counts are provided for each life cycle stage with the corresponding R- 
value. BT_transcriptome_v2 contigs (BTT contig) reference, functional description, best NCBI nonredundant (nr) BLAST match description and 
GenBank accession code [species] are provided for each contig.

BTT_contig Functional
description

Best BLAST match and GenBank 
accession code 

[species]
Larva

a
Pupa

b

Read counts per contig 
W orkerl Worker2 Male

c d e
Gyne

f
Total

g
R-

value
BTT05460 1 Alpha-

glucosidase
Alpha-glucosidase 
{B. ignitus\

BAI44030.1 1 1 0 6 2677 6080 27 3 8903 1 0 1 0 1

B T T 05364J Allergen-related PREDICTED: similar to
CG4409-PA
[A. mellifera]

XP_001123230.1 5518 1 0 0 0 1 5520 8977

BTT03121_2 Endocuticle
structural
glycoprotein

Endocuticle structural 
glycoprotein SgAbd-1 
[C . floridanus]

EFN60841.1 5208 3 0 0 0 0 5211 8466

BTT05275_2 Hexamerin Hexamerin 
[A. mellifera]

ABR45904.1 41 45 434 16 55 4884 5475 7619

BTT05433_2 Hexamerin Hexamerin 110 
[A. mellifera]

ABU92559.1 283 3384 0 0 0 0 3667 6628

BTT05434_1 Peregrin-like PREDICTED: similar to 
CGI 845-PA 
[A. mellifera]

XP_395348.2 34 2638 38 21 26 38 2795 5011

BTT05442_1 Hexamerin Hexamerin 110 
[A. mellifera]

NP_001094493.1 119 2428 0 0 1 1 2549 4834

BTT05434_2 Beta-
ureidopropionase

PREDICTED: similar to 
beta-ureidopropionase 
isoform 1 
\A. mellifera]

XP_392773.2 17 2489 34 2 0 32 18 2610 4805

BTT35255_1 Hexamerin Hexamerin 110 
[A. mellifera]

ABU92559.1 346 2376 0 0 0 0 2722 4551

BTT20945 1 Hexamerin Hexamerin 110 BAI82215.1 147 2304 0 1 0 0 2452 4547

58



BTT17751 1 Short-chain
[A. mellifera] 
Short-chain N P_001011620.1

B T T 05366J

dehydrogenase/
Reductase
Endocuticle

dehydrogenase/reductase 
[A. mellifera] 
PREDICTED: similar to X P_001120498.1

BTT23482_1

structural
glycoprotein
Hexamerin

CG7658-PA 
[A. mellifera] 
Hexamerin ABR45905.1

B T T 35822J Hexamerin
[A. mellifera] 
Hexamerin ABR45905.1

B TT 189111 Hexamerin
{A. mellifera] 
Hexamerin 70b N P_001011600.1

BTT07410_1 Vitellogenin
[A. mellifera] 
PREDICTED: X P_001121939.1

B T T 05437J Hexamerin

hypothetical protein 
[A. mellifera] 
Hexamerin 70c NP_001092187.1

BTT20899 3 Sallimus
[A. mellifera] 
PREDICTED: similar to XP_001121572.1

BTT20391 1 Bombolitin

sallimus CG1915-PC, 
isoform C 
[A. mellifera] 
Bombolitin {B. ignitus] ACY09649.1

BTT21092_1 Alpha- Alpha-glucosidase BAI44030.1

BTT05276_2
glucosidase
Allergen-related

[5. ignitus]
Allergen-related G12 [H. EFN86980.1

BTT38955_1 Beta-
salt at or]
PREDICTED: similar to XP_392773.2

BTT24170_1

ureidopropionase

Hymenoptaecin

beta-ureidopropionase 
isoform 1 [A. mellifera] 
Hymenoptaecin ACA04899.1
[B. ignitus]

0 1760 0 0 0 0 1760 3708

2153 0 0 0 0 0 2153 3489

1 1633 0 1 0 1 1636 3423

0 1585 0 0 0 0 1585 3337

2947 15 337 88 99 177 3663 3289

0 1512 0 0 0 1 1513 3177

1 1496 0 0 0 0 1497 3142

7 0 1176 1922 16 305 3426 2960

5 1 1677 1691 9 837 4220 2944
31 1 766 1685 3 0 2486 2822

0 0 1948 819 2267 458 5492 2658

8 1190 11 7 13 10 1239 2316

1 22 0 0 1345 1 1369 2227
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BTT05294_1 Cytochrome P450 Cytochrome P450 4 g l5  
[H. saltator]

E FN 85148.1 106 29 1568 2115 576 762 5156 2201

BTT20843_1 Larval cuticle 
protein

PREDICTED: similar to
CG30045-PA
[A. mellifera]

XPOO 1120541.1 1355 0 0 0 0 0 1355 2187

BTT32853_1 Hexamerin Hexamerin 
[A. mellifera]

ABR45905.1 1 943 0 0 0 0 944 1971

BTT24170_2 Hymenoptaecin Hymenoptaecin 
[B. ignitus]

ACA04899.1 0 15 1 0 1171 0 1187 1948

BTT33135_1 Cytochrome P450 Cytochrome P450 4G 11 
[A. mellifera]

NP_001035323.1 84 10 1990 1472 541 827 4924 1944

BTT12993_1 Carbonic
anhydrase

Hypothetical protein
S IN V J 0 5 2 1
[5. invicta]

EFZl 8639.1 1732 8 134 49 252 30 2205 1937

BTT05272_1 Hypothetical
protein

PREDICTED: similar to 
CG3246-PA

XP 395658.3 7 41 1792 871 1453 1399 5563 1916

[A. mellifera]
a= Total number o f  larva ESTs (n=286501); b= Total number o f  pupa ESTs (n=162608); c= Total number o f  workerl ESTs (n=318664); d= 
Total number o f  worker2 ESTs (n=194969); e= Total number o f  male ESTs (n=257318); f= Total number o f  gyne ESTs (n=221683); g= Total 
number o f  ESTs (n=1441743).



expression o f OBPs, with the exception o f high expression o f OBP13 in the pupa (Table 2.4 

and Fig. 2.5). In addition, 0B P2 (BTT27418 1, BTT42039_1) 0BP3 (BTT35749_1) and 

0B P 4 (BTT41749_1), 0BP13 (BTT26653 1) were expressed in the pupa while 0BP3 and 

0BP13 were only expressed in the larva (Fig. 2.5). Four CSPs, namely CSP2 (BTT00638_1), 

CSP3 (B T T 191021), CSP4 (B T T 17558J, B T T 26377J) and CSP6 (B T T 35682J), were 

expressed in the larva with particularly high expression o f CSP3 (B T T 191021) and 

heightened expression o f  CSP4 in comparison to the pupa (BTT34298 1). The pupa only 

expressed three CSPs (CSP2, CSP3 and CSP4).

The adult stages had a heightened expression o f 0BP2 and 0BP3 in comparison to 

the larval and pupal stages (Table 2.4). Contigs identified as 0B P2 (BTT08587_1; 

BTT11797_1, BTT20806 1 and BTT40878 1) and 0BP3 (BTT05623_1 and BTT20849_1) 

had elevated expression in the adult stages in comparison to the larva, and were not expressed 

in pupa. OBP 13-like proteins were highly expressed in the pupa (BTT20296 1) and the male 

(BTT16540 1; BTT26653 1). In addition, OBPl and 0BP6 were detected in all adult stages 

but in neither the larva nor the pupa. O B P ll was only expressed in the sexuals (male and 

gyne) while OBP9 was only expressed in the male. Four CSPs expressed in the larva were 

expressed in the adult stages. There was an elevated expression o f CSP4 in the female adults 

in comparison to the male.

2.4 Discussion

Roche 454 deep sequencing was used to define and compare the transcriptomes 

expressed by life cycle stages and castes o f B. terrestris. Together, these data form a 

comprehensive gene catalogue for this ecologically and economically important species. The 

de novo assembly had high contiguity, with a mean contig length o f 1,102 bases. The G+C 

content for the contigs was 36%, which is similar to the worker-sequencing results o f Sadd et 

al. (2010). The majority o f contigs (approximately 58%) had significant BLAST matches to 

previously described proteins. The remaining 42% may derive from untranslated regions o f  

unassembled mRNAs, noncoding RNAs or transcriptional noise (retained introns and 

similar), or, more interestingly, from B. terrestris genes that are either novel or have diverged 

significantly from any sequenced relatives. Comparison o f the B. terrestris transcriptome 

against the emerging B. terrestris genome sequence identified matches for 95.9% of the 

contigs, and the data will be o f utility in annotation efforts for this genome (which is 

currently being carried out by the Bombus sequencing consortium; K. Worley,
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Table 2.3: Potential differential expression of immunity-related genes across the life cycle stages of B. terrestris. Immunity-related genes 
were identified in BT_transcriptome_v2 and are shown with read counts for each life cycle stage. The highest amount of ESTs per contig is 
highlighted in bold.

BTT_contig Best BLAST match and GenBank accession 
code [species]

Read counts per contig

Immune-related Genes Larva
a

Pupa
b

Worker!
C

Worker2
d

Male
e

Gyne
f

Total
g

R-
value

BTT08527_1 Phenoloxidase subunit A3 
[A. mellifera\

NPOOl  011627.1 59 78 4 1 3 6 151 123

BTT24384 1 Transferrin [A. mellifera\ AA039761.1 38 58 106 68 530 152 952 395
BTT35190 1 Transferrin [A. mellifera\ AA039761.1 1 0 7 0 27 4 39 25
BTT35213 1 Transferrin [A. mellifera] AA039761.1 94 83 199 96 292 238 1002 95
BTT35261 1 Transferrin [A. mellifera\ AA039761.1 12 9 86 13 148 64 332 113
BTT35441 1 Transferrin [A. mellifera] AA039761.1 7 3 13 17 49 20 109 29
BTT35539 1 Transferrin [A. mellifera] AA039761.1 34 0 15 30 4 17 100 28
BTT35592 1 Transferrin [A. mellifera] AA039761.1 9 0 13 3 74 20 119 66
BTT35613 1 Transferrin [A. mellifera] AA039761.1 9 6 28 16 64 34 157 35
BTT35644 1 Transferrin [A. mellifera] AA039761.1 10 14 55 9 117 53 258 82
BTT35679 1 Transferrin [A. mellifera] AA039761.1 0 0 60 3 119 37 219 134
BTT35708 1 Transferrin {A. mellifera] AA039761.1 0 0 8 0 24 3 35 23
BTT35750 1 Transferrin \A. mellifera] AA039761.1 4 5 35 6 55 27 132 39
BTT35862 1 Transferrin [A. mellifera] AA039761.1 0 0 15 0 0 150 165 236
BTT35895 1 Transferrin {A. mellifera] AA039761.1 0 0 10 0 31 10 51 31
BTT35931 1 Transferrin [A. mellifera] AA039761.1 13 0 18 1 35 17 84 24
BTT35947_1 Transferrin \A. mellifera] AA039761.1 0 6 8 1 37 8 60 33

BTT07416 1 PREDICTED: similar to 
CG3244-PA, partial 
[A. mellifera]

XP 624536.1 375 9 6 4 7 38 439 463
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BTT21344_1 Peptidoglycan-recognition 
protein SA [A. mellifera]

N P_001157187.1 56

B T T 09196J Gram-negative bacteria- 
binding protein 1 -2 
[A. mellifera]

Antimicrobial Peptides

N P_001157186.1 141

BTT39615 1 Abaecin [A. mellifera] AAA67442.1 0
BTT08491 1 Abaecin [A. mellifera] AAA67442.1 0
BTT20802 1 Abaecin [A. mellifera] AAA67442.1 0
BTT37089 1 Abaecin [A. mellifera] AAA67442.1 0
BTT38306_1 Abaecin [A. mellifera] AAA67442.1 0

BTT05666 1 Apidaecin {A. mellifera] CA A 51168.1 3
BTT20828 1 Apidaecin [A. mellifera] CA A 51168.1 9
BTT35749 1 Apidaecin [A. mellifera] CAA51168.1 2
BTT38204 1 Apidaecin {A. mellifera] CA A 51168.1 0
BTT41196 1 Apidaecin [A. mellifera] CAA51168.1 0
BTT41985_1 Apidaecin [A. mellifera] CAA51168.1 4

BTT20391 1 Bombolitin [5. ignitus] ACY09649.1 5
BTT34958 1 Bombolitin {B. ignitus] ACY09649.1 1
BTT35608 1 Bombolitin [5. ignitus] ACY09649.1 0
BTT40712 1 Bombolitin [B. ignitus] ACY09649.1 0

BTT10405 1 Defensin 1 [5. terrestris] A DB29129.1 2
BTT31016 1 Defensin 1 [B. terrestris] A DB29129.1 0
BTT41393 1 Defensin 1 [5. terrestris] A DB29129.1 3
BTT42034_1 Defensin 1 [B. terrestris] ADB29129.1 0

BTT24170 1 Hymenoptaecin [A. mellifera] AAA67444.1 1

159 116 22 72 169 594 121

10 90 57 86 26 410 56

0 0 0 24 0 24 30
0 0 0 45 0 45 64
5 0 0 122 6 133 174
0 2 1 57 6 66 71
0 1 1 31 0 33 38

7 1 3 55 3 72 59
33 7 9 128 16 202 123
2 14 24 8 29 79 27
4 1 2 25 0 32 27
11 2 3 137 7 160 180
13 3 4 81 2 107 90

1 1677 1691 9 837 4220 2944
0 49 18 1 15 84 46
0 201 98 0 180 479 317
0 341 148 1 133 623 422

2 0 0 85 0 89 122
0 0 0 179 0 179 289
0 3 3 25 1 35 21
2 3 3 47 0 55 56

22 0 0 1345 1 1369 2226
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BTT24170 2 Hymenoptaecin [A. mellifera] AAA67444.1 0 15 1 0 1171 0 1187 1948
BTT36277 1 Hymenoptaecin [A. mellifera\ AAA67444.1 0 8 3 0 882 0 893 1460
BTT37570 1 Hymenoptaecin [A. mellifera] AAA67444.1 0 0 0 0 41 0 41 57
BTT41217 1 Hymenoptaecin [A. mellifera] AAA67444.1 0 0 0 0 70 0 70 105
BTT18071 1 Hymenoptaecin [A. mellifera] AAA67444.1 0 1 0 0 27 0 28 34
BTT35620 1 Hymenoptaecin [A. mellifera] AAA67444.1 0 0 40 10 13 15 78 30
BTT36443 1 Hymenoptaecin [A. mellifera] AAA67444.1 12 34 17 10 47 38 158 29
BTT37051 1 Hymenoptaecin [A. mellifera] AAA67444.1 0 0 0 0 183 0 183 296
BTT41185 1 Hymenoptaecin [A. mellifera] AAA67444.1 0 6 0 0 64 0 70 90
BTT42611 1 Hymenoptaecin [A. mellifera] AAA67444.1 0 0 0 0 20 0 20 24

a= Total number o f larva ESTs (n=286501); b= Total number of pupa ESTs (n=162608); c= Total number of workerl ESTs (n=318664); d= 
Total number of worker2 ESTs (n=194969); e= Total number of male ESTs (n=257318); f= Total number of gyne ESTs (n=221683); g= Total 
number of ESTs (n= 1441743).
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Table 2.4: Potential differential expression of olfaction-related genes in the life cycle stages of B. terrestris. Potential odorant-binding 
proteins and chemosensory proteins in the BT_transcriptome_v2 contigs are shown, with read counts for each of the life cycle stages. The 
highest amount of ESTs per contig are highlighted in bold.

BTT_contig Best BLAST match and GenBank accession 
code [species]

Read counts per contig

Odorant binding proteins Larva
a

Pupa
b

Worker!
C

Worker2
(I

Male
e

Gyne
f

Total
g

R-
value

BTT08587 1 OBP 2 [A. mellifera] NP 001011591.1 0 0 129 83 97 172 481 193
BTT11797 1 OBP 2 [A. mellifera] NP 001011591.1 0 0 19 14 40 11 84 35
BTT20806 1 OBP 2 [A. mellifera] NP 001011591.1 1 0 63 109 86 61 320 129
BTT40878_1 OBP 2 [A. mellifera] NPOOl Ol  1591.1 0 0 11 3 19 18 51 20

BTT05623 1 OBP 3 [A. mellifera] NP 001035311.1 0 0 32 11 110 77 230 134
BTT20849_1 OBP 3 [A. mellifera] NP_001035311.1 0 0 56 32 46 100 234 103

BTT16540_1 OBP U[A. mellifera] N P _001035314.1 0 0 0 0 31 0 31 41

BTT20296_1 OBP 13 [A. mellifera] ABD92645.1 93 776 116 22 22 91 1120 1045

BTT26653_1 OBP 13 [A. mellifera] ABD92645.1  

Chemosensory Proteins

0 1 0 0 47 0 48 66

BTT00638 1 CSP 2 \A. mellifera] NP 001071278.1 8 30 7 6 19 5 75 23
B T T 1 9 1 0 2 J CSP 3 precursor 

[A. mellifera]
N P_001011583.1 467 16 56 19 64 126 748 385

BTT17558 1 CSP 4 [A. mellifera] NP 001071282.1 34 20 53 115 66 31 319 57
BTT20849 1 CSP 4 \A. mellifera] NP 001071282.1 0 0 56 32 46 100 234 103
BTT26377 1 CSP 4 [A. mellifera] NP 001071282.1 15 15 68 69 67 43 277 38
BTT34298 1 CSP 4 [A. mellifera] NP 001071282.1 45 0 3 3 8 4 63 39
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BTT39167J CSV A [A. mellifera] NP_001071282.1 11 8 52 39 37 33 180 22
BTT35682 1 CSP 6 \A. mellifera]_________ NP 001071287.1 1________ 0________37__________ 16________99 25 178 92
a= Total number o f  larva ESTs (n=286501); b= Total number o f pupa ESTs (n=l 62608); c= Total number o f workerl ESTs (n=318664); d=
Total number o f worker2 ESTs (n=194969); e= Total number o f male ESTs (n=257318); f= Total number o f gyne ESTs (n=221683); g= Total 
number o f ESTs (n=1441743).
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Figure 2.4: The immune system in Bombus terrestris. The B. terrestris transcriptome data were screened for the presence of components of the 
major immune signalling pathways using reciprocal tBLASTx searches between BT_transcriptome_v2 and A. mellifera sequences. Some 
components had stage limited expression, as indicated by the coloured circles. Pathway components also identified by Sadd et al. (2010) are 
indicated by star symbols.
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p. Schmid-IIempcl, G. Robinson, pers.comm.). Separate sequencing o f individual life stages 

permitted the identification o f potentially differentially expressed genes across the life cycle 

stages using R-STAT, and identified potentially important candidate genes underpinning 

stage- and caste-specific phenotypes. While samples were drawn from two natal colonies, 

comparison o f expression between the workers from the two colonies demonstrated 

significant similarity, justifying an overall comparison o f pre-adult stages and adult stages.

R-STAT analyses was used to identify a list o f potentially differentially expressed 

contigs, in order to provide direction for future studies examining gene expression within or 

across life cycle stages o f B. terrestris. However, some data already exist in support o f  this 

approach. In a previous study by Pereboom et al. (2005), northern blot analyses examined 

expression differences between whole bodied larvae and adults (queen and worker stages) 

and identified three genes (endocuticle structural glycoprotein; hexamerin 70b; and 60S 

acidic ribosomal protein P2) that were more highly expressed in larvae than in adults, where 

expression was absent. These genes match contigs generated from the transcriptomic R- 

STAT analyses that show the same larva-adult expression pattern, providing independent 

support for the biological validity o f  the results discussed below.

2.4.1 Differential gene expression linked to developmental processes

Key differences were identified in genes implicated in developmental processes 

across the different life stages. For example, the larval data showed high expression o f genes 

involved in cuticle biogenesis. As the larval stage represents a period o f feeding and growth, 

undergoing four developmental moults over a fourteen day period, this upregulation of 

cuticular proteins and endocuticle structural glycoproteins is expected. Other contigs 

identified in the transcriptome with similar expression profiles are thus likely candidates for 

genes with similar stage-specific roles. For example, a short-chain dehydrogenase/reductase 

(SDR) had elevated expression in the pupa. SDRs function in hormone and steroid 

metabolism (Persson et al., 2009), and in social insects, may be involved in stage and caste 

differentiation, for example through binding juvenile hormone. An SDR was demonstrated to 

be differentially expressed at the mRNA level in the ovaries in developing larvae o f  honeybee 

workers and queens, and SDR gene expression was higher in the ovaries o f worker larvae in 

comparison to queen larvae resulting in possible inhibition o f ovary development (Guidugli et 

al., 2004). The likely co-orthologues found within the present study o f the A. mellifera SDR 

analysed by Guidugli et al. (2004) were derived solely from pupal reads, while Guidugli et al.
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Figure 2.5: Olfaction in bumblebees. BT_transcriptome_v2 contigs were screened for the presence o f olfaction-related genes, odorant-binding 
proteins (GBPs) and chemosensory proteins (CSPs). Some genes had stage-specific expression as indicated by the colour scheme.
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(2004) reported expression being highest in final stage honeybee lan/ae. Thus, these SDRs 

are proposed as candidate genes for further investigation into their roles in bumblebee caste 

determination.

2.4.2 Amino-acid storage protein expression across the bumblebee life cycle

Hexamerins are amino acid storage proteins, related to tyrosinases (Burmester et al., 

1998), used during non-feeding periods o f adult development to provide amino acids and 

energy (Telfer and Kunkel, 1991). Hexamerins also have roles in the binding o f juvenile 

hormone during insect development, impacting on growth regulation within the larval stage 

(Jones et al., 1990, Braun and Wyatt, 1996, Zhou et al., 2007). A number o f studies (Cunha et 

al., 2005, Bitondi et al., 2006, Martins et al., 2008, Martins et al., 2010) have demonstrated 

differential expression o f hexamerin proteins (hexamerin 70a, hexamerin 70b, hexamerin 70c 

and hexamerin 110) at different stages o f development amongst the sexes and castes in the 

honeybee. In B. terrestris, the pupal sample had elevated expression o f hexamerin 110-like 

genes and a hexamerin 70 homologue, while the larva had elevated expression o f distinct 

hexamerin 70-like genes, and the gyne elevated expression o f four additional hexamerin 70- 

like genes. Thus while only four hexamerin-encoding genes were identified in A. melUfera 

(Martins et al., 2010), potentially ten in B. terrestris have been identified that show 

differential expression between life cycle stages and castes, suggesting that these proteins 

may play complex roles in bumblebee development.

Why would gynes express high levels o f amino acid storage proteins? Honeybee 

virgin queens have a higher expression o f hexamerins in comparison to workers, with the 

hexamerins functioning in gonad development (Martins et al., 2010), whilst in the wasp, P. 

metricus, developing gynes have higher quantities o f Hex 1 than workers (Hunt et al., 2007). 

Studies on hexamerins in other social insects, such as ants and termites, have identified a 

correlation between depletion o f hexamerins within queens and colony formation (Martinez 

and Wheeler, 1994, Johnston and Wheeler, 2007). Therefore, this potentially high expression 

of hexamerins would be important for a B. terrestris gyne from a colony formation 

viewpoint. However, as B. terrestris queens undergo a prolonged hibernation after mating, 

amino acid storage proteins may be important for maintaining functional operation o f  crucial 

biological processes during a period o f  intense stress. As hibernation is a key stage in the life 

cycle o f bumblebees, many species o f  which are in drastic worldwide decline (Williams and
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Osborne, 2009), these resuhs provide direction for future work to analyse the mechanisms 

behind successful hibernation in these insects.

2.4.3 Genes involved in adult behaviour and physiology

Workers had elevated expression o f enzymes, such as alpha-glucosidase and a 

muscle-specific lipase that would be important for worker task completion. Alpha- 

glucosidase is involved in carbohydrate metabolism and utilised by foraging honeybees to 

metabolise nectar into fructose and glucose (Ohashi et al., 1996), while the muscle lipase is 

important for breaking down lipids during periods o f high activity (Hu et al., 2008). 

Interestingly, in the present study both enzymes were expressed at an early stage in the adult 

workers’ life (only 72 hours old), in contrast to their temporal pattern o f expression in A. 

mellifera workers. Honeybee workers demonstrate a strict temporal polyethism, where 

younger workers perform nursing duties while older workers forage (Robinson, 1992), and it 

is these foraging workers that exhibit higher expression o f  these enzymes. In comparison, 

there is no strong age-dependent division o f labour within bumblebees (Cameron, 1989). 

Alloethism within bumblebee workers has been correlated with size, with studies identifying 

larger workers performing foraging tasks while smaller workers perform in-nest functions, 

although this division o f labour can change depending on the requirements o f the colony 

(Goulson et al., 2002). Thus future work might focus on size- and  age-related differences in 

gene expression between B. terrestris workers in relation to their subroles within the colony.

Males are underrepresented in genomic studies in social insects as the emphasis has 

been almost exclusively on females. In the current study, the male had elevated expression of 

titin, a muscle protein, expressed in the insect flight muscles (Hu et al., 1990). As the male 

bumblebee requires flight for foraging, patrolling and indeed mating, high expression o f 

flight-specific muscles would be required. In relation to behaviour, the male had a high 

expression o f a neuroparsin, queen brain selective protein 1, which has been suggested to 

function in caste determination during honeybee development through manipulation o f the 

insect insulin-like pathway. However, neuroparsins have been suggested to play roles in a 

wide variety o f functions, including reproduction (Badisco et al., 2007). Therefore, a 

neuroparsin-like protein in the bumblebee may have male-specific expression in relation to its 

behaviour or physiology. The male had elevated expression o f several genes that matched 

hypothetical or otherwise unannotated proteins in the genomes o f A. mellifera, C. Jloridanus 

and S. invicta. It is particularly interesting that the male received so many fully unannotated
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protein matches (n=851 contigs). This may suggest possible novel expression associates with 

male-specific behaviour and/or physiology. Thus, these data offer valuable insights into the 

mechanistic basis o f  male biology in social insects, which has largely been ignored by 

previous studies (see references above).

2.4.4 The immune response in males

Even in the absence o f  overt infectious challenge, the background level o f immune 

defence is likely to be regulated through the bumblebee life cycle. Sample bees were not 

explicitly challenged with pathogens, but also were not kept in germ-free environments (pre

adults in their natal colony, adults in nurseries), and thus a background level o f immune 

activation was expected. B. terrestris queens are monandrous, mating only once (Schmid- 

Hempel and Schmid-Hempel, 2000), while males can mate up to eight times (Tasei et al., 

1998). In addition, B. terrestris exhibits highly male-biased sex ratios (Beekman and van 

Stratum, 1998). Together, this suggests high levels o f competition among the males to mate 

with gynes. Consequently, males should invest in reproductive fitness, which has been 

demonstrated in other insect species to trade-off against immunity (e.g. Anopheles gamhiae 

(Ahmed et al., 2002)). Genes involved in pathogen recognition, the transduction o f 

recognition signals, and immune effectors, were identified and analysed their patterns of 

expression for data to support this hypothesis. Surprisingly, in contrast to expectations based 

on life-history theory, the male had elevated expression (compared to other stages) o f AMPs 

involved in the removal o f infectious agents as part o f the immune system (Casteels et al., 

1993, Weinstock et al., 2006, Choi et al., 2008, Beckage, 2008), including hymenoptaecin, 

defensin, abaecin and apidaecin. This is the first account o f an apidaecin-type protein being 

expressed in B. terrestris. Wilfert et al. (2007) found no trade-offs between either branch of 

the immune system (prophenoloxidase (proPO) and AMP) and reproductive investment, but 

rather a positive correlation between AMPs and reproduction. Wilfert et al. (2007) suggest 

the basis for the positive correlation may be because males pass on AMPs with their sperm to 

mates during copulation. However, the male within the present study was very young and the 

whole body sampled rather than just reproductive tissue, making the mating-gift hypothesis 

less convincing. Unlike the majority o f  social insect males, bumblebee males do not remain 

within the colony post-emergence from the pupal case. Bumblebee males forage for 

themselves and spend the majority o f their time patrolling scent-marked trails (Alford, 1975). 

Bumblebee males can survive outside the colony for up to 60 days (Brown, M.J.F., 

unpublished data). Thus males cannot take advantage o f  proposed colony-level social
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immunity (Cremer et al., 2007) and a primed immune system might be an adaptation to life 

outside the colony. Thus, these results suggest that the life-history differences between males 

(effectively solitary) and females (colonial) may impose divergent selection on expression o f 

immune system genes in social insects.

2.4.5 Olfaction in the bumblebee

Olfaction and the ability to discriminate a number o f volatiles are o f  immense 

importance to insects in general, and social insects in particular. They must recognise nest- 

mates, discriminate and control subordinates, select mates, and discriminate between a wide 

range o f plants for food collection. Here I discuss two classes o f olfaction genes, the odorant 

binding proteins (OBPs) and the chemosensory proteins (CSPs).

In the honeybee genome, 21 OBP genes have been identified and examined for 

patterns o f expression (Foret and Maleszka, 2006). Within the transcriptome dataset, 

significant matches were found for eight A. mellifera OBPs (O B Pl, 0B P2, 0B P3, 0B P4, 

OBP6, 0B P9, O B P ll and 0BP13). This enables us to compare their expression in 

bumblebees to that o f their homologues in honeybees. In the honeybee, O B Pl, 0B P4, 0B P6 

and OBPl 1 are expressed exclusively in the antennae o f adults (Foret and Maleszka, 2006) 

and O B P ll was identified as having gender-specific expression (absent from honeybee 

drones), suggesting a role in female recognition o f mates (Foret and Maleszka, 2006). Low 

expression was found for a B. terrestris orthologue o f A. mellifera OBPl (formerly known as 

antennal specific protein 1), which is involved in binding o f queen pheromone in honeybees 

(Danty et al., 1998). In honeybees, OBPl is expressed in workers’ and drones’ antennae after 

approximately 14 days post-emergence (Danty et al., 1998). As bees were sampled before 

this late time-point, level o f expression o f the OBPl homologue may simply be due to 

developmental staging. 0B P6 was expressed in all the adult bumblebee stages, but not the 

larva and pupa, matching expression patterns in the honeybee. In contrast, O B P ll was 

expressed in only the male and gyne. Consequently, O B P ll in the bumblebee may have a 

role in mate recognition within both sexes, as opposed to the putative female-specific role in 

honeybees.

0B P 2  had elevated expression in all adult stages o f B. terrestris. In honeybees, 0B P2 

is expressed specifically in the antenna with weak expression in the legs and head, possibly 

from chemosensory sensilla in these body parts (Foret and Maleszka, 2006). In contrast. 

0B P 3  is ubiquitously expressed in all adult body parts o f the honeybee with the exception o f
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the antennae (Foret and Maleszka, 2006). In B. terrestris, 0B P3 was highly expressed in all 

the bumblebee adult stages, with higher expression in the gyne than in the worker, but was 

absent from the larva and pupa, which again matches honeybee expression patterns. 0B P 9  is 

only expressed in the ovaries and eggs o f the queen in honeybees (Foret and Maleszka, 2006) 

but in B. terrestris the male was the only sample to show expression o f 0B P9. Lastly, 0BP13 

was highly expressed in the B. terrestris pupa and male, but Foret and Maleszka (2006) 

identified expression o f A. mellifera 0B P13 in old larvae, with expression continued 

throughout the pupal stage. It appears that expression o f these odorant binding proteins has 

been conserved in some cases, whilst diverging in others, presumably in response to taxon- 

specific selection processes.

Four putative CSPs (homologues o f CSP2, CSP3, CSP4 and CSP6 in A. mellifera) 

were identified in the B. terrestris transcriptome. B. terrestris CSP3 and CSP4 had elevated 

expression in the larva, matching the results o f  Foret et al. (2007) who found A. mellifera 

CSP3 to exhibit highest expression in the larva before pupal and imaginal moults. While 

Briand et al. (2002) proposed that CSP3 had a role in brood pheromone recognition, Foret et 

al. (2007) proposed that CSP3 may play a role in cuticle maturation. In A. mellifera, CSP4 

expression was restricted to olfactory tissues in adult, but not pre-adult stages (Foret et al., 

2007). In contrast, while CSP4 expression was detected in adult B. terrestris, the highest 

expression was in the larva. In honeybees, CSP2 was expressed at low levels throughout the 

life cycle stages while CSP6 was expressed throughout the larva, pupa and adult stages, with 

elevated tissue-specific expression in queen ovaries and eggs (Foret et al., 2007). The 

expression o f CSP2 and CSP6 across the bumblebee life stages is consistent with that o f the 

honeybee. Surprisingly, a homologue o f A. mellifera C SP l, which is expressed ubiquitously 

across honeybee life cycle stages, was not detected. Finally, A. mellifera CSPS is expressed 

only by mature queen honeybees in eggs and ovaries, stages not sampled within the present 

study.

Overall, the examination o f  olfaction-related genes in B. terrestris reveals both 

similarities and also striking differences from their expression in A. mellifera. These 

divergences may reflect the different social structuring o f bumblebee compared to honeybee 

colonies, and in particular the differing roles and strategies adopted by different castes in 

these two species. Again, these results provide indications o f fruitful lines o f  future research 

into how patterns o f gene expression relate to the evolution o f primitive (bumblebees) and 

advanced (honeybees) sociality.
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The role o f  differential gene expression in polyphenism within groups is only 

beginning to be understood, e.g. (Evans and Wheeler, 2001, Pereboom et al., 2005, Sumner et 

al., 2006, G raeff et al., 2007, Toth et al., 2007, Hoffman and Goodisman, 2007, Hunt et al.,

2010). As a step towards understanding genes influential in the expression o f specific 

phenotypes throughout an individual's life cycle stage, I performed a transcriptome-wide 

analysis o f individual specimens o f the pre-adult stages, castes and sexes o f the bumblebee to 

improve our knowledge o f differential gene expression across the life history o f this 

ecologically and agriculturally important pollinator. Sets o f genes were identified that are 

candidates for regulators and effectors o f different phenotypes, and revealed the differing 

physiological states o f each morph. These candidate genes will prove important for future 

genomic and proteomic studies on B. terrestris.

The B. terrestris genome is being sequenced, and a BAG library and a number o f 

genetic linkage maps have been constructed to provide greater genomic resources for this 

important insect (Wilfert et al., 2006, Wilfert et al., 2007, Wilfert et al., 2009, Stolle et al.,

2011). The present study contributes to this global effort through 504 Mb o f Roche 454 

transcriptomic data for B. terrestris. In addition, a central, web-based transcriptomics 

resource for B. terrestris is provided (http://www.nematodes.org/NeglectedGenomes/) that 

facilitates user querying o f sequences and functional annotations. These data are now a 

bridgehead into deeper, molecular analyses o f  the physiological, genetic and evolutionary 

bases o f polyphenism, and the further development o f the bumblebee as a model social insect.
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Chapter 3

Transcriptomic analysis of the entomoparasitic 

nematode, Sphaerularia bombi, a castrating parasite 

of bumblebees
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3.1 Introduction

The ability o f nematodes to associate with insects has evolved independently a 

multitude o f times within the phylum Nematoda (Blaxter et al., 1998, Giblin-Davis et al., 

2003). Parasitic nematodes o f medical and veterinary importance, such as filarial nematodes 

(e.g. Brugia malayi. Onchocerca volvulus), utilise insect vectors as a means o f transmission 

to definitive hosts, including humans (Lounibos, 2002, Hurd, 2003). Plant-parasitic 

nematodes, which cause an estimated $157 billion dollars worth o f losses due to damage of 

agriculturally important crops (Abad et al., 2008), can form mutualistic associations with 

insects, utilising them for distribution o f infective offspring (e.g. Bursaphelenchus 

species(Linit et al., 1983)) while some parasitic nematodes, known as entomopathogenic 

nematodes, actively infect and reproduce within definitive insect hosts. Entomopathogenic 

nematodes, such as Heterorhabditis and Steinernema species, have been extensively studied 

due to their potential as biocontrol agents o f a number o f  agricultural and stored product 

insect pest species (Kaya and Gaugler, 1993). However, while some entomopathogenic 

nematodes may provide an environmentally friendlier mode o f pest control, other nematodes 

may have an impact on ecologically important insect species.

Sphaerularia hombi is an entomoparasitic nematode (Tylenchida: Sphaerulariidae) 

that infects bumblebee (Bombus species) queens and was one o f the first nematode parasites 

o f insects to be described (de Reaumur as cited in (Alford. 1975)). Infection is associated 

with behavioural and physiological alterations within the host, with the most severe 

pathological effect being host castration (Madel, 1966, Poinar and Van der Laan, 1972, 

Lundberg and Svensson, 1975). S. bombi is native to Eurasia and North America, and can 

also be found in New Zealand, where the nematode was introduced with infected queens 

from Europe (MacFarlane and Griffin, 1990, Alford, 1969, McCorquodale et al., 1998). S. 

bombi and its sister taxa, Sphaerularia vespae, an entomoparasitic nematode o f hornets, share 

the attribute o f having infective adult stages (Sayama et al., 2007, Kanzaki et al., 2007, 

Poinar and Van der Laan, 1972). Phylogenetically, S. bombi belongs to the suborder 

Hexatylina within the order Tylenchida, which also contains a number o f highly important 

plant-parasitic nematodes, such as M eloidogyne and Heterodera species. S. bombi and a few 

other described tylenchid entomoparasitic nematodes are unique in their capacity to be 

infective during the female adult stage in comparison to the majority o f animal parasitic 

nematodes, where the infective stage is the juvenile stage 3 phase, and plant-parasites, where
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Figure 3.1: Life cycle of Sphaerularia bontbi. The nematode life cycle consists o f four 
larval stages and an infective adult stage. Fertilised adult females enter the host during 
diapause and overwinter within the host. L3 juveniles actively exit via the digestive tract of 
the host. Infective stages o f animal parasitic and plant parasitic nematodes are indicated on 
the figure.

the L2 stage is the infective stage (Poinar, 1983, Mitreva et al., 2005) (see Fig. 3.1). 

Therefore, Sphaerularia represents an independent strategy o f insect parasitism within the 

nematodes.

S. bombi has a distinctive life cycle consisting o f four larval stages and an infective 

adult stage (Pouvreau, 1962, Madel, 1966, Poinar and Van der Laan, 1972) (see Fig. 3.1). 

Infective fertilised female adults enter the host during diapause (Poinar and Van der Laan, 

1972). The entry point is, at present, unknown, but it has been suggested that access occurs 

through the host's mouth, anus or body segments. The nematode moves to the haemocoel o f 

the host, where it can attach to the host fat body, or malpighian tubules surrounding the 

midgut, and begins to evert its own uterus and associated reproductive structures (Poinar and 

Hess, 1972). The nematode then enters a state o f arrest and overwinters inside the host. Post

diapause, parasite uterus eversion is reinitiated. Within seven days post-diapause, the uterus
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o f the nematode can expand to 300 times the volume o f  the entire adult nematode body. 

During this period, the uterus is used to absorb nutrients from the host (Poinar and Hess, 

1972). After seven days post-diapause, the stored proteins are shifted into embryonic 

development. Eggs, which contain stage one (LI)  juveniles, are released into the haemocoel 

o f the host. Juveniles undergo two moults within the egg before hatching out as L3 juvenile 

stages within the host haemocoel. The mouths and anuses o f L3 juveniles are sheathed over 

in S. bomhi and it has been proposed that juveniles may gain sustenance from the body cavity 

o f the host through osmosis (Poinar and Hess, 1972). L3 juveniles actively leave the host by 

burrowing into the digestive tract o f the host and then exiting via the anus. L3 juveniles enter 

the soil and demonstrate the first signs o f moulting to the fourth juvenile stage (L4) 

approximately 50 days post-emergence from the host. 50% of the nematode juveniles reach 

maturation by 65 days post-emergence (Poinar and Van der Laan, 1972). After mating, males 

die off while fertilised females reside in the soil until contact with the next generation of 

hosts.

Infected hosts exhibit clear behavioural changes. In contrast to the behaviour o f 

uninfected queens, who seek out sites to establish colonies, infected queens instead begin to 

inspect potential overwintering sites (Lundberg and Svensson, 1975). This change has been 

suggested to be driven by the parasite in order to provide a mechanism for distribution o f 

offspring (Lundberg and Svensson, 1975). In addition, host castration has been attributed to 

potential inhibition o f the endocrine system via inhibition o f the development o f the host 

corpora allata (Roseler, 2002).

Currently, knowledge o f the molecular and biochemical processes related to the 

development and survival o f the nematode, which must underlie the effects described above, 

is lacking. Transcriptomic studies using expressed sequenced tag (EST) datasets provide the 

possibility to examine gene expression within non-model organisms through comparison with 

data from closely related organisms that have annotated genomic resources. Within the 

phylum Nematoda, genomic resources have been generated for a number o f  species, 

including the free-living model species, Caenorhabditis elegans and Caenorhabditis briggsae 

(Consortium, 1998, Stein et al., 2003), the filarial nematode, Brugia malayi (Ghedin et al., 

2007), the parasitic hookworm, Ascaris suum  (Jex et al., 2011), and the plant parasites, 

Meloidogyne hapla and Meloidogyne incognita (Abad et al., 2008, Opperman et al., 2008), 

while there is a substantial amount o f  transcriptomic data available (Parkinson et al., 2004b, 

Elsworth et al., 2011, Yook et al., 2012). Specifically, in relation to tylenchid nematodes, a
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number o f transcriptomic studies exist, e.g. the burrowing nematode, Radopholus similis 

(Jacob et al., 2008), the root lesion nematode, Pratylenchus thornei (Nicol et al., 2012), and 

the potato cyst nematodes, Glohodera species (Jones et al., 2004, Jones et al., 2009). In 

addition, as noted above, genome-wide analyses have been performed for M  hapla and M  

incognita (Abad et al., 2008, Opperman et al., 2008, Bird et al., 2009). As both plant and 

insect parasitic life strategies are present within the Tylenchida, examination o f genomic data 

from S. bombi will provide data for comparative analyses with plant parasites to examine the 

shifts required at the gene expression level within tylenchid groups to enable parasitism o f 

insects.

In addition, the molecular basis o f interaction between S. bombi and its bumblebee 

hosts is largely unknown. While advances have been made towards understanding host gene 

expression related to host defences, through the generation o f  transcriptomic studies for one 

o f  the primary hosts in the Palaearctic, Bombus terrestris, a key ecological pollinator (Sadd et 

al., 2010, Colgan et al., 2011), the mechanisms related to parasitism by S. bombi are 

unknown. Given the importance o f bumblebees as pollinators (Ollerton et al., 2012), 

improving our knowledge o f the mechanisms o f parasitism in this system has added value.

To expand our knowledge on the general biology o f S. bombi while also examining 

gene expression related to parasitism, I have produced a high quality global gene catalogue 

from a pooled sample o f the life cycle stages o f this nematode using Roche 454 Life Sciences 

sequencing platform. The transcriptome set was compared against the available nematode 

genomes from free-living and parasitic species to identify homologous sequences across the 

phylum Nematoda. In addition, the annotated data set was parsed to identify genes involved 

in processes that may be related to parasitism, such as metabolism, host immunomodulation 

and antioxidant activity, while also identifying nematode-specific genes, which may provide 

candidates for future experimental manipulation o f the system. In addition, through 

functional domain analyses, potentially novel or highly diverged genes were identified. The 

data generated from this project will be a key resource for comparative genomic, 

transcriptomic and proteomic studies whilst also providing annotations for the forthcoming S. 

bombi genome sequencing project (work supported by the GenePool, University o f 

Edinburgh, Scotland).
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3.2 Materials and methods

3.2.1 Animal collection

(a) Collection o f free-living stages

Total RNA was extracted from three representative life cycle stages: juvenile stage 3 

larvae (hereafter known as L3 juveniles); free-living male and female adults; and parasitic 

egg-laying females. B. terrestris queens were collected in spring 2009 from Archbishop Ryan 

Park, Dublin 2, Ireland. Post-diapausing queens were maintained in a temperature controlled 

room (27±1°C, 45-50% RH) under red-light illumination and provided with pollen and sugar 

water (Apilnvert) ad libitum. Queens were maintained in a plastic box (dimensions: (L) 

11.5cm: (W) 9cm: (H) 7cm) lined with autoclaved clean sand for the purpose o f collecting L3 

stage juveniles. Queens were retained for 21 days post-collection, after which the sand was 

periodically checked via sieving for the presence o f L3 juveniles. The presence o f juveniles 

was confirmed by light microscopy. A cohort o f L3 juveniles (-4 ,000) were retained for 

RNA extraction while the majority were housed in autoclaved sand to allow for sexual 

maturation (Poinar and Van der Laan, 1972). Upon maturation, male and female adults 

(-4,000) were collected, snap frozen and stored at -80°C for later RNA extraction.

(b) Collection o f parasitic egg-laying stages

B. terrestris colonies (Koppert, the Netherlands) were maintained at 27±1°C (45-50% 

RH) under red light and provided with sugar water and pollen ad libitum. Virgin queens were 

collected and mated under standard laboratory conditions (Sauter and Brown, 2001). Queens 

were incubated at 4°C (70% RH) in a temperature controlled room to induce diapause. 

Queens were housed in 50ml centrifuge tubes containing 5ml o f S. ftom^z-infested sand. 

Diapause lasted a period o f 14 weeks, after which the queens were transferred to a 

temperature controlled room at 27±1°C (45-50% RH) under red light and provided with sugar 

water and pollen ad libitum. Queens were sacrificed at time-points o f days one, four, seven, 

fourteen and twenty eight post-diapause. Parasitic S. bombi females were dissected from the 

abdomen o f the host and immediately snap frozen in liquid nitrogen. Samples were stored at - 

80°C for later extraction.
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3.2.2 RNA extraction

RNA was extracted from L3 juveniles (-4,000) and parasitic females (approximately 

20 per parasitic time point) using the RNAqueous kit (Ambion, USA) following 

manufacturer's recommendations. Homogenisation was performed using a Kinematica 

homogeniser Polytron PT1200-E. RNA samples were DNase treated using the TURBO 

DNase kit (Ambion, USA). Due to complications in obtaining RNA from free-living adults, a 

more robust means o f extraction was performed. The sample was freeze thawed and RNA 

extracted using TRIzol reagent following manufacturer's instructions. Extracted RNA was 

cleaned using the GenElute Mammalian Total RNA kit (Sigma. Ireland), which includes an 

on-column DNase treatment step. Total RNA was quantified and integrity assessed for each 

sample on an Agilent 2100 Bioanalyzer using the Agilent RNA 6000 Nano Chip kit. RNA 

was pooled for the representative life cycle stages by equal concentrations o f RNA. cDNA 

was synthesised for 5|ag o f RNA using the Evrogen SMART cDNA synthesis service 

(Evrogen, Russia). 5|ag o f cDNA was used to create a Roche 454 sequencing library and 

sequenced on a Roche 454 Life Sciences GS FLX Titanium Series sequencer. Base calling 

and quality screening were performed using the standard Roche pipeline version 2.3.

3.2.3 Transcriptome assembly

S. bomhi reads were assembled using the multiple-assembler approach developed by 

Kumar and Blaxter (2010). Primary assemblies o f a first draft S. homhi transcriptome were 

generated using two distinct assemblers: gsAssembler from Roche/454 Life Sciences (also 

known as Newbler, version 2.5.2; with settings "-urt", "-cDNA", "-vt SMARTAdaptors.fna") 

and MIRA (version 3.0.2; with settings job=denovo, est, normal, 454") (Chevreux et al., 

2004). SMART adaptors were removed using a custom PERL script, which identifies adaptor 

sequences using BLAST and then masks for trimming. Newbler and MIRA primary 

assemblies for S. hombi were coassembled using CAP3 (with settings: sequence similarity 

98% and base overlap 50bp) (Huang and Madan, 1999). CAP3 reduces redundancy within 

the primary assemblies while also increasing confidence in overall transcriptome assembly 

through formation o f consensus sequences consisting o f contigs from primary assemblers 

based on varying assembly algorithms. To further reduce redundancy within the contig set, 

CAP3 secondary contigs were combined with nonassembled primary contigs from Newbler 

and MIRA primary assemblies and clustered using the PartiGene suite o f tools (Parkinson et 

al., 2004a). Prior to clustering, sequences less than 100 bases were removed. Contigs were
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reclustered using CL0BBv2 with consensus sequences generated using Phrap as part o f  the 

PartiGene pipeline (Parkinson et al., 2004a). This final S. homhi transcriptome assembly, 

SB_transcriptome_vl, was used for functional annotation and analysis.

3.2.4 Functional Annotation

SB_transcriptome_vl contigs were annotated with their best BLAST matches by 

comparison to sequences in the NCBl non-redundant (nr) database (15th December 2012; 

reporting up to five matches with an E-value cutoff of le-06). SB_transcriptome_vl contigs 

were annotated with Gene Ontology (GO), Enzyme Commission (EC) and Kyoto 

Encyclopaedia of Genes and Genomes pathways (KEGG) identifiers using the Blast2Go suite 

of tools (v.2.6.2) (Conesa and Gotz, 2008). GO mapping as part of the Blast2G0 annotation 

pipeline results in the assignment of GO terms associated with biological processes (BP), 

molecular function (MF) and cellular component (CC). GO terms were further analysed using 

the GO-Slim hierarchy. SB_transcriptome_vl contigs were searched against NEMBASE4 

(Elsworth et al., 2011) prot4EST predicted protein sequences to infer descriptions for 

unannotated sequences. Blast2G0 (v.2.6.2) was used to perform InterProScan on the contigs 

to identity functional protein signatures and infer putative function for hypothetical and 

previously unannotated contigs (Conesa and Gotz, 2008, Gotz et al., 2008, Zdobnov and 

Apweiler, 2001). To identify homologous matches within S. bomhi to previously described 

peptidase and peptidase inhibitor groups, BLASTx comparisons were performed against the 

MEROPS database o f peptidase and peptidase inhibitor sequences (release 9.8) (Rawlings et 

al., 2012). Enrichment analysis for abundant transcripts was performed using megaBLAST 

(cut-off value of le-65) to search trimmed 454 reads against the assembled 

SB transcriptome vl contigs.

To remove potential host contamination, megaBLAST (cut-off value of le-65) was 

used to search the SB_transcriptome_vl contig set against the latest draft of the Bombus 

terrestris genome. SB_transcriptome_vl contigs with high sequence similarity {>91Vo 

sequence similarity) to the B. terrestris genome were parsed and removed. Putative 

Wolbachia homologues within the SB transcriptome vl contig set were searched for using 

megaBLAST (cut-off E-value le-65) and BLASTx (cut-off E-value le-06) against 

Wolbachia nucleotides and protein sequences obtained from the respective NCBI databases 

(as of the 6th January 2013). Potential ribosomal and mitochondrial genes within the 

SB_transcriptome_vl were identified and removed using homology searches against
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available tylenchid ribosomal and mitochondrial nucleotide sequences (megaBLAST: le-65). 

In addition, contigs annotated with predicted ribosomal or mitochondrial protein domains by 

InterProScan were removed for independent analysis.

3.2.5 Comparison against nematode genome-derived proteomes

Current releases (as o f 4th November 2012) for genome-derived proteomes for the 

free-living caenorhabditid species, C. elegans, C. hriggsae, C. remanei, C. japonicum , C. 

brenneri, the animal parasites, B. malayi and A. suum, the entomopathogenic nematode, 

Heterorhahditis hacteriophora, the insect mutualist, Pristionchus pacificus, and the plant 

parasitic nematodes, Bursaphelenchus xylophilus, M. hapla and M  incognita, were obtained 

from the Wormbase peptide database (www.wormbase.or») (Yook et al., 2012). Comparative 

searches were performed between the nematode predicted proteomes and S. homhi 

transcriptome contig set using BLASTx (E-value cut-off o f le-6). Phylogenetic analyses were 

performed for S. homhi and species with available genome-derived proteomes using 

ClustalW2 tools (Larkin et al., 2007). For each species, small ribosomal subunit sequences 

were obtained from the NCBI nucleotide (nt) database and aligned using ClustalW2 using 

default settings. Phylogenetic tree was generated for the aligned sequences using ClustalW 2- 

Phylogeny with default settings (Tree format: Default; Distance correction: Off; Exclude 

gaps: Off; Clustering method: Neighbour-joining).

3.3 Results

3.3.1 Transcriptome sequencing and assembly

Pooled S. homhi cDNA was sequenced using the Roche 454 Life Sciences GS FLX 

Titanium Series sequencer, generating a total o f 443,565 raw reads. Raw reads were screened 

for removal o f adapters and poly(A) tails and trimmed for base quality, resulting in 387,137 

high quality reads with a mean read length o f 610 bases. Two primary assemblies were 

generated, SB_Newbler and SB MIRA. The SB Newbler assembly generated 12,015 contigs 

with a mean length o f 889 bases, while SB MIRA assembly resulted in 18,666 contigs with a 

mean length o f 780 bases. CAP3 coassembled SB_Newbler and SB_MIRA contigs to 

generate 8,364 secondary contigs with contributions from more than one contig from a 

primary assembly. O f these, 7,888 CAP3 contigs (94% o f CAP3 assembled contigs) were 

assembled from contigs from both primary assemblies. These contigs are viewed as highly
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credible contigs. CAP3 contigs with contribution from only one primary assembly are likely 

to be o f lower credibility.

To remove residual redundancy within the S. bombi transcriptome contig set, CAP3 

assembled contigs (n=7,888) and contigs unassembled by CAPS (n=9,807) were combined to 

be reclustered using the PartiGene suite o f tools. A provisional screen o f contig length 

removed contigs (n=442 contigs) with <100 bases from the S. bombi transcriptome contig set. 

Reclustering generated 12,287 contigs, o f which 3,295 sequences were reclustered from 

8,737 sequences. The remaining 8,992 contigs were unchanged from the primary CAP3 

assembly. This dataset, SB_transcriptome_vl, containing 12,287 contigs, had a mean contig 

length o f 896 bases (minimum length=101 bases, maximum length= 6,692 bases) with an 

N50 contig size o f 1,072 bases. The total span o f the SB_transcriptome_vl contigs is 11MB.

3.3.2 Annotation of SB_transcriptome_vl

The SB transcriptome vl contig set was translated into predicted protein sequences 

and compared to the NCBI nr protein database (as o f 15th December 2012), identifying over 

8,000 significant matches (BLASTx, with E-value cut-off o f le-06) for 71.7% (n=8,809) o f 

contigs. The majority o f top-scoring matches (n=6,146 or 50.02%) were to nematode species, 

with the highest matches to the animal parasitic nematode, A. suum  (n=2,672 or 21.7%), the 

free-living Caenorhabditis species (n=l,374 or 11.2%) and the filarial nematodes Loa loa 

(n=941 or 7.6%) and B. malayi (n=506 or 4.1%). In total, the SB_transcriptome_vl contig set 

had top BLAST matches against proteins from 57 nematode species. Within these matches, 

eleven tylenchid species contributed to only 98 matches. BLASTx (le-06) searches against 

prot4EST translated contigs from NEM BASE4 provided functional annotation for a further 

263 contigs. In total, searches against NEM BASE4 identified homologous sequences for 

6,899 SB_transcriptome_vl contigs (56.14% o f the total contig set).

BLAST searches against the NCBI nr database annotated 1,524 contigs with 

homologous matches to Bombus (host) and other hymenopteran proteins. Nucleotide searches 

against the B. terrestris genome using megaBLAST (E-value cut-off le-65) identified 

significant sequence similarity between 2,182 contigs (17.75% of total contig set) and the 

bumblebee genomic reference. While these sequences may be candidates for convergent 

evolution or horizontal gene transfer within the parasite, the Bombus annotated sequences are 

probably a result o f host contamination during tissue preparation. Therefore, Bombus- 

annotated contigs were parsed and removed from further analysis.
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BLAST searches annotated 62 contigs as Wolhachia-likQ contigs. O f these, the mean 

contig length was 2,185 bases (min. length= 438; max. length=6,080) while the N50 contig 

llength was 2,599. The total span o f the Wolbachia-annotated contigs was 135,501 bases. The 

(GC content o f the contig set was 22.06%. 58 o f these contigs matched ankyrin repeat domain 

proteins in the Wolhachia endosymbiont o f the mosquito, Culex quinquefasciatus. GO 

m apping annotated the contigs with biological processes involved in apoptosis (G 0:0006915) 

aind proteolysis (00 :0006508), and molecular functions, such as ATP binding (G 0;0005524) 

aind cysteine-type peptidase activity (00:0008234). Functional domain analysis annotated 

t'wo contigs with predicted signal peptide domains while an additional two contigs were 

ainnotated with transmembrane domains. Ankyrin repeat domains are widely conserved 

aicross taxa but recent studies o f Wolhachia genomes identified a wide diversity in genes 

emcoding for ankyrin proteins. Two contigs (SBTOlOlO and SBT00500) shared sequence 

siimilarity with the enzyme ferrochelatase o f the Wolhachia endosymbiont o f Drosophila 

rmelanogaster, which is an enzyme involved in the final step o f the haem biosynthesis 

piathway. Both SBTOlOlO and SBT00500 were also homologous to ferrochelatase enzymes 

o)f Wolhachia endosymbionts o f the filarial nematodes, B. malayi. Onchocerca ochengi and 

IDirofilaria immitis. InterProScan for functional domains o f these contigs identified predicted 

f('errochelatase domains (IPR001015, IPRO19772) for both.

Nucleotide searches o f SB_transcriptome_vl contigs against available Wolhachia 

mucleotide sequences (obtained from GenBank as o f 6th January 2013) identified five contigs 

tlhat shared homology at the nucleotide level. Three contigs (SBT12561, SBT05142 and 

S>BT02250) were homologous to a Wolhachia endosymbiont o f C. quinquefasciatus while 

S5BT03936 and SBT04869 shared sequence similarity with a Wolhachia endosymbiont o f the 

p)arasitoid wasp, Nasonia vitripennis. Searches o f the individual trimmed reads o f the S. 

hom hi transcriptome assembly identified 220 reads that matched Wolhachia nucleotide 

stequences. O f this total, 189 reads had a top BLAST match against the Wolhachia 

emdosymbiont o f  the mosquito, C. quinquefasciatus. An additional two reads matched 

mucleotide sequences o f  a Wolhachia endosymbiont o f the dipteran, Penicillidia jenynsii. 6 

reeads had a top BLAST match against the Wolhachia endosymbiont o f the jewel wasp, N. 

viitripennis, while a single read matched the Wolhachia endosymbiont o f the ant, Tetraponera 

aillchorans. In addition to matches to Wolhachia endosymbionts o f arthropods, 21 reads 

slhared sequence similarity with Wolhachia sequences from the filarial nematode, O. ochengi.
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Bombus and Wolbachia-annotatcd contigs were removed prior to further analyses. 

B last2G 0 (v.2.6.2) was used to assign additional functional annotation to the filtered 

SB_transcriptome_vl contig set with respect to GO terms, EC terms and KEGG ontologies. 

In total, 24,710 GO terms, 816 EC terms and 831 KEGG ontologies were assigned to the 

SB_transcriptome_vl contig set. GO-Slim analysis was performed for biological processes 

(BP), molecular function (MF) and cellular component (CC) (see Fig. 3.2).

3.3.3 Relative transcript abundance within the 5. bombi transcriptome

High quality screened reads were mapped using megaBLAST (E-value cut-off o f le- 

65) against the SB_transcriptome_vl contig set to identify abundant transcripts within the S. 

bombi transcriptome. In total, 266,245 reads (68.8% o f total high quality reads) were mapped 

against 9,182 contigs (95.5% o f total contigs). High levels o f representation o f a contig 

within a transcriptome set can correlate to a high transcript abundance within the original 

biological sample (Colgan et al., 2011). O f the top twenty contigs with the highest proportion 

o f mapped reads (accounting for 65,656 reads, or 24.7% o f the total mapped reads), eight 

contigs shared sequence similarity with a vitellogenin-6 protein from the parasitic nematode, 

A. suum (see Table 3.1). As vitellogenin is a major precursor for yolk, and essential for 

embryonic development, enriched expression o f the gene would be expected in a pooled 

sample containing reproductive females.

Alignments o f the nucleotide sequences identified homology between the eight 

vitellogenin-annotated sequences, although sequence overlap was not 100%. Examination o f 

conserved peptide domains annotated three (SBT00007, SBT0I990, SBT13433) o f  the eight 

vitellogenin-annotated contigs with functional domains. Both SBT00007 and SBT01990 were 

annotated with lipid transport (IPR001747, IPR0158I9) and vitellogenin domains 

(IPR011030, IPR015255). SBT00007 was annotated with an additional vitellogenin, beta- 

sheet N-terminal (IPR015816) and von Willebrand factor, type D domain (1PR001846) as 

well as predicted signal peptide and transmembrane domains. SBT13433 was annotated with 

a von Willebrand factor domain (IPR001846) only. Two contigs, SBT13I93 and SBT01384, 

annotated as heat shock proteins (HSPs), were homologous to heat shock protein 70-C 

{Ditylenchus destructor) and small heat shock protein OV25-2 {A. suum), respectively (see 

Table 3.1). HSPs are important chaperone proteins, aiding in protein folding, while certain 

HSPs are expressed only under specific stress conditions. Functional domain analysis o f 

SBT13193 assigned heat shock protein 70 domains (IPR013126, IPR0I8181), in addition to
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Figure 3.2 (a-c): Gene ontologies of S. bombi annotated contigs. GO-Slim analyses (seq 
filter:0, alpha-node: 0.6, level 2) for the SB_transcriptome_vl contig set. The most abundant 
GO-Slim terms for biological processes included "metabolic process" (n=2037), "cellular 
process" (n=1626) and "biological regulation" (n=l 105). The three most abundant molecular 
function GO-Slim terms assigned to the transcriptome set included "binding" (n=2713), 
"catalytic activity" (n=1994) and "transporter activity" (n=318). "Cell" (n=2140), "organelle" 
(n=1086) and "macromolecular complex" (n=640) were the most abundant cell component 
GO-Slim terms assigned to the S. bombi transcriptome.
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a predicted signal peptide domain. SBT01384 was annotated with alpha crystallin/heat shock 

protein 20 domains (IPR001436, IPR002068, 1PR008978). In relation to parasitism, one 

contig (SBT12167) matched an aspartic protease 2B (Strongyloides ratti) (see Table 3.1). 

Proteases have been identified as important parasite effectors in host tissue penetration as 

well as digestion. SBT12167 was annotated with predicted peptide and transmembrane 

domains. In addition, a second contig, SBT03311, shared sequence similarity with a 

disulphide isomerase from the hookworm, Ancylostoma caninum, which has an antigenic role 

in hookworm infections. Functional domain analysis for SBT03311 assigned four thioredoxin 

domains (IPR005746, IPR012336, IPR013766, IPR017937) and two disulphide isomerase 

domains (IPR005788, IPR005792). SBT03311 was also annotated with predicted signal 

peptide and transmembrane domains. Two relatively abundant contigs were annotated with 

putative roles in metabolism. SBT00551 was homologous to a GABA transaminase family 

member (C. elegans), a protein involved in the metabolism o f compounds, such as alanine, 

aspartate, glutamate, beta-alanine, propanoate and butanoate. SBT00551 was annotated with 

two aminotransferase (IPR004631, IPR005814) and three pyridoxal phosphate-dependent 

transferase domains (IPRO15421, IPRO15422, IPRO15424). SBT00037 was homologous to a 

pyruvate kinase muscle isozyme in the parasitic nematode, A. suum, which has a functional 

role in glycolysis. Functional domain analysis assigned eight pyruvate kinase domains 

(1PR001697, IPR011037, IPR015793, IPR015794, IPR015795, IPR015806, IPR015813, 

IPRO 18209). Another protein (SBT00286) matched an actin protein in the tylenchid 

nematode, D. destructor (see Table 3.1) while InterProScan identified the presence o f three 

actin domains (IPR004000, IPR004001, IPR020902). Actin proteins are conserved across 

taxa and serve as important structural proteins.

O f the twenty most abundant contigs, five contigs were unannotated after searches 

against the NCBI nr database (see Table 3.1). Functional domain analysis annotated 

SBT02210 with two aspartic peptidase domains (IPR009007, IPR021109). SBT00064 was 

annotated with predicted signal peptide and transmembrane domains while SBT03134 was 

annotated with a predicted signal peptide domain only.

3.3.4 Comparison of SB_transcriptome_vl with nematode genomes

The transcriptome assembly was compared to the whole genome-derived proteomes 

o f a set o f  model nematodes, including free-living and parasitic nematodes (see Fig. 3.3). O f 

the 9,666 filtered SB_transcriptome_vl contigs, 6,095 (63.1%) matched to predicted proteins
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from C. elegans, 6,032 (62.4%) to predicted proteins from C. hriggsae, 5,812 (60.1%) to 

predicted proteins from C. japonicum , 6,039 (62.5%) to predicted proteins from C. rem am i 

and 5,938 (61.4%) to predicted proteins from C. brenneri (see Fig. 3.3). Comparison against 

genome-derived proteomes o f parasitic nematodes identified homologous matches between 

6,249 contigs (64.6%) and predicted proteins from A. suum, 5,767 contigs (59.7%) and 

predicted proteins from B. malayi, and 5,509 (57%) and 5,416 (56%) contigs respectively to 

predicted proteins from the plant parasitic nematodes, M  hapla and M. incognita (see Fig. 

3.3). Examination o f homology between the SB_transcriptome_vl contig set and predicted 

proteomes o f nematodes involved in interactions with insects identified 5,523 (57.1%) S. 

bombi contigs as matching proteins o f  the necromenic nematode, P. pacificus, 6,355 (65.7%) 

contigs as matching predicted proteins o f the plant-parasite, B. xylophilus, which shares a 

phoretic relationship with certain insect species, and 4,957 (51.3%) contigs matched proteins 

o f the entomopathogenic nematode, H. bacteriophora (see Fig. 3.3). Comparative analysis 

identified approximately 6,500 homologous protein-encoding genes within the 

SB_transcriptome_vl contig set. Full genomic analysis will be required to identify the entire 

gene-coding complement o f S. bombi.

3.3.5 Functional domain analysis for SB_transcriptome_vl

To provide additional annotations to the SB_transcriptome_vl contig set, functional 

domain analysis was performed by InterProScan as part o f the B last2G 0 annotation pipeline. 

InterProScan annotated 6,446 contigs with functional domains (see Fig. 3.4). O f this number, 

4,398 contigs were annotated with IPR domains while 7,692 GO terms were assigned based 

on predicted peptide domains annotated to the contig set. The top twenty most abundant 

predicted peptide domains within the set are outlined in Table 3.2. The most abundant 

domain within the SB_transcriptome_vl contig set was the protein kinase-like domain 

(IPRO11009), which is involved in catalysing phosphotransfer reactions, which is 

fundamental to most signalling processes within the eukaryotic cell (see Table 3.2). Other 

abundant domains include domains involved in nucleotide binding (IPR016040: NAD(P)- 

binding domain; IPRO 12677: Nucleotide-binding, alpha-beta plait) and nucleic acid binding 

(1PR000504: RNA recognition m otif domain; 1PR001650: Helicase, C-terminal; IPR012337: 

Ribonuclease H-like) (see Table 3.2). WD40 domains were abundant within the 

transcriptome set and perform a number o f important functions, such as signal transduction, 

transcription regulation, cell cycle control, autophagy and apoptosis. A number o f domains 

were involved in binding, such as calcium binding (IPROl 1992: EF-hand-like domain) and
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Table 3.1: Potential enriched expression within the S. bombi transcriptome. Mapping of 454 reads against SB transcriptome vl contigs 
identified contigs with highest amounts of reads mapping. Contig reference code (SBT), number of 454 reads mapping, functional description of 
contig and best BLAST description from NCBI nr database and GenBank accession code with species provided for each.

SBT_Contig Number of Functional description Best BLAST description and GenBank accession code [species]
_____________ reads mapped____________________________________________________________________________________________________
SBT00007 16201 Vitellogenin Vitellogenin-6 ADY40227.1 

[A. suurri]
SBT08424 11600 Vitellogenin Vitellogenin-6 ADY40227.1 

[A. suum]
SBT01990 8125 Vitellogenin Vitellogenin-6 ADY40227.1 

[A. suum]
SBT11962 6466 Vitellogenin Vitellogenin-6 ADY40227.1 

{A. suum\
SBT12366 3242 Vitellogenin Vitellogenin-6 ADY40227.1 

[A. suum\
SBT13433 2778 Vitellogenin Vitellogenin-6 ADY40227.1 

\A. suum\
SBT06046 2298 Vitellogenin Vitellogenin-6 ADY40227.1 

{A. suum]
SBT13193 1728 Heat shock protein Heat shock protein 70-C AAM93256.1 

[D. destructor]
SBT00064 1560 Annotated with predicted signal peptide 

and transmembrane domains
Non-annotated NA

SBT01384 1557 Heat shock protein Small heat shock protein OV25-2 ADY43349.1 
[A. suum]

SBT12167 1392 Aspartic protease Aspartic protease 2B ACR56786.1 
[.S', ratti]

SBT03053 1373 No InterProScan annotations Non-annotated NA
SBT03311 1212 Protein disulphide isomerase Protein disulphide isomerase AAS84454.1 

[A. caninum]
SBT04506 1186 Vitellogenin Vitellogenin-6 ADY40227.1
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SBT04973 1068 No InterProScan annotations
SBT00551 935 Transaminase

SBT00286 751 Actin

SBT00037 744 Pyruvate kinase

SBT02210 731 Annotated with two aspartic peptidase 
domains

SBT03134 709 Annotated with a predicted signal 
peptide domain

Non-annotated
GABA Transaminase family member 
(gta-1)
Actin 1

Pyruvate Icinase muscle isozyme 

Non-annotated

[A. suum] 
NA 

NP_501862.1 
[C. elegans] 

ACT78498.1 
[D. destructor] 
ADY42759.1 

[A. suum] 
NA

Non-annotated NA
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Figure 3.3: Comparison of SB_transcriptome_vl with nematode genome-derived  
proteomes. (a) BLASTx (Bit-score cut-off o f >50) comparisons were compared between the 
S. bombi transcriptome and genome-derived proteomes for a range o f nematodes, including 
five Caenorhabditis species, the free-Hving nematode, P. pacificus, the entomopathogenic 
nematode, H. bacteriophora, the plant parasites, B. xylophilus, M. hapla and M  incognita, 
and the animal parasitic nematodes, A. suum  and B. malayi. Chart indicates the percentage o f 
SB_transcriptome_vl contigs matching the respective genome-derived proteomes. (B) 
Cladogram displaying the phylogenetic relationship between S. bombi and species with 
available genome-derived proteomes.

95



zinc ion binding (IPRO13083: Zinc finger, RING/FYVE/PHD-type; IPR007087: Zinc finger, 

C2H2), protein-protein interactions (IPR016024: Armadillo-like helical; IPR011990: 

Tetratricopeptide-like helical; IPRO 13026; Tetratricopeptide repeat-containing domain) and 

lipid binding (IPR011993: Pleckstrin homology-like domain) (see Table 3.2). Another 

abundant domain, winged helix-tum -helix transcription repressor DNA-binding 

(IPR011993), functions in transcription regulation through repression. Proteins with major 

facilitator superfamily domains (IPR016196; M ajor facilitator superfamily domain, general 

substrate transporter) were also highly represented within the transcriptome set and are one o f 

the largest protein families involved in membrane transport. Domains potentially involved in 

parasitism were abundant within the S. bombi transcriptome, including galectin domains 

(IPR008985), which are involved in carbohydrate binding and are generally involved in cell 

adhesion and recognition, while thioredoxin-like fold domains (IPRO 12336) are found on 

proteins with roles in antioxidant activity (see Table 3.2). Another protein domain, short- 

chain dehydrogenase/reductase SDR (IPR002198) was abundant within the transcriptome 

contig set. SDR domains are functional in the oxidoreduction process.

3.3.6 Predicted secretome

To identify contigs potentially involved in secretion, contigs annotated with predicted 

signal peptide domains were parsed and examined. In total, 2,009 contigs were annotated 

with SIGNALP predicted signal peptide domains, o f which 1,007 contigs were annotated 

with at least one GO term. M olecular functions o f putative secreted S. hombi proteins were 

assigned to a high GO term level (third level o f the GO-Slim hierarchy) using GO-Slim. At 

least 480 contigs (47.7% o f GO-term annotated putative secreted proteins) could be assigned 

under this level o f GO-term analyses (see Fig. 3.5). 828 contigs that were assigned with 

predicted signal peptide domains remained unannotated after BLAST searches against the 

NCBI nr, W ormbase and NEM BASE4 databases. While the proteins encoded for by these 

contigs may be secreted intracellularly, there remains the possibility that the proteins may be 

secreted into the host to aid in parasitism.

3.3.7 Metabolic pathway analyses

A general hypothesis o f  parasite biology posits that, as parasites gain sustenance from 

the food o f the host via the digestive tract or indeed from naturally rich tissues within the 

host, this association may lead to a reduction o f metabolic-associated machinery in the 

parasite, ultimately resulting in the reduction or loss o f genes associated with metabolism.
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Figure 3,4: Functional domain analysis of the S. bombi transcriptome. InterProScan (IPR) searches of S. homhi predicted protein sequences 
identified a number of functional domains with information related to gene ontology (GO), protein family domains, predicted signal (SIGNALP) 
and transmembrane (TMHMM) domains. The number of respective domain match from each classification database is provided.
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Table 3.2: Functional domain analysis o f the S. bontbi transcriptome. Top twenty most abundant functional domains identified using 
InterProScan analysis are provided with the InterPro identifier, InterPro domain description, GO annotation for domain, and number o f domains 
identified within the SB_transcriptome_vl contig set.

IPR_Ref InterPro domain description GO annotation No. of 
domains

IPRO11009 Protein kinase-like domain ME: GO; 0016772: Transferase activity, transferring 

phosphorous containing groups

110

IPRO16040 NAD(P)-binding domain ME: GO: 0000166: Nucleotide binding 85

IPR015943 WD40/YVTN repeat-like-containing domain ME: GO: 0005515: Protein binding 78

IPR012677 Nucleotide-binding, alpha-beta plait ME: GO: 0000166: Nucleotide binding 69

IPR000504 RNA recognition m otif domain MF: GO: 0003676: Nucleic acid binding 61

IPRO 11990 Tetratricopeptide-like helical ME: GO: 0005515: Protein binding 52

IPRO 16024 Armadillo-type fold ME: GO: 0005488: Binding 50

IPR013083 Zinc finger, RING/FYVE/PHD-type 48

IPR012336 Thioredoxin-like fold 47

IPR011992 EF-hand-like domain ME: GO: 0005509: Calcium ion binding 47

IPR001650 Helicase, C-terminal ME: GO: 0003676: Nucleic acid binding 

MF: GO: 0004386: Helicase activity 

ME: GO: 0005524: ATP binding

46

IPR011989 Armadillo-like helical 43

IPR008985 Concanavalin A-like lectin/glucanase 

suoerfamilv

41
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BP: Biological processes 
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MF: GO; 0008270: Zinc ion binding 38
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MF: GO: 0003676: Nucleic acid binding 34

MF: GO: 0005515: Protein binding 33

31

BP: GO: 0008152: Metabolic process 27

MF: GO: 0016491: Oxidoreductase activity

27
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Figure 3.5: Molecular function of the predicted Sphaerularia secretome. GO-Slim 
analyses for SB transcriptome v l contigs annotated with predicted signal peptide domains 
were plotted to third level o f molecular function ontologies. Number o f contigs per category 
o f GO terms is indicated on the column-chart.

Consequently, to identify the expression o f metabolic proteins within S. homhi, sequences 

were compared against the KEGG pathway database and parsed for metabolic matches. Of 

the 153 KEGG metabolic pathways, pathway components were identified for 96 pathways. In 

total, 367 contigs (3.4% o f total contig set) matched 182 unique enzymes.

Peptidases and peptidase inhibitors have been identified as important proteins within 

host-parasite interactions, where they play a role in the digestion o f host nutrients while also 

functioning in immunomodulation o f  the host. BLASTx searches against the MEROPS 

database (release 9.8) identified 377 contigs with homologous matches to previously known 

peptidases and peptidase inhibitors, from a total o f 76 peptidase and peptidase inhibitor 

families and subfamilies. Representatives from all five major peptidase groups (metallo, 

aspartic, cysteine, serine and threonine) were identified within the S. bombi transcriptome 

contig set. The most abundant peptidase subfamily represented within the S. bombi

100



transcriptome set was the S9 family of prolyl oligopeptidases (n=28). Prolyl oligopeptidases 

function in the degradation of biologically active peptides. The second most abundant 

peptidases included members of the cysteine CIA  peptidase subfamily of papain peptidases 

(n=24), which mainly consists of secretory or lysosomal endopeptidases. Aspartic peptidases 

of the pepsin subfamily (AlA) were the most expressed aspartic peptidases (n=15). Pepsin 

peptidases play an important role in the digestive tract, facilitating the degradation of food 

material. In relation to the metallopeptidases, the most represented family within the S. bomhi 

transcriptome was that of the M23 beta-lytic metallopeptidase family. Beta-lytic 

metallopeptidases are secreted by certain bacteria to lyse the cell walls of other bacteria, be it 

for defence or feeding purposes.

Homology searches against the MEROPS database assigned peptidase inhibitor 

annotations to 48 contigs, with homologous sequences o f representatives from 12 peptidase 

inhibitor families being identified. The 163 subfamily of peptidase inhibitors was the most 

represented in the S. bomhi transcriptome (n=15). Peptidase inhibitors of the 163 subfamily 

are characterised as inhibitors of metallopeptidase pappalysin-1, which functions in 

promoting cell growth through interaction with insulin-like growth factor binding proteins. 

Other abundant peptidase inhibitor families included: 18 (n=13), which play an important role 

in inhibition of serine proteases, such as chymotrypsin and elastase; 12 (n=3), which inhibit 

serine proteases, such as trypsin, and have been identified as possessing fibrinolytic-like 

properties; 14 serpin family (n=3), which are serine and cysteine endopeptidase inhibitors; 

and the 139 subfamily (n=3), which are broad range endopeptidase inhibitors.

3.3.8 Potential immunomodulatory domains

Recent proteomic analyses of the excretory/secretory (ES) products of parasitic 

nematodes have identified an array of genes with putative roles in parasitism, such as 

immunomodulation and antioxidant activity. A series of S. bombi transcriptome contigs were 

annotated with conserved protein domains for immunomodulatory activity. SBT10166 was 

annotated with a macrophage migration inhibitory factor (MIF) domain while SBT13330 was 

assigned a transforming growth factor beta (TGF-P) domain. Both MIF and TGF-P domains 

are found on cytokines and have been identified as having roles in regulating anti

inflammatory immune responses in B. malayi infections in mammals. Another putative 

immunomodulatory domain, leucyl aminopeptidase (IPR000819), commonly identified 

within the parasitic nematode ES complex, was identified in two S. bomhi contigs
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(SBTl 1967 and SBT02261). Contigs SBT02261 and SBTl 1967 were also annotated with an 

additional M17 peptidase domain (IPR011356). An additional putative aminopeptidase, 

SBT04470, was identified through homology searches against the NCBI nr database. None o f 

the leucyl aminopeptidase homologues were annotated with predicted signal peptide 

domains.

The abundance o f lectins, such as galectins and C-type lectins, within the ES 

complexes o f parasitic nematodes has suggested a putative role in parasitism through 

immunomodulation. Within the S. bombi transcriptome, 27 contigs were annotated with 

galectin, carbohydrate recognition domains (IPR001079). In addition to the galectin domain, 

the 27 contigs were annotated with concanavalin A-like lectin/glucanase domains 

(IPR008985; IPR013320). The galectin family consists o f a diverse group of members found 

across taxa that share an affinity for binding to beta-galactosidase. An additional 23 contigs 

were annotated with C-type lectin domains (IPR016187; IPR001304; IPR016186). C-type 

lectins possess carbohydrate-binding activity and are generally involved as recognition 

proteins within the immune system o f animals, functioning in the detection o f pathogens, as 

well as immune regulation and prevention o f  autoimmunity. O f the total C-type lectin 

annotated contigs (n=23), 9 contigs were annotated with both predicted signal peptide and 

transmembrane domains.

Proteins containing allergen V5/Tpx-1 related domain (IPR001283) have been 

suggested to have a role in parasitism. Within S. homhi, functional domain analysis annotated 

23 contigs with allergen domains. Two contigs (S B T l3481 and SBT09365) shared top 

BLAST matches with the Ancylostoma-secreted  protein 1 precursor from the hookworm, A. 

caninum. Both contigs were annotated with additional allergen domains (IPR002413: ves 

allergen; IPR014044: CAP domain). 6 contigs shared sequence similarity with SCP-like 

extracellular proteins from the filarial nematode, B. malayi. All six contigs were annotated 

with allergen domains (IPR001283; IPRO14044) while two contigs (SBT08999 and 

SBT02277) were assigned additional ves allergen and predicted signal peptide domains. Nine 

IPR001283 annotated contigs shared sequence similarity with sequences from tylenchid 

nematodes. Three contigs, SBT05495, SBT09184 and SBT12360, were homologous to a 

venom allergen-like protein from the root-knot nematode, M  incognita. Both SBT05495 and 

S B T l2360 were annotated with additional predicted signal peptide domains. An additional 

five contigs (SBT05086, SBT10833, SBT02068, SBT04276, SBT10016) were homologous 

to a venom allergen-like protein 1 {Bursaphelenchus mucronatus) while one contig
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(SBT09308) had a top BLAST match against a venom allergen-Hke protein from the potato 

root nematode, D. destructor. O f these contigs, SBT05086, SBT04276 and SBT09308 were 

assigned additional predicted signal peptide domains.

Superoxide dismutases are important antioxidant proteins that may protect the 

parasitic cuticle against host reactive oxygen species. Functional domain analysis annotated 

three contigs (SBT10888; SBT13914; SBT12538) with superoxide dismutase, copper/zinc 

binding domains (IPR001424; IPR018152; IPR024134). SBT13914 was homologous to a 

superoxide dismutase, SOD-1, within the hookworm nematode, H. contortus, while 

SBT12538 shared sequence similarity with a SOD-1 from the nematode, C. remanei. 

SBT10888 has a top BLAST match against a superoxide dismutase protein in the earthworm, 

Eisenia fetida. A further three contigs (SBT13729, SBT13932, SBT14159) were annotated 

with manganese/iron superoxide dismutase domains (IPR001189; IPRO19831; IPRO19832; 

IPRO19833). All three proteins had top BLAST matches against the superoxide dismutase 

protein, SOD-3, from the plant parasitic nematode, B. xylophilus.

Thioredoxins represent another important antioxidant group. InterProScan analysis o f 

the S. homhi transcriptome annotated 50 contigs with thioredoxin-like fold domains 

(IPR012336). O f this total, 3 contigs (SBT07297; SBT11842; SBT13514) were annotated 

with additional glutathione peroxidase domains (IPR000889) and assigned glutathione 

peroxidase EC references (EC: 1.11.1.9). All three contigs had top BLAST matches against a 

glutathione peroxidase o f the parasitic nematode, H. contortus. Both SBT07297 and 

SBT13514 were annotated with predicted signal peptide domains.

3.3.9 Nematode-specific domains

Unsurprisingly, nematode-specific domains were identified within the InterProScan 

annotated SB_transcriptome_vl contig set. Twelve contigs were annotated with a nematode 

cuticle collagen, N-terminal domain (IPR002486), which is a thick elastic substance that 

forms a constituent o f the nematode's cuticle. Four contigs were annotated with a nematode 

fatty-acid retinoid binding domain (IPR008632: SBT00796; SBT13184; SBT04420; 

SBT00752), which is a domain found in all parasitic nematodes that is not found in plant or 

animal hosts. Three o f the four contigs were annotated with predicted signal peptide domains.

Functional domain analysis annotated 15 SB_transcriptome_vl contigs with the 

suggested nematode-specific transthyretin-like domain (IPR001534). At present the function

103



o f this domain is unknown. Sequence similarity searches for the transthyretin-like domain- 

containing contigs annotated 11 o f the 15 contigs with BLAST matches to nematode species. 

4 contigs were unannotated from homology searches. BLAST searches identified an 

additional two contigs (SBT04732 and SBT08928) as potential transthyretin-like proteins. In 

total, 10 o f the 17 contigs annotated as transthyretin-like proteins were annotated with 

predicted signal peptide domains.

3.3.10 Potentially novel 5. bombi genes

O f the 2,761 unannotated contigs from homology searches against the NCBI nr 

database and sequences available on NEM BASE4 (as o f 15th December 2012), InterProScan 

annotated 1,000 contigs (36.2% o f total unannotated contigs) with functional domains. 744 

contigs were annotated with predicted signal peptide domains, which is approximately 39% 

o f the total SIGNALP annotations assigned to the S. homhi transcriptome dataset. IPR 

annotations were assigned to 91 unannotated contigs, which had domains involved in 

metabolism, DNA binding and gene transcription, and also reproduction and growth.

Nematode-specific domains were identified within the unannotated contig set, with 

four contigs (SBT02742; SBT02069; SBT06056; SBT13748) annotated with the 

transthyretin-like domain (IPR001534) and one contig (SBT10148) with a nematode cuticle 

collagen domain (IPR002486). In relation to metabolism, eight contigs were annotated with 

aspartic peptidase domains (IPR009007 and IPR021109) while one contig had a 

carboxypeptidase domain (IPRO14766). Peptidases are involved in proteolysis, which is an 

important process for the nematode to obtain nutrients from the host. Two contigs, SBT13752 

and SBTT05545, both had a predicted carboxylesterase domain (IPR002018). One contig 

(SBT03576) was annotated with a Na+ channel, amiloride-sensitive domain (IPR001873), 

which is involved in sodium uptake and reabsorption, while SBT01054 was annotated with 

an FMRF-amide-related peptide domain (IPR002254). FMRF-amide-related peptides 

(FARPs), which are neurotransmitter molecules, are involved in processes such as 

locomotion and feeding behaviour.

A number o f contigs were annotated with ubiquitin domains. SBT03371, SBT01600 

and SBT01834 were all annotated with BTB/POZ fold domains (IPR011333), which are 

involved in targeting o f proteins for ubiquitination. F-box protein domains (IPR001810) were 

predicted for contigs SBT05317 and SBT09291, and these have functions in generating links 

between targeted proteins and ubiquitin conjugating enzymes. SBT04949 was annotated with
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an ubiquitin domain (IPR000626) while SBT09545 was annotated with a predicted ubiquitin 

ligase domain (IPRO18276), both o f which are involved in protein binding and targeting for 

subsequent proteasomal degradation.

In relation to development, 11 zinc finger domains, which play a role in the cell cycle, 

growth and also the regulation o f gene transcription, were identified within the unannotated 

contig set. One domain identified in SBT00230 was a CCCH-type zinc finger domain 

(IPR000571), which is abundantly expressed in the eggs and fertilised females o f 

Meloidogyne species. Domains associated with gene transcription, such as polycomb protein 

(IPR019135; SBT02136) and homeodomain-like (IPR009057: SBT06273; SBT07620; 

SBT01337; and SBT01501) domains were identified amongst the unannotated contigs. 

Vitellogenin, beta-sheet domain (IPR015816), a major protein used for egg development, was 

identified in SBT01939. SBT11097 was annotated with major sperm protein (IPR000535) 

and PapD-like (1PR008962) domains, both o f which are utilised for sperm mobility in C. 

elegans. SBT13176 was annotated with a nuclear hormone receptor (IPR008946), which can 

bind steroids or hormones involved in embryonic development and homeostasis, which 

would be beneficial during the parasitic life stage o f 5'. homhi.

3.4 Discussion

Next generation sequencing technology, such as Roche/454 Life Sciences, has 

revolutionised the quantity and quality o f molecular data being generated for non-model 

organisms. In relation to entomopathogenic nematodes, which are o f agricultural and 

ecological importance, transcriptomic data using Sanger technology has been generated for 

the rhabditid Heterorhabditis bacteriophora (Bai et al., 2009). Here I present the first 

compendium set o f gene expression for a Hexatylina nematode, a subgroup o f the tylenchid 

nematodes, which are ecologically important parasites. Sequencing o f the life cycle stages o f 

S. bombi generated over 380,000 high quality reads, which were assembled into highly 

contiguous sequences with a mean length o f 896 bases. The G+C content for the contigs was 

34.6%, which is similar to the host, B. terrestris (36% G+C content) (Sadd et al., 2010, 

Colgan et al., 2011). Analyses o f codon usage across the phylum Nematoda has previously 

identified a wide diversity in G+C content, ranging from 32 {S. ratti) to 51 {P. pacificus and 

two Globodera species) (Mitreva et al., 2006). Mitreva et al. (2006) found similar variation in 

G+C content across five tylenchid genera {Pratylenchus (46%), Globodera (51%), 

Heterodera  (50%), Meloidogyne (36%), Zeldia (43%)). The S. bombi transcriptome has the
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lowest G+C content so far for a tylenchid nematode. For S. bombi, the utilisation o f  host 

molecular machinery or incorporation o f host genomic data to increase survival may be a 

reason for the observed G+C content. Convergent evolution o f G+C content and codon usage 

has been identified between honeybees and honeybee specific viruses (Chantawannakul and 

Cutler, 2008), while filarial nematodes have demonstrated the ability to secrete proteins 

homologous to proteins involved in vertebrate host defence, which assists the nematodes' 

survival within a host (Pastrana et al., 1998). Therefore, similarity in G+C content between 

parasite and host may aid in parasitism. Alternatively, G+C content o f S. bombi may be 

independent o f its insect hosts and similarities at the G+C level therefore coincidental.

3.4.1 Homologous matches to prokaryotic sequences

Interestingly, PFo/^ac/z/a-annotated transcripts were identified within the S. bombi 

transcriptome set. While, like the host-derived matches, these transcripts may be the result o f 

sample contamination, bacterial endosymbionts are widespread across both plant and animal 

parasitic nematodes (Sironi et al., 1995, Bandi et al., 1998, Vandekerckhove et al., 2002, 

Noel and Atibalentja, 2006). In addition, a Wolbachia-type endosymbiont has recently been 

described in the tylenchid plant-parasitic nematode, R. similis (Haegeman et al., 2009, 

Haegeman et al., 2010). A Wolbachia-Wkt bacteria was identified within the reproductive 

tract o f R. similis, which has been the site o f detection within other parasitic nematodes 

(Kozek, 1977, Kozek and Marroquin, 1977, McLaren et al., 1975, Sironi et al., 1995, 

Haegeman et al., 2010). Wolbachia has recently been documented within bumblebee workers 

although the status within queens is unknown (Evison et al., 2012) and consequently the 

Wolbachia transcripts within the S. bombi assembly may be the result o f host contamination. 

However, the Wolbachia annotated sequences within the S. bombi transcriptome have only 

poor sequence similarity (-35%  sequence similarity) to a Wolbachia endosymbiont of D. 

melanogaster, which argues against such host contamination, and the majority match ankyrin 

repeat domain proteins, which are widely conserved across taxa. Interestingly, two contigs 

match the protein ferrochelatase, which is important in the haem biosynthesis pathway (Ryter 

and Tyrrell, 2000), a process vital to biological functions in nematodes yet a pathway that is 

incomplete within most nematodes (Rao et al., 2005, Wu et al., 2009). Wolbachia in B. 

malayi have been documented to facilitate the production o f haem biosynthesis (W u et al., 

2009). Therefore, a bacterial endosymbiont or possible incorporation through lateral gene 

transfer may account for Wolbachia-Y\kQ transcripts within the transcriptome. Both the 

identification and confirmation o f  possible lateral gene transfers, be it with host or bacteria.
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will be confirmed through full genomic analyses for S. bombi, which is currently being 

undertaken as part o f the 959 Nematode Genome Project (Kumar et al., 2012).

3.4.2 Comparative analysis across nematode genomes

Pan-phylum transcriptomic analyses o f the nematode group have previously identified 

relatively low conservation o f gene homology across nematode species (Parkinson et al., 

2004b). Parkinson et al. (2004b) suggested that based on their analysis, 30-50% o f nematode 

genes may be species specific. Approximately 35% o f the S. bombi transcriptome had no 

homology against available sequenced data yet a third o f the contigs in this set were 

annotated with functional domains, in line with this suggestion. Comparative searches against 

available nematodes identified an average o f 55?/o homologous matches between S. bombi 

and nematodes with varying life history strategies, free-living and parasitic, and also from 

phylogenetically close (e.g. M  hapla, M. incognita, B. xylophilus and S. bombi all belong to 

Clade IV) and distant relatives {Caenorhahditis species, P. pacificus, H. bacteriophora 

(Clade V), and B. malayi, A. suum  (Clade III)). Therefore, the high number o f homologous 

sequences between S. bombi and the other nematode species may be due to conserved genes 

being expressed more abundantly, which is possible as our reads were non-normalized.

The pooled sample analysed for S. bombi largely consisted o f parasitic forms, which 

have pronounced everted uteri and therefore, reproductive proteins would have been expected 

to be highly expressed. Homologues o f A. suum  vitellogenin-6, which have roles in 

development within A. suum  (Cantacessi et al., 2009), were abundantly expressed within S. 

bombi. Vitellogenin, a protein utilised as an amino acid storage protein in yolk granules of 

growing oocytes within ovaries and during early development, is highly conserved within the 

nematode group and also across taxa (Spieth et al., 1991, Winter et al., 1996).

3.4.3 Candidate genes for survival within the insect host

Oxidative stress can impact on the viability o f a parasite within a host. Not only do 

parasites have to cope with external pressures, such as host reactive oxygen species, but also 

radicals, which are produced internally as by-products o f cellular respiration (Selkirk et al., 

1998). Consequently, parasites express and secrete abundant levels o f antioxidant enzymes, 

such as superoxide dismutases, peroxiredoxins, thioredoxins and glutathione peroxidases 

(Hewitson et al., 2008, Bellafiore et al., 2008). Representatives from each o f the major 

antioxidant protein families were expressed within the S. bombi transcriptome. Antioxidant
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proteins, such as superoxide dismutase and glutathione peroxidase, have been previously 

documented within the secretome o f B. malayi and are suggested to directly interfere with 

host effector mechanisms (Hewitson et al., 2008, Bennuru et al., 2009). Within the plant 

parasite, M  incognita, antioxidant enzymes within the ES complex are believed to detoxify 

host reactive oxygen species generated in response to nematode infection (Bellafiore et al., 

2008). In addition, the reduction o f host effectors may allow for the establishment of a 

suitable habitat for the parasite within the host tissue (Bellafiore et al., 2008). The 

compendium o f antioxidant enzymes expressed within S. bombi may reduce potential damage 

sustained from oxidative stress within the host while also promoting the development o f a 

protected feeding site.

3.4.4 Genes involved in digestion and host immune modulation

Peptidases and peptidase inhibitors have been identified as key proteins that enable 

nutrient acquisition within hosts while also avoiding/inhibiting immune responses 

(McKerrow et al., 2006, Atkinson et al., 2009). The parasitic form o f S. hombi is in constant 

contact with the haemolymph o f the host and actively feeds through invaginations in its 

everted uterus (Poinar and Hess, 1972). S. hombi expressed representatives from each of the 

major peptidase groups: aspartic; serine; metallo; cysteine; and threonine, which have been 

identified in other parasitic helminths, including nematodes, to facilitate nutrition and 

survival within hosts. One abundant gene expressed by S. bombi was an aspartic peptidase. 

Aspartic peptidases have been identified in a number o f haematophagous nematodes as an 

initiator o f the digestion o f haemoglobin (W illiamson et al., 2003). It is suggested that 

aspartic peptidases cleave haemoglobin into constituents that are then subjected to cysteine 

peptidase and subsequent metalloprotease digestion (W illiamson et al., 2003). Aspartic 

proteases expressed by S. bombi therefore may have a homologous role in digesting proteins 

from the host's haemolymph, although haemoglobin itself is absent from insects. In addition 

to aspartic proteases, another group o f  proteases, cysteine proteases, were identified as having 

putative roles in S. bombi digestion. The cysteine peptidase group (C l) contains a number o f 

enzymes utilised by parasites in the degradation and digestion o f host material (Atkinson et 

al., 2009). C l peptidases, such as papain and cathepsins, were the most abundantly expressed 

cysteine peptidases in S. bombi. In addition to digestion, cathepsins, such as cathepsin L, 

perform a role in cuticle moulting for L3 juveniles o f the filarial nematode O. volvulus and 

embryogenesis within B. malayi (Craig et al., 2007, Ford et al., 2009).
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In relation to immune evasion, cysteine inhibitor family members, such as cystatins 

(family 125), and serine peptidase inhibitors (serpins (14)) are secreted by filarial nematodes 

to evade immune effectors of mammalian hosts (Manoury et al., 2001, Maizels et al., 2001). 

Members of the family 18 of peptidase inhibitors were abundantly expressed within S. bomhi. 

A. suum expresses 18 peptidase inhibitors, which target host digestive enzymes, such as 

trypsin, chymotrypsin and elastase, to inhibit their activity and protect the parasite (Huang et 

al., 1994). A. suum expresses these proteins within their digestive tract and does not secrete 

them into the host but rather expresses them when consuming material from the host 

environment (Huang et al., 1994). S. bombi absorbs nutrients from the haemolymph of the 

host through pinocytosis via invaginations within the reproductive tract and, therefore, may 

putatively utilise 18 peptidase inhibitors to inhibit active host enzymes within the absorbed 

haemolymph.

Lectins, such as C-type lectins and galectins, are carbohydrate-binding proteins and 

have been documented as important immune effectors within the immune system across taxa. 

The abundance of proteins, such as C-type lectins and galectins, within the ES complexes of 

parasitic nematodes (e.g. A. caninum (Mulvenna et al., 2009), B. malayi (Hewitson et al., 

2008), H. polygyrus (Hewitson et al., 2011)) has suggested a potential role in parasitism. 

Potential secretory C-type lectins and galectins were identified within the transcriptome of S. 

bombi. The exact role of C-type lectins in parasitism is unknown but certain parasitic species, 

such as Toxocara canis, are able to secrete C-type lectins homologous to mammalian host 

proteins that have the ability to interact with mammalian carbohydrates, suggesting a 

potential in immunomodulation (Loukas et al., 1999, Loukas et al., 2000, Loukas and 

Maizels, 2000). A similar function has been observed for the B. malayi galectin, Bm-GAL-1, 

which is able to bind to host immune cells (Hewitson et al., 2009). An alternative activity has 

been identified for a galectin secreted by the parasitic nematode, H. contortus, which 

possesses the ability to mimic the activity of host lectins (Turner et al., 2008). The galectins 

and C-type lectins identified within S. bombi may perform a similar immunomodulatory 

function within the bumblebee host through active interaction with host immune cells. 

Alternatively, the effectors may be required in the removal of potentially pathogenic 

organisms within the host.
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3.4.5 Nematode-specific domains within 5. bombi

Functional domain analysis of the S. bombi transcriptome identified a number of 

conserved nematode-specific domains, which are of interest from an experimental 

intervention viewpoint. The transthyretin-like gene family, which were first identified within 

C. elegans, are highly conserved across the phylum Nematoda, yet their functions are largely 

unknown (Parkinson et al., 2004b). Another set o f nematode-specific proteins were identified 

within S. bombi and may have a functional role in parasitism. Fatty acid and retinol binding 

(FARs) proteins are lipid binding proteins and function through the acquisition and transport 

of lipids, sterols and retinol (McDermott et al., 1999). Lipids and sterols have been suggested 

to be used in parasitic metabolic and developmental processes of embryogenesis, 

glycoprotein synthesis, growth and cellular differentiation. Prior et al. (2001) identified the 

localisation of a FAR protein on the surface of the tylenchid plant parasite Globodera pallida 

for interaction with host matter. In addition, FARs have been documented as acting in the 

internal distribution of lipids within tissues, such as the reproductive tracts. Interest has 

grown in these proteins as there appears to be no equivalent in either plant or animal host, 

making the FARs of interest for targets for antihelminth products or vaccines (Prior et al., 

2001). Parasites rely on their host for nutrition and cannot synthesis all the lipids required 

themselves. The FARs have been identified as proteins that are potentially involved in the 

uptake, transport and distribution of host lipids to specific tissues. The only feeding phase 

identified in the life cycle of S. bombi appears to be the parasitic stage, with the everted 

uterus identified as a mechanism for nutrient acquisition (Poinar and Hess, 1972). 

Metabolism aside, the FARs may have a greater role in parasitism through subversion of the 

host immune response. The host immune response can be metabolically costly to mount 

(Moret and Schmid-Hempel, 2000). Removal of important host nutrients, such as retinol, may 

impact on host metabolism and associated biological processes, such as the immune system 

(McDermott et al., 1999, Prior et al., 2001). Although S. bombi is dealing with an insect host, 

FARs may have analogous roles in cytokine reduction and also the disruption of tissue repair. 

L3 juveniles exit the host via the digestive tract and the FARs potentially could be used to 

reduce immune reaction during this event. Further work will be required to determine the role 

of FARs within S. bombi infection.
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3.4.6 iSp/me/'M/flria-specific sequences

On average 30-50% o f a nematode's genome is species specific (Parkinson et al., 

2004b). Within the Sphaerularia transcriptome, functional domain analyses annotated a 

number o f contigs that do not have any homologous matches to sequences available in 

genomic databases. Putative S. bombi-s^QciTxc contigs contained predicted aspartic protease 

domains, which are important proteolytic enzymes and function in the intracellular and 

extracellular degradation o f proteins, such as in digestion and hormone regulation (Szecsi, 

1992). Aspartic proteases are evolutionarily conserved across a range o f taxa and have been 

identified in a number o f parasitic nematodes. Haematophagous nematodes, such as H. 

contortus, A. caninum  and Necator americanus, have been identified as using aspartic 

proteases for the degradation and digestion o f host haemoglobin (Williamson et al., 2003). 

Aspartic proteases have also been identified as degrading skin macromolecules and therefore, 

potentially function in the penetration o f host's outer surface, providing a role in infection for 

non-haemoglobin digesting nematodes, such as Strongyloides stercoralis, B. malayi and O. 

volvulus, where aspartic proteases have been documented (McKerrow et al., 1990, Jolodar 

and Miller, 1998). The ability o f aspartic proteases to be utilised for penetration o f structures, 

such as exoskeleton or the host digestive tract, may serve a functional role within S. hombi.

Another potentially parasitism-related group are the FMRF-amide related peptides 

(FARPs). The FARPs are neuropeptides that function in the central nervous system and have 

been identified in all nematodes examined so far (Maule et al., 2002, McVeigh et al., 2005). 

The largest family o f FARPs, which function in the modulation o f  behaviour, has been 

documented within C. elegans (Li et al., 1999, Li, 2005) while, in general, the family is quite 

diverse across the phylum Nematoda (McVeigh et al., 2005). Studies on the gastrointestinal 

parasite, A. suum, have identified a multitude o f FARPs operating in the reproductive tract o f 

the nematode (Fellowes et al., 1998, Fellowes et al., 2000) and they may have a homologous 

role in S. hombi. Moffett et al. (2003) demonstrated a number o f FARPs functioning in the 

contraction o f the nematode's reproductive tract or ovijector, which is important for the 

controlled release o f eggs. S. bombi possesses an everted uterus and reproductive tract, which 

initially absorbs nutrients from the host before the release o f eggs into the host haemocoel. 

FARPs would be required to maintain the structure o f the uterus during eversion, which is 

among the most dynamic in the natural world, while also potentially providing a functional 

role in contraction for the release o f eggs. In addition, a number o f putative S. 6owA/-specific 

sequences were identified as having roles in development, such as the annotations o f
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vitellogenin, homeodoniain and major sperm proteins. As the majority o f the pooled sample 

was contributed from reproductive female adults, a bias may be apparent within the sample 

set for identifying expression associated with the reproductive tract o f S. bombi and 

biological processes associated with it, such as metabolism, reproduction and development.

The field o f molecular parasitology is providing new and novel insights into the 

molecular and cellular mechanisms related to parasitism. As a preliminary step to a better 

understanding o f gene expression within an ecologically important parasitic nematode, a 

transcriptomic analysis was performed for a pooled sample o f S. bombi, incorporating various 

life cycle stages. This study generated novel data, improving our understanding o f the general 

biology o f an important ecological parasite, while also identifying candidate genes that may 

play a role in parasitism. This dataset will provide a valuable resource for future 

investigations o f the host-parasite interaction at the transcriptome and proteome level.
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Chapter 4

Transcriptomic analyses of the host-parasite 

interaction between the bumblebee, Bombus 

terrestris^ and the entomoparasitic nematode, 

Sphaerularia bombi
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4.1 Introduction

Improving our insight into the molecular mechanisms related to host-parasite 

interactions is a central theme within molecular parasitology (Maizels and Yazdanbakhsh, 

2003, Schmid-Hempel, 2008). Selective pressures reciprocally placed upon each party within 

the interaction have shaped their individual, as well as co-, evolution. The genome, and the 

proteins it encodes, that partake in the dynamic interaction between the interacting bodies are 

central to this process. While the genomes of both parties contain gene complements 

potentially involved in resistance or manipulation, it is only through examining the 

expression o f products of the genome, namely messenger ribonucleic acid (mRNA) and 

proteins, that the dynamics involved within these important systems can be truly understood.

Host-parasite interactions between insect hosts and parasitic nematodes provide 

excellent systems to examine gene expression during interaction. Associations between 

nematodes and insects are of major medical and agricultural importance due to the 

debilitating diseases caused by animal parasitic nematodes spread by insect vectors (I'aylor et 

al., 2010, Hurd, 2003), as well as the agricuhural and revenue losses attributed to nematode 

plant parasites that use insects for transmission between commercial crops (Linit et al., 1983, 

Poinar, 1983, Giblin-Davis et al., 2003). In contrast, certain nematode species, such as 

entomopathogenic nematodes, demonstrate a potential benefit to humans through their ability 

to infect and rapidly kill a wide range of agricultural and stored product insect pests (Kaya 

and Gaugler, 1993, Dillman and Sternberg, 2012). The extensive host range and rapid onset 

o f host mortality has led to increased research on these nematodes with the aim of utilising 

them within modem agricultural practices as an environmentally friendlier alternative to 

pesticides.

In addition to the importance of these systems, our understanding of both nematode 

and insect biology has been greatly increased since the advent of genomic sequencing 

technology that through the use of model organisms, such as the nematode, Caenorhahditis 

elegans (Consortium, 1998), and the fruit fly. Drosophila melanogaster (Adams et al., 2000), 

has generated a vast amount of genomic resources for these invertebrate groups (Elsworth et 

al., 2011, Yook et al., 2012, Marygold et al., 2013). Using these resources, comparative 

analyses can be performed to understand gene expression in non-model organisms (Blaxter, 

1998). Transcriptomics, the study of the entire RNA complement of an individual, provides 

an insight into the functional genome at a specific time, within a tissue/cell type or in
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response lo a circumstance, and has been appHed to insect-nematode interactions to identify 

genes involved in host resistance (Aliota et al., 2007, Erickson et al., 2009, Aliota et al., 

2010), as well as nematode expression in response to insect host stimuli (Bai et al., 2007, Bai 

et al., 2009, Hao et al., 2010). Microarray analyses performed on Aedes aegypti mosquitoes 

infected by the filarial nematode, Brugia malayi, identified global changes in the gene 

expression o f host immunity effectors during parasite infection and development (Erickson et 

al., 2009). Microarray technology has also been employed for examining responses in 

Armigeres subalbatus mosquitoes challenged by Brugia nematodes, identifying differential 

expression in a range o f  immunity-related genes, as well as genes involved in regulating 

antioxidant and apoptotic activity (Aliota et al., 2007, Aliota et al., 2010). The importance o f 

the insect host immune response, an important barrier to parasite infection and establishment, 

within host-parasite interactions is reflected by the activity o f molecules secreted by parasitic 

nematodes that facilitate evasion and suppression o f host immunity (Mastore and Brivio, 

2008, Castillo et al., 2011). However, parasitic nematodes also impact on other aspects o f the 

host phenotype, such as their metabolism, development, reproduction and behaviour (Poinar, 

1983). Therefore, to provide a comprehensive insight into the impact o f parasitism on insect 

hosts a global view into systemic gene expression changes within insect hosts in response to 

parasitic nematodes is required.

A natural insect-nematode host parasite interaction that is associated with multiple 

changes within the host's phenotype in response to parasitism is the interaction between the 

buff-tailed bumblebee, Bombus terrestris (Phylum Arthropoda: Order Hymenoptera) and the 

entomoparasitic nematode, Sphaerularia bombi (Phylum Nematoda: Order Tylenchida). B. 

terrestris is a common Eurasian bumblebee species and is an important commercial and 

ecological pollinator o f a range o f crops (Alford, 1975, Goulson, 2003). B. terrestris is 

parasitised by a range o f micro- and macroparasitic organisms (Alford, 1975, Schmid- 

Hempel, 1998), o f which the entomoparasitic nematode, S. bombi, is one o f the most virulent. 

S. bombi parasitises bumblebee queens resulting in pronounced behavioural and 

physiological changes within the host with the most dramatic consequence o f parasitism 

being host castration (Poinar and Van der Laan, 1972, Lundberg and Svensson, 1975).

S. bombi infection o f Bombus species queens occurs within the ground during host 

diapause (Pouvreau, 1962, Madel, 1966, Poinar and Van der Laan, 1972). The exact site o f 

host entry is unknown but the infective female adult stage is suggested to enter through the 

mouth, anus or between the teguments o f the host. Upon entry, the nematode migrates to the
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host haemocoel and begins to evert its uterus and associated reproductive tract (Poinar and 

Van der Laan, 1972). Eversion temporally ceases and the nematode enters a dormancy-like 

state, overwintering within the diapausing host. Post-diapause, the nematode continues to 

evert its reproductive tract, which expands to a volume 300 times larger than that o f the 

original nematode. During this process, the nematode begins to absorb nutrients from the host 

haemolymph via invaginations present on the everted uterus (Poinar and Hess, 1972). 

Absorbed nutrients are transported and deposited within developing oocytes to supply 

developing parasite eggs (Poinar and Hess, 1972). Eggs, containing stage 1 (L I) juveniles, 

are released into the haemocoel o f the host, where the juveniles undergo two moults within 

the egg before hatching out into the host haemolymph as free-living stage 3 (L3) juveniles. 

L3 juveniles are present within the host for a period o f time before actively burrowing into 

the host digestive tract and exiting via the anus. L3 juveniles enter the soil and undergo two 

further moults before reaching sexual maturity. Females are fertilised and reside in the soil 

until contact with novel hosts (Madel, 1966, Poinar and Van der Laan, 1972).

Parasitised queens display an alternative behavioural phenotype in comparison to 

uninfected queens. Post-diapause, uninfected queens forage for resources before locating an 

ideal nesting site and establishing a colony (Alford, 1975). In comparison, parasitised queens 

do not establish a colony but investigate prospective overwintering sites, where parasite 

offspring are actively deposited (Poinar and Van der Laan, 1972, Lundberg and Svensson, 

1975). Changes within the behavioural phenotype are suggested to be a parasite mediated 

adaptation that facilitates the dispersal o f parasite progeny within locations that have an 

increased probability o f novel host encounter (Lundberg and Svensson, 1975). Inhibition of 

host ovarian development is also evident within parasitised queens and is attributed to the 

inhibition o f aspects o f  the host endocrine system through restricting the development o f the 

endocrine organ, the corpora allata (Palm, 1948, Roseler and Roseler, 1973, Roseler, 2002). 

This restriction has been suggested to be caused by toxins released by the parasite (Palm, 

1948, Pouvreau, 1962) although examination and characterisation o f secretory molecules by 

S. bomhi has not yet been performed.

Our understanding o f genes with potential roles in this natural host-parasite 

interaction has recently improved, with studies examining bumblebee gene expression after a 

range o f immune challenges, including wound healing, bacteria (Erler et al., 2011), and 

parasites, such as the trypanosome Crithidia hombi (Riddell et al., 2009, Schluens et al., 

2010, Riddell et al., 2011, Brunner et al., 2013). Transcriptomic analysis has also been
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performed on unchallenged worker bumblebees to identify conservation o f the major immune 

signalling pathways within the bumblebee (Sadd et al., 2010). However, how bumblebee 

immunity-related genes, or other genes associated with host defence, such as antioxidants, are 

expressed against nematodes remains unknown. From the parasite perspective, apart from the 

work described in Chapter 3, no information exists on the genome o f S. hombi and the 

potential effector molecules expressed by it that may aid in host manipulation and 

exploitation.

The molecular mechanisms involved in the S. bombi-B. terrestris system are at 

present unknown. To elucidate the mechanisms involved within the dynamic interaction 

between host and parasite, quantitative transcriptomic analyses were performed using RNA- 

Seq technologies to identify changes within the host transcriptome at two critical time-points 

within the interaction: during diapause, where parasite infection initially occurs; and post

diapause, where an alternative host phenotype is expressed. Here a genome-wide range o f 

differentially expressed transcripts related to nematode challenge was identified within the 

host as well as a compendium of transcripts expressed by an entomoparasitic nematode in 

vivo. In addition, I explore changes in expression levels for transcripts involved in important 

biological processes, such as immunity and neurology that would be hypothesised to be 

affected by nematode parasitism. This work will provide a preliminary insight into the 

molecular basis o f this fascinating host-parasite interaction while also advancing our general 

understanding o f  bumblebee immunity and processes employed by entomoparasitic 

nematodes during interaction with their hosts.

4.2 Materials and methods 

4.2.1 Animal collection

B. terrestris colonies were obtained from a commercial supplier (Koppert, The 

Netherlands) and maintained within a temperature controlled room (27±1°C, 45% relative 

humidity (RH)) under red light illumination. Within the experiment, two natal colonies were 

used: one colony for examining differential expression during diapause; and a second colony 

for investigating transcriptional changes in response to parasitism at 6 hours post-diapause. 

Virgin queens were collected from each colony and mated under standard laboratory 

conditions (Sauter and Brown, 2001).
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4.2.2 Sphaerularia infection protocol

Mated queens were maintained within a temperature controlled room for 72 hours 

post-mating. Prior to entry into diapause, mated queens were randomly entered into one of 

two treatments: Control treatment; Queens were placed into a 50ml centrifuge tube 

containing 5ml o f autoclaved damp sand; or experimental treatment: Queens were placed into 

a 50ml centrifuge tube containing 5ml o f autoclaved sand infested with approximately 200 

fertilised female S. bombi adults. Queens were placed into diapause via incubation at 4°C 

(RH of 70%). Host diapause was maintained for a period o f 14 weeks to facilitate nematode 

infection. After 14 weeks, diapausing queens (n=3 per treatment) were transferred into a 2ml 

cryotube and immediately snap frozen in liquid nitrogen. Post-diapausing queens were 

transferred to a controlled temperature room (27±1°C, 45% RH) and provided with pollen 

and sugar water (Apilnvert) ad libitum. After six hours, queens (n=6 per treatment) were 

transferred to 2ml cryotubes and snap frozen using liquid nitrogen. All samples were stored 

within a -80°C freezer prior to RNA extraction.

4.2.3 RNA extraction and purification

For each collection time-point. total RNA was extracted from whole-bodied animals 

using TRIzol reagent (Invitrogen, UK), following manufacturer's instructions. Each sample 

was transferred into 5ml o f TRIzol reagent and homogenised using an ULTRA TURRAX 

homogeniser (IKA®). The homogenate was then centrifuged at 11,900 g at 4°C for 5 min to 

pellet down extracellular debris. The supernatant was then transferred to a 15ml centrifuge 

tube and 2.5ml o f chloroform (Sigma, Ireland) was added to each sample. Samples were 

mixed by inversion and incubated at room temperature for 3 min. Samples were centrifuged 

at 11,900 g at 4°C for 5 min to separate the sample into an aqueous and organic phase. The 

RNA saturated aqueous phase was transferred to a fresh I5ml centrifuge tube and an equal 

volume o f 2-propanol (Sigma. Ireland) was added. Samples were vortexed and incubated at 

room temperature for 15 min. Samples were then centrifuged at 11,900 g at 4°C for 15 min 

resulting in the precipitation o f RNA out o f solution, which was evident as a pellet. The 

supernatant was removed and 5ml o f 75% ethanol (ETOH) was added to wash the pellet. 

Samples were vortexed and centrifuged at 11,900 g at 4°C for 5 min. ETOH wash and 

centrifuge steps were repeated two further times. Supernatant was removed for each sample 

and the pellet allowed to dry at room temperature. The pellet for each sample was 

resuspended in lOOfil o f elution solution buffer as part o f  the GenElute Mammalian Total 

RJNA kit (Sigma, Ireland). RNA purification, including an on-column DNase treatment step
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(Sigma, Ireland), was performed using the GenElute Mammalian Total RNA kit, following 

manufacturer's instructions.

4.2.4 Diagnostic polymerase chain reaction (PCR) for presence of Sphaerularia

Purified DNase-treated RNA was treated with a more stringent external DNase, Turbo 

DNA-free (Ambion, USA) to remove residual DNA from the sample. Complementary DNA 

(cDNA) synthesis for each sample was primed using S. bombi-s^QCxfic 18S ribosomal 

primers (SBomlF:5'-CTTACATGCTCTGACCTTGC; SBom lR:5'-

GATTTGTTCAAAGTAAAATCG) and synthesised using the SuperScript reverse 

transcriptase kit (Invitrogen, UK), following manufacturer's instructions. Diagnostic PCR 

was performed using the GoTaq kit (Promega, USA) and resulting PCR products were loaded 

onto an ethidium bromide-stained 3% agarose gel and subjected to gel electrophoresis. 

Stained gels were visualised under ultra violet light using a GenoPlex high resolution 

transilluminator (VWR, Ireland) to confirm presence o f product o f expected fragment size.

PCR products containing amplified S. homhi cDNA were purified using the JetQuick 

PCR purification spin kit (Genomed, UK) and sequenced using an ABI sequencer, which was 

performed at GATC Biotech, Germany. The resulting forward and reverse strand sequences 

for each sample were aligned using the alignment software tool, BioEdit (Hall, 1999), and 

used to generate consensus sequences. Sequences were searched against the NCBI nucleotide 

(nt) sequence database using megaBLAST to identify homologous matches.

4.2.5 cDNA synthesis and Illumina RNA-Seq sequencing

For RNA-Seq, total RNA for control and S. hombi parasitised queens was quantified 

and integrity assessed on an Agilent 2100 Bioanalyzer using an Agilent RNA 6000 Nano 

Chip kit. cDNA synthesis was performed using mRNA seq 8 sample prep kit (Illumina, 

USA). For examination o f differential expression during diapause, cDNA libraries for 

individual samples were tagged and pooled for sequencing within a single lane on an Illumina 

GAIIx sequencer. For post-diapause analysis, samples were tagged, pooled and sequenced on 

a single lane on an Illumina HiSeq 2000 sequencer. cDNA preparation and sequencing was 

performed for both sets o f  samples at the GenePool, University o f Edinburgh.

4.2.6 Assembly and annotation of reference transcriptome

To perform differential expression analysis, sequenced reads for both time points 

were aligned against a reference transcriptome. Reference 454 transcriptomes previously
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assembled for host {B. terrestris: see Chapter 2; (Colgan et al., 2011)) and parasite {S. homhi: 

see Chapter 3) were combined to serve as a reference for read alignment. To reduce 

redundancy associated with transcriptome assemblies, assemblies for both organisms were 

coassembled using the assembler program, CAP3 (sequence similarity o f 98% and base pair 

overlap o f 50) (Huang and Madan, 1999). CAP3 assembled contigs were combined with non

assembled B. terrestris and S. bomhi contigs to produce a host-parasite reference 

transcriptome, H PR vl, to serve as a reference for read alignment. Functional description was 

assigned to the H PRvl contig set using BLASTx (e-value cut-off o f le-06) searches against 

the NCBI non-redundant (nr) protein sequence database. Additional annotation, such as gene 

ontology (GO) mapping, enzyme commission (EC) and Kyoto encyclopaedia o f genes and 

genomes (KEGG) pathway information, was assigned to the HPRvl contig set using the 

annotation software tool, B last2G 0 (Conesa et al., 2005, Conesa and Gotz, 2008). Functional 

domain analysis was performed for the reference transcriptome using InterProScan as part o f 

the B last2G 0 pipeline.

4.2.7 Read alignment and differential expression analysis

The software alignment tool. Burrows wheeler aligner (BWA) (Li and Durbin. 2009, 

Li and Durbin, 2010), was used for indexing o f reference transcriptome, H PR vl, and 

subsequent alignment o f  paired-end reads using default settings. Using the coveragebed 

option from BEDTools (Quinlan and Hall, 2010), counts were generated for the number o f 

reads aligned to a particular region (contig) o f the transcriptome set. To further reduce 

redundancy associated with the reference transcriptome set, counts for reads mapped to 

contigs annotated with the same top BLASTx match were combined using a custom PERL 

script. Differential expression (DE) analysis was performed using the software package, 

edgeR (Robinson et al., 2010) as part o f the RobiNA software pipeline (v.1.2.3. (Lohse et al., 

2012)). Criteria for differential expression included at least a 2-fold difference in transcript 

abundance between treatments as well as a 5% or less false discovery rate (FDR). 

Differentially expressed contigs for each time point were parsed from the transcriptome set 

and reannotated using the B last2G0 suite o f tools. BLASTn (e-value cut-off o f le-50) against 

the NCBI nucleotide (nt) database and InterProScan searches were performed for 

unannotated contigs to infer functional annotation. Annotations assigned via homology 

searches were used to group the DE contigs into functional biological groups to provide an 

assessment on general biological processes affected by treatment.
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4.2.8 Nematode-annotated gene expression

Read-mapped contigs were qualitatively screened for the presence o f reads aligning to 

parasitised queens only. Contigs with reads mapping from only S. hombi parasitised queens 

were parsed from the transcriptome contig set and reannotated using the B last2G 0 suite of 

tools to assign the most current annotations to the contig set.

4.3 Results

4.3.1 Confirmation of Sphaerularia infection

For both time-points, diagnostic PCR using S. hombi specific primers was performed 

on S. bombi challenged and control queen cDNA to confirm status o f infection. Amplified 

PCR products were visualised via gel electrophoresis identifying a PCR product o f 

approximately 880 bases, the expected fragment size to be amplified by the S. bombi specific 

primer pair. No amplified PCR products were observed for control queen cDNA (data not 

shown). M egaBLAST searches for each sequenced PCR product containing S. bombi cDNA 

identified top BLAST matches against an S. bombi 18S ribosomal mRNA sequence 

(AB250212.1) validating the results o f the gel electrophoresis for confirmation o f  presence o f 

S. bombi within challenged queens.

4.3.2 Sequencing and read alignment

Sequencing o f six diapausing queen cDNA libraries on the Illumina GAIIx sequencer 

resulted in a total o f  70.8 million paired-end reads (see Table 4.1(a)). For samples collected at 

six hours post-diapause sequencing o f 12 cDNA libraries on the Illumina HiSeq 2000 

sequencing platform resulted in the synthesis o f 317 million paired-end reads (see Table 

4.1(b)). Read alignment using BWA resulted in a high proportion o f reads per sample (-80% ) 

mapping to the reference H PRvl transcriptome set (see Tables 4.1(a) and 1(b)). O f the total 

number o f  reads sequenced for diapausing samples (n=70.8 million), 81.3% (57.6 million) 

aligned to the reference transcriptome while 84.5% (n=267.8 million) o f the total number o f 

post-diapause reads (n=317 million) aligned.

4.3.3 Differential expression between S. bombi parasitised and control queens during 

diapause

To identify changes in host transcriptome in response to infection during diapause, 

differential expression (DE) analysis was performed between S. bombi parasitised and control
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queens. In total, DE analysis (p<0.05; 2-fold difference in expression) identified 124 contigs 

to be differentially expressed during diapause. Within this total, 36 contigs had increased 

transcript abundance within S. bombi parasitised queens in comparison to control (see Fig.4.1 

(a)). In comparison. 88 contigs were downregulated within parasitised queens during 

diapause (see Fig.4.1 (b)). BLAST searches provided functional annotations to 97 (78.2%) of 

the 124 DE contigs identified during diapause. The most abundant biological group of 

upregulated contigs within parasitised queens consisted of contigs with putative roles in 

metabolism (n=7, 19.4% of upregulated contigs within parasitised queens) (see Fig. 4.1 (a)). 

Other represented functional groups included defence (n=6, 16.7%), including contigs 

putatively involved in immunity, venom and antioxidant activity; hypothetical sequences 

(n=5, 13.8%); and cellular processes (n=4, 11.1%), such as replication, transcription and 

translation. Contigs with putative roles in the host nervous system (n=2), maintenance and 

development of host structure (n=l) and embryonic development (n=l) were also upregulated 

within S. homhi parasitised queens during diapause (see Fig.4.1 (a)). Two contigs of 

unknown function had increased transcript abundance within parasitised queens while 

approximately 22% of contigs (n=8) did not share sequence similarity with either protein or 

nucleotide sequences available from NCBI databases.

Of the contigs with reduced transcript abundance within parasitised queens, the most 

abundant group consisted of hypothetical sequences (n=21, 23.9%) (see Fig. 4.1 (b)). 

Hypothetical sequences are nucleotide or protein sequences whose existence is predicted by 

gene prediction software during genome analysis but without empirical evidence. The second 

most abundant group consisted of putative structural contigs (n=20, 22.7%) with roles in 

muscle and cuticle development. Four contigs (4.5%; see Section 4.3.3.2) were annotated 

with putative roles in the nervous system and three defence-annotated contigs (3.4%; see 

Section 4.3.3.1) also had reduced expression within the transcriptome of parasitised queens. 

19 contigs (21.6%) were unannotated following BLAST searches against NCBI databases 

(see Fig.4.1 (b)).

4.3.3.1 Differential expression of host defence-annotated contigs during diapause

Host immunity represents a major obstacle to completion of the parasitic life cycle yet 

our understanding of the bumblebee immune response, if any, against S. bombi is poor. Due 

to the importance of immunity and other defence-related processes within host-parasite 

interactions, DE contigs (/?<0.05; 2-fold difference in expression) were examined for putative
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roles in host defence identifying contigs with potential roles in immune recognition, 

signalling and regulation to be differentially expressed in response to S. hombi (see Table

4.2). Contigs with potential roles in venom (see Table 4.3) and antioxidant activity (see Table 

4.4) were also affected by parasitism during diapause.

Immune expression contigs showed a complex pattern o f over- and under-expression 

in parasitised queens. Contig_27248 shared sequence similarity with a lysozyme-1 and was 

upregulated 3.53 fold within the transcriptome o f S. bombi parasitised queens during diapause 

(see Table 4.2). Another contig (Contig_223) encoding for a putative effector molecule had 

reduced expression within S. bombi parasitised queens during diapause. Contig_223 was 

annotated as the antimicrobial peptide (AMP), hymenoptaecin. Expression levels o f 

Contig_223 were reduced 2.58 fold within parasitised queens during diapause (see Table

4.2). A second contig (Contig_210) with putative antimicrobial activity also had reduced 

transcript abundance within the transcriptome o f parasitised queens. Contig_210 was 

annotated as the venom-associated bumblebee-specific bombolitin and was downregulated 

2.56 fold within S. bombi parasitised queens (see Table 4.3).

Contigs with putative roles in immune signalling and regulation were also 

differentially expressed between treatments during diapause. A bumblebee serine protease 

trypsin homologue (Contig_6533) was increased 2.64 fold within S. bombi parasitised queens 

during diapause (see Table 4.2). Contig_6533 was also homologous to mite allergen def 3 

proteins within other members o f the social Hymenoptera, such as the honey bee, A. florea, 

and the ant, Camponotus floridanus. Two contigs (Contig_10722 and Contig_l 1985), were 

annotated as putative serine protease inhibitors (serpins) and were both upregulated within 

the transcriptome o f S. bombi parasitised queens during diapause. Contig_10722 and 

Contig_11985 demonstrated 2.57 and 3.23 fold increases in expression, respectively (see 

Table 4.2). Another contig (Contig_10183), annotated as a chymotrypsin inhibitor, had a 5.05 

fold reduction in expression levels within S. bombi parasitised queens during diapause (see 

Table 4.2).

In addition to putative immunity-related contigs, contigs with potential roles in 

antioxidant defence had increased expression within S. bombi parasitised queens during 

diapause. A bumblebee superoxide dismutase (Contig_26705), an important detoxification 

enzyme, was increased 2.82 fold within the transcriptome o f parasitised queens in 

comparison to controls (see Table 4.4). Vitellogenin (Contig_202), which has a role in
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reproduction but also antioxidant activity, was upregulated within S. bombi parasitised 

queens in comparison to controls during diapause (see Table 4.4). Expression was increased 

2.35 fold within parasitised queens during diapause.

4.3.3.2 Differential expression of host neurology-annotated contigs during diapause

Parasitism by S. bombi is associated with a dramatic change in the behavioural 

phenotype o f the host. Like immune expression, contigs with putative roles involved in the 

nervous system were differentially expressed during diapause. During diapause, five DE 

contigs were identified to have putative roles in the host nervous system. O f these five 

contigs, two contigs (Contig_7289 and Contig_27225) were upregulated within parasitised 

queens (see Table 4.5). Contig_7289 was annotated as a glutamate receptor, responsible for 

the uptake and release o f the excitatory neurotransmitter glutamate, and was increased 2.64 

fold within the transcriptome o f .S', bombi parasitised queens (see Table 4.5). A second contig, 

Contig_27225, had a top BLAST match against a hypothetical protein in A. mellifera, and 

was upregulated 3.21 fold within parasitised queens during diapause (see Table 4.5). 

Homology searches identified Contig_27225 to share sequence similarity with ankyrin 2 

proteins, important adaptor proteins for ion channels within the plasma membrane, within 

other insect species, such as the ants, Harpegnathos saltator and C. floridanus.

While contigs with potential roles in neurotransmitter reception and axonal guidance 

had increased expression during diapause, contigs involved in the maintenance o f the nervous 

system had reduced expression during diapause. Three contigs with putative roles in the 

development and maintenance o f the nervous system had reduced expression within S. bombi 

parasitised queens during diapause. Contig_6309 was annotated as a transportin 1, an 

important regulator o f neurogenesis, and had a 2.91 fold reduced transcript abundance within 

the transcriptome o f parasitised queens (see Table 4.5). A second contig, Contig_10159, was 

annotated as the calcium-binding protein, regucalcin (see Table 4.5). A third contig 

Contig_8964 was annotated as a calcium-activated chloride channel protein, anoctamin-4 

(see Table 4.5). Within S. bombi parasitised queens, expression levels o f Contig_10159 and 

Contig_8964 were reduced 2.81 and 3.12 fold, respectively.
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Table 4.1 (a): Read generation and alignment of diapause samples to reference transcrip tome. Each sample collected during diapause was 
sequenced on an Illumina GAIIx sequencer. For each sample, statistics for read sequencing, including read length (bp) and number o f reads 
sequenced per sample, and read alignment, including number and percentage o f total reads aligned to reference transcriptome, are shown.

Sample Read length (bp) Number of reads sequenced Number of aligned reads Percentage mapped to 
transcriptome

HC1JC4 75
Control Queens (During diapause)

11140584 9241677 82.96%
HC2JC5 75 12807972 10426099 81.4%
HC3JC6 75 10584632 8615791 81.39%

HIIJCI 75
Parasitised Queens (During diapause)

10526704 8954048 85.1%
HI2JC2 75 12930962 10449632 80.81%
HI3JC3 75 12785708 9888473 77.34%
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Table 4.1 (b): Read generation and alignment of post-diapause samples to reference transcriptome. Each sample for differential expression 
analysis at 6 hours post-diapause was sequenced on an Illumina HiSeq 2000. For each sample, statistics for read sequencing, including read 
length (bp) and number o f  reads sequenced per sample, and read alignment, including number and percentage o f total reads aligned to reference 
transcriptome, are shown.

Sample Read length (bp) Number of reads sequenced Number of aligned reads Percentage mapped to 
transcriptome

D Cl 75
Control Queens (6 hours post-diapause)

27951178 24049972 86.04%
DC2 75 34881406 30513532 87.48%
DC3 75 31826642 27940488 87.79%
DC4 75 23416436 20367111 86.98%
DCS 75 29622448 25354232 85.64%
DC6 75 22624544 19487624 86.13%

D ll 75
Parasitised Queens (6 hours post-diapause)

21708414 18271248 84.17%
DI2 75 16071782 13920186 86.61%
DI3 75 26617866 22679333 85.2%
DI4 75 28644952 23486331 81.99%
DI5 75 21274674 16513094 77.62%
DI6 75 32374524 25175803 77.76%
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Figure 4.1: Functional biological groups of differentially expressed contigs within the S. bombi parasitised queen transcriptome during 
diapause. Differentially expressed contigs were assigned into functional biological groups based on BLAST homology against available online 
databases, (a) Biological groups for contigs with increased transcript abundance within S. bombi parasitised queens during diapause; (b) 
Biological groups for contigs with reduced transcript abundance within S. bombi parasitised queens during diapause.
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Table 4.2: Differentially expressed immunity-associated transcripts within the transcriptome of S. bombi parasitised queens. 15 contigs 
with putative roles in immunity were differentially expressed within parasitised queens during the present study. For each contig, Contig_ID, 
functional description, top BLAST description, GenBank accession code and fold changes in relative transcript abundance between treatments 
during diapause and 6 hours post-diapause are shown. Direction of fold change is indicated by a to designate a reduction in fold change.

Contig ID Functional
description

Top BLAST description GenBank 
accession code 

[species]

Relative transcript abundance 
fold change

Contig 171 Defensin
Immune effectors

Defensin ACI04168.1

During diapause Post-diapause

2.19

Contig 17607 Defensin Defensin
[B. ardens] 
AY425599.1 2.6

Contig_223 Hymenoptaecin Hymenoptaecin
[B. ignitus] 
ADB29130.1 -2.58

Cont ig ]  3378 Hymenoptaecin Hymenoptaecin
[B. terrestris] 
ACA04899.1 2.02

Contig_27248 Lysozyme Lysozyme 1-like
[B. ignitus}
XM 003693392.1 3.53 -3.61

Contig_6533 Serine protease

Immune sisnallins

Trypsin-1

[A. florea\

XP 003705839.1 2.64

Contig_27148 Serine protease Serine protease 14 (SP14)
[M rotundata] 
XM 001121032.2 -2.02

Contig_4890 Chymotrypsin Chymotrypsin-2-like
[A. mellifera\
XP 003699566.1 2.53

Contig_11959 Tyrosine-protein Tyrosine-protein phosphatase non-receptor
[M rotundata] 
XP 623844.3 2.02

phosphatase type 23 {A. mellifera]
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Contig_10722 

C o n t i g l  1985 

Contig_7304 

Contig_10183

Contig_21081

Contig_12576

Antitrypsin/ Serine 
protease inhibitor 
Antitrypsin/ Serine 
protease inhibitor 
Antithrombin/ Serine 
protease inhibitor 
Chymotrypsin 
inhibitor

Argonaute

Apolipophorin III

Im m une regulation
Antitrypsin-Hke 

Antitrypsin-Hke 

Antithrombin-III Hke 

Chymotrypsin inhibitor-Hke

Other immune
Argonaute 1 (A G O l) 

Apolipophorin-III-hke protein precursor

XP_003698157.1 2.57
{Apis florea]
XP 003251813.1 3.23
[A. mellifera\
X P_003691497.1 
[A. florea]
XP_003 70865 5.1 -5.05
[M rotundata]

XM_624441.3 
[A. mellifera\ 
N P_001107670.1 
[A. mellifem]

2.98

-3.77

-2.35
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Table 4.3: Differentially expressed venom-associated transcripts within the transcriptome of S. bombi parasitised queens. Seven contigs 
with putative roles in venom were differentially expressed within parasitised queens during the present study. For each contig, contig name 
(Contig_ID), functional description, top BLAST description, GenBank accession code and fold changes in relative transcript abundance between 
treatments during diapause and 6 hours post-diapause are shown. Direction of fold change is indicated by a to designate a reduction in fold 
change.

Contig ID Functional
description

Top BLAST description GenBank 
accession code 

|species|

Relative transcript abundance 
fold change

Contig 210 Bombolitin Bombolitin ACY09649.1

Durine diapause Post-diaoause

-2.56 -2.20

Contig_28449 Bombolitin 1 Bombolitin 1
[B. ignitus] 

HQ257244.1 -2.29

Contig 28774 Bombolitin 1 Bombolitin 1
[5. terrestris] 
JF979160.1 -2.85

Contig_27675 Bombolitin 2 Bombolitin 2
[B. terrestris] 
HQ257245.1 2.57

Contig_l 8205 Dipeptidyl peptidase Venom dipeptidyl peptidase-4 like

[5. terrestris] 

XM 394703.4 6.01

Contig_5638 Carboxylesterase Venom decarboxylesterase-6 precursor
[A. mellifera] 

NP 001119716.1 -2.29

Contig_13498 Phospholipase A2 Phospholipase A2-like
[A. mellifera] 

XP 003691564.1 -2.03
[A. florea]
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Table 4.4: Differential expression of antioxidant transcripts within the transcriptome of S. bombi parasitised queens. Four contigs with 
putative roles in antioxidant activity were differentially expressed within parasitised queens. For each contig, contig name (Contig ID), 
functional description, top BLAST description, GenBank accession code and fold changes in relative transcript abundance between treatments 
during diapause and 6 hours post-diapause are shown. Direction of fold change is indicated by a t o  designate a reduction in fold change.

Contig ID Functional
description

Top BLAST description GenBank 
accession code 

[species]

Relative transcript abundance 
fold change

Contig_26705 Superoxide Superoxide dismutase AY880950.1

Durins diapause Post-diapause

2.82 3.57

Contig_202
dismutase
Vitellogenin Vitellogenin

\B. ignitus] 
ACU00433.1 2.35

C ontigS  124 Cytochrome P450 Cytochrome P450 9e2
[B. hypocrita]
XP 001119981.2 2.37

Contig_27179 Cytochrome P450 Cytochrome P450 9e2-like
[A. mellifera]
XP 003697834.1 3.26
\A. florea\
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4.3.3.3 Expression of nematode-annotated contigs within parasitised hosts during 

diapause

To identify expression o f S. hombi within parasitised queens, a quahtative screen was 

performed for contigs with mapped transcripts originating from S. hombi parasitised queens 

only. This screen identified 187 contigs, o f which BLAST searches identified 169 contigs 

(90.4%) to have a top BLAST match against nematode-derived proteins. GO term mapping 

using GO-Slim analyses assigned 435 high classification GO terms (level 2) associated with 

biological processes to these putative nematode transcripts (see Fig 4.2 (a-b)). The most 

abundant GO term for the nematode-annotated contigs was "cellular process" (G0:0009987) 

(n=67, 15.4%), which refers to processes carried out within the cell, as well as processes 

between cells, such as communication. The second most abundant GO term was "metabolic 

process" (G 0:0008152) (n=65, 14.9%), while the third was "developmental process" 

(G 0:0032502) (n=49, 11.3%) (see Fig. 4.2 (a)). GO-Slim analyses assigned 134 level 2 

molecular function GO terms to the nematode-annotated contigs. The three most abundant 

molecular function GO terms included: "binding" (G 0:0005488) (n=58, 43.3%); "structural 

molecule activity" (G0:0005198) (n=38; 28.4%); and "catalytic activity" (G0:0003824) 

(n=27, 20.2%) (see Fig. 4.2 (b)). KEGG pathway analyses identified 11 contigs with putative 

roles in 16 metabolic pathways, including pathways involved in carbohydrate metabolism 

(n=7 pathways), energy metabolism (n=3), amino acid metabolism (n=3), nucleotide 

metabolism (n= l), metabolism o f terpenoids and polyketides (n= l) and metabolism o f 

cofactors and vitamins (n=l).

4.3.4 Differential expression between S. bombi parasitised and control queens at 6 hours 

post-diapause

Investigation o f  changes in gene expression post-diapause, identified a greater number 

o f contigs to be differentially expressed at 6 hours post-diapause in comparison to samples 

collected during diapause. Post-diapause, DE analysis identified 430 differentially expressed 

contigs, approximately three times greater than the number o f  DE contigs identified during 

diapause. While the increase in contigs differentially expressed between the time-points may 

be related to the biology o f the system, the observed difference between the time-points may 

be related to technical differences between the two sequencing platforms used at the 

respective time-points. O f this total, 311 contigs had at least a 2 fold increase in transcript 

abundance within S. bombi parasitised queens in comparison to controls, while 119 contigs
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Table 4.5: Differentially expressed neurology-related transcripts within the transcriptome of S. bombi parasitised queens. 17 contigs with 
putative roles in host neurology were differentially expressed within parasitised queens. For each contig, contig name (Contig lD), functional 
description, top BLAST description, GenBank accession code and fold changes in relative transcript abundance between treatments during 
diapause and 6 hours post-diapause are shown. Direction of fold change is indicated by a t o  designate a reduction in fold change.

Contig ID Functional
description

Top BLAST description GenBank 
accession code 

[species]

Relative transcript abundance 
fold change

Contig_7289 lonotropic glutamate

Neurotransmitter receotors

Probable glutamate receptor-like XP 003423 868.1

During diapause Post-diapause

2.64 -2.63

Contig_2361
receptors
lonotropic glutamate Hypothetical protein G5I 08501

[A'̂ . vitripennis] 
EGI63055.1 -2.47

Contig_7436
receptor
lonotropic glutamate Probable glutamate receptor

[A. echinatior] 
EFN73019.1 -2.03

Contig_27225
receptors 
Ankyrin 2 Hypothetical protein LOC409051

[C. floridanus] 
XP 392578.4 3.21

Contig_25345 Octopamine receptor Octopamine receptor
[A. mellifera]
NP 001011565.1 2.69

Contig_18476 CAPA receptor Neuropeptides CAPA receptor-like
[A. mellifera]
XP 003696837.1 2.60

Contig_7735 MFS-type

[A. flored] 
Neurotransmitter transporters

MFS-type transporter C6orfl92 homolog XP 003699585.1 2.49

Contig_18920
transporter 
Choline transporter High affinity choline transporter 1-like

[M rotundata] 
XP 392571.4 2.53

Contig_6433 Glycine transporter Sodium and chloride dependent glycine
[A. mellifera] 
XP_394655.3 2.88

transporter 2 [A. mellifera]
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Contig_6988 Solute carrier Prestin-like X P_003251485.1
[A. mellifera]

Nervous system development

2.12

Contig_6309 Transportin '1 Transportin '1 XP_392373.4 
[A. mellifera]

-2.91

Contig_10159 Regucalcin Regucalcin-like protein XP_003694090.1 
[A. florea]

-2.81

Contig_8964 Anoctamin-4 Anoctamin-4 like XP_003695255.1 
[A. florea\

-3.12

Contig_17217 Syndecan 2 Syndecan 2 XM_003695877.1 
[A. florea]

4.69

Contig_23723 Syndecan 2 Syndecan 2 XM_003695877.1 
[A. florea\

2.57

Contig_11370 Teneurin Teneurin-3-like isoform 1 X P J9 4 2 1 5 .4  
[A. mellifera]

4.34

Contig_23549 Hyccin Hyccin-like

Neurohormone synthesis

XP_624097.2 
[A. mellifera]

2.26

Contig_16972 DOPA
decarboxylase

Aromatic L-amino acid decarboxylase-like XM_003690077.1 
[A. florea]

3.43

Contig_21743 DOPA
decarboxylase

Aromatic L-amino acid decarboxylase-like XM_003690077.1 
[A. florea]

3.54

Contig_25166 DOPA
decarboxylase

Aromatic L-amino acid decarboxylase-like

Nerve repair

XM_003690077.1 
[A. florea]

3.66

Contig_14165 Ninjurin N injurin-l-like XP_003706986.1 
[M rotundala]

2.06
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had reduced expression. BLAST searches o f the 430 DE contigs against NCBI databases 

provided annotation for 251 contigs, o f which 192 were upregulated within S. bomhi 

parasitised queens while 59 contigs were downregulated at 6 hours post-diapause. O f the 

(n=34, 10.9%) were the second and third most abundant functional biological groups with 

increased expression within parasitised queens (see Fig. 4.3 (a)). 11 contigs (3.5%) with 

putative roles in defence were upregulated within S. bombi parasitised queens (see Fig 4.3; 

Section 4.3.4.1). Nonannotated contigs (n=119) accounted for 38.3% o f contigs upregulated 

within the transcriptome o f parasitised queens 6 hours post-diapause (see Fig. 4.3 (a)).

O f the contigs with reduced expression within parasitised queens, the three most 

abundant groups o f functionally annotated contigs included contigs putatively involved in 

metabolism (n=18, 15.1%), defence (n=l l ,  9.2%) and annotated as hypothetical sequences 

(n=10, 8.4%) (see Fig. 4.3(b)). Approximately half o f the contigs (n=60, 50.4%) with reduced 

transcript abundance post-diapause were nonannotated after BLAST searches against 

available protein and nucleotide databases (see Fig. 4.3 (b)). To infer functional annotation to 

these unannotated contigs, functional domain analysis was performed using InterProScan. 

Functional domain analysis assigned chitin binding domains (1PR002557; PTHR23301) to 

one contig (Contig_22171). Chitin binding proteins, such as peritrophin A, are important 

components o f the insect periplasmic matrix that aid in digestion. Contig_22171 was also 

assigned predicted signal peptide and transmembrane domains. O f the remaining unannotated 

contigs, functional domain analysis annotated 20 contigs with predicted signal peptide 

domains while nine o f  these contigs were annotated with additional predicted transmembrane 

domains. Three contigs were annotated with transmembrane domains only.

4.3.4.1 Differential expression of host defence-annotated contigs at 6 hours post

diapause

Contigs putatively involved in aspects o f the host immune response, such as effector 

molecules and regulators, were differentially expressed within S. bombi parasitised queens at 

6 hours post-diapause.

Three contigs annotated as putative antimicrobial peptides (AMPs) were upregulated 

within the transcriptome o f S. bombi parasitised queens at 6 hours post-diapause. Two 

putative defensins (Contig_171 and Contig_17607) had increased expression within the 

transcriptome o f S. bombi parasitised queens. Expression at 6 hours post-diapause o f 

Contig_171 was increased 2.19 fold while Contig_17607 was upregulated 2.6 fold within
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Figure 4.2: Biological processes and molecular functions of nematode-annotated 
transcripts within S. bombi parasitised queens during diapause. GO Slim analyses (seq 
filter: 0; alpha-node: 0.6; level 2) assigned 435 and 134 GO terms for: (a) biological 
processes (BP); and (b) molecular function (MF), respectively.
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s. bombi parasitised queens (see Table 4.2). A third putative AMP (Contig_13378) had a 2.02 

fold increase in transcript abundance within parasitised queens. Contig_13378 was annotated 

as the hymenopteran-specific AMP hymenoptaecin (see Table 4.2). Another hymenoptaecin 

annotated contig, Contig_223, was differentially expressed during diapause (see Table 4.2) 

but no difference in transcript abundance was detected at 6 hours post-diapause.

In addition to putative immune effectors, contigs with putative roles in regulation o f 

signalling pathways were differentially expressed within S. bombi parasitised queens post

diapause. Two putative serine proteases (Contig_4890 and Contig_27148), potential 

components o f immune signalling pathways, were differentially expressed within parasitised 

queens 6 hours post-diapause. Chymotrypsin (Contig_4890) had a 2.53 fold increase in 

expression within parasitised queens in comparison to control queens (see Table 4.2). A 

second contig (Contig_27148) was annotated as a serine protease 14 (see Table 4.2) and was 

reduced 2.02 fold within parasitised queens post-diapause (see Table 4.2). In addition to the 

putative serine proteases, another contig (Contig l 1959), annotated as a tyrosine protein 

phosphatase, was homologous to the immune-regulatory protein, myopic, in the fruit fly D. 

melanogaster. Contig_11959 was upregulated 2.02 fold within the transcriptome of 

parasitised queens 6 hours post-diapause (see Table 4.2). Another potential immune 

regulator, Contig_7304, was upregulated within parasitised queens at 6 hours post-diapause. 

Contig_7304 was annotated as a serpin, antithrom bin-lll, and expression was increased 2.98 

fold within parasitised queens post-diapause (see Table 4.2).

In addition to contigs with putative roles within the host immune response, two 

contigs with immune-associated roles had reduced expression within S. bombi parasitised 

queens post-diapause. Contig_21081 was annotated as the transcriptional regulator, argonaute 

1, and was reduced 3.77 fold within the transcriptome o f S. bombi parasitised queens post

diapause. The second contig, Contig_12576, was annotated as the lipid transporter and 

opsonic factor, apolipophorin III, and was downregulated 2.35 fold within parasitised queens 

in comparison to control queens post-diapause (see Table 4.2).

Within the transcriptome o f parasitised queens, contigs annotated as venom- 

associated demonstrated complex changes in gene expression at 6 hours post-diapause. Three 

contigs were annotated as putative members o f the Bombus-s^eciTic venom-associated 

bombolitin family. Two contigs (Contig_28449 and Contig_28774) were annotated as
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Figure 4,3: Functional biological groups of differentially expressed contigs within the S. bombi parasitised queen transcriptome 6 hours 
post-diapause. Differentially expressed contigs were assigned into functional groups based on BLAST homology against available online 
databases, (a) Functional biological groups for contigs upregulated within S. bomhi parasitised queens post-diapause; (b) Functional biological 
groups for contigs downregulated within S. homhi parasitised queens post-diapause.
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bombolitin 1 while Contig_27675 was annotated as a sccond potential member, bombolitin 2 

(see Table 4.3). The two bombolitin 1-annotated contigs were both reduced in expression 

within parasitised queens, while in contrast, the bombolitin 2 annotated Contig_27675 was 

upregulated 2.57 fold within parasitised queens (see Table 4.3).

In addition to putative bombolitin family members, two further contigs were 

annotated as venom-associated transcripts. A putative venom dipeptidyl peptidase 4 

(Contig_18205), an important constituent o f venom, was upregulated 6.01 fold within 

parasitised queens at 6 hours post-diapause (see Table 4.3). The second contig, Contig_5638, 

was annotated as another venom constituent, venom carboxylesterase, and had a 2.29 fold 

reduction in expression within parasitised queens at 6 hours post-diapause (see Table 4.3).

Inflammatory mediators contribute to the host immune response making the host 

environment hostile while also inflicting direct damage on the invasive pathogen. One contig 

with a putative role in the synthesis o f  inflammatory mediators was downregulated 2.03 fold 

within parasitised queens at 6 hours post-diapause. Contig_13498 was annotated as 

phospholipase A2 (PLA2), a major constituent o f bee venom and important inflammatory 

mediator (see Table 4.3).

Increased expression o f contigs with putative roles in antioxidant defence was 

identified at 6 hours post-diapause. Three contigs (Contig_26705, Contig_5124, and 

Contig_27179) were annotated as putative antioxidant transcripts. As in parasitised queens 

during diapause, expression o f SOD (Contig_26705) was increased within parasitised queens 

post-diapause. Post-diapause, expression was increased 3.57 fold within parasitised queens. 

Two contigs (Contig_5124 and Contig_27179) were annotated as members o f the 

detoxification cytochrome P450 gene family with both being annotated as cytochrome P450 

9e2-like proteins. Both contigs had increased transcript abundance within parasitised queens 

at 6 hours post-diapause with Contig_5124 and Contig_27I79 upregulated 2.37 and 3.26 

fold, respectively (see Table 4.4).

4 3 .4.2 Differential expression of host neurology-annotated contigs at 6 hours post

diapause

Parasitism o f the bumblebee host by S. bombi is associated with changes in behaviour 

and motor functions. Examination o f putative candidates within the host nervous system 

affected by the parasite identified a total o f 17 contigs with putative roles in the development
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and maintenance of the nervous system, as well as specific roles in synthesis, transport and 

transmission o f signalling molecules, such as neurotransmitters, neurohormones and 

neuropeptides (see Table 4.5). O f this total, 14 contigs had increased transcript abundance 

within parasitised queens in comparison to control queens, while 3 contigs had reduced 

expression within parasitised queens.

Increased expression of contigs with putative roles in neurotransmitter synthesis was 

identified within S. bombi parasitised queens at 6 hours post-diapause. Three contigs 

annotated with putative roles in neurotransmitter synthesis were upregulated within the 

transcriptomes of parasitised queens post-diapause. The three contigs (Contig_16972, 

Contig_21743, Contig_25166) were annotated as the catalytic enzyme aromatic-L-amino- 

acid decarboxylase, also known as DOPA decarboxylase, an important enzyme in dopamine 

synthesis. Expression of each contig was increased at least 2 fold within the transcriptome of 

parasitised queens in comparison to control queens post-diapause (see Table 4.5).

While contigs with putative roles in neurotransmitter synthesis had increased 

expression post-diapause, a complex pattern of differential expression was identified for 

contigs with putative roles as neurotransmitter receptors, also known as neuroreceptors, 

within S. hombi parasitised queens at 6 hours post-diapause. Five contigs, differentially 

expressed between parasitised and control queens at 6 hours post-diapause, were annotated as 

putative neuroreceptors. O f this total, two contigs (Contig_25345 and Contig_l 8476) were 

upregulated within S. bombi parasitised queens post-diapause. Contig_25345 was annotated 

as an octopamine receptor and was upregulated 2.69 fold within parasitised queens (see Table 

4.5). The second contig, Contig_18476, was annotated as a neuropeptides CAPA receptor and 

expression was upregulated 2.6 fold within parasitised queens (see Table 4.5). O f the three 

putative neuroreceptors downregulated within parasitised queens, all three contigs 

(Contig_7289, Contig_2361 and Contig_7436) were annotated as ionotropic glutamate 

receptors (see Table 4.5). Transcript abundance for each contig was reduced at least 2 fold 

within the transcriptome of S. bombi parasitised queens (see Table 4.5).

Contigs annotated as putative neurotransporters were upregulated within S. bombi 

parasitised queens at 6 hours post-diapause. Four contigs with putative roles in transportation 

o f neurotransmitters were upregulated within the transcriptome of parasitised queens. 

Contig_7735 was annotated as a major facilitator superfamily (MFS) transporter C6orfl92 

and was upregulated 2.49 fold within parasitised queens (see Table 4.5). A second putative
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neurotransporter, Contig_18920, was increased 2.53 fold within parasitised queens post

diapause. Contig_18920 was annotated as a high-affinity choline transporter (see Table 4.5). 

Another putative transporter, Contig_6433, annotated as a sodium and chloride dependent 

glycine transporter 2 protein, was increased 2.88 fold within the transcriptome of S. bombi 

parasitised queens (see Table 4.5). A fourth potential neurotransporter with putative roles in 

auditory processing was also upregulated within S. bombi parasitised queens post-diapause. 

Contig_6988 was annotated as a solute carrier, prestin-like protein and transcript abundance 

was increased 2.12 fold within parasitised queens in comparison to control queens (see Table

4.5).

Contigs with putative roles in nervous system development and homeostasis were 

upregulated within parasitised queens at 6 hours post-diapause. A hyccin-like homologue 

(Contig_23549) had a 2.26 fold increase in expression within parasitised queens (see Table

4.5). Hyccin-like proteins share a conserved functional domain with the protein hyccin, 

functional in myelination, yet the exact function of hyccin-like proteins is unknown. Two 

contigs (Contig_17217 and Contig_23723) with putative roles in nervous system 

development were annotated as syndecan 2, an important regulator of synaptic growth, while 

a teneurin-3 (Contig_11370), a transmembrane protein involved in synapse assembly, was 

also increased within parasitised queens at 6 hours post-diapause (see Table 4.5). Another 

contig, Contig_14165, upregulated within parasitised queens at 6 hours post-diapause was 

annotated as the nerve regeneration protein, ninjurin-1. Transcript abundance of 

Contig_14165 was increased 2.06 fold within parasitised queens post-diapause (see Table

4.5).

4.3.4.3 Expression of nematode-annotated contigs within parasitised hosts at 6 hours 

post-diapause

As with transcript abundance during diapause, transcript mapping was examined at 6 

hours post-diapause to investigate putative parasite gene expression. In total, 817 contigs 

were identified to be expressed within post-diapause S. bombi parasitised queens only. 

Increase in the number of nematode-armotated contigs detected, approximately 4.4 times 

greater than the number detected during diapause, may be related to differences in parasite 

biomass between the time-points or related to the increased through-put associated with the 

HiSeq 2000 sequencing platform. O f this number, 739 contigs (90.45%) were homologous to 

nematode-derived proteins available on the NCBI nr database while the remaining were

144



unannotated. GO-Slim analyses was performed to provide functional annotation to the 

nematode-annotated contigs assigning 3,025 level 2 GO terms related to biological processes 

(BP) and 1,006 molecular function (MF) terms. The most abundant classification terms 

within each category were "cellular process" (G0:0009987) (n=416, 14% of all BP assigned 

terms) and "binding" (G 0;0005488) (n=522, 52%), respectively (see Figs. 4.4(a-b)). GO 

terms related to "metabolic process" were the second most abundant BP-related term while 

GO terms related to "developmental process" (G 0:0032502) (n=348, 12%), "reproduction" 

(G 0:0000003) (n=256, 8%) and "growth" (G 0:0040007) (n=246, 8%), which are o f 

relevance to the post-diapause activities o f S. bombi, were also abundant within the annotated 

contig set (see Fig.4.4(a)). GO terms related to "response to stimulus" (n=141) 

(G 0:0050896), which is related to changes within the state or activities o f a cell in response 

to a stimulus, represented approximately 5% o f the BP-associated GO terms assigned to the 

nematode-annotated transcripts. Like nematode-annotated transcripts identified during 

diapause, the second and third most abundant MF-related terms were "catalytic activity" 

(GO: G 0:0003824) (n=276, 27%) and "structural molecule activity" (G 0:0005198) (n=104, 

10%) (see Fig. 4.4(b)).

4.3.5 Putative S. bombi genes involved in parasitism

Parasites express protease and protease inhibitors to aid in the digestion o f host 

material, as well as facilitate immunomodulation o f host defences. Three contigs with 

expression restricted to parasitised queens at both time-points examined were annotated as 

nematode aspartic proteases. Contig_172 was homologous to an aspartic protease 1 precursor 

in the hookworm, Ancylostoma duodenale (ACI04532.1) while Contig_249 shared sequence 

similarity with an aspartic protease 2 in the intestinal thread worm, Strongyloides papillosus 

(ADX36368.1). A third contig, Contig_1649, was homologous to a necepsin II protein in the 

hookworm, Necator americanus (CAC00543.1). All three putative aspartic proteases are 

homologous to members o f the A1 (pepsin) family o f aspartic proteases that are important in 

the breakdown o f food and have been suggested to aid in parasite migration through host 

tissue.

Cysteine proteases have also been implicated in nematode-host interactions and 

putative S. hombi cysteine protease homologues were identified within parasitised queens 

during and post-diapause. Three contigs shared sequence similarity with nematode 

cathepsins, which have functional roles in larval development, digestion o f host material and
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Figure 4.4: Biological processes and molecular functions of nematode-annotated 
transcripts within parasitised queens post-diapause. GO Slim analyses (seq filter: 0; 
alpha-node: 0.6; level 2) assigned 3025 and 1006 GO terms for: (a) biological processes 
(BP); and (b) molecular function (MF), respectively.
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immunomodulation o f host immune response. Contig_14 was annotated as a cathepsin B-like 

cysteine proteinase (A. suum\ AAB40605.1), which are used by haematophagous nematodes 

in the breakdown and absorption o f host material for digestive and migratory purposes. 

Contig_199 was homologous with a cathepsin L-like cysteine protease in the plant parasitic 

nematode, Ditylenchus destructor (ACT35690.1). Cathepsin L-like cysteine proteases 

function as anticoagulants, as well as being important for nematode embryonic development. 

Other potential immunomodulators o f the host immune system include Contig_1591, which 

had a top BLAST match against a cathepsin FI in the lungworm, Dictyocaulus viviparus 

(AFM37363.1). Cathepsin FI has been identified to be secreted by parasitic nematodes into 

hosts to aid in parasite development but also may aid in host immunomodulation.

Two contigs (Contig_1581 and Contig_1603) with expression within parasitised at 

both time-points were annotated as fatty acid and retinol (FAR) binding proteins. 

Contig_1581 was homologous to a FAR protein in the burrowing nematode, Radopholus 

sim ilis (AF180890.1) while Contig_1603 shared sequence similarity with a FAR protein in 

the root-knot nematode, Meloidogyne javanica  ('AFZ77091.1). FAR proteins function in the 

binding and metabolism o f fatty acids and may function in host-parasite interactions through 

acquisition o f essential host metabolites as well as modulating host immune response through 

nutrient depletion. Another contig (Contig_3419) was annotated as a transthyretin-like family 

protein (5. malayi; XP OOl892360.1), which are a nematode-specific group o f genes that 

possess unknown functions.

Genes encoding for venom allergen-like (VAL) proteins have been identified within a 

number o f animal and plant parasitic nematodes and have been suggested to possess 

immunomodulatory activities. Three contigs expressed within parasitised queens were 

annotated as encoding for nematode VALs. Contig_32 shared sequence similarity to a vespid 

allergen homologue in the filarial nematode, Wuchereria bancrofti (AAD 16985.1) while two 

contigs, Contig_224 and Contig_243, were homologous to VALs in the tylenchid nematodes, 

D. destructor (ADC35399.1) and Bursaphelenchus mucronatus (ADV57652.1), respectively. 

V'AL proteins have been identified to be secreted by animal and plant parasitic nematode into 

hosts and are suggested to function in the transition o f parasitic nematodes from free-living to 

the host environment.
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4.4 Discussion

S. bombi is a castrating parasite of Bombus queens that impacts on multiple facets of 

the host's phenotype and through the nature of the host-parasite relationship may affect host 

population dynamics. However, our understanding of the molecular mechanisms related to 

this important host-parasite interaction is poor. To provide a preliminary insight into gene 

expression within this interaction, quantitative transcriptomic analyses using Illumina RNA- 

Seq sequencing platforms were performed to investigate differential expression between S. 

bombi parasitised and control queens over two important time points within the host-parasite 

interaction. Sequencing for both time-points generated a total of approximately 440 million 

reads. Of this total, the majority (approximately 80%) of reads aligned to the reference 

transcriptome set. Mapping rate and subsequent gene detection may be increased through the 

use of a genomic reference. Genomic studies for both host and parasite are ongoing but 

reference sequences are currently not available for the current study. While measures were 

taken to reduce redundancy associated with the use of a transcriptome, genome alignment 

would also increase mapping accuracy as well as reduce multiple mapping, which is a 

complication associated with transcriptome references. Future transcriptomic studies may 

adapt this process to increase accuracy and mapping rate.

4.4.1 Global changes in gene expression within S. bombi parasitised queens

Parasitism by S. bombi is associated with behavioural changes in the host as well as 

reduction in host fecundity through castration. Within the present study, the presence of S. 

bombi resulted in differential expression of genes involved in important biological processes, 

such as metabolism, transcription and development, as well as processes important for the 

host-parasite interaction, such as immunity and neurology. These systemic transcriptional 

responses are identified during and post-diapause, critical periods for establishment and 

development of nematode infection. While the time-points examined used different natal 

colonies, as well as possessing technical variation due to different sequencing platforms used, 

certain genes were differentially expressed at both time-points providing potentially 

important host candidates within the development of the interaction.

Qualitative examination of DE contigs across the two time-points identified an 

increase in the number of contigs differentially expressed at 6 hours post-diapause. While this 

increase in number may be related to the technical and biological differences between the two 

time-points examined, differences observed may be attributed to the establishment and

148



development o f the host-parasite interaction post-diapause. Although S. homhi infection 

occurs during diapause, complex behavioural and physiological changes within the host 

phenotype have been described post-diapause (Poinar and Van der Laan, 1972, Lundberg and 

Svensson, 1975). Here 1 provide evidence for dynamic changes during and post-diapause that 

may provide an insight into the molecular mechanisms involved in the development o f the 

host-parashe interaction.

Examination o f biological processes affected by presence o f S. bombi at both time- 

points provided a novel insight into the molecular dynamics o f the interaction. For example, 

more structural transcripts were differentially expressed during diapause, when nematode 

infection occurs, which may be directly or indirectly attributed to the actions or presence o f S. 

hombi within the host during diapause. Parasitism by S. bombi is associated with damage to 

aspects o f the host's nervous (Palm, 1948, Pouvreau, 1962) and reproductive system (Roseler 

and Roseler, 1973, Roseler, 2002) but other aspects o f the host's physiology may be affected 

that facilitate the establishment o f the host-parasite interaction. Alternatively, the structural 

transcripts may be increased in response to host damage caused during parasite entry. At 

present, exact site o f entry is unknown but entry through the teguments or digestive tract have 

been suggested (Madel, 1966, Poinar and Van der Laan, 1972). Damage to either o f these 

structures would require repair. In comparison, one o f the largest functional biological groups 

to be affected by S. bombi post-diapause included transcripts involved in metabolism. As 

parasitism can place an extra strain on host resources (Combes, 2001), the changes in host 

expression o f metabolic pathways may be related to the presence and indeed activities o f S. 

hombi, which actively absorbs nutrients from the host haemolymph post-diapause (Poinar and 

Hess, 1972).

Interestingly, unannotated and hypothetical contigs consisted o f some o f the largest 

functional biological groups affected by nematode parasitism at both time-points. 

Hypothetical sequences are the products o f gene prediction software during genome 

annotation but are classified as hypothetical based on lack o f transcript or peptide evidence 

(Sivashankari and Shanmughavel, 2006). Here I provide empirical evidence for transcript 

expression as well as identify differential expression in response to S. bombi. Unannotated 

contigs may be derived from untranslated regions o f unassembled mRNA, noncoding RNA, 

or, B. terrestris genes that may be novel or have diverged significantly from sequences 

available for phylogenetically close species. Recent transcriptomic and proteomic studies o f 

the social Hymenoptera have identified novel and orphans genes with putative roles in caste
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development (Barchuk et al., 2007, Ferreira ct al., 2013), social evolution (Johnson and 

Tsutsui, 2011), as well as putative roles in immunity (Albert et al., 2011), identifying the 

importance o f such genes for the biology o f these organisms. However, due to the global 

transcriptional changes identified within the host in response to parasitism within the present 

study, it is difficult to infer functional annotation to these unannotated and hypothetical 

transcripts. However, the present study provides candidates that will require further 

examination to identify a potential role, if  any, within the host-parasite interaction.

4.4.2 Immune expression within S. bombi parasitised queens

Parasitism by S. bombi is associated with behavioural and physiological changes 

within the host but development or expression o f the host immune response, an important 

barrier to parasite infection and development, has not been fully characterised. Here I provide 

the first evidence o f global changes in expression o f host immunity-related genes in response 

to nematode presence. Within this subset o f genes, candidates encoding for various aspects o f 

the host immune response were identified, including recognition, effector, as well as 

regulatory molecules. Differential expression o f immunity-related genes across a range o f 

immune functions has previously been identified within the transcriptomes o f  A. subalhatus 

(Aliota et al., 2007, Aliota et al., 2010) and A. aegypti mosquitoes (Erickson et al., 2009) 

challenged with filarial nematodes. However, in comparison to S. bombi, filarial nematodes, 

such as Brugia species, demonstrate a different type o f interaction with their insect host. 

Within dipteran hosts, filarial nematodes actively trigger the host immune response and 

attempt to evade host defences through residence within host thoracic muscles (Castillo et al., 

2011). In comparison, S. bombi remains in contact with the host haemolymph, an important 

transporter o f humoral and cellular immune effectors, throughout parasitism but 

encapsulation events o f S. bombi nematodes are extremely rare (Kelly, 2009). W hether S. 

bombi evades or suppresses the host immune response is unknown but within the present 

study, differential expression o f immune genes was identified at both time-points.

Melanotic encapsulation, an important defence against macroparasites, is largely co 

ordinated through the activities o f the host immune cells, the haemocytes, and the serine 

protease cascade, the prophenoloxidase (proPO) pathway (Castillo et al., 2011, Beckage, 

2008). Genes with putative roles in the initiation and regulation o f the proPO pathway were 

differentially expressed within iS. bombi parasitised queens. Expression o f serine protease 14 

(SP14), a potential initiator o f  the proPO pathway, was reduced within parasitised queens
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post-diapause. W ithin certain mosquito species, SP14 expression has been identified to be 

increased in response to bacteria (Paskewitz et al., 1999) and malarial pathogens (Gorman et 

al., 2000, Gorman and Paskewitz, 2001) while a honey bee homologue was strongly 

expressed after challenge by Paenibacillus larvae, the causative agent o f American foulbrood 

disease (Zou et al., 2006). Within the mosquito, Anopheles gambiae, the protein sequence 

similarity o f SP14, as well as chromosomal proximity, to other proPO initiators, such as 

easter and proPO-activating enzyme, has suggested a potential role in the initiation o f the 

proPO pathway (Gorman and Paskewitz, 2001). While the function o f B. terrestris SP14 has 

not yet been characterised, homology may indicate a similar role in the activation o f the 

proPO pathway. Subsequently, a reduction in SP14 expression identified within parasitised 

queens may be associated with the low incidences o f S. bombi encapsulation events evident 

within previous studies.

In addition to reduction in expression o f a potential proPO initiator, an increase in 

expression o f genes encoding regulators o f serine proteases was identified within S. bombi 

parasitised queens during and post-diapause. Serine protease inhibitors (serpins) bind to and 

inhibit the activity o f  serine proteases that function in a variety o f important biological 

processes, including digestion, development and immunity (Kanost et al., 1989). Two 

antitrypsin genes were upregulated within S. bombi parasitised queens during diapause. The 

bumblebee antitrypsins were homologous to Manduca sexta alaserpin 1, which has been 

identified to perform several immune regulatory functions, such as inactivation o f serine 

proteases involved in the cleavage o f the Toll pathway-activating spatzle ligand, as well as 

inhibiting haemocyte proteinases and inactivating digestive enzymes that may pass from the 

digestive tract into the haemolymph and cause tissue damage (Jiang et al., 1996, Jiang et al., 

2003). A second serpin, antithrombin-III, a regulatory molecule o f coagulation, was also 

upregulated within parasitised queens post-diapause and may also function in host immune 

regulation. Within the tobacco homworm, M. sexta, an antithrombin-III homologue, serpin-6, 

have been identified to be differentially expressed in response to bacteria as well as inhibit 

activity o f enzymes involved in the proPO pathway (W ang and Jiang, 2004, Zou and Jiang, 

2005). The increased expression evident within the transcriptome o f parasitised queens may 

aid in the reduction o f  melanisation events o f parasitic nematodes. Alternatively, as S. bombi 

actively feeds from the host haemolymph, increased expression may be host-mediated in 

response to enzymes that may be secreted by the parasite to aid in digestion.
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4.4.3 Effector molecule expression within S. bombi parasitised queens

During and post-diapause, host humoral immune effectors, such as antimicrobial 

peptides (AMPs) and lysozyme, were differentially expressed within S. bombi parasitised 

queens. Increased transcription o f humoral immune effectors, such as AMPs, has been 

previously documented within certain insect species in response to nematode challenge but 

exact activity is unknown (Aliota et al., 2007, Erickson et al., 2009, Aliota et al., 2010). 

Within certain insect-nematode systems, increased expression o f certain AMPs has correlated 

with abnormal parasitic development (Lowenberger et al., 1996, Magalhaes et al., 2008) 

although this activity does not appear to be universal to all nematode-insect systems 

(Bartholomay et al., 2003). In relation to S. 6ow6/-bumblebee systems, this is the first 

description o f differential expression within B. terrestris in response to S. bombi challenge 

providing evidence for immunological changes within the host in response to parasitism.

O f the humoral effectors upregulated in response to S. bombi post-diapause, defensin 

has previously been identified to be upregulated within other insect species in response to 

nematode challenge with potential roles in the direct killing and disruption o f parasite 

development suggested (Lowenberger et al., 1996, Bartholomay et al., 2004, Magalhaes et 

al., 2008). Defensins, like other AMPs, demonstrate antimicrobial activity reducing the 

growth o f invasive pathogens as well as functioning in direct killing (Bulet et al., 1999, Bulet 

and Stocklin, 2005). However, our understanding o f defensin expression and activity against 

S. bombi is poor. The most parsimonious explanation for the increase in AMP expression 

within parasitised bumblebee queens is as a general immune response against S. bombi. 

Within certain insect-nematode systems, AMPs, such as defensin, have been increased at 

both the transcript (Magalhaes et al., 2008) and peptide level (Chalk et al., 1994) in response 

to nematode challenge and have been suggested to impact on parasite development within the 

host (Lowenberger et al., 1996). The rapid and continuous eversion o f the parasite's uterus 

that occurs post-diapause, a vital process for parasite development, would suggest that 

increased AMP expression does not appear to impact on the development o f S. bombi within 

parasitised hosts. Entomopathogenic nematodes, such as Heterorhabditis and Steinernema 

species, have been identified to inhibit and suppress the activities o f host AMPs by molecular 

mechanisms, such as secreting extracellular proteases (Jarosz, 1998) or active removal o f 

immune-related factors through specific binding by cuticle-surface factors present on the 

nematode's surface (Brivio et al., 2006). Suppression o f aspects o f the host humoral immune 

response by entomopathogenic nematodes is suggested to aid in the release and establishment
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of endosymbiotic bacteria, an act that results in the death o f the host and is required for the 

completion o f  the nematode's life cycle (Castillo et al., 2011). Recent studies examining host 

immune expression in response to entomopathogenic nematodes have identified increased 

AMP expression to be in response to the bacterial endosymbionts with infection by axenic 

nematode strains resulting in little or no detection in change o f AMP expression (Hallem et 

al., 2007, Eleftherianos et al., 2010). The status o f an endosymbiont o f S. bomhi is unknown. 

However, prokaryotic transcripts, most notably Wolbachia-Vike transcripts, were identified 

with the transcriptome o f S', bombi life cycle stages (see Chapter 3). While these sequences 

may be contaminants, further genomic and microbiological studies will be required to 

establish the validity and identify the source o f these sequences.

In the absence o f detrimental effects to S. bombi, increased expression o f potentially 

benign effector molecules, such as AMPs, may be o f benefit to the parasite. Expression o f 

aspects o f the humoral immune response, such as AMPs and lysozyme, have been identified 

to result in trade-offs with other elements o f the immune response, such as the proPO 

pathway (Freitak et al., 2007, Cotter et al., 2008). In particular, lysozyme, increased within 

parasitised queens during diapause, has been identified to suppress proPO activity within the 

mosquito A. gambiae through enzyme-mediated degradation o f precursor proteins involved in 

the initiation o f  the pathway (Li and Paskewitz, 2006). As other regulatory genes, such as 

serpins, were upregulated within parasitised queens during diapause, expression o f  lysozyme 

may contribute to potential reduction in host proPO activity and thus aid S. bombi in the 

evasion or suppression o f the host proPO pathway.

An alternative proposal for increased expression may be related to increasing the 

immune capacity o f the host-parasite system. As parasites reside and develop within the host, 

they become reliant on aspects o f the host physiology to ensure transmission. Due to the 

complex nature o f host-parasite interactions, pathogens and parasites o f the host are now 

essentially threats to the host-parasite system and can directly or indirectly impact on the 

fitness o f the parasite (Combes, 2001). Recent genomic analyses o f nematodes, including 

parasitic nematodes, identified a reduced complement o f immune-related genes (Consortium, 

1998, Ghedin et al., 2007, Abad et al., 2008, Jex et al., 2011). For certain nematodes, such as 

the root knot nematode M. incognita, a reduced immune gene complement has been 

suggested to be an evolutionary consequences o f developing within host tissues that provide 

protection from a range o f biotic and abiotic stresses (Abad et al., 2008). As S. bomhi resides 

within the nutrient-rich host haemolymph, a common interface between aspects o f the host
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immune response and invasive pathogens, increased host immune expression o f molecules 

potentially benign to S. bombi may reduce entry or development o f invasive pathogens within 

the host. In addition, as S. bombi actively feeds o ff the host haemolymph, increased immune 

expression may reduce commensal, as well as pathogenic microbial presence within the 

haemolymph providing a more suitable medium to develop within and feed on.

A surprising result o f the study was the differential expression o f venom-associated 

genes within the interaction. Constituents o f bumblebee venom have traditionally been 

examined for clinical purposes due to the allergenic responses caused in humans. However, 

recent studies on the molecular functions o f primary venom constituents have identified 

potential roles in host defence. Members o f the bumblebee-specific venom family, 

bombolitin, have been identified to increase activity o f the inflammatory mediator, 

phospholipase A2 (PLA2) (Argiolas and Pisano, 1985), as well as possess antimicrobial 

activity against both Gram-negative and Gram-positive bacteria (Choo et al., 2010, Qiu et al., 

2012). Bombolitin genes were differentially expressed within S. bombi parasitised queens 

during and post-diapause highlighting these genes as a potentially important group within the 

host-parasite interaction. However, although bombolitin expression has only been examined 

within the venom or venom gland, bombolitins have not been detected within the bumblebee 

queen haemolymph, the site o f interaction between host and parasite (Colgan et al., 

unpublished data). Differential expression o f bombolitins may be related to the reduction 

within parasitised queens o f PLA2, an important inflammatory mediator that may have 

detrimental effects on the parasite and is present within queen haemolymph (see Chapter 5). 

Further studies will be required to identify the correlation between nematode infection and 

venom-associated gene expression.

4.4.4 Changes in neurological gene expression within S. bombi parasitised queens

The insect nervous system functions in the collection and communication o f sensory 

inputs resulting in the co-ordination o f  an organism's behaviour and activities. Aspects o f the 

host's behaviour and motor functions are dramatically affected by S. bombi during the host- 

parasite interaction (Poinar and Van der Laan, 1972, Lundberg and Svensson, 1975). While 

behavioural analyses o f S. bombi parasitised queens was beyond the scope o f the present 

study, transcripts with putative roles within aspects o f the host's nervous system were 

differentially expressed in response to parasitism. Here I discuss the differential expression o f 

genes within S. bombi parasitised queens within potential roles in the host nervous system.
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Biogenic amines, such as octopamine, dopamine and serotonin, act as 

neurotransmitters and are influential in the regulation o f important biological processes, such 

as reproduction (Lee et al., 2003, Lee et al., 2009, Dombroski et al., 2003), sleep (Crocker et 

al., 2010), memory formation (Burke et al., 2012), metabolism (Erion et al., 2012), endocrine 

secretion and sexual behaviour (Blenau and Baumann, 2001). A neuroreceptor o f the 

biogenic amine, octopamine, had increased expression within S. bombi parasitised queens 

post-diapause. Octopamine is an important neuromodulator, neurohormone and 

neurotransmitter within the insect nervous system and identified to function in the formation 

of memories and modulation o f behaviour in honey bees (Scheiner et al., 2006, McQuillan et 

al., 2012a, McQuillan et al., 2012b). Based on homology, increased expression o f an 

octopamine receptor within parasitised queens may contribute to the development o f the 

altered behavioural phenotype. Due to the exploratory nature o f  the present study, whole

bodied organisms were analysed to increase scope o f detection. A drawback o f this approach 

is an inability to identify exact sites o f expression. However, within the honey bee, 

octopamine receptors, in addition to other G-coupled receptors, have been identified to be 

abundantly expressed within the honey bee brain and suggested to function in the processing 

of olfactory and visual information, as well as mediating higher order brain functions within 

the honey bee (Grohmann et al., 2003). Within bumblebees, octopamine has been identified 

to affect foraging behaviour (Cnaani et al., 2003), as well as the establishment of 

reproductive dominance hierarchies within the colony (Bloch et al., 2000b). However, 

changes in receptor expression may be related to changes in the host phenotype in response to 

parasitism.

In addition to genes involved in the transmission o f biogenic amines, genes involved 

in biogenic amine synthesis were also differentially expressed within S. bombi parasitised 

queens post-diapause. The enzyme, L-amino decarboxylase, also known as DOPA 

decarboxylase (DDC), was upregulated within parasitised queens post-diapause. DDC is 

responsible for the conversion o f the precursor molecule, L-dopamine, into dopamine and 

also the catalysis o f 5-hydroxytryptophan to serotonin (Blenau and Baumann, 2001). Within 

insects, DDC is involved in the co-ordination o f behaviour, development, wound healing and 

regulating responses to endogenous hormones (Hodgetts and O'Keefe, 2006). Dopamine, one 

o f  the products o f DDC catalysis, has been identified to modulate the retrieval o f learned 

olfactory information within the honey bee (Blenau et al., 1998) while like octopamine, a role 

in reproductive dominance has also been suggested for bumblebees (Bloch et al., 2000b).
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While few studies have characterised the activity o f DDC w'ithin bee species, within the 

mosquito A. subalbatus, gene silencing o f DDC resulted in pronounced behavioural changes 

in experimental insects with individuals displaying over-feeding, inability to fly and 

abnormal movement, as well as high mortality rates (Huang et al., 2005). The increased 

expression o f DDC within S. bombi parasitised queens may be related to the disorientated 

motor functions and prolonged hibemacula-seeking activities that are characteristic 

behavioural traits o f S. bombi parasitised queens.

Another gene that may also be related to the development o f the parasitised phenotype 

is MFS-type transporter C 6orfl92, which was upregulated within parasitised queens post

diapause. Overexpression o f neurotransporters has been associated with pronounced 

behavioural changes within insect species. Within the fruit fly, overexpression o f vesicular 

monoamine transporter (VMAT) resulted in affected individuals exhibiting increased 

grooming and courtship behaviour while reduced rates o f copulation and fertility (Chang et 

al., 2006). VMAT overexpression was also associated with increased motor activity (Chang 

et al., 2006). The MFS-type transporter C 6orfl9  identified within the present study is a 

VMAT homologue and may be associated with behavioural changes within parasitised hosts. 

The behavioural phenotype o f S. bombi parasitised queens is characterised by hibemacula- 

seeking and digging activities, which occupies the majority o f the queen's activities (Poinar 

and Van der Laan, 1972, Lundberg and Svensson, 1975). Parasitised hosts also display 

disorientated movements, as well as variation in pitch tone (Lundberg and Svensson, 1975). 

Other transporters with putative roles in regulating motor function, such as choline and 

sodium and chloride dependent glycine transporters, were also upregulated within parasitised 

hosts post-diapause but further studies will be required to elucidate their role within the host- 

parasite interaction.

Aspects o f the parasitised host phenotype have been attributed to damage to the 

nervous system mediated by the parasite. Toxins secreted by the nematode have been 

suggested to restrict the development o f the endocrine organ, the corpora allata (CA), which 

synthesises the important regulatory hormone, juvenile hormone (Palm, 1948, Pouvreau, 

1962, Roseler and Roseler, 1973). Ninjurin, a gene involved in nerve repair and regeneration, 

was increased in expression within parasitised queens post-diapause. Ninjurin  has been 

identified to be expressed within the peripheral nervous system o f rats in response to nerve 

injury with a predicted role within repair (Araki and Milbrandt, 1996) while in insects, 

ninjurin has been implicated in tissue repair o f gut epithelial cells in response to the
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entomopathogenic bacterium. Pseudomonas entomophila (Chakrabarti et al., 2012), as well 

as being expressed within the insect SL2 cell line in response to lipopolysaccharide challenge 

(Boutros et al., 2002). The increase in ninjurin expression may be related to damage to the 

host nervous system caused by S. bombi. While restrictions in the development o f the CA 

have been previously described, the proximity o f S. bombi to the abdominal ganglia o f the 

central nerve cord within the host haemocoel may lead to damage or changes in gene 

expression that contribute to the disorientated movements o f parasitised hosts.

Other genes that may have potential roles in the restriction o f CA development within 

parasitised queens, include ionotropic glutamate receptors, o f which three genes were 

identified to have reduced expression within parasitised queens post-diapause. Within the 

nervous system, uptake o f glutamate can affect synaptic plasticity, as well as neuronal 

development, which is important for cognitive processes, such as learning and memory. 

Within the honey bee A. mellifera, interference o f  glutamate uptake through inhibition o f a 

neurotransporter results in impaired long term memory formation (Maleszka et al., 2000). In 

relation to the interaction between S. bombi and B. terrestris, glutamate receptors have also 

been identified within the development o f the endocrine organ, the CA, as well as regulating 

the synthesis o f the regulatory hormone, JH (Pszczolkowski et al., 1999, Chiang et al., 2002, 

Geister et al., 2008). Within the cockroach Diploptera punctata, ionotropic glutamate 

receptors have been identified to regulate cytosolic calcium concentration o f developing CA 

cells with JH synthesis increased in response to L-glutamate (Chiang et al., 2002). 

Consequently, reduced JH levels o f S. bombi parasitised queens may be attributed in part to 

reduction in the uptake o f  the neurotransmitter, glutamate. A detailed transcriptomic study of 

the underdeveloped CA o f parasitised queens will be required to improve our understanding 

o f  the molecular dynamics involved within the neurological changes within the parasitised 

phenotype.

4.4.5 Parasite gene expression within the host

Nematode-annotated transcripts were identified within parasitised queens both during 

and post-diapause, validating the results o f the diagnostic PCR while also providing an 

insight into gene expression o f the parasitic nematode in vivo. While the majority o f 

nematode-derived transcripts identified within the host-parasite transcriptome were o f 

ubiquitously expressed transcripts, such as ribosomal and structural genes, transcripts with
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putative roles in digestion of host material and immunomodulation were also identified to be 

expressed throughout the parasitic relationship.

Parasitic nematodes cannot synthesis certain essential nutrients and are reliant on the 

metabolism of their host to obtain such molecules. One such set of essential nutrients are 

lipids. Lipids, such as fatty acids, steroids and retinoids, are an important energy source and 

function within biological processes, such as transcription, inflammation and immunity. 

Within parasitised queens, nematode fatty acid and retinoid (FAR) binding proteins were 

expressed during and post-diapause. FARs are a distinct group of nematode lipid binding 

proteins and are secreted by parasitic nematodes into hosts resulting in allergenic responses 

(Garofalo et al., 2003, Kennedy et al., 1995, McDermott et al., 1999). The ability of the 

protein family to bind with great affinity to fatty acids and especially retinol, has been 

suggested to function in the sequestering of molecules from the host that are essential for 

parasite development and homeostasis. In addition, removal of molecules that are important 

immunity and inflammatory mediators may impact on the host response to parasitism 

(McDermott et al., 1999). The tylenchid plant parasitic nematode, M. javanica, which 

belongs to the same order as S. bomhi, has been identified to express and secrete a FAR 

protein into plant hosts, which influences susceptibility to nematode infection (Iberkleid et 

al., 2013). The mechanisms of action are suggested to affect lipid-based defences of the host 

(Iberkleid et al., 2013). Genes with putative roles in lipid transport, such as apolipophorin-III, 

and arachidonic acid metabolism, such as PLA2, were downregulated within parasitised 

bumblebee hosts post-diapause. Both genes have roles in immunity, through immune 

recognition on the part of apolipophorin while PLA2 is an important mediator of 

inflammatory molecules that could be harmful to parasite health. Therefore, expression of S. 

bombi FAR within the host may be associated with both immune reduction and in acquisition 

of molecules essential for parasite development.

Parasitic nematodes require enzymes to breakdown host material to aid in digestion or 

potential migration through host tissue. Aspartic and cysteine proteases identified to be 

expressed by S. bombi during parasitism may aid in digestion of host material. For 

haematophagous nematodes of mammalian hosts, aspartic proteases belonging to the pepsin 

Al family have been identified to initially cleave host haemoglobin into a format that allows 

digestion by other protease groups (Williamson et al., 2003, Pearson et al., 2009). Cysteine 

proteases are the most represented protease group secreted by parasite nematodes and 

demonstrate roles in tissue penetration, digestion, larval development and inhibition of host
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immune effector activities (Tort et al., 1999, Sajid and McKerrow, 2002, Atkinson et al., 

2009). Three cathepsin genes belonging to B, F and L subfamilies were expressed within S. 

homhi parasitised queens. Cathepsin B and L cysteine proteinases belong to subgroups within 

the papain cysteine proteinase superfamily (Sajid and McKerrow, 2002). Cathepsin B 

cysteine proteinases have been identified to be secreted by animal parasitic nematodes, such 

as Haemonchus contortus and Ancylostoma caninum, within mammalian hosts and are 

suggested to function in tissue digestion and penetration (Pratt et al., 1992, Harrop et al., 

1995). Cathepsin L cysteine proteinases have been identified to be involved in 

immunomodulation and digestion within other parasitic helminths but have an important role 

in embryogenesis and cuticular remodelling within nematodes (Hashmi et al., 2002, Guiliano 

et al., 2004, Lustigman et al., 1996). A nematode cathepsin F protease has been identified to 

be secreted/excreted by the sheep parasite, Teladorsagia circumcinta, evoking a host immune 

response (Redmond et al., 2006). Therefore, based on the diverse roles o f cathepsins 

identified within other parasitic nematodes, cathepsins expressed by S. hombi within 

parasitised queens may aid in the digestion o f host material, which occurs via the everted 

reproductive tract (Poinar and Hess, 1972), or alternatively, function in the restructuring o f 

the extended gonads or embryogenesis, which occurs within the host post-diapause.

Parasites secrete compounds into their host to aid in invasion o f host tissue, creation 

o f  a habitable environment and potential evasion o f host defences. Venom allergen-like 

(VAL) proteins have been identified to be secreted by a range o f animal and plant parasitic 

nematodes within their host suggesting an important role in parasitism. Three VAL genes 

were expressed within the transcriptome o f parasitised queens. A VAL protein was originally 

characterised from secretions by the larval stage o f the hookworm, A. caninum, with the 

rapidity o f release suggested to benefit acclimatisation o f the larvae from an external 

environm ent to an internal host environment (Hawdon et al., 1996). Plant-parasitic tylenchid 

nematodes, such as Heterodera glycines and M. incognita, had increased transcript 

expression o f VAL genes within preparasitic and early infective juvenile forms with a 

reduction and absence o f  expression evident within L3 and adult females, respectively (Wang 

et al., 2001, Wang et al., 2007). This VAL stage expression evident within plant parasitic 

nem atodes has been suggested to be associated with the infection and migration o f juveniles 

w ithin the plant host although juvenile stage expression is not universal to all plant parasites 

(e.g. Bursaphelenchus xylophilus (Lin et al., 2011)). Within our study, expression was 

detected within parasitic females during and post-diapause. As VAL expression is not
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restricted to parasitic organisms, further studies will be required to identify the role o f  these 

genes within the interaction between S. bombi and B. terrestris.

Transcriptomic analyses also identified a compendium o f annotated sequences to be 

putatively expressed by S. bombi within parasitised hosts. In comparison to B. terrestris, the 

number and proportion o f unannotated contigs originating from parasite genome expression 

was smaller, accounting for approximately 10% of nematode-annotated contigs identified 

within S. bombi parasitised queens. Transcriptomic analyses o f S. bombi life cycle stages 

identified approximately 30% o f the transcriptome to be unannotated with approximately 

36% of the unannotated contigs annotated with predicted signal peptide domains (see Chapter 

3). Within S. bombi parasitised queens, the low detection rates o f unannotated S. bombi 

contigs may be due to the saturation o f nematode-transcripts by host material, as well as by 

ubiquitously expressed nematode transcripts, such as ribosomal and structural genes. O f the 

unannotated contigs identified within the present study, these sequences will require further 

examination to identify biological roles within S. bombi.

S. bombi is a highly virulent castrating parasite o f bumblebee queens impacting on 

multiple aspects o f the host's phenotype. Until now, the molecular mechanisms involved in 

this natural host-parasite interaction were unexamined. To provide a preliminary insight into 

genes expressed by both parties within the host-parasite interaction, transcriptome-wide 

analyses were performed on S. bombi parasitised B. terrestris queens over critical periods 

within the interaction, identifying global changes in host gene expression in response to 

parasitism. In addition, sets o f genes expressed by the parasite within the host were identified 

providing candidates that may aid in host manipulation and exploitation and will prove 

important for future transcriptomic and proteomic studies.
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Chapter 5

Proteomic analysis of Bombus terrestris queen 
haemolymph- An immune perspective
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5.1 Introduction

Immunity, the ability to defend against infectious organisms, is ubiquitous across all 

taxa. Within the subphylum Hexapoda, and other invertebrates, a complex defence, the innate 

immune system, functions in the detection and the removal of infectious entities (reviewed in 

(Hoffmann, 1995, Hoffmann et al., 1996, Hoffmann and Reichhart, 2002, Cerenius and 

Soderhall, 2004)). The insect innate immune system is a combination of cellular and humoral 

responses. The cellular immune response can be characterised by the activities of the immune 

cells, haemocytes, which are involved in the engulfment and phagocytosis of foreign bodies 

(Gillespie et al., 1997, Lavine and Strand, 2002, Strand, 2008). In contrast, the humoral 

response consists of effector molecules, such as antimicrobial peptides (AMPs) (Bulet et al., 

1999), complement-like proteins, and the prophenoloxidase (proPO) pathway, a serine 

protease cascade resulting in encapsulation via melanisation (Soderhall and Cerenius, 1998, 

Cerenius and Soderhall, 2004, Cerenius et al., 2008). AMPs possess antimicrobial activity 

against bacterial and fungal pathogens with induction mediated by two major immune 

signalling pathways of insects, the Toll and the immune deficiency (ImD) pathways 

(Hoffmann and Reichhart. 2002, De Gregorio et al., 2002). Activation of the pathways is 

based on the recognition of non-host pattern molecules that are conserved on microbes, such 

as lipopolysaccharides, peptidoglycans and (3-glucan.

Effector molecules of the humoral response are secreted into the haemolymph, the 

blood plasma equivalent of the invertebrate open circulatory system. Consequently, the 

haemolymph has an important role in the transportation of whole cells and macromolecules, 

such as carbohydrates, lipids and proteins, within the circulatory system. In addition, it also 

represents an important line of defence against invasive pathogens, with numerous 

components of both cellular and humoral effectors being present. The haemolymph also 

contains proteins with defence-related roles, such as proteins involved in antioxidant activity 

and haemolymph transport proteins known to bind to foreign bodies (Whitten et al., 2004). 

Recently, immunity associated proteins within insect haemolymph have been identified and 

functionally characterised for several insect species. The model organism. Drosophila 

melanogaster, has been utilised to examine haemolymph protein contents of both 

unchallenged (Vierstraete et al., 2003, Guedes et al., 2003) and immune-challenged larvae to 

identify immunity-related changes in the haemolymph proteome (Levy et al., 2004a, Levy et 

al., 2004b, Vierstraete et al., 2004a, Vierstraete et al., 2004b, Guedes et al., 2005, Verleyen et 

al., 2006). Proteomic analysis has also been performed on the haemolymph of another
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dipteran. Anopheles gambiae (Paskewitz and Shi, 2005). In addition to the dipterans, 

haemolymph proteomic studies have been performed on a number o f lepidopteran species 

(e.g. Bombyx mori (Li et al., 2006, Hou et al., 2010), Manduca sexta  (Furusawa et al., 2008)) 

providing catalogues o f proteins present in larvae (Furusawa et al., 2008, Li et al., 2006) and 

also across developmental life cycle (Hou et al., 2010) stages.

Proteomic analyses have also been performed on the haemolymph o f the 

hymenopteran honey bee. Apis m ellifem . Chan et al. (2006), employing 1-Dimensional gel 

electrophoresis and mass spectrometry, analysed haemolymph profile differences between the 

developmental stages, castes and sexes to provide a compendium o f proteins present within 

the honey bee haemolymph. In addition, a 2-DimensionaI electrophoresis (2-DE) database 

was established for honey bee workers to provide a greater insight into the haemolymph 

proteome (Bogaerts et al., 2009). Further studies have identified haemolymph proteins 

secreted in response to challenge (Randolt et al., 2008, Chan et al., 2009) and also changes in 

the reproductive state o f normally sterile workers (Cardoen et al., 2011). However, at present, 

our knowledge o f the haemolymph proteome in the Hymenoptera, an ecologically and 

economically important group, is restricted to the honey bee.

A hymenopteran species whose immune response has been extensively studied is the 

buff-tailed bumblebee, Bombus terrestris. B. terrestris is a common European bumblebee 

species and a key ecological and commercial pollinator o f a variety o f  crops (Alford, 1975, 

Goulson, 2003). Like all social Hymenoptera, the female sex is differentiated into two 

behaviourally and physiologically distinct castes. The majority, known as workers, are 

functionally sterile and perform altruistic tasks, such as foraging, nest maintenance and 

nursing o f juveniles. The minority, in the case o f B. terrestris, a single individual, known as 

the queen, act as the main reproductive entity within the colony. B. terrestris has an annual 

life cycle with virgin queens, known as gynes, produced in early summer (Alford, 1975, 

Goulson, 2003). Queens undergo a single mating (Schmid-Hempel and Schmid-Hempel, 

2000) and enter diapause in late summer. Overwintering queens maintain a state o f diapause 

for a period o f 6-9 months and emerge in early spring, establishing a colony soon after 

(Alford, 1975, Goulson, 2003).

Although the queen is central to the establishment and growth o f a functional 

bumblebee colony, and queens are known to face a significant threat from parasites (Rutrecht 

and Brown, 2008), our knowledge o f their immune system is poor. In comparison, the
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immune system o f B. terrestris workers has been extensively studied (Moret and Schmid- 

Hempel, 2000, Doums et al., 2002, Korner and Schmid-Hempel, 2004, Sadd and Schmid- 

Hempel, 2006, Brown et al., 2003, Konig and Schmid-Hempel, 1995, Moret and Schmid- 

Hempel, 2009). Recently, our understanding o f  the molecular basis o f immunity within B. 

terrestris has advanced through studies investigating differential expression o f genes in 

relation to immune challenge (Riddell et al., 2009, Riddell et al., 2011, Erler et al., 2011) or 

detection o f immunity-related genes through transcriptomic analyses (Sadd et al., 2010, 

Colgan et al., 2011). However, most o f these studies have focussed on life cycle stages other 

than the queen.

Previous studies o f B. terrestris haemolymph have focussed on specific aspects such 

as ecdysteroid titre concentration to examine caste differentiation (Bloch et al., 2000a, Cnaani 

et al., 2000, Hartfelder et al., 2000), and the presence and/or activity o f immune effectors, 

such as the proPO pathway (Brown et al., 2003, Korner and Schmid-Hempel, 2004) or AMPs 

(Kuhn-Nentwig, 2003, Moret and Schmid-Hempel, 2000). However, a comprehensive 

proteomic analysis o f bumblebee haemolymph has not been performed. Here, using mass 

spectrometry-based proteomics, a proteomic analysis o f the haemolymph o f B. terrestris 

queens was performed to identify the presence o f immunity-related proteins as well as 

proteins involved in other important biological processes, which may have additional putative 

roles in immunity, such as antioxidants, transport proteins and venom-associated proteins. In 

addition, I provide a preliminary analysis between haemolymph profiles o f B. terrestris and 

A. melUfera queens to provide additional annotation to the B. terrestris dataset while also 

providing an insight into differences and similarities in the immune repertoire o f 

reproductives in these two ecologically and economically important species.

5.2 Materials and methods

5.2.1 Animal collection

Animals were obtained from commercial colonies (Koppert, the Netherlands). Virgin 

queens were collected from three colonies and were mated under standard laboratory 

conditions (Sauter and Brown, 2001). Mated queens resided for three days in a temperature 

controlled room (27±1°C, 45% relative humidity (RH)) and were provided with pollen and 

sugar water (Apilnvert) ad libitum. After three days, queens were entered into diapause via
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incubation o f  anim als at 4°C (RH o f  70% ). The period o f  diapause was m aintained for 14 

weeks.

5.2.2 Haemolymph collection

H aem olym ph from  queens was collected during diapause, 6 hours post-diapause and 

48 hours post-diapause to obtain a com prehensive catalogue o f  proteins present w ithin the 

haem olym ph. D iapause and post-diapause tim e points were chosen because diapause is a key 

event in the life cycle o f  the queen. H aem olym ph from  diapausing bees (n=4) was collected 

at 4°C. For post-diapausing collection, queens w ere transferred to a tem perature controlled 

room  at 27±°C (RH o f  45% ) for 6 hours (n=4) and 48 hours (n=4). For each tim e point 

collection, bees were anaesthetized using C O 2 (BOC G ases, Ireland). A nim als were 

restrained onto wax bedding using adhesive tape and entom ological collection pins. Using 

sterilized forceps, the abdom en was gently extended. Using a pair o f  sterilized scissors, an 

incision was perform ed betw een the third and fourth sternite. H aem olym ph was rem oved 

using a m icrocapillary tube (BRA ND , Germ any) attached to a w idened PIO filter tip 

(Sarstedt, Ireland). U sing a PIO pipette, approxim ately 30-50 |il haem olym ph was rem oved 

from  the incision and transferred to a 1.5ml m icrocentrifuge tube containing 50 |il autoclaved 

phosphate buffered saline (PBS) (Sigm a, Ireland) and incubated on ice to inhibit lytic activity 

o f  haem ocytes w ithin the haem olym ph sample. A n additional 50 |il o f  PBS was added to the 

haem olym ph/PBS solution, which was then centrifuged at 8,000 g for 5 m ins at 4°C  to pellet 

dow n haem ocytes and other cellular debris. The supernatant was transferred to a fresh 1.5ml 

collection tube and stored at -80°C for later use.

5.2.3 Preparation of samples for mass spectrometry

Biological im purities were rem oved from  the haem olym ph sam ple using the 2-D  

clean up kit (G E Healthcare, UK) follow ing m anufacturer's instructions. The resulting protein 

pellets were resuspended in 300|il o f  resuspension solution (50m M  A m m onium  bicarbonate 

(Am bic), Im M  calcium  chloride (C aC b)). R esuspended sam ples were then quantified using 

the Qubit®  Quant-IT^"^ Protein Assay kit (Invitrogen, UK ) on a Qubit®  fluorom eter v.2.0. 

50 |ig  was rem oved from  each sam ple into a fresh 1.5ml m icrocentrifuge tube. 10|il o f  

200m M  dithiothreitol (DTT) (Fisher Scientific, Ireland) suspended in lOOmM Am bic 

solution, was added to each sample. DTT functions as a reducing agent o f  disulphide bonds 

o f  proteins and inhibits the form ation o f  disulphide bonds through cysteine residues o f  

proteins. To reduce solvent-inaccessible disulphide bonds, sam ples were heated to 95°C and
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maintained at this temperature for 15 min, whilst being vortexed every 5 min. 4|il o f IM 

iodoacetamide (lAA) suspended in Ambic was added to each sample, which was then 

incubated at 25°C for 45 min. The acetylation reaction was stopped by adding 20|il o f 

200mM DTT followed by incubation o f samples at 25°C for 45 min. Samples were quantified 

again for protein concentration. 10|ug was removed from each sample into fresh 1.5ml 

microcentrifuge tubes. 0.5(il o f 0.5|ig/|il trypsin (Medical Supply Company, Ireland) was 

added to each sample (1:40 dilution). Samples were incubated at 37°C overnight. Samples 

were then speed vacuumed and stored at 4°C once dry.

5.2.4 Mass spectrometric analysis

The dried peptide samples were resolubilised in 20|il 0.1% Formic Acid (Sigma 

Aldrich, Ireland) and submitted to UCD Conway Institute Mass Spectrometry Resource for 

mass spectrometric analysis. All samples were run on a Thermo Scientific LTQ ORBITRAP 

XL mass spectrometer connected to an Exigent NANO LC.IDPLUS chromatography system 

incorporating an auto-sampler connected to a Dionex Ultimate 3000 (RSLCnano) 

chromatography system. Tryptic peptides were resuspended in 0.1% formic acid. Each 

sample was loaded onto a Dionex C l8 Pepmap nanotrap (0.075mm I.D. 150mm length) and 

was separated by an increasing acetonitrile gradient on a Biobasic CIS PicofritTM column 

(100 mm length, 75 mm ID), using a 60 min reverse phase gradient at a flow rate o f 300 nL 

m in''. The mass spectrometer was operated in positive ion mode with a capillary temperature 

o f 200°C, a capillary voltage of 9V, a tube lens voltage o f lOOV and with a potential of 

1800V applied to the frit. All data was acquired with the mass spectrometer operating in 

automatic data dependent switching mode. A high resolution MS scan (300-2000 Dalton) was 

performed using the Orbitrap to select the seven most intense ions prior to MS/MS analysis 

using the Ion trap. For each scan performed the five most intense ions were selected for 

MS/MS analysis. Protein identification from the MS/MS data was performed using the 

Andromeda search engine in MaxQuant (version 1.2.2.5; http://maxquant.oru/) (Cox et al., 

2011) to correlate the data against the predicted protein sets for the bumblebee transcriptome 

((Colgan et al., 2011), Chapter 2). The predicted protein data set was generated using 

prot4EST (Wasmuth and Blaxter, 2004) and functionally annotated using B last2G 0 v2.5 

(Conesa et al., 2005, Conesa and Gotz, 2008, Gotz et al., 2008). B last2G 0 facilitated the 

output o f an annotated searchable fasta file for a predicted B. terrestris protein set based on 

the transcriptome assembly o f  Colgan et al. (2011). The following search parameters were 

used: precursor-ion mass tolerance o f 1.5 Da, fragment ion mass tolerance o f 6 ppm with
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cysteine carbamidomethylation as a fixed modification and N-acetylation o f protein and 

oxidation o f methionine as variable modifications and a maximum o f 2 missed cleavage sites 

allowed. False Discovery Rates (FDR) were set to 0.01 for both peptides and proteins and 

only peptides with minimum length o f six amino acids were considered for identification. 

Proteins were considered identified when more than one unique peptide for each protein was 

observed.

5.2.5 Functional annotation

The identified haemolymph proteins were annotated using a customised searchable 

database. Due to compliance with the Fort Lauderdale (2003) and Toronto (2009) agreements 

in relation to fair-use o f non-published genomic resources, reference data available for the 

ongoing Bombus terrestris genome project could not be utilised for annotation purposes of 

this study. A BLAST searchable database was compiled from the genome-derived protein 

sets for the honey bee, A. mellifera, the dw arf bee. Apis florea, the ants, Camponotus 

floridanus, Harpegnathos saltator, Solenopsis invicta, Acromyrmex echinatior, the jewel 

wasp, Nasonia vitripennis, and the fruit fly, D. melanogaster. Protein sets were obtained from 

the NCBI Protein database (as o f 20th August 2012). Bombus species proteins generated 

outside o f the ongoing genome projects were incorporated into this database. The final 

protein database was created and searched using the BioEdit suite o f tools (v.7.0.5.3). BioEdit 

is a software package allowing for the alignment o f sequences and sequence similarity 

searches (Hall, 1999). Unannotated proteins from searches against this custom database were 

manually searched against the NCBI nr database (as o f 20th August 2012).

The Blast2G 0 suite o f software tools was utilised to assign gene ontology terms (GO 

terms) relating to biological processes, molecular function and cellular component. Enzyme 

commission (EC) and Kyoto Encyclopaedia o f  Genes and Genomes (KEGG) pathway 

mapping was performed as part o f the B last2G 0 annotation pipeline (Conesa and Gotz, 

2008). InterProScan was performed to provide functional domain analysis for the protein 

sequences (Zdobnov and Apweiler, 2001). For the purpose o f identifying putative peptidase 

and peptidase inhibitors, protein sequences were BLAST searched against the MEROPS 

database (as o f 20th August 2012; release 9.6) (Rawlings and Barrett, 1999, Rawlings et al., 

2012) [http://merops.sanger.ac.uk/].
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5.2.6 Comparative haemolytnph analysis between Bombus and Apis queens

Protein sequences for A. mellifera based on the haemolymph analysis performed by 

Chan et al. (2006) were obtained from http://foster.nce.ubc.ca/bee/. Haemolymph proteins 

originating from the A. mellifera samples were parsed and reciprocal BLAST searches 

(BLASTp, E-value cut-off o f le-10, sequence similarity >25%) were performed to identify 

homologous/orthologous proteins between the two haemolymph sets. The relative quantities 

o f proteins for each dataset were determined by calculating the % sequence coverage (the % 

coverage o f the matched protein sequence by the individual peptides). Percentage coverage 

data for A. mellifera haemolymph proteins were obtained from supplemental file S2 o f Chan 

et al. (2006).

5.3 Results

5.3.1 Mass spectrometry

To provide a global insight into the compendium o f proteins within B. terrestris 

queen haemolymph, peptides identified for mid- and post-diapausing queens (n=12) using 

mass spectrometry were pooled. 574 peptides were identified in pooled B. terrestris queen 

haemolymph by mass spectrometry. In cases where peptides matched to more than one 

protein these proteins were grouped. In total, 100 proteins (including 73 protein groups) were 

identified with more than one peptide, hereafter known as the Bter Haem dataset. Proteins 

were ranked based on % sequence coverage. Although not strictly quantitative, the % 

sequence coverage can be indicative o f protein abundance as it is assumed that more peptides 

will be identified from abundant proteins (Ishihama et al., 2005).

5.3.2 Functional annotation

BLASTp searches (E-value cut-off o f le-06) assigned functional annotation to 97 o f 

the 100 (97% of total protein set) proteins with the remaining being novel non-described 

proteins. The majority o f  top BLAST matches were against A. mellifera derived proteins 

(n=60, 60% of total protein set) while 9 proteins matched to the dw arf honey bee, A. florea. 

10 proteins (10% o f the total) had highly significant sequence similarity to Bombus species 

proteins {B. ignitus (n=8) and B. hypocrita (n=2)). 15 proteins were homologous to proteins 

from ant species (//. saltator (n=5), S. invicta (n=3), C. floridanus  (n=4) and A. echinatior 

(n=3)). 3 proteins shared sequence similarity with other insect species while 3 proteins were
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unannotated after searches against the insect genome-derived proteomes. O f the 97 

functionally annotated proteins, Blast2GO analysis annotated 48 proteins (48% o f total 

protein set) with GO terms. EC codes were assigned to 9 protein sequences while 6 KEGG 

pathway components were identified (see Table 5.1).

5.3.3 Functional domain analysis

Functional domain analysis using InterProScan as part o f the B last2G 0 annotation 

pipeline annotated 91 proteins (91% o f the total protein set) with functional domains (see Fig. 

5.1). InterPro annotations (n=178) were assigned to 28 o f these proteins (28% of the total 

protein set) while 48 (48% o f the total protein set) were annotated with predicted signal 

peptides based on SIGNALP v4.0 annotation software. This suggests that approximately half 

o f the proteome is secreted. In addition, 25 proteins (25% o f total protein set) were annotated 

with predicted transmembrane (TMHMM) domains.

5.3.4 Comparative analysis with A. mellifera haemolymph proteome

Bter_Haem protein sequences were compared against haemolymph proteins 

originating from A. mellifera queen haemolymph to identify homologous haemolymph 

proteins between the two species while also providing additional annotation to B. terrestris 

queen haemolymph proteins. In addition, comparison o f % sequence coverage allowed for the 

identification o f  putative differentially abundant proteins between the haemolymph 

proteomes o f the two species. Reciprocal BLASTp searches (E-value cut-off o f  le-10) 

identified 46 Bter Haem proteins (46% o f total protein set) with homology to haemolymph 

proteins o f  A. mellifera queens. An additional 13 Bter_Haem proteins were homologous with 

haemolymph proteins that were not detected within honey bee queens, but were from the 

other mellifera life cycle stages (see Fig. 5.2).

Comparison o f % sequence coverage o f homologous proteins between the 

haemolymph proteomes o f B. terrestris and A. mellifera queens identified 30 proteins that 

were more abundant within B. terrestris queen haemolymph (see Fig. 5.3(A)). In contrast, 16 

proteins were less abundant within the bumblebee queen haemolymph in comparison to the 

honey bee queen haemolymph (see Fig. 5.3(B)). 54 B. terrestris queen haemolymph proteins 

had no homologous match within the A. mellifera queen haemolymph. O f the non- 

homologous matches, the largest functional biological group consisted o f proteins previously
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annotated as hypothetical (n=21, 39% o f non-homologous proteins) while 3 proteins were 

potentially novel to B. terrestris queen haemolymph (see Fig. 5.3(C)).

5.3.5 Immunity-related proteins

19 proteins (19% of the total Bter Haem dataset) were annotated with putative 

immunity-related roles (see Table 5.2). These proteins were identified to have putative roles 

in specific aspects o f  the immune system, such as immune recognition (n=3), immune 

signalling (n=3), effector molecules (n=4), immune regulation (n=7) and other immune 

responsive proteins (n=2). An additional 24 proteins (24% o f the Bter Haem dataset) 

involved in other biological processes, such as antioxidant activity (n=7), venom-associated 

proteins (n=2), transport (n=7) and olfaction (n=8), that have putative roles in immunity were 

also identified within the B. terrestris queen haemolymph.

(A) Immune recognition

Peptidoglycan recognition protein (PGRP) SA was identified within the Bter_Haem 

dataset (BTT21344 1). PGRP-SA is involved in the specific recognition o f peptidoglycan, a 

major constituent o f the bacterial cell wall, and results in the destabilisation o f bacterial cells. 

Proteins that perform similar immune functions, such as lysozyme (BTT20681 1), were also 

identified within the haemolymph proteome. Another protein (BTT03351_1_1) shared 

sequence similarity with a fibrillin-2 protein in A. mellifera. BTT03351_1_1 also shared 

homology with eater in the fruit fly, D. melanogaster, which is involved in recognition and 

binding to bacterial cell walls. Functional domain analysis annotated BTT03351_1_1 with a 

cysteine rich repeat triplex domain (IPR003341) and epidermal growth factor domains 

(1PR006210: Epidermal growth-factor-like; IPR009030: Growth factor, receptor; IPR013032; 

EGF-like, conserved site; SSF57196: EGF/Laminin). Based on % sequence coverage, PGRP- 

SA was less abundant in the B. terrestris queen haemolymph (12.2%) in comparison to the A. 

mellifera queen haemolymph (24.2%). The B. terrestris lysozyme homologue (BTT20681_1) 

had no homologous matches with proteins within the A. mellifera queen haemolymph.

(B) Immune signalling

One protein sequence (BTT10679 1 1) was annotated as the ligand protein spatzle, 

which is involved in initiation o f the Toll signalling pathway through interaction with a Toll- 

like receptor. In addition, BTT03057_1_1 had a top BLAST match against a Toll-like
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Functional domains

Figure 5.1: Functional domain analysis for the B. terrestris haemolymph proteome. Functional domain analysis was performed for the 
Bter Haem dataset using InterProScan, which performed searches against integrative databases comprising of protein signatures. The number of 
domains assigned to the Bter Haem dataset from the respective protein classsification databases are provided.



Table 5.1: Enzyme commission and KEGG pathway analysis of B. terrestris queen haemolymph proteins. EC and KEGG pathway 
annotated protein sequences within the Bter Haem data set were assigned using Blast2G0. Protein ID, top BLAST match against genome- 
derived protein sets and GenBank accession code plus species with highest homology match are shown.

Protein ID Top BLAST description GenBank accession code 
[species]

Annotation 
(EC number)

KEGG Pathways 
(KEGG ID)

BTT06605_1_1 Imaginal disc growth factor A CJ54180.1 Chitinase Amino sugar and nucleotide
[B. ignitus] (EC;3.2.1.14) sugar metabolism (00520)

BTT06964_1_1 Serine protease easier X P_001122011.2 Serine endopeptidases -
[A. me 11 i f  era] (EC:3.4.21.0)

BTT07174_1_1 Cu,Zn superoxidase AAZ79896.1 Superoxide dismutase -
dismutase {B. ignitus} (EC:1.15.1.1)

BTT08675_1_1 Putative cysteine proteinase XP_392381.3 Cysteine endopeptidases -

CG12163-like [B. Ignitus] (EC:3.4.22.0)
BTT20125_1 Serine proteinase stubble XP_003249245.1 Serine endopeptidases -

[A. mellifera] (EC:3.4.21.0)
B T T 2 0 6 8 IJ Lysozyme isoform I XP 393161.2 Lysozyme -

[A. mellifera] (EC:3.2.1.17)
BTT20709_1 Superoxide dismutase EFN60279.1 Superoxide dismutase -

[Cu-Zn] [C  floridanus] (EC:1.15.1.1)

BTT21344 1 Peptidoglycan-recognition N P_001157187.1 N-acetylmuramoyl-L- -

protein SA precursor [A. mellifera] alanine amidase
(EC:3.5.1.28)

BTT24187_1_1 PLA2 A E 0 5 1763.1 Phospholipase A2 Glycerophospholipid metabolism
[B. hypocrita] (EC :3.1.1.4) (00564)

Ether lipid metabolism 
(00565)
Arachidonic acid metabolism 
(00590)
Linoleic acid metabolism

175



(00591)
Alpha-linoleic metabolism
(00592 )_________________



Figure 5.2: Homologous haemolymph protein sequences between B. terrestris queens 
and A. mellifera life cycle stages. Reciprocal BLASTp searches (E-value of le-10) identified 
homologous proteins between B. terrestris queen haemolymph and haemolymph proteins 
from A. mellifera life cycle stages (Queen, larva, worker and drone). In addition, the number 
o f proteins without homologous matches within A. mellifera haemolymph is shown.
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Figure 5.3: Comparative functional analysis between B. terrestris and A. mellifera queen 
haemolymph proteomes. Reciprocal BLASTp searches (E-value o f le-10) identified 
homologous proteins between B. terrestris and A. mellifera queen haemolymph. Comparison 
o f % sequence coverage o f  homologous proteins identified proteins within functional 
biological groups, which had: (A) Greater abundance within the haemolymph o f B. terrestris 
queens; or (B) Lower abundance within the haemolymph o f B. terrestris queens. (C) Proteins 
grouped by biological processes, without homologous proteins within the haemolymph of A. 
mellifera queens, are also provided. Functional biological groups and the number o f proteins 
within groups are shown.
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receptor 13 (TLR-13) in A. mellifera. Functional domain analysis annotated BTT03057 1 1 

with leucine rich repeat domains (IPR000372; IPR001611; IPR003591; PR00019; PF12799; 

SSF52058) and also a Toll like receptor domain (PTHR24365). However, the assignment o f a 

predicted secretory peptide may suggest an alternative annotation to a TLR. which are 

primarily transmembrane based proteins. BTT03057_1_1 also shared homology with insulin

like growth factor-binding protein complex acid labile chain subunit (ALS) proteins within 

the ants, H. saltator, C. floridanus and A. echinatior. ALS proteins are leucine-rich repeat- 

containing secretory proteins involved in insulin-like signalling. The spatzle homologue, 

BTT10679_1_1, had no homologous matches with haemolymph proteins from either the 

queen or any other 4̂. mellifera haemolymph datasets.

One putative serine peptidase, which may function in the proPO pathway, was 

identified within the B. terrestris queen haemolymph; serine protease easter 

(BTT06964_1_1) (see Tables 5.2 and 5.3). BTT06964_1_1 was annotated with six functional 

domains: (1PR001254: glycosyl transferase; IPR001314: peptidase SI A, chymotrypsin-type; 

IPR006604: disulphide knot CLIP; IPR009003: peptidase cysteine/serine; IPR018114: 

trypsin-like; and IPR022700: proteinase, regulatory CLIP domain). BTT06964_1_1 was also 

annotated with a predicted signal peptide domain. Homology searches for putative serine 

proteases against the MEROPS database identified sequence similarities between 

BTT06964_1_1 and spatzle processing enzyme (SPE) peptidase in the mealworm beetle, 

Tenebrio molitor (MER161526; e-value o f 3.10e-91) (see Table 5.3). A homologous match 

for BTT06964_1_1 was identified within the A. mellifera queen haemolymph with higher 

abundance in the haemolymph o f B. terrestris queens.

(C) Immune effectors

Three protein sequences were annotated as AMPs, apidaecin (BTT20828_1), defensin 

(BTT41393_1_1) and hymenoptaecin (BTT24170_1_1). These are known to function in the 

inhibition o f growth and also removal o f infectious pathogens (see Table 5.2). Another 

protein (BTT08527_1_1) matched a phenoloxidase subunit a3-like isoform 1. Phenoloxidase 

is a component o f the melanin producing proPO pathway. Although annotated as 

phenoloxidase, the protein is a homologue o f prophenoloxidase, the precursor to the active 

phenoloxidase, which is present as an inactive zymogen within the haemolymph. Within D. 

melanogaster, the cleavage site o f prophenoloxidase is between an arginine and 

phenylalanine residue at positions 52 and 53 from the N-terminus. Within BTT08527_1_1, an
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arginine and phenylalanine residue were identified at positions 51 and 52 at the N-terminal 

region, identifying the presence o f a putative cleavage site. In addition, two peptides were 

identified at the N-terminal region o f the cleavage site, identifying the protein as the 

precursor protein, prophenoloxidase.

O f the four effector molecules identified within the B. terrestris queen haemolymph, 

homologous matches for two, hymenoptaecin and prophenoloxidase, were present within the 

haemolymph o f A. mellifera queens (see Table 5.2). For both proteins, relative abundance 

was lower within the B. terrestris queen haemolymph in comparison to the haemolymph of 

honey bee queens. Defensin was not identified within A. mellifera queen haemolymph but 

was homologous with proteins identified in the haemolymph o f other A. mellifera life cycle 

stages. Apidaecin had no homologous matches with proteins within the haemolymph o f any 

o f the A. mellifera life cycle stages.

(D) Immune regulation

Seven proteins with putative roles in immune regulation were present within the B. 

terrestris queen haemolymph (see Table 5.2). Sequence similarity searches annotated two 

proteins as chymotrypsin inhibitors (BTT35448_1_1 and BTT21286 2) and functional 

domain analysis identified both to have a conserved trypsin-like inhibitor domain 

(IPR002919: Trypsin inhibitor-like, cysteine rich domain). Domain analysis identified a third 

protein, which was annotated as an inducible metallopeptidase inhibitor protein 

(BTT19278_1_1), with a trypsin-like inhibitor domain (IPR002919). BLAST searches 

against the MEROPS peptidase and peptidase inhibitor databases assigned BTT35448_1_1 

and BTT19278_1_1 to chymotrypsin/elastase inhibitors (Family 18) (see Table 5.3). 

BTT35448_1_1 had sequence similarity to a cathepsin G/chymotrypsin inhibitor in A. 

mellifera (MER018068; e-value o f 6.3e-24) while BTT19278_1_1 had sequence similarity to 

an inducible metallopeptidase inhibitor in the moth. Galleria mellonella (MER029930; e- 

value o f 2.6e-16) (see Table 5.3). Another protein BTT04508_1_1 was annotated as an 

antitrypsin-like protein and contained a serine peptidase inhibitor (serpin) domain 

(IPR003341) as well as epidermal growth factor (IPR023795) and growth factor (IPR023796) 

domains.

Protein BTT05423_1_1 shared sequence similarity to a kunitz-type serine proteinase 

inhibitor and was also annotated with kunitz peptidase inhibitor domains (IPR002223: 

Proteinase inhibitor 12, Kunitz Metazoa; IPR020901: Proteinase inhibitor 12, Kunitz,
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conserved site), which are involved in the inhibition o f serine proteases belonging to the 

serine protease family S I, such as chymotrypsin and trypsin (see Tables 5.2 and 5.3). 

Sequence similarity searches against the MEROPS database identified homology with 

textilinin-1, an anti-coagulation agent, found in the venom of the brown snake, Pseudonaja 

textilis (M ER063684; e-value o f 9.1E-19) (see Table 5.3). A second protein 

(BTT19220_1_1) annotated as an antithrombin protein, also had conserved serpin domains 

(IPR000215: Protease inhibitor 14, serpin; IPR023795: Protease inhibitor 14, serpin, 

conserved site; IPR023796: Serpin domain). Searches against the MEROPS database 

assigned both proteins to clan 14, which consists o f the serpins. BTT05423_1_1 was 

homologous to an alaserpin (serpin 1) in M  sexta  (MER018047; e-value o f 5.7e-65) while 

BTT19220_1_1 was homologous to serpin-6, also from M  sexta (MER061785; e-value o f 

1.2e-69), which has a role in inhibition o f the proPO-activating factor in M. sexta (see Table 

5.3).

One protein (BTT30664_1_1), which had homology to a kazal-type serine proteinase 

inhibitor in the ant, S. invicta, was also annotated with a kazel type serine protease inhibitor 

domain (SSF100895 (SuperFamily)). MEROPS database search annotated the protein as a 

kazel family (Family II) member and identified a weak homology with an ovomucoid 

inhibitor protein found within the turkey, Meleagris gallopavo (MER018532; 3.2e-06) (see 

Table 5.3). All putative proteinase inhibitors within the queen haemolymph were annotated 

with predicted signal peptide domains.

(E) Other immune-responsive proteins

A  homologue (BTT08578_1_1) o f immune-responsive protein 30 (IRP30) was 

identified within the haemolymph o f B. terrestris queens. A homologous match for IRP30 

was identified within the haemolymph o f A. mellifera queens, albeit at a lower abundance 

(see Table 5.2). Another protein (BTT37617_1_1) was annotated as an astakine-like protein. 

Astakine is an endogenous cytokine with a suggested role in haematopoiesis. No homologous 

match was identified within the haemolymph o f any o f the A. mellifera life cycle stages.

5.3.6 Antioxidant activity

Seven proteins were annotated with a putative function in antioxidant activity (see 

Table 5.4). Two proteins (BTT20709 1 and BTT07174_1_1) were annotated as superoxide 

dismutase [Cu-Zn] (C. floridanus) and Cu, Zn superoxidase dismutase (5. ignitus).
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respectively. Both proteins were annotated with conserved superoxide dismutase domains 

(IPR001424: Superoxide dismutase, copper/zinc binding domain; IPR018152: Superoxide 

dismutase, copper/zinc binding site; IPR024134: Superoxide dismutase (Cu/Zn)/ chaperones). 

BTT20709_1 was annotated with a signal peptide domain. Both proteins had homologues 

within the A. mellifera queen haemolymph (see Table 5.4).

One protein (BTT20656 1) annotated as a peroxiredoxin contained two domains 

(IPR012336: Thioredoxin-like; IPR013740: Redoxin), both with redox potential, as well as a 

conserved bombolitin domain (IPR012534: Bombolitin), which possess antibacterial and 

antifungal activity. No homologue to this protein was identified within the haemolymph o f 

the honey bee life cycle stages. A second protein (BTT05842_1_1) was annotated as a 

thioredoxin and annotated with four functional domains (IPR005746; Thioredoxin; 

IPR012336: Thioredoxin-like; IPR013766: Thioredoxin domain; IPR017937: Thioredoxin 

domain, conserved site). Thioredoxin 2 had a higher abundance within the B. terrestris queen 

haemolymph (38.1%) in comparison to A. mellifera queen haemolymph (11.4%) (see Table 

5.4).

Other proteins within the haemolymph with potential roles in redox activity included 

a ferritin (BTT31250_1_1), a glutathione s-transferase (BTT05336_1_1), and a spermine 

oxidase (BTT20638 1) (see Table 5.4). Ferritin and spermine oxidase homologues had lower 

abundances within the B. terrestris queen haemolymph in comparison to the haemolymph o f 

A. mellifera queens. BTT05336_1_1 had no homologous match within the haemolymph o f A. 

mellifera queens but did share sequence similarity with haemolymph proteins o f other A. 

mellifera life cycle stages.

5.3,7 Venom-associated proteins within the haemolymph

Two venom-associated proteins (VAPs) were identified within the haemolymph o f B. 

terrestris queens (see Table 5.4). One protein (BTT24187_1_1) was homologous to 

phospholipase A2 (PLA2) in B. hypocrita. PLA2 is a major constituent o f  bee venom and 

when injected into a target species, results in the generation o f inflammation. Functional 

domain analysis o f BTT24187_1_1 identified the presence o f  PLA2 domains (IPR001211: 

Phospholipase A2, eukaryotic; IPRO16090: Phospholipase A2). An icarapin-like precursor 

protein homologue (BTT19648_1_1) was also identified. Icarapin functions as an allergen 

within target species. BTT19648_1_1 was annotated with a signal peptide domain. Icarapin 

and PLA2 had homologous matches with proteins within the haemolymph o f  A. mellifera
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Table 5.2: Immunity-related proteins within the haemolymph of B. terrestris queens. Immunity-related proteins with roles in recognition, 
signalling, effector molecules and regulation were identified within B. terrestris queen haemolymph. Protein_ID, functional description, 
GenBank accession code (species) o f top BLAST match and sequence coverage (%) for B. terrestris and A. mellifera are shown.

Protein IDs Functional description GenBank accession code 
[species]

Sequence coverage [%] 
B. terrestris

Sequence coverage [%] 
A. mellifera

B T T 213441 Peptidoglycan-recognition protein SA
Immune recognition

NP 001157187.1 12.2 24.2

BTT03351 1 1 Fibrillin-2-partial
[A. mellifera] 

XP 001121267.2 49.1 3.2

BTT20681 1 Lysozyme
[A. mellifera] 
XP 393161.2 22.2 *

BTT06964 1 1 Serine protease easier

[A. mellifera]

Immune sisnallins
XP 001122011.2 11.2 9

BTT10679 1 1 Protein spatzle
[A. mellifera] 
EFN77778.1 67.1

BTT03057 1 1 Toll-like receptor 13-like isoform 1
[H. saltator] 

XP 001120678.1 9.4 30.1

BTT41393 1 1 Defensin

[A. mellifera]

Immune effectors
ACA04901.1 66.7

BTT20828_1 Apidaecin
[5. ignitus] 

ACA04898.1 31.9 *

BTT24170_1_1 Hymenoptaecin
[5. ignitus] 

ACA04899.1 20.8 29.5

BTT08527 1 1 Phenoloxidase subunit A3
[B. ignitus] 

NP 001011627.1 10.3 67
[A. mellifera]
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Immune regulation
BTT04508_1_1 Antitrypsin-like XP_003698157.1 13.2 23.8

[A. florea]
BTT19220_1_1 Antithrombin-iii-like isoform 1 XP_397188.3 14.3 36.8

[A. mellifera]
BTT35448 1 1 Chymotrypsin inhibitor-like XP 003696076.1 53.3 -

[A. florea]
BTT21286_2 Chymotrypsin inhibitor-like XP_003696076.1 36.3 -

[A. florea]
BTT30664 1 1 Kazal-type proteinase inhibitor-like ADC34234.1 34.9 -

protein [S', invicta]
BTT05423_1_1 Kunitz type inhibitor AEM68408.1 19.9

[B. ignitus]
BTT19278_1_1 Inducible metalloproteinase inhibitor P82176.2 52.3 -

protein [G. mellonella]

Other immune-resDonsive oroteins
BTT08578_1_1 IRP30 AEN62315.1 42.9 26.6

[B. ignitus]
BTT37617_1_1 Astakine-like XP_003250271.1 53.8 -

[A. mellifera]

* Homologous match with haemolymph protein o f other A. mellifera life cycle stage 

- No detection o f putative honey bee homologue by Chan et al (2006).



queens (see Table 5.4). In addition, both proteins had a higher abundance within the 

haemolymph o f B. terrestris queens.

5.3.8 Transport proteins

Two proteins (BTT05880_1_1 and BTT37871_1_1) were annotated as apolipophorin- 

iii-like precursor proteins (see Table 5.5). Functional domain analysis annotated both with 

apolipophorin-iii domains (IPRO10009: Apolipophorin-iii; IPRO13326:

Apolipophorin/apolipoprotein). Apolipophorins are an important family o f  proteins involved 

in lipid transport and metabolism. Homologous proteins were identified within the 

haemolymph o f honey bee queens with higher abundances for both proteins within B. 

terrestris queen haemolymph. Other transport proteins include two proteins (BTT35213_1_1 

and BTT24384_1_1), which were annotated as transferrin 1 precursor proteins. Transferrins 

are iron binding proteins functioning in the transport o f  iron, an important nutrient for 

bacterial growth. Like apolipophorin-iii, these transferrin homologues had higher abundance 

in the haemolymph o f B. terrestris queens. BTT07419_1_1 was annotated as a protein NPC2 

homologue, which is involved in lipid transport, while two proteins (BTT18666_1_1 and 

BTT27144_1_1) were annotated as the protein draper, which is involved in phagocytosis. 

The NPC2 homologue was annotated with an MD-2-related lipid recognition domain 

(IPR003172), which is involved in the recognition o f lipids, primarily from pathogens. A 

homologous match for protein NPC2 was identified within the honey bee queen 

haemolymph. Haemolymph homologues for the draper proteins were not detected in the A. 

mellifera queen but homologues were identified within the other honey bee life cycle stages.

5.3.9 Olfaction-related proteins

Eight proteins were annotated as olfaction-related proteins within the Bter_Haem 

dataset (see Table 5.5). Within this group, five proteins were annotated as odorant-binding 

proteins (OBPs), two proteins were annotated as chemosensory proteins (CSPs) while one 

protein (BTT17558_1_1) was homologous to an ejaculatory bulb-specific protein 3 in the ant, 

C. floridanus. O f the OBPs, two proteins (BTT20806_1_1 and BTT40878 1) had sequence 

similarity to an 0B P2 precursor in A. mellifera while two proteins (BTT05623_1_1 and 

BTT20098_1) shared homology with an 0B P3 precursor in A. mellifera. All four proteins 

had pheromone/general odorant binding domains (IPR006170: Pheromone/general odorant 

binding protein, PBP/GOBP; IPR023316: Pheromone/general odorant binding protein, 

PBP/GOBP, domain) while only BTT05623_1_1 and BTT40878_1 were annotated with an
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insect pheromone binding domain (IPR006625). An additional protein (B T T 202961)  

homologous to a B-1 protein from the jewel wasp, N. vitripennis, was annotated with three 

odorant binding domains (IPR006170; IPR0023316; IPR006625). 0BP3-annotated proteins 

had homologous matches to proteins within the honey bee queen haemolymph, and were 

present at higher abundance within the haemolymph o f the B. terrestris queens. In relation to 

the 0BP2- and B-1 annotated proteins, no homologues were identified within the 

haemolymph o f honey bee queens or indeed, any o f the honey bee life cycle stages. Two 

proteins (BTT06055_1_1 and BTT19102_1_1) were annotated as CSP4 precursor and CSP3 

precursor from A. mellifera, respectively. Both were annotated with insect pheromone 

binding AlO/OS-D domains (IPR005055), which are domains suggested to function in the 

transport o f solubilised hydrophobic odorant molecules to their receptors. The ejaculatory- 

bulb specific protein (BTT17558_1_1) was also annotated with an insect pheromone-binding 

protein AlO/OS-D domain (IPR005055). Of the putative CSPs, homologous matches were 

identified within the haemolymph o f honey bee queens with protein abundances higher 

within the haemolymph o f B. terrestris queens.

5.3.10 Hypothetical and unannotated proteins

Within the Bter Haem dataset, 29 proteins (29% o f total Bter Haem dataset) were 

annotated as either a hypothetical/uncharacterised protein (n=26) or non-annotatable (n=3) 

against our customised database. To infer functional description, hypothetical and non

annotated proteins were individually BLAST searched (as o f August 20th 2012) against the 

NCBI nr database to identify sequence similarity and homologues across phylogenetic 

groups. Three proteins had no sequence similarity with the nr database and are considered 

Bombus-s^QCiTic proteins (see Table 5.6). Within this set, two o f the three proteins 

(BTT20918_1 and BTT37128_1) contained predicted signal peptide domains. BTT37218 1 

was annotated with an additional transmembrane domain.

Four proteins (BTT05853_1, B T T 05858J, BTT36258_1 and BTT31897_1_1) had 

sequence similarity matches to species belonging to the family Apidae only (see Table 5.6). 

Both BTT05853 1 and BTT05858 1 were annotated with transmembrane domains while 

BTT05858_1 was also annotated with a signal peptide domain. BTT36258 1 was annotated 

with a coiled coil domain while there was no functional domain annotation o f  

BTT31897 1 1.
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Table 5.3: Peptidase and peptidase inhibitors in B. terrestris queen haemolymph. Bter Haem protein sequences were searched against the 
MEROPS database for peptidase and peptidase inhibitors to identify putative peptidases/peptidase inhibitors within the queen haemolymph. 
Protein ID for reference Bter_Haem protein, functional description, peptidase/peptidase inhibitor group, functional peptidase/peptidase inhibitor 
group name, MEROPS reference ID, MEROPS match with species and e-value for sequence similarity are shown.

Protein ID Functional
description

Peptidase/ 
peptidase 

Inhibitor group

Functional group name MEROPS
ID

MEROPS match 
[species]

E-value

Serine nentidases
BTT06964_ 1_1 Serine protease 

easter
SOIA Chymotrypsin MER161524 TmSPE peptidase 

[Tenehrio molitor]
3.10E-91

BTT20125 1 Serine proteinase 
stubble

SOIA Chymotrypsin 

Peotidase Inhibitors

MER085550 Subfamily SI A non-peptidase 
homologues [Aedes aegypti]

9E-106

BTT30664 1_1 Kazal type serine 
proteinase inhibitor

101 Kazal family MER018532 Ovomucoid inhibitor unit 2 
[Meleagris gallopavo]

3.20E-06

BTT05423_ 1_1 Kunitz type 
inhibitor

102 Kunitz-BPTI family MER063684 Textilinin-1
[Pseudonaja textilis textilis]

9.10E-19

BTT04508_ 1 1 Antitrypsin 104 Serpin MERO18047 Alaserpin (Lepidoptera) 
[M. sexto]

5.70E-65

BTT19220_ 1 1 Antithrombin-iii- 
like isoform 1

104 Serpin MER061785 Serpin-6 
[M sexto]

1.20E-69

BTT19278_ 1_1 Inducible
metal loproteinase
inhibitor

108 Chymotrypsin/elastase
inhibitor

MER029930 Inducible metallopeptidase 
inhibitor [G. mellonella]

2.60E-16

BTT35448 1 1 Chymotrypsin
inhibitor-like

108 Chymotrypsin/elastase
inhibitor

MERO 18068 Cathepsin G/chymotrypsin 
inhibitor [A. mellifera]

6.30E-24
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Eight proteins had sequence similarity solely to insects belonging to the order 

Hymenoptera (see Table 5.6). O f the eight proteins, three proteins (BTT19722 1 1 ,  

BTT05686 1 1  and BTT37433 1) had top BLAST matches to A. mellifera, two proteins 

(BTT35000_1_1 and BTT23300_1_1) matched the dwarf honey bee, A. florea, while three 

proteins, BTT39062_1_1, BTT34926_1_1 and BTT09232_1_1 matched hypothetical 

proteins in C. floridanus, S. invicta and A. echinatior, respectively. Three proteins 

(BTT35000 1 1, BTT19722_1_1 and BTT05686_1_1) were annotated with coiled coil 

domains while three proteins (BTT39062_1_1, BTT23300_1_1 and BTT37433_1) had no 

functional domain annotations. BTT34926_1_1 and BTT09232_1_1 were annotated with 

signal peptides.

13 proteins had sequence similarity to species across the subphylum Hexapoda. 10 of 

the 13 proteins were annotated with top BLAST matches for hypothetical proteins in A. 

mellifera. Manual searches against NCBI nr database identified BTT18720_1_1 and 

BTT08532_1_1 to be homologous to uncharacterised proteins in A. florea  while 

BTT18303 1 shared sequence similarity with a titin homologue in H. saltator. Four proteins 

(B T T 00570_1J, BTT17965_1_1, B TT20597J and BTT20743_1) were annotated with 

predicted fibronectin type 1 like domains (SSF57603). Three o f the four fibronectin-type 1 

like proteins were annotated with signal peptide domains while BTT20743_1 was annotated 

with a transmembrane domain. Functional domain analysis annotated BTT37433_1_1 with 

an annexin domain (IPR001464), which is involved in calcium-dependent binding to 

phospholipids. One protein (BTT02864_1_1) was annotated with a PANTHER cytoskeleton 

protein domain (PTHR24217). BTT18720_1_1 was annotated with a signal peptide and 

transmembrane domain while another protein (BTT01402_1_1) was annotated with a coiled 

coil domain. Three proteins (BTT41657_1_1, BTT06248_1_1 and BTT18303_1) were 

assigned no functional domain annotations. One protein (BTT08532_1_1) had a top BLAST 

match against a hypothetical protein in the dwarf honey bee, A. florea  and was annotated with 

a predicted signal peptide and transmembrane domain.

BTT34850_1_1 had a top BLAST match against a hypothetical protein in A. mellifera 

and while having sequence similarity against a number o f proteins across the subphylum 

Hexapoda, it also had sequence similarity with hypothetical proteins from nematode 

Caenorhabditis species. BTT34850_1_1 was armotated with a coiled coil domain and also an 

apolipoprotein domain (SSF47162).
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Table 5.4: Antioxidant and venom-associated proteins within B. terrestris queen haemolymph. Proteins with roles in antioxidant activity 
and venom were identified within the haemolymph of B. terrestris queens. Protein_ID, functional description, GenBank accession code (species) 
of top BLAST match and sequence coverage (%) for B. terrestris and A. mellifera are shown.

Protein IDs Functional description GenBank accession code 
[species]

Sequence coverage [%] 
B. terrestris

Sequence coverage [%) 
A. mellifera

BTT20656 1 Peroxiredoxin-5, mitochondrial-like
Antioxidant activity'

XP 624806.3 20

BTT05336 1 1 Glutathione S-transferase SI
[A. mellifera] 

NP 001153742.1 20 ♦

BTT07174 1 1 Cu, Zn superoxide dismutase
[A. mellifera] 
AAZ79896.1 37.7 40.8

BTT20638 1 Peroxisomal N(l)-acetyl-
[B. ignitus] 

XP 396922.2 14.4 48.4

BTT20709 1

spermine/spermidine oxidase-like 
isoform 1
Superoxide dismutase [Cu-Zn]

[A. mellifera] 

EFN60279.1 73.5 40.8

BTT05842 1 1 Thioredoxin-2 isoform 2
[C. floridanus] 
XP 392963.1 38.1 11.4

BTT31250 1 1 Ferritin
[A. mellifera] 
ABV68875.1 13.4 25.8

BTT19648 1 1 Icarapin-like precursor

{B. ignitus] 
Venom-associated proteins

NP 001012431.1 26.1 15.7

BTT24187 1 1 Phospholipase A2
[A. mellifera] 
A E 051763.1 21 10.2
[B. hypocrita]

* Homologous match with haemolymph protein of other A. mellifera life cycle stage

- No detection of putative honey bee homologue by Chan et al (2006).
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Table 5.5: Transport and olfaction proteins within B. terrestris queen haemolymph. Proteins with roles in transport and metabolism, and 
olfaction with putative additional immune roles were identified within the haemolymph o f B. terrestris queens. Protein_ID, functional 
description, GenBank accession code (species) o f top BLAST match and sequence coverage (%) for B. terrestris and A. mellifera are shown.

Protein IDs Functional description GenBank accession code Sequence coverage |%] Sequence coverage [%]
_______________________________________________________________ [species]________________ B. terrestris______________ A. mellifera_______

Transport and metabolism
BTT37871_1_1 Apolipophorin-iii-like protein 

precursor
N P_001107670.1 

[A. mellifera]
96.6 76.2

BTT05880_1_1 Apolipophorin-iii-like protein 
precursor

N P_001107670.1 
[A. mellifera]

78.7 76.2

BTT24384_1_1 Transferrin 1 precursor NP_001011572.1 
{A. mellifera]

89.5 53.2

BTT35213_1_1 Transferrin 1 precursor NP_001011572.1 
[A. mellifera]

85.5 53.2

BTT07419_1_1 Protein NPC2 homologue XPOO 1120140.1 
[A. mellifera]

18.1 7.4

BTT18666_1_1 Draper XP_624855.2 
[A. mellifera]

9.5 ♦

BTT27144_1_1 Draper XP_624855.2 
[A. mellifera] 

Olfaction-related

15.7 *

BTT05623_1_1 Odorant binding protein 4 precursor NP_001011589.1 
[A. mellifera]

62 20.4

BTT20098_1 Odorant binding protein 3 precursor NP_001035311.1 
[A. mellifera]

31.7 20.4

BTT17558_1_1 Ejaculatory-bulb-specific protein 3 EFN65878.1 
[C  floridanus]

59.1 8.5

BTT06055_1_1 Chemosensory protein 4 precursor N P_001071282.1 26.7 8.5
[A. mellifera]



BTT19102_1_1 Chcmosensory protein 3 precursor NP_001011583.1 44.3
[A. mellifera]

BTT40878 1 Odorant binding protein 2 precursor NP_001011591.1 28.7
[A. mellifera]

BTT20806_1 Odorant binding protein 2 precursor NP_001011591.1 22
{A. mellifera]

BTT20296_1 81 protein-like XP_001601068.1 68.5
[A'! vitripennis]

* Homologous match with haemolymph protein o f other A. mellifera life cycle stage

- No detection o f putative honey bee homologue by Chan et al (2006).
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Table 5.6: Hypothetical and unannotated proteins within B. terrestris haemolymph. Bter Haem sequences annotated as hypothetical or 
unannotated from BLAST searches against customised database were manually searched against the NCBI non-redundant database to identify 
the top BLAST match [species] and phylogenetic level of similarity of sequences. Protein ID, functional description, GenBank accession code 
for top BLAST match, functional domains, sequence coverage [%] of reference sequence, molecular weight (kDa) of reference sequence and 
sequence length in amino acid bases are provided for each sequence.

Protein ID Functional description GenBank accession 
code [species]

Functional Domains Sequence
coverage

l%]

Mol. Weight 
(kDa)

Sequence
length
(Aa)

BTT20903 1 
BTT20918 1 
BTT37128_1

NA
NA
NA

fio /M ^ M S -S D ecific

NA No IPR match 
NA Signal peptide 
NA Signal peptide

Transmembrane
domain

49.1
15.5
20.3

10.63
28.565
15.833

108
251
138

BTT05853_1 PREDICTED: 
hypothetical protein 
LOC726750

XP_001122470.2 
[A. mellifera\

Apidae

Transmembrane
domain

19 77.944 825

BTT05858_1 PREDICTED: 
uncharacterised protein 
LOC 100863702

XP_003697036.1 
[A. florea]

Signal peptide
Transmembrane
domain

38.2 11.559 102

BTT36258_1 PREDICTED: 
hypothetical protein 
LOC725960

XPOOI 121746.1 
[A. mellifera]

Coiled coil domain 50.9 23.363 230

BTT31897 1 1 PREDICTED: XP 003693242.1 No IPR match 7.1 62.57 638



uncharactcrizcd protein [A. florea] 
LOCI 00867724

BTT39062_1

BTT35000_1

BTT19722_1

BTT23300_1

BTT05686_1

BTT37433_1 

B T T 34926J  

BTT09232 1

1 Hypothetical protein 
EAG 16219

EFN67538.1 
[C  floridanus]

1 Uncharacterized protein XP_003696417.1
LOCI 00870627

1 PREDICTED: 
hypothetical protein 
LOC726323

[A. florea]

X PO O 1120608.] 
[A. mellifera]

1 PREDICTED: XP 003693126.1
uncharacterized protein [A. florea]
LOCI 00872963

1 PREDICTED:
hypothetical protein 
LOC408280

PREDICTED: 
hypothetical protein 
LOC725926 isoform 1 

1 Hypothetical protein 
SINV _09710

1 Hypothetical protein 
G5I 03547

XP_397488.3  
[A. mellifera]

X PO O l 121713. 
[A. mellifera]

EFZl 8435.1 
[S', invicta]

EGI67821.1 
[A. echinatior]

Hytnenoptera

No IPR match

Coiled coil domain 

Coiled coil domain

N o IPR match

Coiled coil domain

No IPR match 

Signal peptide 

Signal peptide

31.8

9.4

19.5

58.1

16.3

35.4

46.9

44.7

7.45

32.661

16.575

9.464

31.542

18.92

8.99

16.32

66

287

149

86

301

181

81

159
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Hexapoda

BTT18720 1

BTT00570 1

BTT17965 1

BTT20597 1

BTT20743 1

BTT41657 1

BTT02864 1

BTT06248 1

1 PREDICTED: XP 003692758.1
Uncharacterized protein {A. florea]
LOCI 00872601

Signal peptide
Transmembrane
domain

25.6 17.21 156

1 PREDICTED:
hypothetical protein 
LOC724993

1 PREDICTED: 
hypothetical protein 
LOC724993

PREDICTED: 
hypothetical protein 
LOC724993

PREDICTED: 
hypothetical protein 
LOC724993

1 PREDICTED: 
hypothetical protein 
L 0 C 4 11622

X P_001120895.2 
[A. mellifera\

X P_001120895.2 
[A. mellifera]

XPOOl  120895.2 
[A. mellifera]

XP_001120895.2 
[A. mellifera]

XP_395092.2 
\A. mellifera]

Fibronectin-type 1 
(SSF57603)
Signal peptide

Fibronectin-type 1 
(SSF57603)
Signal peptide
Transmembrane
domain
Fibronectin-type 1 
(SSF57603)
Signal peptide

Fibronectin-type 1
(SSF57603)
Transmembrane
domain
No IPR match

48.1

34.7

69.1

66

43

32.914

24.918

41.185

38.086

11.016

293

222

372

338

100

1 PREDICTED:
hypothetical protein 
LOC724481

X P_001120342.2 
[A. mellifera]

Family not named 
(PTHR24217)

10.1 43.75 385

1 PREDICTED: XP 001120535.1 No IPR match 37.6 13.545 117



hypothetical protein 
LOC724644

[A. mellifera]

BTT01402_1_1 PREDICTED: 
hypothetical protein 
LOC725148

X P_001120199.2 
[A. mellifera]

Coiled coil domain 10 38.666 339

BTT08532_1_1 PREDICTED: 
uncharacterized protein 
LOCI 00872724

XP_003692759.1 
[A. florea]

Signal peptide
Transmembrane
domain

44.4 18.713 169

BTT40658_1_1 PREDICTED: 
hypothetical protein 
LOC724993

X P_001120895.2 
[A. mellifera}

No IPR match 38 38.776 342

BTT18303_1 Titin EFN83273.1 
[//. saltator]

No IPR match 4.1 81.084 724

BTT37433_1 Hypothetical protein 
LOC725926 isoform 1

XPOOl  121713.1 
[A. mellifera]

Annexin
(IPR01464)

35.4 18.9 181

BTT34850_1_1 PREDICTED: 
hypothetical protein 
LOC409051

XP_392578.4 
[A. mellifera]

Pan-Phvla
Apolipoprotein
(SSF47162)
Coiled coil domain

10.9 81.355 782
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5.4 Discussion

Queens are crucial to the maintenance and functioning o f a social insect colony. 

However, the molecular aspects o f their physiology, including their immunity, remain poorly 

understood. To address this issue, B. terrestris queen haemolymph, a vital transporter o f 

nutrients but also an important line o f defence against invasive pathogens, was examined. 

The haemolymph proteome o f B. terrestris queens was characterised using LC-MS/MS on in

solution digested samples. In total, 100 unique multiple-peptide supported proteins were 

identified through searches against a B. terrestris transcriptome set generated from multiple 

bumblebee life cycle stages ((Colgan et al., 2011); Chapter 2). The number o f proteins and 

associated peptides identified may have been elevated if  single peptide hits had also been 

reported. In addition, the use o f a genome as a searchable reference instead o f a transcriptome 

set may lead to increased protein detection. Highly abundant proteins have also been shown 

to reduce the identification by mass spectrometry o f less abundant proteins within plasma 

samples, such as serum (Adkins et al., 2002) or even in haemolymph (Chan et al., 2006). 

Within the haemolymph dataset, the most abundant proteins (based on number o f matching 

peptides) were transferrin, apolipophorin and vitellogenin, which have previously been 

identified as highly abundant within the haemolymph o f  A. mellifera queens (Chan et al., 

2006). Therefore, targeted removal o f multiple highly abundant peptides from MS runs may 

lead to increased detection o f less abundant proteins. However, as the primary goal o f our 

study was the generation o f a comprehensive catalogue o f haemolymph proteins, this 

approach would not be suitable. Future proteomic studies may adapt this process to identify 

rarer proteins within the haemolymph o f bumblebee queens.

5.4.1 Immunity in B. terrestris queens

The immune system is an important defence against infectious pathogens and 

constitutive expression o f specific immune proteins is required for protection. While the 

animals within this study were not directly challenged, the environment in which the queens 

were kept was not sterile. Therefore, background or constitutive levels o f immune expression 

would be expected. Immune proteins had been identified previously within unchallenged 

haemolymph o f a number o f insect taxa, including D. melanogaster (Vierstraete et al., 2003, 

Guedes et al., 2003), B. mori (Hou et al., 2010), M  sexta (Furusawa et al., 2008) and A. 

mellifera (Chan et al., 2006, Bogaerts et al., 2009). The generation o f a host immune response 

is dependent on the ability o f the queen to recognise foreign entities within the haemolymph
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and the subsequent signalUng pathways involved in synthesis o f effector molecules. 

Unsurprisingly, then, proteins that function in pathogen recognition, such as pattern 

recognition receptors, were identified within our study. An eater protein was identified within 

the queen haemolymph. Eater is involved in binding to bacterial cell surfaces, especially 

Gram-positive bacteria, increasing phagocytosis (Kocks et al., 2005, Chung and Kocks, 

2011). Another recognition protein, PGRP-SA, is involved in the recognition and binding of 

peptidoglycan, a component o f the cell wall o f Gram-positive and Gram-negative bacteria 

(Dziarski, 2004). In addition to taking a prominent role in pathogen detection, PGRP-S 

proteins have previously been identified to activate immune signalling pathways, such as the 

proPO pathway (Yoshida et al., 1996) and also the Toll signalling pathway, through 

activation o f proteases, which cleave the cytokine-like molecule spatzle, which binds to the 

Toll receptor (Michel et al., 2001, Dziarski, 2004). Indeed spatzle was identified within the 

bumblebee queen haemolymph. Spatzle appears as a precursor protein within the 

haemolymph o f insects and is activated upon cleavage by a serine protease. Functional 

spatzle binds to Toll receptors resulting in the induction o f an immune response (W eber et al., 

2003).

Effector molecules, such as AMPs and lysozymes, which are downstream products of 

immune signalling, were also identified within the B. terrestris queen haemolymph. AMPs, 

such as defensin, hymenoptaecin and apidaecin, display antibacterial activities, such as 

inhibition o f bacterial cell growth and even lytic activity o f foreign micro-organisms (Bulet et 

al., 1999). Defensins are peptides that are evolutionarily conserved across taxa. They display 

antibacterial activity, with insect defensins generally demonstrating affinity for Gram- 

positive bacteria (Lambert et al., 1989). Within the haemolymph o f the bumblebee, B. 

pascuorum, a single defensin protein was identified that possesses antibacterial activity for 

both Gram-positive and Gram-negative bacteria while also demonstrating antifungal activity 

(Rees et al., 1997). Hymenoptaecin proteins are suggested to directly interact with the outer 

membrane o f Gram-negative and Gram-positive bacteria and have equal affinity for binding 

to both groups (Casteels et al., 1993). In contrast to defensin and hymenoptaecin, apidaecins 

do not possess direct lytic effects on pathogens but are suggested to have bacteriostatic 

activities with apidaecins possessing specific-responses against Gram-negative bacteria 

(Casteels et al., 1989). In addition to AMPs, lysozymes are enzymes functioning in the 

breakdown o f beta-( 1,4)-glycosidic bonds within peptidoglycan layers o f  bacterial cell walls 

o f  Gram-positive bacteria. Lysozymes have been documented within the haemolymph o f  a
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large range o f insect spccies (Hultmark, 1996). Lysozymes have also been identified to be 

active at colder temperatures (Sotelo-Mundo et al., 2007), which identifies them as a 

potentially important immune defence against micro-organisms during and post-diapause for 

diapausing animals, such as bumblebee queens.

5.4.2 Prophenoloxidase Pathway: Activation and regulation

The proPO pathway is a major defence against invasive pathogens and although, 

widely studied within insect species, the full components o f this important serine protease 

cascade remain to be identified (Soderhall and Cerenius, 1998, Cerenius and Soderhall, 2004, 

Cerenius et al., 2008). Within the present study, proteins that may have roles in proPO 

function were identified within the bumblebee queen haemolymph. Prophenoloxidase, which 

was identified in the present study, is the initiator protein o f the phenoloxidase cascade. It is 

present in the haemolymph as an inactive zymogen, which upon infection/challenge is 

cleaved and initiates an enzymatic cascade culminating in the production o f  melanin, which is 

deposited onto the surface o f foreign agents, resulting in encapsulation (Soderhall and 

Cerenius, 1998). The proPO pathway is a serine protease cascade and a serine peptidase, 

easter, was identified within the haemolymph. The easter protein contained CLIP domains, 

which have been identified within serine proteases involved in the activation o f  proPO in 

insect haemolymph and are generally referred to as proPO activating proteins (Piao et al., 

2005). An easter-type serine protease has been identified within the clotting process o f the 

horseshoe crab, Tachypleus tridentus (Smith and Delotto, 1992), while easter has been 

identified in the activation o f Toll signalling pathway through the cleavage o f spatzle 

(Gorman and Paskewitz, 2001). Therefore, easter identified within the B. terrestris queen 

haemolymph may have a potential role in wound healing, activation o f the proPO pathway or 

induction o f AMP production via Toll pathway activation.

The proPO pathway requires regulation and proteins were identified within the 

haemolymph which may play a role in immune regulation. Two serpins, an antitrypsin and an 

antithrombin-iii, possess the ability to inhibit serine proteases. Antitrypsin demonstrates 

affinity for elastase, an enzyme important for protein degradation, while antithrombin-iii 

binds to the clotting serine protease, thrombin (Kanost et al., 1989). Antitrypsin has been 

characterised within the haemolymph o f B. mori and is induced in response to bacterial 

challenge (Sasaki and Kobayashi, 1984, Wang and Jiang, 2004). Antitrypsin shares 

homology with alaserpin (also known as serpin-1) in M. sexta, which encodes for 12
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isoforms. These are suggested to function in the inhibition o f a M  sexta haemolymph 

protease which activates spatzle, inhibition o f a haemocyte proteinase, and also potentially 

inhibit digestive enzymes, which may pass into the haemocoel from the midgut and cause 

tissue damage (An et al., 2009). The second serpin, antithrombin-iii, has been suggested to be 

involved in the clotting cascade (Kanost et al., 1989). Indeed, antithrombin-iii shares 

homology with serpin-6 in M. sexta, a protein with a functional role in the regulation of 

enzymes involved in the proPO pathway (Wang and Jiang, 2004, Zou and Jiang, 2005). 

Therefore, the serpins within the haemolymph o f B. terrestris may have a regulatory role in 

host immune pathways while also providing protection against enzymes originating from 

pathogens. In addition to immunity, the serpins may have roles in the maintenance of 

homeostasis.

5,4.3 Immune-responsive proteins

Other proteins with potential roles in the immune response include an astakine-like 

homologue and also an immune responsive protein. IRP30. Astakines are a group of 

cytokines first described in crustaceans, which have are involved in haemocyte differentiation 

and proliferation (Soderhall et al., 2005). Astakines appear to be conserved across some 

arthropods, with homologous sequences present in the hymenopterans N. vitripennis and S. 

invicta (Soderhall et al., 2005). Therefore, astakines may be important for the generation of 

cellular responses. The other protein, IRP30, has been identified previously to be expressed in 

honey bees and bumblebees in response to bacterial challenge (Albert et al., 2011). Albert et 

al. (2011) found that expression o f IRP30 was constitutive in the fat bodies o f winter bees in 

comparison to summer honey bees, suggesting that IRP30 may be constitutively expressed to 

increase survival during hostile temporal periods, such as winter. Therefore, the presence o f 

these proteins within the haemolymph o f the bumblebee queens may be a strategy to increase 

survival during diapause.

The haemolymph is a dynamic fluid and proteins assigned to functional groups other 

than immunity yet possessing some immunological function were identified within the 

bumblebee queen haemolymph. Proteins involved in transport, such as apolipophorin-iii and 

transferrin, have been previously identified to possess immunological functions, such as 

pathogen recognition and inhibition o f pathogen growth. Apolipophorin-iii has been shown to 

possess a number o f immunological abilities, such as binding and detoxifying 

lipopolysaccharides (LPS) (Dunphy and Halwani, 1997), while also possessing the ability to
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bind to lipoteichnoic acids (Halvvani et al., 2000) and constituents o f  fungal cell walls, such 

as P-l,3-glucans (Whitten et al., 2004). In addition, apolipophorin-iii stimulates an increase in 

antibacterial activity within the haemolymph (Niere et al., 1999, Wiesner et al., 1997). 

Transferrin, which is involved in the transport o f  iron, has been suggested to function in the 

immune response through the sequestering o f  iron in the presence o f  infectious pathogens, 

which results in the inhibition o f  pathogen growth (Yoshiga et al., 1997, Yoshiga et al., 

1999). While both proteins are highly important in the transport o f  lipids and iron, 

respectively, both may provide an additional defence for B. terrestris  queens.

5.4.4 Venom-associated proteins within B. terrestris queen haemolymph

Venom-associated proteins, such as PLA2 and icarapin, were characterised within the 

haemolymph o f the bumblebee queen. Due to the nature o f the open circulatory system o f  insects and 

the location o f the venom sac within the abdomen o f the queen, venom-associated proteins may pass 

from the venom sac into the haemolymph. However, the molecular function o f these proteins would 

suggest that they could possess an immunological role within the haemolymph o f  the queen. PLA2 

performs an important role in the biosynthesis o f eicosanoids, which have a role in the stimulation o f 

immune responses, such as cellular response and encapsulation reactions, against a wide range of 

pathogens, including viruses, bacteria, fungi and macroparasites (Beckage, 2008). The second protein, 

icarapin, has been identified as a constituent o f honey bee venom and is an allergen within human 

hosts (Peiren et al., 2006, de G raaf et al., 2009). The exact function o f icarapin is currently unknown. 

Previously identified constituents o f bumblebee venom include bombolitin, a bumblebee-specific 

AMP (Choo et al., 2010). Although homologues o f these previously characterised bombolitin proteins 

were not identified within the present study, a protein annotated as a peroxiredoxin was annotated 

with a bombolitin domain, which may suggest another venom-associated protein within the 

haemolymph. Bombolitin has been previously identified to possess antibacterial lytic activity (Choo et 

al., 2010) and therefore, may provide an immunological function within the haemolymph. As recent 

genomic analyses o f the honey bee has identified a significant reduction in the number o f  immunity- 

related genes in comparison to solitary insect species (W einstock et al., 2006, Evans et al., 2006), low 

immune complement within social insect species, such as B. terrestris, may be compensated for 

through activity o f venom-associated proteins within the bumblebee immune response. Therefore, the 

venom-associated proteins provide an interesting group for candidates with immune properties within 

the B. terrestris queen haemolymph. Further studies will be required to investigate the immunological 

potential o f these proteins.
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5.4.5 Olfaction-related proteins within the haemolymph: Potential role in immunity?

Olfaction is an important process by which bumblebees detect resources and mates. 

Previous proteomic studies on the haemolymph o f insects have identified the presence of 

olfaction-related proteins, such as the odorant binding proteins (OBPs) and chemosensory 

proteins (CSPs) (Paskewitz and Shi, 2005, Chan et al., 2006). OBPs have been identified 

within a number o f  insect haemolymph proteome studies with their role largely attributed to 

the transport o f hydrophobic molecules potentially involved in olfaction (Vierstraete et al., 

2003, Paskewitz and Shi, 2005, Chan et al., 2006, Bogaerts et al., 2009, Hou et al., 2010). In 

relation to roles other than transport, Sabatier et al. (2003) identified the presence of 

olfaction-related proteins, pherokine-2 and -3, present in the haemolymph o f larval D. 

melanogaster after viral and bacterial challenges. Evidence for the potential role o f OBPs in 

immune function was supported by the identification o f an OBP (OBP 99c) within the 

haemolymph o f challenged D. melanogaster larvae (Levy et al., 2004b). Levy et al. (2004a) 

identified differential expression in the presence o f fungal (increased expression) and 

bacterial (repression) challenges and suggested these OBPs may function in the recognition 

and possible neutralization o f invasive pathogens. The full role o f function o f OBPs and 

CSPs within the haemolymph o f insects has yet to be discovered and within B. terrestris they 

may perform a similar immune role as suggested for D. melanogaster.

5.4.6 Immune aspects of haemolymph proteomes of B. terrestris and A. mellifera queens

Comparison o f the B. terrestris queen haemolymph proteome against available 

haemolymph data for A. mellifera queens allowed for identification o f homologous proteins 

within the haemolymph o f both species. Approximately half o f the immunity-related proteins 

identified within the B. terrestris queen haemolymph had homologues within the 

haemolymph o f A. mellifera queens. The larger range o f  immunity-related proteins in the B. 

terrestris queen haemolymph is interesting when the total protein sets are considered for both 

species. W ithin the present study, a total o f 100 proteins were identified within the B. 

terrestris haemolymph while Chan et al. (2006) characterised 183 proteins within the honey 

bee queen haemolymph. Taking into account the use o f a transcriptome in comparison to a 

genome, there may be an even larger repertoire within B. terrestris. Although B. terrestris 

had a larger repertoire o f immunity-related proteins identified within the haemolymph, a 

comparison o f  their abundances, based on sequence coverage, found them to be generally less 

abundant within B. terrestris.

201



The most plausible explanation for variation between haemolymph proteomes o f  the 

two species would be due to technical differences between studies, but species-specific 

differences may also play a role. B. terrestris queens were collected during and post

diapause, events which do not occur in A. mellifera. Diapause is a state o f developmental 

arrest, lasting 6-9 months for B. terrestris queens (Alford, 1975, Denlinger, 2002). While 

bumblebee diapause has not been extensively investigated, studies on other insects, such as 

the fruit fly D. melanogaster, have identified characteristics o f diapause, such as reduced 

metabolism, arrested reproduction, increased resistance to stress and increased longevity 

(Denlinger, 2002, Flatt et al., 2005). These activities within D. melanogaster have been 

correlated with a decrease in the presence o f juvenile hormone (JH), an important regulatory 

protein o f oogenesis and vitellogenesis (Flatt et al., 2005). JH has also been identified to 

suppress aspects o f the innate immune response and also effect longevity in non-diapausing 

insects (Tatar and Yin, 2001). Previous studies have identified actively reproductive B. 

terrestris queens to have high titres o f  JH (Bloch et al., 2000a) although the effect on 

immunity is not known. With the present haemolymph study, a JH-homologue was not 

detected. The lack o f detection within the haemolymph proteomes o f honey bee castes, 

including egg-laying queens by Chan et al. (2006) would suggest that JH may be rare within 

the haemolymph o f both species or potentially reduced within saturated in-solution samples. 

In addition, techniques used to quantify ecdysteroid titres, such as radioimmunoassays, would 

be more sensitive than mass spectrometry for the detection o f JH. Further proteomic studies 

will be required to understand the relationship between JH and immunity-related proteins 

within pre- and post-diapause queens.

A contributing factor to the presence o f  immunity-related proteins may be the 

presence o f larger fat bodies within diapausing B. terrestris queens. Fat bodies are involved 

in lipid storage and metabolism, which is especially vital during periods o f non-feeding 

(Arrese and Soulages, 2010). Fat bodies are also important sites for synthesis o f antimicrobial 

peptides and therefore, may increase the presence o f immunity-related proteins within the 

haemolymph (Ferrandon et al., 2007, Arrese and Soulages, 2010). Larger fat bodies o f winter 

honey bees in comparison to summer honey bees, have been suggested to contribute to 

increased abundance o f immunity-related proteins to enhance survival during hostile winter 

months (Albert et al., 2011). The presence o f immunity-related proteins within the B. 

terrestris haemolymph may provide a similar strategy to enhance survival during diapause. 

Further proteomic studies will be required to identify the functionality o f  these proteins as
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although the present study identifies the presence o f immunity-related proteins, their activity 

is currently unknown.

An alternative proposal for the greater diversity in immunity-related proteins within 

the B. terrestris queen may be due to the absence o f colony-based defences. The concept o f  

social immunity, where colony-based defences through complex behavioural and hygiene 

repertoires have led to a reduction in the transmission o f pathogens within social groups 

(Cremer et al., 2007), has been suggested to play a role in the potential reduction in the 

number o f immunity-related genes identified in recent genomic analyses o f social 

Hymenoptera, such as A. mellifera, C. floridanus and H. saltator (Weinstock et al., 2006, 

Evans et al., 2006, Bonasio et al., 2010). As diapausing and colony-founding B. terrestris 

queens are naturally solitary, in the absence o f colony-based defences a larger abundance o f 

immunity-related proteins within the haemolymph may be required. In addition, from a social 

evolution viewpoint, if  sociality is reducing immunity-related gene sets, as suggested by 

previous genomic analyses o f social Hymenoptera (Bonasio et al., 2010), bumblebees, which 

are primitively eusocial, in comparison to honey bees, which are advanced eusocial, would be 

expected to have a larger repertoire o f immunity-related genes. Ascertaining similarities and 

differences in immune gene sets across these two species will be facilitated by the 

forthcoming bumblebee genome.

Our understanding o f the molecular mechanisms related to insect immunity has 

increased in recent years. Here I provide an extensive compendium o f proteins within the 

haemolymph o f B. terrestris queens, identifying proteins with putative roles in immune 

recognition, signalling, effector molecules and regulation. In addition, I provide an extensive 

list o f proteins with immunological potential, which have additional roles in antioxidant 

activity, venom, transport and olfaction. Through a comparison with honey bee queen 

haemolymph, our data provides impetus for testing o f hypotheses related to immunity 

between these two important insect species, while also identifying candidates for the 

examination o f social evolution within the Hymenoptera, and also the insects at large. The 

proteomic data will provide a vital resource for further proteomic studies and also provide 

empirical data for the annotation o f ongoing bumblebee genome projects.
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Chapter 6

Systemic response of the bumblebee, Bombus 
terrestris^ to parasitism by the entomoparasitic 
nematode, Sphaerularia bombi
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6.1 Introduction

Quantifying the effects o f  parasitism on the host phenotype is o f major importance 

within the field o f molecular parasitology. Parasitism can impact on multiple aspects o f the 

host's physiology, including modulation o f host immunity (Maizels and Yazdanbakhsh, 2003, 

Sacks and Sher, 2002, Schmid-Hempel, 2008, Schmid-Hempel, 2009), reduction in host 

fecundity (Baudoin, 1975, Ebert et al., 2004, Lafferty and Kuris, 2009, O'Keefe and 

Antonovics, 2002, Hurd, 1998) and manipulation o f host behaviour (Poulin, 1995, Adamo, 

2002, Thomas et al., 2005). These actions, whether intentional or not, are encoded by the 

parasite's genome but their manifestation can result in phenotypic changes within the host 

(Combes, 2001, Poulin and Thomas, 1999). Interactions between the genomes o f parasites 

and that o f their hosts have been used as a key example for the concept o f the "extended 

phenotype", the ability o f  genes within one organism to affect phenotypic changes in another 

(Dawkins, 1982). Although phenotypic changes within hosts associated with parasitism have 

been well documented, our knowledge o f  the molecular mechanisms associated with change 

is limited.

A natural occurring interaction where multiple host phenotypic changes are observed 

occurs between the buff-tailed bumblebee, Bomhus terrestris L. (Order Hymenoptera, Family 

Apidae) and the entomoparasitic nematode, Sphaerularia bomhi Dufour (Order Tylenchida, 

Family Sphaerulariidae). Parasitism by S. hombi results in behavioural and physiological 

alterations within the host with the most devastating effect being host castration (Poinar and 

Van der Laan, 1972). Fertilised female adults infect diapausing Bombus queens within the 

soil. The nematode migrates to the haemocoel o f  the host and begins to evert the uterus and 

associated reproductive structures. The nematode enters a state o f arrest and overwinters 

within the host. Post-diapause, the nematode continues to evert its uterus, expanding up to 

300 times its own volume (Poinar and Van der Laan, 1972). The everted uterus is immersed 

within the host haemolymph, the blood plasma equivalent o f the invertebrate open circulatory 

system, and absorbs nutrients from the haemolymph via pinocytosis (Poinar and Hess, 1972). 

Absorbed nutrients are then utilised for embryogenesis within the everted uterus (Poinar and 

Hess, 1972). Eggs containing stage 1 (LI) juveniles are released within the haemolymph o f 

the host at approximately 10-14 days post-diapause. The LI juvenile moults to the second 

larval stage (L2) within the egg. Free-living stage 3 (L3) juveniles emerge from the eggs at 

approximately 21 days post-diapause (Madel, 1966, Poinar and Van der Laan, 1972). The L3 

juveniles burrow into the digestive tract o f the host and actively exit through the anus. The
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juveniles enter the soil, where they undergo two further moults before maturing as sexually 

active adults. The females are fertilised and reside in the soil until an encounter with a new 

host (Madel, 1966, Poinar and Van der Laan, 1972).

Post-diapause, ovarian development is inhibited within the parasitised host, which is 

attributed to parasite-derived reduction o f the endocrine organ, the corpora allata (CA) (Palm, 

1948, Pouvreau, 1962, Roseler, 2002). The CA is responsible for the synthesis and secretion 

o f the hormone, juvenile hormone (JH), which has a regulatory effect on multiple aspects of 

animal physiology, including reproduction and vitellogenesis (Gilbert et al., 2000, Flatt et al., 

2005). In addition to host castration, behavioural alterations are evident within parasitised 

queens. Post-diapause, non-parasitised queens locate a nesting site and found a colony soon 

after (Alford, 1975). In contrast, parasitised hosts do not establish colonies but instead 

investigate prospective overwintering sites (Poinar and Van der Laan, 1972, Lundberg and 

Svensson, 1975). In addition, parasitised hosts display disorientated movements (Poinar and 

Van der Laan, 1972, Lundberg and Svensson, 1975). The behavioural manipulation is 

suggested to be a parasite-mediated adaptation to provide a mechanism for the distribution of 

parasite offspring to sites o f potential future hosts and therefore, increase probability o f novel 

host encounter and subsequent transmission (Lundberg and Svensson, 1975).

Despite the extensive documentation o f life cycle and parasite-associated pathology 

(Palm, 1948, Pouvreau, 1962, Madel, 1966, Poinar and Van der Laan, 1972, Poinar and Hess, 

1972, Rutrecht and Brown, 2008, Alford, 1975), the molecular mechanisms related to the 

interaction are relatively unknown. To improve our understanding o f the molecular 

mechanisms related to this natural host-parasite interaction, a proteomic analysis was 

performed on the site o f interaction between both organisms: the host haemolymph. 

Haemolymph is an important medium for the transportation o f essential nutrients to organs 

and tissues within insects. The nutrient-richness o f the haemolymph also makes it an 

attractive resource for exploitation by pathogens and parasites, such as S. bombi. However, 

the haemolymph is also an important site o f immune activity with both cellular (haemocytes) 

and humoral (antimicrobial peptides, lysozymes) effectors present (see Chapter 5). Therefore, 

the host haemolymph provides an excellent focal point to study systemic host proteome 

responses to parasitism. Using mass spectrometry (MS) -based proteomics, a quantitative 

comparison was performed between control (non-parasitised) and S. bombi parasitised B. 

terrestris queen haemolymph over a short time course, incorporating time-points during and 

post-diapause, which are important representative time-points o f the early stages within this
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interaction. Within the parasitised proteome, proteins with functional roles in immunity, 

reproduction, olfaction and metabolism were identified to be affected by parasitism 

throughout the time course investigated. In addition, the presence o f parasite-derived peptides 

within the host haemolymph was investigated in an attempt to directly demonstrate 

potentially secreted nematode proteins involved in the establishment and/or maintenance o f 

this intriguing parasitic relationship.

6.2 Materials and methods

6.2.1 Animal collection

Animals were obtained from commercial colonies (Koppert, the Netherlands). Virgin 

queens were collected from three colonies and were mated under standard laboratory 

conditions (Sauter and Brown, 2001). Mated queens resided for 72 hours in a temperature 

controlled room (27±1°C, 45% relative humidity (RH)) and were provided with pollen and 

sugar water (Apilnvert) ad libitum.

6.2.2 Spltaerularia infection protocol

Mated queens were placed into diapause in one o f two treatments; A) Control 

treatment; 50ml centrifuge tube containing 5ml o f damp autoclaved sand; or B) Experimental 

treatment; 50ml centrifuge tube containing 5ml o f autoclaved sand infested with 

approximately 200 fully fertilised female S. bombi adults. Queens were entered into diapause 

via incubation o f animals at 4°C (RH of 70%) and diapause was maintained for 14 weeks.

6.2.3 Haemolymph collection

Haemolymph from queens was collected during diapause, 6 hours post-diapause and 

48 hours post-diapause. Time-points examining early stages o f establishment and 

development o f the host-parasite interaction were chosen. As nematode infection occurs 

during diapause, a subset o f samples was collected during diapause. In addition, as 

phenotypic changes occur within both organisms post-diapause, time-points at 6 hours and 48 

hours post-diapause were examined to identify changes in the haemolymph proteome during 

the early stages o f the establishment and development o f the host-parasite interaction. For 

each individual time-point, haemolymph was collected from four individual bees per 

treatment.
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Haemolymph from diapausing queens was collected at 4°C. For post-diapause 

collections, queens were transferred to a temperature controlled room o f 27±1°C (RH of 

45%) for 6 hours and 48 hours, respectively. For each collection, queens were anaesthetized 

using CO2 (BOC Gases, Ireland) and haemolymph was collected from animals as outlined in 

Chapter 5 (section 5.2.2). Approximately 30-50|il o f haemolymph was removed from each 

animal and transferred to a collection tube containing 50|il PBS. An additional 50|il o f PBS 

was added to the haemolymph/PBS solution, which was then centrifuged at 8,000 g for 5 min 

at 4°C to pellet down haemocytes and other cellular debris. The cell-free supernatant was 

transferred to a fresh 1.5ml collection tube and stored at -80°C for later use.

6.2.4 Confirmation of infection

As the infection protocol results in approximately a 50% infection rate (Kelly, 2009), 

confirmation o f infection was required through the dissection o f the abdomen o f potentially 

parasitised queens post haemolymph collection. In brief, using sterilized scissors, the 

abdomen was removed from the thorax and head o f the animal. The abdomen was pinned 

down on a wax bedding and using a SMZ645 stereo microscope (Nikon), dissected to allow 

examination o f the host haemocoel. S. hombi infection was confirmed by observation of 

presence within the dissected haemocoel. S. homhi were transferred to a cryotube and stored 

at -80°C.

6.2.5 Preparation of samples for mass spectrometry

Samples for mass spectrometry were prepared as outlined in Chapter 5 (section 5.2.3). 

In brief, biological impurities were removed from the haemolymph sample using the 2-D 

clean up kit (GE Healthcare, UK), following manufacturer's instructions. The resulting pellet 

was resuspended in 300|il o f resuspension solution (50mM Ammonium bicarbonate (Ambic), 

ImM  calcium chloride (CaCb)). Resuspended samples were then quantified using Qubit® 

Quant-IT^”̂  Protein Assay kit (Invitrogen, UK) on a Qubit® fluorometer v.2.0. 50fo.g was 

removed from each sample and 10)̂ 1 o f 200mM dithiothreitol (DTT) (Fisher Scientific, 

Ireland), suspended in lOOmM Ambic solution, was added to each sample to reduce the 

proteins. Samples were then heated to 95°C for 15 min and the samples were vortexed every 

5 min. Proteins were acetylated by adding 4 |il o f IM iodoacetamide (lAA) suspended in 

Ambic and incubation at 25°C for 45 min. The acetylation reaction was terminated by adding 

20^1 o f 200mM DTT and incubation o f samples at 25°C for 45 min. Samples were quantified 

again for protein concentration. 10|ag was removed from each sample into a fresh 1.5ml
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microccntrifuge tube. 0.5|il o f 0.5|ag/|uil trypsin (1:40 dilution) (Medical Supply Company, 

Ireland) was added to each sample. Samples were incubated at 37°C overnight. Tryptic 

digested peptides were lyophilised by speed vacuum and stored at 4°C once dry.

6.2.6 Mass spectrometric analysis

The dried peptide samples were resolubilised in 20|li1 0.1% Formic Acid (Sigma 

Aldrich. Ireland) and submitted to UCD Conway Institute Mass Spectrometry Resource for 

mass spectrometric analysis. All samples were run on a Thermo Scientific LTQ ORBITRAP 

XL mass spectrometer connected to an Exigent NANO LC.IDPLUS chromatography system 

incorporating an auto-sampler. Each sample was loaded onto a Biobasic C l8 Picofrit^*^ 

column (100 mm length, 75 ^m ID) and was separated by an increasing acetonitrile gradient, 

using a 142 min reverse phase gradient ( 0 ^ 0 %  acetonitrile for 110 min) at a flow rate o f 

30nl min '. The mass spectrometer was operated in positive ion mode with a capillary 

temperature o f 200°C, a capillary voltage o f 46 V, a tube lens voltage o f 140 V and with a 

potential o f 1800 V applied to the frit. The five most intense ions were selected for MS/MS 

analysis. Protein identification from the MS/MS data was performed using the Andromeda 

search engine in M axQuant (version 1.2.2.5; http://maxuuant.oru/) (Cox et al., 2011) to 

correlate the data against the predicted protein sets for the bumblebee transcriptome ((Colgan 

et al., 2011); Chapter 2). In addition, the data were searched against a predicted protein set for 

a transcriptome generated for S. homhi (Chapter 3). Both host and parasite reference 

predicted protein data sets were generated using prot4EST (Wasmuth and Blaxter, 2004) and 

functionally annotated using B last2G 0 (Conesa et al., 2005, Conesa and Gotz, 2008, Gotz et 

al., 2008). B last2G 0 facilitated the output o f an annotated searchable fasta file for predicted 

B. terrestris and S. bomhi protein sets based on the host and parasite transcriptome assemblies 

o f Colgan et al. (2011) and Chapter 3. The following search parameters were used: precursor- 

ion mass tolerance o f  1.5 Da, fragment ion mass tolerance o f 6 ppm with cysteine 

carbamidomethylation as a fixed modification and N-acetylation o f protein and oxidation o f 

methionine as variable modifications and a maximum of two missed cleavage sites allowed. 

False Discovery Rates (FDR) were set to 0.01 for both peptides and proteins and only 

peptides with minimum length o f six amino acid length were considered for identification. 

Proteins were considered identified when more than one unique peptide for each parent 

protein was observed.
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6.2.7 Label free quantification of mass spec data

Peptide quantification was calculated as a total peptide signal o f observed peptide 

ions. All peptides were profiled based on mass to charge ratio, elution time and spectral 

features and matched across independent runs. A peptide profile matrix was generated based 

on raw intensities which were normalised during the subsequent analysis. The label free 

quantification (LFQ) algorithm used several layers o f normalisation. First, each raw file 

received one global normalization factor, based on the assumption that the majority o f  

peptides appeared at 1:1 ratios across experiments, which controlled for sample loading. Pair

wise ratios o f all peptides o f  a particular protein group were calculated across all experiments 

and the protein intensities were corrected in order to reflect the median peptide ratios. The 

final data matrix was generated containing the normalised intensities for each individual file, 

presented as LFQ intensities. Using MaxQuant, the LFQ intensities were grouped based on 

treatment (control vs. parasitised) and time-point. Using Perseus, the raw intensities were 

log2 transformed and an ANOVA (/?<0.05) was performed on the log2 values to identify 

variation amongst the LFQ intensities. For proteins with statistically supported variation in 

intensities, log2 transformed intensity values were extracted. Mean values were generated for 

each treatment (control vs. parasitised) at each time-point (during diapause, 6 and 48 hours 

post-diapause) and heatmaps for proteins with statistically significant difference in 

abundances between treatment or time-point were generated using hierarchal clustering as 

part o f the Perseus suite o f tools. Proteins that were completely missing from all replicates o f 

a particular group but present in other groups were determined manually from the data 

matrix. These proteins are not considered statistically significant as the values for absences 

are given as NaN (not a number) which is not a valid value for an ANOVA analysis. 

However the complete absence o f a protein from a group may be biologically significant and 

these proteins were reported as qualitatively differentially expressed. An ANOVA (p <0.05) 

was performed on abundances across the three time-points for control (non-parasitised) 

queens to identify differential temporal expression within B. terrestris queen haemolymph.

6.3 Results

6.3.1 Comparison o f S. bombi parasitised and control haemolymph proteomes during 
diapause

Five proteins were differentially abundant between haemolymph proteomes o f control 

and S. homhi parasitised queens during diapause (all p  < 0.05; see Table 6.1). Three proteins
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(BTT05623 1 1, BTT20938 1 and BTT30664 1 1) had increased abundances within the 

haemolymph o f parasitised queens in comparison to control queens. BTT05623_1_1 had a 

2.7 fold increase in abundance within the haemolymph o f parasitised queens in comparison to 

control queens during diapause (see Fig. 6.1). It was annotated as an odorant binding protein 

4 (0B P4) precursor (see Table 6.1), with functional domain analysis resolving two 

pheromone/general odorant binding protein (PBP/GOBP) domains (IPR006170; IPR023316) 

and an insect PBP/GOBP domain (IPR006625). It also comprised a predicted 20 amino acid 

signal peptide with predicted signal peptide cleavage site between positions A20 and S21. 

The presence o f a predicted signal peptide predicts a secreted nature o f  the protein while the 

cleavage site provides an indication o f protein maturation. BTT20938_1 had a 1.7 fold 

increase in abundance within parasitised haemolymph in comparison to control during 

diapause (see Fig. 6.1) and was annotated as a 27kDa haemolymph protein from the ant, 

Harpegnathos saltator (see Table 6.1). Functional domain analysis identified conserved 

domains o f unknown function (IPR009832; PTHR20997) and a 23 amino acid signal peptide 

with predicted cleavage site between positions S23 and Q24. The third protein, 

BTT30664_1_1, was annotated as a Kazal type serine proteinase inhibitor (see Table 6.1) and 

had a 2.8 fold increase in abundance within the haemolymph proteome o f parasitised queens 

(see Fig. 6.1). It was assigned Kazal-type serine protease inhibitor (serpin) domains 

(S S F l00895; G3DSA:3.30.60.30) via functional domain analysis. InterProScan also 

identified a predicted signal peptide domain for this protein, with a predicted cleavage site 

between positions A20 and L21.

Two proteins (BTT24384_1_1 and BTT06964_1_1) with putative roles in host 

immunity had statistically significant (p<0.05) reduced abundances within the haemolymph 

o f parasitised queens (see Table 6.1, Fig. 6.1). BTT06964_1_1 was homologous to the serine 

protease easter (see Table 6.1) and had a 1.7 fold reduction within the haemolymph o f 

parasitised queens during diapause (see Fig. 6.1). Functional domain analysis annotated it 

with serine peptidase domains (IPR001254: Peptidase_Sl/S6; IPR001314: Peptidase SIA, 

chymotrypsin-type; IPR009003: Peptidase cysteine/serine, trypsin-like; IPR018114:

Peptidase S1/S6 chymotrypsin/Hap, active site) as well as regulatory CLIP domains 

(IPR006604: Disulphide knot CLIP; IPR022700: Proteinase, regulatory CLIP domain). The 

second protein, BTT24384_1_1, was annotated as a transferrin precursor protein (see Table 

6.1) and had a 5.1 fold reduction within parasitised queen haemolymph in comparison to 

control queens during diapause (see Fig. 6.1). Functional domain analysis annotated
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BTT24384_1_1 with three transferrin domains (IPR001156: Peptidase S60, transferrin 

lactoferrin; IPR016357: Transferrin; IPR018195: Transferrin family, iron binding site) and a 

periplasmic binding protein domain (SSF53850).

In addition to quantitative differences between the two treatments, two qualitatively 

differentially expressed proteins were observed between the haemolymph proteomes o f 

control and S. hombi parasitised queens. Peptides for two proteins, BTT03057_1_1 and 

BTTl 8720_1_1, were detected within control queen haemolymph but were absent from 

parasitised haemolymph during diapause. The first protein (BTT03057_1_1) was annotated 

as an insulin-like growth factor binding protein complex acid labile subunit and assigned with 

leucine rich-repeat domains (1PR000372; IPR001611; IPR003591; PR00019; PF12799; 

SSF52058) and a Toll-like receptor domain (PTHR24365). Functional domain analysis also 

annotated it with a predicted signal peptide domain with predicted cleavage site between 

positions A27 and Y28. The second protein, BTT18720_1_1, is a protein o f unknown 

function. Homology searches against NCBI non-redundant (nr) database identified 

hypothetical-annotated homologues across the subphylum Hexapoda. Functional domain 

analysis did not identify any conserved domains but did assign a predicted signal peptide 

domain and a transmembrane domain. A predicted signal peptide cleavage site for 

BTT18720_1_1 was predicted between positions A26 and L27.

6.3.2 Comparison of S. bontbi parasitised and control haemolymph proteomes at 6 hours 
post-diapause

13 proteins were differentially abundant between haemolymph proteomes o f control 

and S. bomhi parasitised queens at six hours post-diapause (all /?<0.05; see Table 6.2). Five 

proteins had increased abundances within the haemolymph o f parasitised queens in 

comparison to control queens.

Two o f the upregulated proteins in haemolymph from parasitised queens 

(BTT35213_1_1 and BTT24170_1_1) were annotated with putative roles in host immunity 

(see Table 6.2). BTT35213_1_1 was annotated as a transferrin precursor protein and had a 

3.9 fold increase in abundance within the haemolymph proteome o f parasitised queens (see 

Fig. 6.2). The second immunity-associated protein, BTT24170_1_1, annotated as the 

antimicrobial peptide, hymenoptaecin (see Table 6.2), had an 8.2 fold increase in abundance 

within the haemolymph o f parasitised queens at 6 hours post-diapause (see Table 6.2; Fig.
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6.2). Functional domain analysis for BTT24170 1 1 identified a predicted signal peptide 

domain with a predicted cleavage site between positions A17 and Q18.

The three other proteins (BTT05686_1_1, BTT09232_1_1 and BTT39335_1_1) 

identified with increased abundances within the haemolymph o f S. bombi parasitised queens 

were all annotated as hypothetical proteins (see Table 6.2). The first hypothetical protein 

BTT05686_1_1 had a 4.3 fold increase in abundance within the haemolymph o f parasitised 

queens (see Fig. 6.2) and was assigned a coiled coil domain via functional domain analysis. 

Homology searches to identify phylogenetic conservation identified BTT05686_1_1 

homologues within the order Hymenoptera. The second protein, BTT09232_1_1, which 

shared sequence similarity to a hypothetical protein in the ant, A. echinatior (see Table 6.2), 

had a 2.3 fold increase in abundance within parasitised queen haemolymph at six hours post

diapause (see Fig. 6.2). Functional domain analysis identified the presence o f a predicted 

signal peptide domain with cleavage site between positions C l7 and T18. Homology searches 

o f the third protein BTT39335_1_1 against NCBI nr database identified homologues across 

the subphylum Hexapoda although no conserved domains were identified through functional 

domain analysis (see Table 6.2).

In total, eight proteins, including proteins with putative roles in olfaction and 

immunity, had reduced abundances within the haemolymph o f parasitised queens in 

comparison to control queens at 6 hours post-diapause (see Table 6.2). The abundances o f  

two putative olfactory-related proteins (BTT20098 1 and BTT19102_1_1) were reduced at 

least two fold within the haemolymph o f parasitised queens (see Table 6.2). BTT20098 1 

was annotated as an odorant binding protein 3 (OBP3) precursor and through homology 

searches, homologous sequences were identified within members o f the family Apidae only. 

InterProScan o f BTT20098J assigned PBP/GOBP domains (IPR006170; IPR023316) as 

well as transmembrane and signal peptide domains. BTT20098 1 had 2.1 fold reduced 

abundance within S. bombi parasitised queens (see Fig. 6.2).

The second putative olfactory-associated protein BTT19102_1_1 was annotated as a 

chemosensory protein 3 (CSP3) precursor protein (see Table 6.2). It had a 3.7 fold reduction 

in abundance within the haemolymph o f parasitised queens and was assigned an insect 

pheromone-binding protein AlO/OS-D (IPR005055) and predicted signal peptide domains 

via functional domain analysis (see Table 6.2). A cleavage site for BTT19102_1_1 was 

predicted between positions A15 and R16.
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Table 6.1: Statistically significant differentially expressed proteins within the haemolymph of diapausing 5. bombi parasitised B. 
terrestris queens. For each protein. Protein ID, functional description, GenBank accession code and species of top BLAST match, functional 
domain analysis and molecular weight (kDa) are given. Presence of predicted signal peptide (SIGNALP) and significant fold change (/><0.05) 
are also shown.

Protein ID Functional
description

Top BLAST match 
GenBank accession code 

[species]

Functional domain analysis Mol.
Weight
(kDa)

SIGNALP Fold
change

(p<0.05)
Enriched proteins within S. bombi parasitised queen haemolymph

BTT30664 1 1 Kazal-type proteinase 
inhibitor-like protein

ADC34234.1 
[S', invicta]

Kazal-type serine protease 
inhibitors (SSFl00895) 
G3DSA:3.30.60.30

34.9 Yes 2.77

BTT05623_1_1 Odorant binding 
protein 4

NP_001011589.1 
[A. mellifera]

Pheromone/general odorant 
binding protein, PBP/GOBP 
(IPR006170)
Insect pheromone/odorant 
binding protein PhBP 
(IPR006625)
Pheromone/general odorant 
binding protein, PBP/GOBP, 
domain 
(IPR023316)

62 Yes 2.73

BTT20938_1 27 kDa haemolymph 
protein

EFN75475.1 
[H. saltator]

Protein of unknown function 
(IPR009832)
Family not named 
(PTHR20997)

37.5 Yes 1.66
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Reduced proteins within S. bombi parasitised queen haemolymph

BTT06964 1

BTT24384 1

1 Serine protease easier X P_001122011.2 
[A. mellifera]

1 Transferrin NP_001011572.1 
[A. mellifera]

Peptidase_Sl/S6 11.2 Yes
(IPR001254)
Peptidase S 1 A, chymotrypsin- 
type
(IPR001314)
Disulphide knot CLIP 
(IPR006604)
Peptidase cysteine/serine,
trypsin-like
(IPR009003)
Peptidase S1/S6 
chymotrypsin/Hap, active site 
(IPR018114)
Proteinase, regulatory CLIP
domain
(IPR022700)
G3DSA;2.40.10.10 
Family not named 
(PTHR24268)
Peptidase S60, transferrin 89.5 No
lactoferrin
(IPR001156)
Transferrin
(IPR016357)
Transferrin family, iron 
binding site 
(IPR018195)
Periplasmic binding protein
like II
(SSF53850)______________________________________

1.73

5.15
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BTT03057_1_1 Insulin-like growth 
factor binding acid 
labile subunit

EGI65161.1 
[A. echinatior]

Leucine-rich repeat containing
N-terminal
(1PR000372)
Leucine-rich repeat 
(IPR001611)
Leucine-rich repeat, typical
subtype
(IPR003591)
Leucine-rich repeat 
(PR00019)
Toll like receptor 
(PTHR24365)
Leucine-rich repeat 
(PF12799)
L-domain like 
(SSF52058)
G3DSA:3.80.10.10

9.4

BTT18720 1 Uncharacterized
protein
LOG 100872601

XP_003692758 
[A. florea]

No IPR domain 17.21

- Absence o f proteins identified within host haemolymph

Yes

Yes
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Olfaction aside, another protein with reduced abundance, BTT34551_1_1, was 

annotated as a Niemann pick type C2 (NPC2) protein, which is involved in sterol metabolism 

and immunity (see Table 6.2). BTT34551_1_1 had a 1.5 fold reduction within parasitised 

queen haemolymph at 6 hours post-diapause (see Fig. 6.2). Functional domain analysis 

annotated BTT34551_1_1 with a MD-2-related lipid recognition domain (IPR003172), an 

immunoglobulin E-set domain (IPRO14756) and a Niemann pick type C2 protein NPC2- 

related domain (PTHRl 1306). Another putative immune-associated protein, BTT30664_1_1, 

annotated as a Kazal type serpin, had a 2.5 fold reduction in abundance within the 

haemolymph proteome o f parasitised queens at 6 hours post-diapause (see Table 6.2; Fig. 

6.2). BTT30664_1_1 was also affected by parasitism during diapause with an increased 

abundance identified within parasitised queen haemolymph (see section 6.3.1).

The remaining four proteins with reduced abundances within the haemolymph o f 

parasitised queens at six hours post-diapause were annotated as hypothetical proteins (see 

Table 6.2). Two o f the proteins (BTT20597 1 and BTT20743_1) were homologous to 

hypothetical proteins in the honey bee, A. mellifera (see Table 6.2). BTT20597_1 and 

BTT20743_1 had 1.5 and 1.3 fold reductions within the haemolymph o f  S. bombi parasitised 

queens at 6 hours post-diapause, respectively (see Fig. 6.2). Functional domain analysis for 

both proteins identified the presence o f fibronectin type I-like (Fn-I) domains (SSF57603). 

Additional functional information was assigned through InterProScan annotating 

BTT20597 1 with a predicted signal peptide domain while BTT20743 1 was annotated with 

an additional transmembrane domain. Sequence similarity searches performed against NCBI 

nr for both proteins identified homologues across the subphylum Hexapoda.

The two other proteins annotated as hypothetical proteins (BTT34926_1_1 and 

BTT36258_1) shared sequence similarity to a hypothetical protein in the ant, Solenopsis 

invicta, and the honey bee, A. mellifera, respectively (see Table 6.2). Homology searches for 

BTT34926_1_1 identified matches to proteins from the ants, Camponotus floridanus and S. 

invicta, and the jewel wasp, Nasonia vitripennis, only. In relation to BTT36258 1, 

homologous sequences were identified within the family Apidae only. InterProScan 

annotated BTT34926_1_1 with a predicted signal peptide domain while BTT36258_I was 

annotated with a coiled coil domain (see Table 6.2).
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6.3.3 Comparison of S. bombi parasitised and control haemolymph proteomes at 48 
hours post-diapause

12 proteins were differentially abundant between haemolymph proteomes o f control 

and S. bombi parasitised queens at 48 hours post-diapause (all /><0.05; see Table 6.3). O f this 

total, six proteins had increased abundances within the parasitised queen haemolymph in 

comparison to control queens (see Table 6.3; Fig. 6.3). Three o f  these proteins (BTT20681 1, 

BTT24170_1_1 and BTT37617_1_1) were annotated with putative roles in immunity. Two 

proteins, BTT20681 1 and BTT24170_1_1, were homologous to immune effector molecules, 

lysozyme and hymenoptaecin, respectively (see Table 6.3). At 48 hours post-diapause, 

BTT20681_1_1 exhibited a 2.7 fold increase in abundance within the haemolymph of 

parashised queens (see Fig. 6.3). Functional domain analysis for BTT20681_1_1 assigned 

two destabilase domains (IPR008597: Destabilase; PTHR11195; Destabilase-related) and an 

EFl-H and calcium binding domain (IPRO18247). BTT20681 1 was annotated with a 

predicted 24 amino acid signal peptide domain with a predicted cleavage site between 

positions G24 and Q25. The third putative immunity-related protein, BTT37617_1_1, shared 

sequence similarity with an astakine-like protein, a cytokine-like molecule with a putative 

role in haematopoiesis, and demonstrated a 2.4 fold increase in abundance in the 

haemolymph o f parasitised queens at 48 hours post-diapause (see Fig. 6.3). BTT37617_1_1 

was annotated with a predicted 30 amino acid signal peptide domain with a cleavage site 

predicted between positions A30 and Q31. In addition, it was annotated with a predicted 

transmembrane domain.

In addition to immunity-related proteins, two putative olfactory-related proteins 

(BTT05623_1_1 and BTT17558_1_1) had increased abundances within the haemolymph o f 

parasitised queens at 48 hours post-diapause (see Table 6.3). BTT05623_1_1 was 

homologous to an 0B P4 precursor and had a 4.3 fold increase in abundance within S. bombi 

parasitised queens (see Table 6.3; Fig. 6.3). Abundance o f BTT05623_1_1 was also increased 

within the haemolymph proteome o f parasitised queens during diapause (see section 6.3.1). 

The second protein, BTT17558_1_1, annotated as an ejaculatory bulb specific protein 3 (see 

Table 6.3), had a 2.7 fold increase in abundance within the haemolymph o f parasitised queens 

(see Fig. 6.3). BTT17558_1_1 was annotated with an insect pheromone-binding protein 

AlO/OS-D domain (IPR005055) and a 28 amino acid signal peptide domain was assigned 

with a predicted cleavage site between positions A28 and D29.

219



During diapause

Non-Parasitised Parasitised Fold ch an g e

I—  BTT20938_1127 kDa haemolymph protein 

'—  BTT24384_1_11 Transferrin

  BTT06964_1_11 Serine protease easier

 BTT30664_l_llKa23l-tvpe proteinase inhibrtor-like protein

BTT05623_l_l|Odorant binding protein 4

[

Figure 6.1: Statistically significant differential abundance within S. bontbi parasitised queen haemolymph proteome during diapause.
Heatmap o f proteins displaying differential abundance between S. bombi non-parasitised and parasitised queen haemolymph proteomes during 
diapause. Hierarchal clustering and heat map o f mean LFQ peptide/protein intensities displayed as heatmaps showing proteins with differential 
abundance between S. bombi non-parasitised and parasitised queen haemolymph proteomes. A relative intensity colour key has been provided to 
determine the difference in LFQ intensity between groups (rows) and across proteins (rows and columns). A single integer difference represents 
an overall 2 fold difference in abundance. Fold changes between non-parasitised and parasitised groups for individual proteins are displayed.

Relative Intensity

220



6 hours post-diapause

[— BTT35213_1_1 [Transferrin

{ BTT20743_11 Hypotheticat protein LOC724993 

BTT20S97_11 Hypothetical protein LOC724993 

—  BTT30664_1_11 Kazal-type proteinase inhibitor like protein 

[— BTT20098_11 Odorant binding protein 3 

^  BTT19102_1_1 iChemosensory protein 3 

p  BTT34551_1_11 Protein NPC2 

j -  BTT34926_1_11 Hypothetical protein SINV_09710 

L BTT36258_ll Hypothetical protein LOC725960 

— BTT24170_l_l|Hym enoptaecin

- B n 3 9 3 3 5 _ l_ l I Hypothetical protein LOC726803

- BTT09232_1_11 Hypothetical protein G51_03547 

>- B nO S 686_ l_ l I Hypothetical protein LOC408280

Non-Parasitised Parasitised Fold change

Relative Intensity

Figure 6.2: Statistically significant differential abundance within S. bombi parasitised queen haemolymph proteome at 6 hours post
diapause. Heatmap displaying proteins differential abundant between S. hombi parasitised and non-parasitised queen haemolymph proteomes at 
6 hours post-diapause. Hierarchal clustering and heat map o f mean LFQ peptide/protein intensities displayed as heatmaps showing proteins with 
differential abundance between S. hombi non-parasitised and parasitised queen haemolymph proteomes. A relative intensity colour key has been 
provided to determine the difference in LFQ intensity between groups (rows) and across proteins (rows and columns). A single integer 
difference represents an overall 2 fold difference in abundance. Fold changes between non-parasitised and parasitised groups for individual 
proteins are displayed.
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Table 6.2: Statistically significant differentially expressed proteins within the haemolymph o f 6 hours post-diapause S. bom bi parasitised 
B. terrestris queens. For each protein, Protein ID, functional description, GenBank accession code and species o f top BLAST match, functional 
domain analysis and molecular weight (kDa) are shown. Presence o f predicted signal peptide (SIGNALP) and significant fold change (/?<0.05) 
are also shown.

Protein ID Functional
description

Top BLAST match 
GenBank accession code 

(species]

Functional domain analysis Mol.
Weight
(kDa)

SIGNALP Fold
change

(p<0.05)
Enriched proteins within S. bombi parasitised aueen haemolymph

BTT35213 1 1 Transferrin NP_001 O il 572.1 
{A. mellifera]

Peptidase S60, transferrin
lactoferrin
(IPR001156)
Transferrin
(IPR016357)
Transferrin family, iron binding 
site
(1PR018195)
Periplasmic binding protein-like 11 
(SSF53850)

85.5 Yes 3.85

BTT24170_1_1 Hymenoptaecin ACA04899.1 
[B. ignitus]

No IPR match 20.8 Yes 8.2

BTT39335_1_1 Hypothetical
protein
LOC726803

X P_001122524.2 
[A. mellifera]

No IPR match 27.9 No 1.86

B T T 0 9 2 3 2 J J Hypothetical
protein
G5I_03547

EGI67821.1 
[A. echinatior]

No IPR match 44.7 Yes 2.29
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BTT05686 1

BTT20743 1

BTT20597 1

BTT30664 1

BTT20098 1

PREDICTED:
hypothetical
protein
LOC408280

XP 397488.3 
[A. mellifera\

Coiled coil domain 16.3 No 4.31

Reduced proteins within S. bombi parasitised queen haemolvmph

PREDICTED:
hypothetical
protein
LOC724993

X P_001120895.2 
[A. mellifera]

Fibronectin type I-like domain 
(SSF57603)

66 No 1.33

PREDICTED:
hypothetical
protein
LOC724993

X P_001120895.2 
[A. mellifera]

Fibronectin type 1-like domain 
(SSF57603)

69. Yes 1.48

Kazal-type
proteinase
inhibitor-like
protein

0B P3

ADC34234.] 
[.S', invicta]

N P_00103531 
[A. mellifera]

Kazal-type serine protease inhibitor 34.9 Yes
(SSF100895)
G3DSA:3.30.60.30 
Coiled coil domain

Pheromone/general odorant 31.7 Yes
binding protein, PBP/GOBP
(IPR006170)
Pheromone/general odorant 
binding protein, PBP/GOBP, 
domain

2.54

2.12
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BTT19102 1

BTT34551 1

BTT34926 1

BTT36258 1

1 CSP3

1 Protein NPC2

N P_001011583.1 
[A. mellifera\

XP 001120140.1 
[A. mellifera]

Hypothetical 
protein 
SINV 09710

EFZl 8435.1 
[iS. invicta]

PREDICTED:
hypothetical
protein
LOC725960

X P_001121746. 
[A. mellifera\

(IPR023316)

Insect pheromone-binding protein 44.3 Yes
AlO/OS-D
(IPR005055)

MD-2-related lipid recognition 73.2 Yes
(IPR003172)
Immunoglobulin E-Set 
(IPR014756)
P T H R I1306 (PANTHER)

No IPR match 46.9 Yes

Coiled coil domain 50.9 No

3.69

1.52

4.52

9.02
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Another protein with increased abundance within the haemolymph o f S. homhi 

parasitised queens at 48 hours post-diapause was BTT37433_1, which shared sequence 

similarity to a hypothetical protein in the honey bee, A. mellifera (see Table 6.3) and had a 

4.5 fold increase in abundance within the haemolymph o f parasitised queens (see Fig. 6.3). 

Functional domain analysis did not identify a conserved domain, signal peptide or 

transmembrane domain within BTT37433 1. Examination o f homologous matches against 

NCBI nr identified sequence similarity restricted to species o f the order Hymenoptera.

In addition to proteins demonstrating quantitative differences in abundance between 

treatments at 48 hours post-diapause, one protein (BTT20656 1) annotated as the antioxidant 

protein, peroxiredoxin 5, was identified within the haemolymph o f parasitised queens only. 

Functional domain analysis annotated BTT20656_1 with a thioredoxin-like fold (IPR012336) 

and a redoxin domain (IPR013740).

Six proteins had reduced abundances within the haemolymph o f parasitised queens at 

48 hours post-diapause (see Table 6.3). Proteins with reduced abundance were annotated with 

putative functional roles in the nervous system, the insulin-like signalling pathway, immune 

regulation and reproduction. BTT08578_1_1 was annotated as a slit 3 protein, a member o f 

an important group o f proteins involved in processes o f the central nervous system, and was 

reduced 8.8 fold within the haemolymph o f parasitised queens at 48 hours post-diapause (see 

Table 6.3; Fig. 6.3). BTT08578_1_1 was also annotated with a set o f leucine-rich repeat 

domains (IPR001611; IPR003591; PF12799; SSF52058) (see Table 6.3). Another protein, 

BTT03057_1_1, reduced within the haemolymph o f parasitised queens 48 hours post

diapause was annotated as an insulin-like growth factor-binding protein complex acid labile 

subunit (see Table 6.3). Abundance o f BTT03057_1_1 was reduced 2.7 fold within the 

haemolymph o f parasitised queens at 48 hours post-diapause (see Fig. 6.3) while qualitative 

examination o f protein expression identified BTT03057_1_1 to be also absent within the 

haemolymph o f parasitised queens during diapause (see section 6.3.1).

BTT04508_1_1 was homologous to an antitrypsin serine protease inhibitor (serpin) 

and was annotated with three serpin domains (IPR000215; IPR023795; IPR023796) (see 

Table 6.3). BTT04508_1_1 had a 7 fold reduction in abundance within the haemolymph o f 

parasitised queens in comparison to control at 48 hours post-diapause (see Fig. 6.3). Another 

protein (BTT24334_1_1) with reduced abundance within parasitised queen at 48 hours post

diapause, was annotated with a chitin binding domain (IPR002557) and a chitin binding
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peritrophin A domain (PTHR23301) (see Table 6.3). Top BLAST match for BTT24334_1_1 

was against a hypothetical protein in the honey bee, A. mellifera, while sequence similarity 

searches against NCBI nr database identified BTT24334_1_1 to share homology with species 

across the subphylum Hexapoda.

Two proteins with putative roles in transport and metabolism had significantly 

reduced (p <0.05) abundances within S. homhi parasitised queens at 48 hours post-diapause. 

BTT07678_1_1 was annotated as an apolipophorin-like protein (see Table 6.3) and was 

reduced 4.2 fold within the haemolymph o f parasitised queens at 48 hours post-diapause (see 

Fig. 6.3). BTT07678_1_1 was also annotated with two lipid transporter domains (IPR001747; 

IPR015819), four vitellogenin domains (IPR011030; IPR015255; IPR015816; IPR015817) 

and a mucin domain (PTHR23361). The second putative transport protein, BTT35213_1_1 

was annotated as a transferrin protein (see Table 6.3). Like the apolipophorin-like protein 

(BTT07678_1_1), abundance o f BTT35213_1_1 was reduced 4.2 fold within the 

haemolymph o f parasitised queens at 48 hours post-diapause (see Fig. 6.3). At 6 hours post

diapause, abundance o f BTT35213_1_1 was increased within the haemolymph o f  parasitised 

queens (see section 6.3.2).

6.3.4 Temporal variation within the B. terrestris queen haemolymph proteome

To identify natural temporal variation in protein abundances within B. terrestris queen 

haemolymph, an ANOVA ip  <0.05) was performed on abundances across the three time- 

points for control (non-parasitised) queens. O f the total number o f proteins identified within 

the haemolymph proteome o f control queens (n=100, see Chapter 5), 32 proteins were 

identified to have significant variation in abundance across the three time-points (see Fig. 

6.4(a)). In addition, qualitative examination o f  protein abundances identified 8 proteins to be 

present at one or two time-points only (see Fig. 6.4(b)).

In relation to proteins affected by parasitism (n= 27), 21 proteins (77.8% o f parasitism 

affected proteins) had temporal variation in abundance across the three time-points within the 

present study. O f these, the majority were involved in biological processes, such as immunity 

(n=3), olfaction (n=4), transport and metabolism (n= l), antioxidant activity (n= l) and 

physiology (n=l). The largest biological group o f proteins affected by temporal and 

parasitism-related variation were hypothetical proteins (n=9) (see Fig 6.5).
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6.3.5 Sphaerularia  proteins within host haemolymph

To detect potential nematode-derived proteins within host haemolymph, proteomes 

for both parasitised and control queens (to identify false positives) were searched against a 

predicted protein data set for a S. bomhi transcriptome generated from various life cycle 

stages o f  the nematode (see Chapter 3). In total, four such proteins were identified within the 

haemolymph o f parasitised queens (see Table 6.4). Three proteins were detected within at 

least one replicate o f samples during diapause with the exception o f SPH08261, which was 

detected in the haemolymph o f parasitized queens at all three time-points. Only one protein, 

SPH08504, contained more than a single peptide match. Four o f the proteins (SPH07258, 

SPH07935, SPH08261 and SPH08504) were annotated with predicted signal peptide domains 

with three o f the four proteins containing predicted transmembrane domains (see Table 6.4).

6.4 Discussion

Parasitism by S. bomhi results in behavioural and physiological alterations within B. 

terrestris hosts with the site o f interaction between host and parasite being the host 

haemolymph. Using label free quantitative proteomics, the haemolymph proteomes o f S. 

bomhi parasitised- and control- B. terrestris queens were compared to identify changes within 

the host haemolymph in response to parasitism. Here I provide the first proteome-wide 

examination o f insect haemolymph in response to nematode challenge. Through the approach 

undertaken within the present study, a clear distinction between the control and parasitised 

host haemolymph profiles was identified, with the parasitised state associated with systemic 

changes affecting abundances o f proteins with putative roles in immunity, stress tolerance, 

olfaction and reproduction, as well as a number o f previously uncharacterised proteins. In 

addition to changes associated with parasitism, qualitative examination o f parasitised 

haemolymph identified the presence o f putative nematode proteins throughout the three time- 

points examined providing evidence for a dynamic interaction between host and parasite 

within the host haemolymph.

6.4,1 Variation in immunity-related proteins during parasitism

The immune system o f the host represents a formidable obstacle to the completion o f 

the parasite life cycle. To overcome these defences, parasitic nematodes have evolved 

complex mechanisms to suppress and/or evade the host immune response (Castillo et al., 

2011). In this study a number o f proteins were identified with putative roles in aspects o f the 

host immune response, such as recognition, regulation and effector molecules, that provide a
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Table 6.3: Statistically signiHcant differentially expressed proteins within the haemolymph of 48 hours post-diapause S. bombi 
parasitised B. terrestris queens. For each protein, Protein ID, functional description, GenBank accession code and species o f top BLAST 
match, functional domain analysis and molecular weight (kDa) are shown. Presence of predicted signal peptide (SIGNALP) and significant fold 
changes (p<0.05) are also shown.

Protein ID Functional
description

Top BLAST match 
GenBank accession code 

[species]

Functional domain analysis Mol.
Weight
(kDa)

SIGNALP Fold 
change 

(p <0.05)
Enriched proteins within S. bombi parasitised aueen haemolymph

BTT20681 1 PREDICTED: 
lysozyme isoform

XP_393161.2 
1 [A. mellifera]

Destabilase
(IPR008597)
EF-Hand 1, calcium-binding site 
(1PR018247)
Destabilase-related
(PTHR11195)

22.2 Yes 2.72

BTT24170_1_1 Hymenoptaecin ACA04899.1 
[5. ignitus]

No IPR match 20.8 Yes 8.73

BTT37617_1_1 PREDICTED:
astakine-like

XP_003250271.1 
[A. mellifera]

No IPR match 53.8 Yes 2.43

BTT05623_1_1 OBP 3 precursor NP_001011589.1 
[A. mellifera]

Pheromone/general odorant 
binding protein, PBP/GOBP 
(IPR006170)
Insect pheromone/odorant 
binding protein PhBP 
(IPR006625)
Pheromone/general odorant 
binding protein, PBP/GOBP,

62 Yes 4.2
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domain
(IPR023316)

BTT17558 1

BTT37433 1

BTT20656 1

BTT03057 1

Ejaculatory bulb- 
specific protein-iii

Hypothetical 
protein 
LOC725926 
isoform 1

EFN65878.1 
[C. floridanus]

XP_001121713.1 
[A. mellifera]

Insect pheromone-binding 
protein AlO/OS-D 
(IPR005055)

No IPR match

59.]

35.4

Yes

No

2.66

4.54

Peroxiredoxin XP 624806.3
[A. mellifera]

Thioredoxin-like fold 
(IPR012336)
Redoxin
(IPR013740)

20

Reduced proteins within 5. bombi parasitised queen haemolymph

Insulin-like growth EG I65161.1 
factor binding acid [A. echinatior] 
labile subunit

Leucine-rich repeat containing
N-terminal
(1PR000372)
Leucine-rich repeat 
(IPR001611)
Leucine-rich repeat, typical
subtype
(IPR003591)
Leucine-rich repeat 
(PR00019)
Toll like receptor 
(PTHR24365)
Leucine-rich repeat__________

9.4

No

Yes 2.72
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BTT08578 1

BTT04508 1

BTT35213 1

1 Slit 3 homologue EGI61553.1
[A. echinatior]

1 PREDICTED: XP 003698157.1
antitrypsin-like [A. mellifera]

1 Transferrin NP_001011572.1
[A. mellifera]

(PF12799)
L-domain like 
(SSF52058)
G3DSA:3.80.10.10

Leucine-rich repeat 42.9 No
(IPR001611)
Leucine-rich repeat, typical
subtype
(IPR003591)
Leucine-rich repeat 
(PTHR24367)
Leucine-rich repeat 
(PF12799)
L-domain-like
(SSF52058)
G3DSA:3.80.10.10

Protease inhibitor 14, serpin 13.2 Yes
(IPR000215)
Protease inhibitor 14, serpin, 
conserved site 
(IPR023795)
Serpin domain 
(IPR023796)
G3DSA:2.30.39.10
G3DSA:3.30.497.10

Peptidase S60, transferrin 85.5 Yes
lactoferrin
(IPR001156)
Transferrin

8.80

7.03

4.16
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BTT07678_1_1 PREDICTED: XP_003249876.1
apolipophorins-like [A. mellifera\

B T T 2 4 3 3 4 J J  PREDICTED: XP_003250141.1
hypothetical [A. mellifera]
protein
LOC100577725

- Absence o f proteins identified within host haemolymph

(IPR016357)
Transferrin family, iron binding 
site
(IPR018195)
Periplasmic binding protein-like 
II
(SSF53850)

Lipid transport protein, N- 28.4 No
terminal
(IPR001747)
Vitellogenin, superhelical 
(1PR011030)
Vitellogenin, open beta-sheet 
(1PR015255)
Vitellogenin, open beta-sheet N-
terminal
(1PR0I5816)
Vitellogenin, open beta-sheet, 
subdomain 1 
(IPR015817)
Lipid transport protein, beta-
sheet shell
(IPR015819)
Mucin
(PTHR23361)

Chitin binding domain 42.7 Yes
(IPR002557)
Chitin binding peritrophin A
(PTHR23301)______________________________________

4.17

2.02
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Figure 6.3: Statistically signiflcant differential abundance within S. bombi parasitised queen haemolymph proteome at 48 hours post
diapause. Hierarchal clustering and heat map of mean LFQ peptide/protein intensities showing proteins with differential abundance between S. 
bombi non-parasitised and parasitised queen haemolymph proteomes after 48 hours post-diapause. A relative intensity colour key has been 
provided to indicate the difference in LFQ intensity between groups (rows) and across proteins (rows and columns). A single integer difference 
represents an overall 2 fold difference in abundance.

232



u 
V

11 
4-' rjiJ y 

i_
^

9 T T 1 9 2 7 t_ l_ l llndoob i«m «u itop ro t« *nM C  ifth«b(tor 

» m 7 4 S 3 .1  iHypothcticW  (Kote(nLOC72S936 

B T T lO liO ^ ll—NA - 

e T 7 0 6 0 5 S .l_ l |C H tfn 0 f« n f0 rvp r0 t« in  4 

B rT 2 0 9 0 S .ll - NA— 

8TT19102_ l_ liC H c«no i«A S oryproK in  3 

8 T T J 4 9 2 6 _ l_ l I Hypotht«»c«l p ro t* tn  SINV_09710 

8 T T 1 9 6 4 8 .1 .1 I icarK xn lihc 

BTT362 S t .  1 1 Hypothetic• ! p ro te in  LOC 72S960 

STT416S7.1 .1  iHypothetical p ro te in  LOC411622 

BTT092 32_ 1 .1 1 Hypoth«tK4l p ro te in  OS 1.094S7 

BTT39SSS. 1 . 11 HypothetKst p ro te in  LOC 726BOS 

BTT0SBS3.1 1 H ypothctKsI p ro te in  LOC7267SO 

6TT21216_21 Chyf"0^vsw*n *nh(b*tof -Ult*

B TD 713 0 .1 .1  |iiC)Snfn«*«uoc«eted »nvl(ke p ro te in  Ism6 

8 T T 0 tS 7 » _ l. l|S li t3

B T ri8 7 2 0 .1 .& |U rfc h a rK te rtte d p ro te in  LOC10at72801 

BTT0741 9 .1_11 Protem NW: 2

B TT 0tS 32 .1 .1  lU n c h v K te r ite tf  p ro te in  LOC100B72724 

B TT 0624 t. 1 .1 1 Hypothetical p ro te in  LOC 724644 

B TT 0767 t. 1 .1 1 Apolipophor in$-fihe 

6TTDS«8«. 1 .1 1 Hypothetical p ro te in  LOC408280 

B rr2 0 5 9 7 .1 1 Hypothetical p ro te in  LOC 724993 

8TT2074S. 11 Hypothetical protetnLOC724993 

8TT3521 3 .1_ 11 TV an ffcm n  

BTT20709.1 ISuperOBitfe d»vnutM e (Cw*Zn]

B TT 306M . 1 .1  IKazal'type proteinase inh tb ito rhke  p ro te in  

B TT40804.1.1  iHypothetKat p ro te in  LOC72S926 

8TT3 7 8 1 7 .1 .1 1 Aft»kkne-like 

6TT20098.1 1 Odorant b indirtg p ro te in  3 

B TT10679.1.1  |Prote»n^p#ti*e 

8TT0S 823.1 .1  lO dorant b in d in f p ro te in  4

Relative Intensity



CBTT21344_11 Peptidoglvcjn-recognition protein SA 

BTT09337_1_11 Sparc isoform 2 
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Figure 6.4: Temporal variation within the haemolymph proteome of B. terrestris queens.
Heat map o f mean LFQ peptide/protein intensities for each protein with statisticially 
significant (/?<0.05) differences in intensities across the three time-points examined within 
this study. Relative intensity colour keys have been provided to indicate the difference in 
LFQ intensity between groups (rows) and across proteins (rows and columns). A single 
integer difference represents an overall 2 fold difference in abundance, (a) Hierarchial 
clustering and heat map o f proteins with significant changes in abundance across the three 
time-points examined. In addition, peptide intensities were detected for each protein at each 
time-point examined, (b) Hierarchial clustering and heat map o f qualitatively differentially 
abundant proteins. Proteins completely absent from one or two time-points are indicated by 
the grey shaded boxes.

234



Antioxidant Physiology (1) 
activity (1) __ I

Transport and 
metabolisnr) (1)

Venom (1)__

Immunity (5)

Nor*-annotated
(1 )

Temporal

Hypothetical (9)

Hypothetical (9)

Physiology (3) Immunity (3)

Immunity (3)

OHaction (1)
Transport and 
metabolism  (1)

Parasitism

Olfaction (4)

Transport and 
metabolism (3)

Physiology (1) Antioxidant
activity(l)

Figure 6.5: Temporal and parasitism-related changes in host haemolymph proteome. Proteins with differential abundance over a temporal 
period and/or affected by presence o f S. bombi were examined to assign functional groups that the proteins are involved in. The functional group 
associated with each protein is shown. Proteins affected by temporal-changes (blue), parasitism (red) and by both (purple) are shown.
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Table 6.4: Sphaerularia peptides detected within host haemolymph. For each putative Sphaerularia  protein identified within parasitised 
queen haemolymph, protein ID, functional description, signal peptide domain (SIGNAL?) prediction, transmembrane domain (TMHMM) 
prediction, number o f unique peptide matches, peptide sequences matching S. bombi protein sequences and posterior error probability (PEP) 
scores are shown.

Protein ID Functional
description

SIGNAL? TMHMM Peptide sequence Posterior error
probability
(PEP)

Time-Doints detected 
(Indicated by an *)

During
diapause

6 hours 
post

diapause

48 hours 
post

diapause
SPH07258 NA Yes Yes GNCVTNQFPIIFR 0.002731 * - -
SPH07935 NA Yes Yes SFSHDDVGSYSFPK 1.60E-06 *

- -

SPH08261 NA Yes No GANCIICNNICK 8.49E-09 * * *

SPH08504 NA Yes Yes IICSYDSDCRPDEYCYK
TSIKPYIER

3.15E-07 *
- -

* Presence o f nematode peptides identified within host haemolymph 

- Absence o f nematode peptides identified within host haemolymph
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preliminary insight into interaction between S. bombi and the host immune response during 

the early stages o f the host-parasite interaction.

An important defence against the development and establishment o f nematode 

infection is the prophenoloxidase (proPO) pathway, an enzymatic amplification cascade 

involved in encapsulation and melanisation o f pathogenic organisms (Soderhall and Cerenius, 

1998, Cerenius and Soderhall, 2004, Cerenius et al., 2008). In insect-nematode infections, the 

proPO pathway serves as an extremely important defence in the immobilisation, as well as 

direct killing o f  invasive nematodes (Castillo et al., 2011). Previous studies on the S. bombi- 

Bombus system have identified low rates o f melanisation o f parasites within parasitised hosts. 

While the exact activity o f this pathway against S. bombi is unknown, abundances o f 

potential components o f the host's proPO pathway were identified to be affected by the 

presence o f S. bombi within the present study. One such protein, the serine protease easter, 

was reduced within the haemolymph o f parasitised queens during diapause. Easter is 

involved in dorsal axis formation but also has an immunological role in the activation o f the 

spatzle ligand, resulting in the initiation o f the Toll signalling pathway and the subsequent 

synthesis o f immune effectors (Piao et al., 2005). In addition, easter-like proteins have been 

identified in the activation o f the proPO pathway (Smith and Delotto, 1992, Gorman and 

Paskewitz, 2001). The importance o f the pathway in host defence against parasites is 

highlighted by the mechanisms evolved by parasitic nematodes to inhibit proPO activity. 

Cuticular lipids o f the entomopathogenic nematode, Steinernema feltiae, interact with and 

remove host proteins from the haemolymph leading to the reduction in activity o f proPO 

(Brivio et al., 2004). Another steinernematid nematode, S. carpocapsae, has been shown to 

secrete a trypsin-like protease capable o f partially suppressing the proPO pathway in vitro 

(Balasubramanian et al., 2009). The reduction o f easter, a potential proPO activator within 

the B. terrestris haemolymph, may be part o f a strategy by S. bombi to reduce potential 

proPO activity during diapause, the period o f initial interaction with the host. In addition, a 

Kazal-type serine protease inhibitor (serpin) had an increased abundance within the 

haemolymph o f S. bombi parasitised queens during diapause, and this may be involved in the 

reduction o f serine protease easter abundance. Within invertebrates, Kazal-type serpins 

function as anticoagulants but also have defensive roles in inhibition o f proteases o f 

pathogenic origin (Rimphanitchayakit and Tassanakajon, 2010). Consequently, the increase 

in serpin abundance may be involved in the reduced abundance o f  easter and subsequently, 

may contribute to the low rates o f encapsulation events associated with S. bombi infection.
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In addition to initiators and regulators o f the host immune response, immune 

mediators are also crucial to the proper functioning o f an efficient immune response. A 

putative immune mediator, 27kDa haemolymph protein, had increased abundance within the 

haemolymph o f diapausing S. bombi parasitised queens. Homologues o f this protein have 

been identified within the haemolymph o f other insect taxa, including the lepidopterans 

Galleria mellonella and Manduca sexta (Samaraweera and Law, 1995, Park et al., 2005), the 

dipteran Anopheles gambiae (Paskewitz and Shi, 2005) and the hymenopteran A. mellifera 

(Chan et al., 2006). Within the haemolymph o f the waxmoth, G. mellonella, immune activity 

o f the G. mellonella homologue, Gm-protein 24, identified a potential role in the proPO 

cascade (Park et al., 2005). Addition o f Gm-protein 24 to naive haemolymph resulted in 

increased PO activity suggesting the protein as a potential mediator between immune 

challenge and PO response (Park et al., 2005). If a homologous role is performed within B. 

terrestris haemolymph, the increase o f  the 27kDa haemolymph protein within the 

haemolymph o f parasitised B. terrestris queens may be related to increased proPO activity 

during initial parasitism, which may be potentially suppressed or evaded by S. bomhi. Further 

molecular and biochemical studies will be required to elucidate the exact function o f  this 

highly conserved haemolymph protein.

Post-diapause, immune effectors, such as the antimicrobial peptide (AMP) 

hymenoptaecin and lysozyme, were increased within the haemolymph o f S. bombi parasitised 

queens. Increases in host humoral activity have been identified previously within nematode- 

insect systems although the exact activity o f the host humoral immune response against 

nematodes is poorly understood (Castillo et al., 2011). Infection o f  the mosquito Aedes 

aegypti by the filarial nematode, Brugia pahangi, resulted in the synthesis o f the AMP, 

defensin, within the host haemolymph (Chalk et al., 1994) while increased transcription o f 

the AMPs defensin and cecropin has been identified within A. aegypti infected with 

microfilariae o f  the filarial nematode, Wuchereria bancrofti (Magalhaes et al., 2008). Studies 

on entomopathogenic nematodes have identified different strategies to inhibit or reduce AMP 

synthesis. Within the waxmoth, G. mellonella, the parasitic nematode, Heterorhahditis 

bacteriophora, has been shown to secrete a proteinase within the haemolymph that inhibits 

cecropin activity (Jarosz, 1998) while within the same host species, S. fe ltiae  uses specialised 

cuticle-surface molecules to bind to and remove immunity-related proteins from the host 

haemolymph (Brivio et al., 2006). However, a number o f filarial and entomopathogenic 

nematodes contain bacterial endosymbionts and it is suggested that humoral immune activity
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associated with nematode infections is generated in response to symbiotic bacteria rather than 

the nematode. Recent studies on axenic nematode strains (i.e. free o f bacterial contaminants) 

have identified little or no humoral activity against nematodes in the absence o f the bacterial 

symbionts (Hallem et al., 2007, Eleftherianos et al., 2010). At present, the current status o f a 

bacterial endosymbiont associated with S. hombi is unknown, although transcriptomic 

analyses o f the life cycle stages o f S. homhi did identify the presence o f prokaryotic 

transcripts, most notably Wolbachia-Vsko. sequences (but these sequences may just be 

contaminants) (see Chapter 3). Further genomic and microbiological studies will be required 

to confirm presence o f a potential endosymbiont and any putative role within the host- 

parasite interaction.

in the absence o f a confirmed endosymbiont, the post-diapause increase in humoral 

immune effectors within the haemolymph o f parasitised queens presents an interesting result. 

Hymenoptaecin was first documented within the honey bee as an inducible antimicrobial 

peptide possessing affinity for both Gram-positive and -negative bacteria that inhibits 

viability through permeabilisation o f the bacterial outer membrane (Casteels et al., 1993), yet 

its activity against macroparasites, such as S. bomhi, has yet to be examined. Previous 

proteomic studies have identified hymenoptaecin as a potential key effector molecule in 

antimicrobial defence within honey bees (Randolt et al., 2008, Chan et al., 2009, 

Gatschenberger et al., 2012) with synthesis o f hymenoptaecin strongly increased within the 

haemolymph o f  septically and aseptically challenged honey bee life cycle stages (Randolt et 

al., 2008). Studies on hymenoptaecin within bumblebee species, such as B. pascuorum, have 

identified affinity for Gram-negative bacteria only. However, expression and activity o f 

hymenoptaecin within B. terrestris has yet to be examined in response to nematode challenge 

and therefore, further studies will be required to elucidate its role within this host-parasite 

interaction.

Like hymenoptaecin, lysozyme was increased within the haemolymph proteome o f 

parasitised queens at 48 hours post-diapause. Lysozymes function in the breakdown o f beta- 

(1 ,4)-glycosidic bonds between the peptidoglycan layers leading to the destabilisation o f the 

bacterial cell wall (Hultmark, 1996) and have been identified within the haemolymph o f a 

range o f immune challenged insects, such as the lepidopteran M. sexta  (An et al., 2009), the 

dipteran D. melanogaster (Flyg et al., 1986), and the honey bee A. mellifera (Chan et al., 

2009). Like hymenoptaecin. exact activity against nematodes, such as S. hombi, has not been 

examined but increase in lysozyme abundance may be correlated with the increase in AMP
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abundance. Within the haemolymph o f M. sexta, presence o f lysozyme is associated with 

presence o f AMPs, such as cecropin and defensin, and is suggested to aid in immune activity, 

through initiation o f humoral immune response or alternatively, functioning in the removal o f 

the bacterial murein sacculus after lysis by antimicrobial effectors (Boman and Hultmark, 

1987, Boman et al., 1991).

AMPs and lysozymes generally display high specificity and affinity for a particular 

substrate, such as cell surface components o f bacteria. Although the status o f a bacterial 

endosymbiont o f S. bombi is unknown, the infective nematodes within the present study were 

not axenic strains and therefore, would carry bacterial contaminants on their surface when 

entering the host. Whether these contaminants result in an increase in humoral immunity 

raises an important question about the functionality and efficacy o f the host immune response 

during diapause. These contaminants would be present during diapause and therefore, if  these 

are the targets o f immune activity, it would suggest that the host immune response may 

undergo some form o f partial senescence during diapause. Alternatively, the nature o f the 

immune challenge may not be present until post-diapause. O f additional interest are the 

increases in humoral immune effectors, such as lysozyme and AMPs, which have been 

reported to trade-off against other arms o f the insect immune response, such as the proPO 

pathway (Freitak et al., 2007, Cotter et al., 2008). Within M  sexta, lysozyme has been 

identified as a potential inhibitor o f the proPO pathway through inhibition o f conversion of 

the precursor molecules, proPO, to the active form, phenoloxidase (PO) (Rao et al., 2010). In 

addition, Rao et al. (2010) identified lysozyme mediated degradation o f precursor proteins 

essential for the initiation o f the enzyme cascade. W ithin the mosquito A. gambiae, 

examination o f melanisation o f Sephadex beads within the haemolymph identified a 

lysozyme protein to bind to the surface o f  the beads and inhibit melanisation (Li and 

Paskewitz, 2006). Knock-down o f lysozyme within A. gambiae resulted in increased 

melanisation suggesting a potential role o f lysozyme in the inhibition o f melanisation (Li and 

Paskewitz, 2006). Therefore, activation o f apparently benign immune effectors may result in 

the reduction o f  activity o f potentially harmful humoral effectors within the bumblebee-S. 

bombi system. In addition, B. terrestris queens are subject to parasitism by a broad range o f 

prokaryotic and eukaryotic parasites (Schmid-Hempel, 1998, Rutrecht and Brown, 2008), 

which may impact on the fitness o f both host and S. bombi. Reducing entry and survival o f 

pathogenic competitors would be beneficial to S. bombi and therefore, modulation o f the host
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immune system to increase humoral activity may directly or indirectly increase the fitness o f 

the parasite.

In addition to immune effectors, other proteins with putative immunological roles 

showed differential abundance within the haemolymph o f S. hombi parasitised queens. 

Transferrins are involved in iron binding and transport, as well as having roles in 

reproduction and vitellogenesis (Nichol et al., 2002, Geiser and Winzerling, 2012). 

Transferrins also have an immunological role in the reduction o f the development of 

pathogens through appropriation o f free iron, an essential element for microbial growth 

(Yoshiga et al., 1997, Yoshiga et al., 1999). Transferrin has previously been identified to be 

upregulated in response to bacterial challenge within A. aegypti (Yoshiga et al., 1997) and D. 

melanogaster (Yoshiga et al., 1999) while transferrin abundance was increased after fungal 

challenge within the haemolymph proteome o f D. melanogaster larvae (Levy et al., 2004a). 

In relation to nematode infections, increased transcription o f transferrin, along with defensin 

and cecropin, has been identified within A. aegypti infected with the filarial nematode, W. 

hancrofti. However, increased transferrin transcription occurs also naturally during blood- 

feeding by the host, the time at which infection occurs and therefore, increased expression 

within this system may be related to a by-product o f digestion (Magalhaes et al., 2008). 

Transferrin has also been identified to increase in abundance during melanotic encapsulation 

o f microfilariae o f B. malayi and Dirqfilaria immitis (Beemtsen et al., 1994). This action has 

been suggested to be involved in oxidative stress and regulation o f free radicals associated 

with encapsulation (Beerntsen et al., 1994). Within this study, there was no identification of 

melanised parasites and indeed, the occurrence o f parasite encapsulation by the host immune 

response appears to be rare (Kelly, 2009). Further studies will be required to elucidate the 

exact immunological role, if  any, transferrin has in this nematode-insect interaction.

In relation to cellular immunity, a cytokine-like molecule, astakine, had an increased 

abundance within parasitised queen haemolymph post-diapause. Within crustaceans, astakine 

is known to function in proliferation and differentiation o f  haematopoietic stem cells, 

including the effector cells o f the immune system, the haemocytes (Soderhall et al., 2005, Lin 

et al., 2009, Lin et al., 2010). In addition, an increase in abundance o f  astakine has been 

identified in response to bacterial challenge suggesting an immune-responsive role (Soderhall 

et al., 2005, Watthanasurorot et al., 2011). Within nematode-insect interactions, cellular 

immune effectors play an important role in parasite encapsulation (Castillo et al., 2011). The 

immune effectors of the cellular response, the haemocytes, are present within the
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haemolymph and can bind to and aid in encapsulation o f parasitic nematodes (Castillo et al., 

2011). Like the proPO pathway, entomopathogenic nematodes have evolved mechanisms to 

reduce and disrupt activity o f the haemocytes. For example, S. fe ltiae  uses lipids present on 

their cuticle to bind to haemolymph proteins, which disguises the nematode from detection by 

the haemocytes (Mastore and Brivio, 2008) while other Steinernema  species possess more 

direct effects, such as reducing phagocytosis by the immune cells, disrupting the 

conformation o f the cells, as well as direct cell killing (Li et al., 2009, Balasubramanian et al., 

2010, Brivio et al., 2010). Genes encoding astakine-like proteins have been identified within 

the genomes o f some Hymenoptera, including the honey bee, A. mellifera (W einstock et al., 

2006), the ants, C. floridanus and H. saltator (Bonasio et al., 2010), and the jew el wasp, N. 

vitripennis (Werren et al., 2010), although at present, the functions o f these proteins are 

unknown. However, based on homology, the proteins may have a role in insect immunity. 

Astakine was increased within S. bombi parasitised haemolymph proteome at 48 hours post

diapause, a time-point at which abundances o f  immune effectors, such as lysozyme and 

hymenoptaecin, were increased. Therefore, the increase in abundance o f astakine may 

contribute to the overall increase in immunity-related protein abundance identified within the 

S. bombi parasitised haemolymph at 48 hours post-diapause.

In addition to immunity, stress tolerance is an important defence for the host. Stress 

tolerant proteins, such as peroxiredoxins and thioredoxins, are involved in the removal o f 

harmful free-radicals, which may be generated by cellular respiration or as part o f the 

immune response. Peroxiredoxins are a family o f enzymes involved in antioxidant activity, 

through the removal o f damaging hydroxyl radicals, such as hydrogen peroxide (Rhee et al., 

2001, Radyuk et al., 2009). A peroxiredoxin protein was present within the haemolymph o f S. 

bombi parasitised queens but was absent from control queens post-diapause. Peroxiredoxins 

have been previously identified to be increased within the haemolymph o f D. melanogaster 

larvae in response to immune challenge (Vierstraete et al., 2004a, Vierstraete et al., 2004b) 

suggesting a role in insect defence. Immune challenge or parasitism can place the host under 

increased oxidative stress due to the generation o f immune-related radicals while radicals 

produced by the parasite through respiration or potentially as by-products generated via 

haemolymph digestion, may lead to a state o f  increased oxidative stress within the host. The 

increase in peroxiredoxin abundance within the parasitised queen haemolymph may be 

reflective o f the parasitised state and may function in the protection o f host tissues from 

oxidative stress caused potentially by the presence o f the parasite.
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6.4.2 Role of olfactory-related proteins within the host-parasite interaction

For insects, olfaction and the ability to discriminate between varieties o f odour 

molecules are o f  major importance. In relation to bumblebees, a competent olfactory system 

is required to recognise nest mates (Getz and Chapman, 1987), control subordinates (Cnaani 

et al., 2000), forage for resources (Kunze and Gumbert, 2001) and also for mate selection 

(Ayasse et al., 2001). Post-diapause, bumblebee queens must forage for resources as well as 

locating a suitable nest site for colony formation (Alford, 1975). In contrast, an altered 

behavioural phenotype is evident within S. hombi parasitised queens with queens not 

establishing colonies but instead, investigating prospective overwintering sites. In addition to 

the altered behaviour, parasitised queens also demonstrate disorientated flight patterns 

(Poinar and Van der Laan, 1972, Lundberg and Svensson, 1975). While behavioural analysis 

was beyond the scope o f this study, proteins with putative roles in behaviour, such as 

olfaction-related proteins, such as odorant binding proteins (OBPs) and chemosensory 

proteins (CSPs), were affected by the presence o f S. hombi throughout the time-points 

examined. Olfaction-related protein families, such as OBPs and CSPs, are ubiquitous across 

insects and based on their high concentrations within lymph surrounding sensory receptors, 

are suggested to function in the transportation o f odour molecules from the environment to 

site o f recognition and therefore, may influence behaviour through communication of 

external stimuli (Pelosi and Maida, 1995, Steinbrecht, 1998). OBPs and CSPs have been 

identified within the haemolymph o f a range o f insect species, such as D. melanogaster (Levy 

et al., 2004a, Levy et al., 2004b), A. gambiae (Paskewitz and Shi, 2005), Tenebrio molitor 

(Graham et al., 2001, Graham et al., 2003), A. mellifera (Chan et al., 2006, Randolt et al., 

2008, Gatschenberger et al., 2012) and B. terrestris (see Chapter 5). Within the haemolymph 

o f parasitised queens, olfactory-related proteins, 0B P3 and 0B P4, were differentially 

abundant throughout parasitism. At present, the exact functions o f OBPS and 0B P4 within 

the haemolymph o f B. terrestris queens are unknown, but based on homology and presence 

o f conserved odorant binding domains, a role in the solubilisation o f hydrophobic molecules 

and transportation within the lymph could be proposed. However, proteomic studies on the 

haemolymph are beginning to identify alternative roles for OBPs, including roles in 

immunity. Proteomic analyses o f the haemolymph o f D. melanogaster adult males identified 

an increase in abundance o f an OBP99c protein in response to fungal challenge. In response 

to Gram-positive bacteria, abundance was repressed suggesting a potential specificity in 

response by OBP99c to fungal pathogens (Levy et al., 2004a). O f the two OBPs differentially

243



abundant within the haemolymph o f parasitised queens, neither was homologous to OBP99c, 

However, interestingly, the two proteins did not share homology with proteins outside o f  the 

family Apidae, suggesting potential novel roles within this group.

Another group o f olfactory-related proteins, pheromone binding proteins, have been 

identified to have additional roles in immunity. Within the haemolymph o f adult D. 

melanogaster flies, pherokine-2 (Phk2) and pherokine-3 (Phk3), have been identified to be 

synthesised in response to viral and bacterial challenges suggesting a potential immune 

responsive role (Sabatier et al., 2003). Interestingly, a homologue o f Phk2, ejaculatory bulb 

specific protein 3 (PEB3), had increased abundance within the haemolymph o f parasitised B. 

terrestris queens post-diapause. Phk2 is present within the haemolymph o f virally challenged 

tlies, although the protein does not appear to have direct antiviral activity (Sabatier et al., 

2003). It is suggested the protein may have a potential role in tissue repair caused by 

pathology or a role in the co-ordination o f  the behavioural response to infection (Sabatier et 

al., 2003). Based on homology, B. terrestris PEB3 may perform a similar role in this 

capacity.

As with odorant binding proteins, chemosensory proteins (CSPs) are suggested to 

function in the transport o f odour molecules to sites o f recognition (Pelosi et al., 2005). 

CSP3, a homologue o f antennal specific protein 3c (ASP3c) in A. mellifera, was reduced 

within the haemolymph o f parasitised queens post-diapause. Within A. mellifera, ASP3c has 

been identified within the antennae (Briand et al., 2002), seminal fluid (Baer et al., 2009) and 

haemolymph, where it was more abundant within males and workers than queens (Chan et 

al., 2006). Bacterial challenge o f honey bee drones did not result in a change in ASP3c 

haemolymph abundance discounting a potential immunological role (Gatschenberger et al., 

2012). Studies on the binding affinity o f ASP3c identified the protein to be able to bind to 

fatty acids and ester derivatives, including brood pheromone, a pheromone secreted by larvae 

resulting in behavioural and physiological changes in workers (Briand et al., 2002, Smedal et 

al., 2009). The presence o f the protein within the seminal fluid o f  A. mellifera drones is 

suggested to potentially contribute to behavioural and physiological changes within the 

female post-mating (Baer et al., 2009). A second chemosensory protein, CSP4, was absent 

within the haemolymph o f parasitised queens 48 hours post-diapause. Expression analysis for 

CSPs within the honey bee, A. mellifera, identified expression o f CSP4 to be restricted 

largely to olfactory tissues, including the antennae o f aduhs, suggesting a potential role in 

chemoreception (Foret et al., 2007). Behavioural alterations are evident within the parasitised

244



host post-diapause (Poinar and Van der Laan, 1972, Lundberg and Svensson, 1975) and 

therefore, absence and reduction of olfactory-related proteins may contribute to the altered 

behavioural phenotype.

6.4.3 Decrease in reproductive proteins: Role in host castration?

Parasitism by S. hombi is associated with host castration via inhibition of ovarian 

development (Poinar and Van der Laan, 1972, Palm, 1948, Roseler and Roseler, 1973). 

Within the haemolymph of S. bombi parasitised queens, proteins with putative roles in 

vitellogenesis had decreased abundances post-diapause. An apolipophorin protein with 

vitellogenin domains was reduced within parasitised haemolymph. Vitellogenin is an 

important precursor yolk protein and is synthesised within the insect fat bodies. The protein is 

secreted into the haemolymph and transported to the ovaries where the proteins are taken up 

by the developing oocytes (Hagedorn and Kunkel, 1979). In host-parasite interactions, 

parasitism can impact on vitellogenesis, a metabolically costly activity (Hurd, 2001). 

Reduced abundance of vitellogenin has previously been identified within the haemolymph of 

S. hombi parasitised queens with the damage to the endocrine producing organ, the corpora 

allata (CA), cited as the reason for vitellogenin reduction (Roseler and Roseler, 1973). Within 

the present study, a second potential reproductive protein was identified that was reduced 

within parasitised haemolymph. Transferrin is an iron-binding and transport protein with 

additional roles in immunity and also reproduction (Geiser and Winzerling, 2012). Within 

insects, transferrin has been identified as a vitellogenic protein with synthesis within the 

insect fat bodies. Like vitellogenin, transferrin is secreted into the haemolymph, where it is 

taken up by developing oocytes (Geiser and Winzerling, 2012). An investigation of 

transferrin within the fly, Sacrophaga peregrina, identified the protein to be absorbed within 

the oocytes and iron deposited in the form as ferritin (Kurama et al., 1995). Expression of the 

protein was not identified within the ovaries indicating the source o f transferrin synthesis to 

originate from somatic tissues or elsewhere in the female adult rather than being produced by 

the ovaries themselves (Kurama et al., 1995). A similar vitellogenic role for transferrin has 

been identified within the bean bug, Riptortus clavatus (Hirai et al., 2000). Due to their 

putative role in reproduction, the reduction in abundance of these proteins may be reflective 

o f  a state of reduced fecundity within the host.

An alternative reason for the reduction of host reproductive proteins may be due to 

their sequestration from the host haemolymph by the parasite. Within the host, S. bombi
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actively acquires nutrients from the host, which are utilised for nematode egg development 

(Poinar and Hess, 1972). Reproductive proteins, such as vitellogenin and transferrin, present 

potential targets for parasite acquisition. The everted uterus o f  S. bombi contains 

invaginations, which actively absorb nutrients from the host's haemolymph, which are 

deposited within the developing eggs o f the parasite (Poinar and Hess, 1972). Proteins, such 

as vitellogenin, are highly conserved across invertebrate taxa (Chen et al., 1997) and 

therefore, S. bombi may potentially utilise reproductive proteins o f the host to fuel its own 

development.

Another potential target for acquisition by the parasite is sterols. Sterols are essential 

for normal growth, development and reproduction. However, neither insects nor nematodes 

can biosynthesise sterols de novo and hence are required to obtain sterols from dietary intake 

(Thompson et al., 1972, Chitwood, 1999). Entomopathogenic nematode taxa, such as 

Steinernema, have been shown to acquire sterols from their insect hosts (Chitwood, 1999, 

Morrison and Ritter, 1986). Within the haemolymph o f parasitised queens, a potential 

transporter o f sterols, Niemann pick type c2 (NPC2), was reduced post-diapause. Within D. 

melanogaster, NPC2 genes have been identified to function in sterol metabolism and 

homeostasis, which is essential for ecdysteroid biosynthesis (Huang et al., 2007). The exact 

function o f B. terrestris NPC2 is unknown but based on homology, the protein may function 

in lipid and sterol metabolism. The reduction o f this protein within the parasitised host 

haemolymph may be associated with potential parasite removal o f transport proteins.

6.4.4 Neurological and hormonal regulation within host-parasite interaction

Behavioural changes within a parasitised host may be a direct result o f molecules 

secreted by the parasite or alternatively, the presence o f  the parasite alone may result in 

behavioural alterations in the host (Thomas et al., 2005). W ithin the haemolymph o f S. bombi 

parasitised queens, proteins with putative roles in development and maintenance of the 

nervous system, which may mediate behaviour, were differentially abundant. Slit proteins are 

secretory leucine-rich repeat containing proteins involved in processes within the central 

nervous system, such as axonal regeneration and neuronal cell migration (Rothberg et al., 

1990, Piper and Little, 2003). Reduction o f slit proteins, which are essential for neuronal cell 

migration, may impact on the functioning o f the bumblebee nervous system, which may 

contribute to the altered behavioural phenotype displayed within parasitised queens.
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Another neurologically-associated pathway found to be affected by parasitism within 

this study was the insulin-signalling pathway, important for animal growth and development. 

Within the haemolymph o f parasitised queens a reduction and indeed absence o f an insulin

like growth factor binding acid labile subunit (ALS) protein was identified at certain time- 

points during parasitism. In D. melanogaster, ALS is involved in the binding and 

transportation o f  insulin-like peptides (ILPs), components o f the insulin-signalling pathway, 

and has an important role in the regulation o f animal growth and metabolism (Arquier et al., 

2008). In addition to roles in animal growth and development, the insulin signalling pathway 

has been suggested to have a functional role in the synthesis o f the regulatory hormone, 

juvenile hormone (JH), which is suggested to be reduced within S. bombi parasitised queens 

resulting in the castrated phenotype (Poinar and Van der Laan, 1972, Roseler, 2002). 

Deficiencies in insulin signalling, as tested on mutants for insulin receptor {InR), resulted in 

the development o f  a long-lived dwarfish, infertile phenotype within D. melanogaster (Tatar 

et al., 2001b). Fertility was restored through treatment with a JH analogue, methoprene, 

indicating a connection between insulin signalling and the synthesis o f JH (Tatar et al., 

2001a. Tatar et al., 2001b, Sim and Denlinger, 2008). Due to its potential regulatory effects 

on JH production, the insulin signalling pathway has also been suggested to function in the 

control o f insect diapause. Studies on D. melanogaster and Culex pipiens have identified 

suppression o f insulin to lead to onset o f adult diapause (Sim and Denlinger, 2008, Tatar et 

al., 2001b, Flatt et al., 2005). Indeed knockouts for InR resulted in the manifestation o f a 

diapause phenotype in C. pipiens, which is suggested to be the result o f blocking JH 

production (Sim and Denlinger, 2008). Disruption o f insulin signalling and subsequent JH 

production within S. bombi parasitised queens may contribute to the inhibition o f ovarian 

development evident within parasitised queens. The site o f synthesis o f  JH, the endocrine 

organ, the CA, has been identified to be reduced within S. bombi parasitised queens (Palm, 

1948, Roseler, 2002) with secretory toxins released by the parasite suggested as the 

mechanism for damage caused to the CA (Palm, 1948, Pouvreau, 1962). However, this 

reduction may instead be associated with disruption in insulin signalling within the host.

While the link between the reduction in the CA and inhibition o f ovarian development 

has been documented (see references above), reduction in the regulatory hormone, JH, can 

impact on multiple aspects o f the host's physiology, including reproduction, senescence 

(Tatar and Yin, 2001, Herman and Tatar, 2001, Tatar et al., 2001a), immunity (Rantala et al., 

2003, Flatt et al., 2008), behaviour (Elekonich and Robinson, 2000, Maleszka and Helliwell,
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2001), and developmental states, such as diapause (Flatt et al., 2005, Saunders et al., 1990, 

Tatar et al., 2001a) (see Fig. 6.6). I identified a potential relationship between proteins 

affected by S. bombi parasitism and proteins affected by temporal variation between diapause 

and post-diapause (see Fig. 6.5). Whether the protein changes identified within this study are 

related directly to parasitism or a general effect o f juvenile hormone deficiency within the 

host will require further investigation.

6.4.5 Sphaerularia bombi proteins within the host haemolymph

The haemolymph is an important reservoir and transporter o f nutrients within the 

host. Indeed, the nutrient-richness o f the fluid provides an attractive resource for exploitation 

by parasites, such as S. bombi. Throughout its interaction with the host, S. bombi is in contact 

with the host haemolymph and has been shown to actively feed from the haemolymph, using 

the absorbed matter for egg development, a process critical for successful transmission o f 

genes to a new generation (Poinar and Hess, 1972). This study provides the first direct 

evidence o f the secretion o f secretory proteins from S. bombi into the haemolymph o f B. 

terrestris queens during parasitism, supporting the view that the interaction between host and 

parasite is highly complex and dynamic. The presence o f nematode proteins in the 

haemolymph may represent contamination o f whole or partial nematode bodies collected 

during haemolymph collection. However, it would be expected that in such cases generally 

abundant proteins, such as cuticular proteins, actin or myosin, would be observed. The 

proteins identified here are therefore more likely to be secreted proteins, which is supported 

by the fact that all four proteins had an N-terminal secretion signal.

Proteomic studies on the secretomes o f parasitic nematodes, such as Brugia malayi 

(Hewitson et al., 2008, Moreno and Geary, 2008, Bennuru et al., 2009), Heligmosomoides 

polygyrus (Hewitson et al., 2011), Ancylostoma caninum  (Mulvenna et al., 2009), 

Haemonchus contortus (Yatsuda et al., 2003) and Teladorsagia circumcincta (Smith et al., 

2009, Nisbet et al., 2010), have provided a comprehensive compendium o f 

excretory/secretory products released by parasitic nematodes in vitro. However, the secreted 

proteins o f S. bombi did not share homology with these products or indeed, did not share 

sequence similarity with any protein previously identified. Previous studies on the pathology 

caused by S. bombi have suggested toxins secreted by the parasite to be the mechanism for 

reduction o f the host CA (Palm, 1948, Pouvreau, 1962). However the validation o f the
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Figure 6.6: Systemic effects o f juvenile hormone. Model adapted from Flatt et al. (2005) describing the signalling pathway involved in the 
production o f juvenile hormone (JH) and its effects on insect physiology. Within D. melanogaster, JH production leads to increased reproduction 
and metabolism. In contrast, JH can impact on immunity and is involved in the termination o f diapause. In comparison, deficiencies in JH 
production can lead to a phenotype characterised by reduced reproduction and metabolism but increase in immune and stress tolerance potential. 
In addition, JH production is reduced during diapause.

Juveni le  h o r m o n e
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presence o f these proteins in the haemolymph and the determination o f their function requires 

further investigation.

The molecular mechanisms related to host-parasite interactions are providing novel 

insights into the dynamics o f these highly important associations. As a preliminary means of 

assessing the systemic response in an insect host to parasitism by a nematode parasite, I 

performed a proteome-wide analysis o f  host haemolymph, the site o f interaction between the 

bumblebee host, B. terrestris, and the parasitic nematode, S. bombi. Functional groups o f 

proteins were identified affected by parasitism, which may impact on multiple aspects o f the 

host's physiology. In addition, I provide empirical evidence for a dynamic interaction 

between parasite and host whilst also identifying candidate parasite effector molecules. The 

results generated from this study increase our understanding o f the molecular mechanisms 

related to this natural host-parasite interaction as well as providing a general insight into 

nematode-insect interactions, which will be o f  importance to medical, veterinary and 

agricultural fields.
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Chapter 7 

General discussion
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7.1 Addressing the aims of the study

Sphaerularia hombi (Phylum Nematoda: Order Tylenchida), an entomoparasitic 

nematode, infects and parasitises bumblebee (Bomhus) species queens (Phylum Arthropoda: 

Order Hymenoptera) resulting in behavioural and physiological changes within the host with 

the most devastating effect being host castration. While pathology associated with parasitism 

by S. bomhi has been extensively documented, the molecular mechanisms related to this 

fascinating host-parasite interaction are unknown. To address this issue, transcriptomic and 

proteomic-based methods were used to provide a novel insight into genome expression within 

the host-parasite interaction between S. bombi and the buff-tailed bumblebee, Bombus 

terrestris, a natural host o f S. bombi as well as an important commercial and ecological 

pollinator.

At the onset o f the project, both host {B. terrestris) and parasite {S. bombi) were 

without sufficient genomic resources. To alleviate this issue, transcriptomic analyses using 

454 sequencing technology were performed for both organisms to provide references to allow 

for down-stream transcriptomic and proteomic analyses o f the host-parasite interaction. In 

addition, examination o f transcriptome expression would increase our general understanding 

o f  the biology o f  both organisms. As transcriptomes are transient states with certain genes 

only expressed during certain life cycle stages or in response to particular stimuli, 

transcriptomic analyses o f both host and parasite incorporated multiple life cycle stages to 

increase rates o f gene discovery.

Transcriptomic analysis for the host was performed on the life cycle stages o f B. 

terrestris incorporating distinct developmental stages (larva and pupa), sexes (male and 

female) and castes (worker and queen) (Chapter 2; (Colgan et al., 2011)). The approach of 

using multiple life cycle stages, castes and sexes in combination with the use o f 454 

sequencing technology resulted in an increase in gene discovery in comparison to previous 

transcriptomic studies, such as Sadd et al. (2010). Based on homology searches against 

available insect predicted proteomes, the present data provides evidence for the expression o f 

approximately 6,000 unique genes. Based on the gene complement o f the honey bee. Apis 

mellifera, the closest sequenced relative o f B. terrestris, the results o f the present study would 

indicate discovery o f approximately 55-60% of the predicted protein-encoding gene 

complement for the buff-tailed bumblebee. Individual sequencing o f life cycle stages, sexes 

and castes also allowed for the examination and identification o f stage-specific expression
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that may be related to the expression o f the different physiological and behavioural 

phenotypes demonstrated within the stages, sexes and castes o f the bumblebee life cycle. 

Preliminary insights into potential differential expression between the stages was performed 

using the R-STAT analysis identifying differences in important biological processes, such as 

metabolism, storage, immunity and olfaction. As single samples were used for cDNA library 

synthesis, a cautious approach must be taken to the interpretation o f the results o f the R- 

STAT analysis. However, this study provides a compendium o f candidates for future studies 

examining the molecular basis o f polyphenism within this important pollinator species.

Transcriptomic analyses allowed for the examination o f conservation o f genes within 

the bumblebee for important biological processes, such as olfaction and immunity. 

Components o f major immune signalling pathways, such as the Toll, ImD, JNK and 

JAK/STAT, were identified to be expressed across the life cycle stages, expanding on the 

number o f genes detected by Sadd et al. (2010). Immune-related genes were also identified to 

be putatively differentially expressed between the life cycle stages with immune recognition 

genes, such as peptidoglycan-recognition protein SA and Gram-negative bacteria-binding 

protein, demonstrating highest expression within the larva and gyne (virgin queen), 

respectively. Surprisingly, expression o f immune effectors, such as transferrin and 

antimicrobial peptides, defensin, apidaecin, abaecin and hymenoptaecin, had highest 

expression within the male. Gene expression studies have been previously performed on 

immune expression within bumblebee workers (Riddell et al., 2009, Riddell et al., 2011, Erler 

et al., 2011) but this is the first examination o f expression within bumblebee males, an 

important yet understudied sex. Increased expression within the male may be related to their 

solitary life-cycle. Social insect colonies are defended from pathogen establishment and 

transmission through colony-based defences, such as high hygiene standards as well as 

complex behavioural repertoires (Cremer et al., 2007). As bumblebee males spend the 

majority o f their life cycle outside o f the colony, increased immune expression may be 

required to compensate for the absence o f proposed colony-based social immunity (Cremer et 

al., 2007). As this study only used an individual representative male, further studies will be 

required to elucidate and quantify expression between the various life cycle stages o f the 

host.

The results o f the transcriptomic analyses identified an array o f genes putatively 

related to the expression o f multiple physiologically and behaviourally distinct phenotypes 

within the host. These candidates will be important for future transcriptomic and proteomic
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studies examining the molecular basis o f polyphenism within the bumblebee and indeed, the 

social Hymenoptera. In addition, the study provided a comprehensive insight into immune 

expression within the host, an important defence against invasive pathogens and parasites. 

The data generated from this study will also provide an important resource for ongoing gene 

annotation efforts involved in the bumblebee genome project.

In comparison to the host, genomic information for the entomoparasitic nematode, S. 

homhi, has largely been restricted to ribosomal sequences primarily used for the purposes o f 

phylogenetic analyses (e.g.(Subbotin et al., 2006)). To provide a comprehensive insight into 

genome-wide expression o f this important parasite, multiple life cycle stages (L3 juveniles, 

free-living adults and parasitic-stage female adults) o f the parasite were used within the 

transcriptomic analyses to increase gene discovery (Chapter 3). Unlike transcriptomic 

analysis o f the host, life cycle stages o f the parasite were pooled for sequencing. While 

individual sequencing would have allowed for examination o f differential expression during 

important life cycle stages, this approach was beyond the scope o f the current study. 

Comparative analyses between the S. homhi transcriptome and available nematode genomes 

inferred functional annotation to approximately 65% o f the S. homhi transcriptome, 

identifying potential candidate S. homhi genes with possible roles in the host-parasite 

interaction, such as proteases for digestion o f host material, immunomodulatory molecules, 

and genes to assist in development within the host. Interestingly, the majority o f predicted 

secreted proteins within the S. homhi transcriptome did not share homology with available 

protein sequences, suggesting that these sequences may perform novel functions within the 

parasite. In comparison to other parasitic nematodes, S. homhi demonstrates some unique life 

history traits (Poinar and Van der Laan, 1972). For example, the infective stage o f S. homhi is 

the female adult stage (Poinar and Van der Laan, 1972), which is in contrast to the majority 

o f animal and plant parasitic nematodes, where the juvenile stage is infective (M itreva et al., 

2005). In addition, the eversion and enlargement o f the nematode uterus, as well as the 

utilisation o f the everted reproductive tract for the absorption o f host material (Poinar and 

Hess, 1972), has only been documented within a few nematode species (Poinar, 1983). 

Further genomic studies will be required to examine and characterise the putative molecular 

functions o f these novel sequences within S. homhi.

An interesting finding o f the analysis o f the S. homhi transcriptome was the 

identification o f putative Wolhachia-Vike transcripts. Bacterial endosymbionts have been 

previously identified within several nematode species, performing essential roles in certain
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metabolic pathways, as well as assisting in host morbidity when essential for the completion 

o f certain nematode life cycles (Sironi et al., 1995, Bandi et al., 1998, Vandekerckhove et al., 

2002, Noel and Atibalentja, 2006). Wolbachia endosymbionts have been identified within 

filarial nematodes, such as Brugia malayi and Onchocerca volvulus (Taylor et al., 2005), as 

well as the plant parasitic nematode, Radopholus similis (Haegeman et al., 2009, Haegeman 

et al., 2010), a member o f the same phylogenetic group as S. bomhi. However, Wolbachia 

species have also been identified within a range o f insects (Werren et al., 1995, Fenn et al., 

2006), including the host, B. terrestris (Evison et al., 2012). As certain S. bombi life cycle 

stages were obtained from the haemocoel o f the host, prokaryotic transcripts may be host 

contamination. Therefore, further genomic and microbiological studies are required to 

examine expression o f prokaryotic transcripts and in addition, identify the source o f 

expression with the host-parasite system.

The generation o f transcriptomic references for both host and parasite allowed for 

examination o f gene expression within the B. terrestris-S. bombi interaction. Using Illumina 

sequencing platforms, a quantitative transcriptomic analysis was performed to identify 

changes in gene expression within bumblebee queens in response to parasitism by S. bomhi 

(Chapter 4). In addition, examination o f S. bombi gene expression in vivo was performed to 

identify potential candidates involved in parasitism. Within this analysis, differential gene 

expression was examined at two important temporal periods within the development and 

establishment o f the host-parasite interaction: during diapause, when infection by S. bombi 

occurs; and post-diapause, when phenotypic changes are evident within both the host and the 

parasite (Poinar and Van der Laan, 1972, Lundberg and Svensson, 1975).

Investigation o f transcriptional changes within the host-parasite interaction identified 

global changes in host transcription during and post-diapause affecting several important 

biological processes, such as metabolism, development and cellular processes, as well as 

biological processes potentially important to the development o f the host-parasite interaction, 

such as host immunity and neurology. Previous transcriptomic studies on nematode-insect 

interactions have primarily focussed on changes in host immune expression in response to 

nematode challenge (Aliota et al., 2007, Erickson et al., 2009, Aliota et al., 2010). 

Encapsulation is an important defence against parasitic nematodes (Castillo et al., 2011) yet 

encapsulation events o f S. bombi within bumblebee hosts are rare (Kelly, 2009) suggesting 

that the nematode has evolved mechanisms to either suppress or evade aspects o f  the host 

immune response. Within the present study, host immunity-related genes were differentially
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expressed in response to S. hombi during and post-diapause, providing the first evidence o f a 

dynamic interaction between S. hombi and expression o f  aspects o f the host immune 

response.

As parasitism by S. bombi is associated with dramatic changes in the behavioural 

phenotype o f the host (Poinar and Van der Laan, 1972, Lundberg and Svensson, 1975), 

differentially expressed transcripts were examined for putative roles in the host nervous 

system. Transcriptomic analyses identified transcripts involved in a range o f neurological 

functions, including the synthesis, transport and transmission o f neurotransmitters, to be 

affected by presence o f S. bombi, which may contribute to the expression o f the altered 

behavioural phenotype evident within parasitised hosts. In addition, transcripts with potential 

roles in neuronal regeneration were also differentially expressed and may be expressed in 

response to damage attributed to the presence or activities o f S. bombi within the host.

Although steps were taken to reduce redundancy o f contigs, which is a common issue 

associated with transcriptomic references (Kumar and Blaxter, 2010), detection o f 

differentially expressed transcripts within the bumblebee host may be increased by alignment 

to a reference genome when available. In addition, while whole-bodied specimens were used 

within the experiments to maximise detection o f transcripts affected by parasitism, 

examination o f specific organs (e.g. brain, fat bodies) or sections (e.g. abdomen) o f the host 

may increase detection o f  differentially expressed transcripts due to reduction o f saturation of 

sample by ubiquitously expressed transcripts.

Nematode-annotated transcripts identified within parasitised queens provided the first 

documentation o f expression o f a parasitic nematode within an insect host in vivo. 

Transcriptomic analyses has previously characterised gene expression within nematodes 

extracted from host material (Blaxter et al., 1996) or identified genes expressed by a parasitic 

nematode in response to a host stimulus in vitro (Hao et al., 2010). While the majority o f 

nematode transcripts identified within parasitised queens were ribosomal and structural (e.g. 

actin and tubulin) transcripts, genes with potential roles in digestion o f host material, an 

essential activity performed by S. bombi within the host (Poinar and Hess, 1972), were 

identified providing an insight into the repertoire o f peptidases that may aid in host 

exploitation. In addition, genes with potential roles in host immunomodulation, such as 

cathepsins and venom allergen-like (VAL) sequences, were identified to be expressed during
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and post-diapause providing candidates that may aid in parasitism as well as facilitate the 

development of the host-parasite interaction.

To complement the transcriptomic examination of the host-parasite interaction, a 

proteomic analysis was performed on the site of interaction between host and parasite; the 

host haemolymph (Chapter 5). During the host-parasite interaction, S. bombi is continuously 

in contact with the host haemolymph, using invaginations present within its prolapsed uterus 

to absorb host material that will fuel its own egg development (Poinar and Hess, 1972). 

However, while the haemolymph is a nutrient-rich medium, it also transports cellular and 

humoral components of the host immune response that may be detrimental to the survival and 

fitness of the parasite. Therefore, to assess the host defences at the site of interaction, a 

proteomic analysis was performed on uninfected queen haemolymph using mass 

spectrometry-based proteomics. Using a predicted protein set generated from the host 

transcriptome contig set (Chapter 2), this approach identified approximately 20% of the host 

haemolymph proteome to consist of immunity-related proteins with functional roles in 

immune recognition, immune signalling and effector molecules. In addition, an extended 

repertoire of proteins involved in biological processes, such as antioxidant activity, venom, 

transport and olfaction were identified that may aid in host defence.

The data presented within chapter 5 increases our understanding of the biology o f a 

highly important yet understudied caste member of bumblebees: the queen. In addition, 

through a semi-quantitative and qualitative comparison with haemolymph data previously 

generated for honey bee life cycle stages (Chan et al., 2006), an initial assessment of 

similarities and differences in the haemolymph composition of two important pollinator 

species was performed. Preliminary analyses identified a larger compendium of immunity- 

related proteins within the haemolymph of bumblebee queens, which whilst it may be related 

to technical variations between the two studies, it may also be attributed to biological 

differences between the two organisms. Within social insects, colony-based defences have 

been suggested to aid in the reduction of the establishment and transmission of pathogens 

within the colony, which, ultimately, may have contributed to the reduction o f immunity- 

related genes identified with the recent genomic analyses of social hymenopteran species 

(Weinstock et al., 2006, Evans et al., 2006, Cremer et al., 2007, Bonasio et al., 2010). 

However, as bumblebee queens spend a significant proportion of their life cycle as solitary 

organisms (e.g. mating flights, diapause, colony-founding) (Alford, 1975), an increase in 

immune expression may be required to compensate for the absence of colony-based defences.
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Further studies will be required to evaluate immune expression throughout the bumblebee 

queen life cycle as well as assess the functionality o f proteins present within the haemolymph 

as although mass spectrometry-based methods can detect protein presence, protein activity 

cannot be ascertained.

In addition, the investigation o f the host haemolymph identified the presence o f 

highly abundant hypothetical proteins, providing empirical evidence for these previously 

uncharacterised proteins. Homology searches for each hypothetical protein provided an 

insight into the extent o f conservation o f these proteins across phylogenetic groups, 

identifying certain proteins to be restricted to the family Apidae or, indeed, potentially novel 

proteins to B. terrestris. Further proteomic and biochemical studies will be required to 

functionally characterise these proteins.

Following on from the functional characterisation o f the haemolymph proteome o f 

control queens, qualitative and quantitative analyses was performed between control and S. 

bomhi parasitised queens to identify changes within the host haemolymph in response to 

parasitism (Chapter 6). In addition, parasitised haemolymph was examined for the presence 

o f  nematode-derived peptides to provide an insight into the role o f S. homhi within the 

dynamics o f the host-parasite interaction. The present study is the first proteome-wide 

analysis o f  changes in insect haemolymph in response to a nematode challenge. To provide a 

comprehensive insight into protein changes during the establishment and development o f the 

host-parasite interaction between S. bomhi and B. terrestris, time-points incorporating 

diapause (when nematode infection occurs) and post-diapause (when phenotypic changes 

occur within both host and parasite that are characteristic o f the host-parasite interaction) 

were examined. Throughout the time-points examined, distinct haemolymph profiles were 

identified between control and parasitised hosts, with presence o f S. bombi affecting 

abundances o f  proteins involved in biological processes, such as immunity, metabolism, 

olfaction and reproduction. Previous studies examining proteins involved in nematode-insect 

interactions have largely been gene-centred, identifying proteins involved in the insect 

immune response to nematode challenge (Chalk et al., 1994, Chalk et al., 1995) or nematode 

effector molecules involved in manipulation o f the host immune response (Jarosz, 1998, 

Brivio et al., 2006). Immunity-related proteins were identified to be differentially abundant 

throughout the interaction, supporting the data presented in chapter 4 and providing evidence 

that S. bombi results in changes in host immune expression at both the transcript and peptide 

level. Although the transient nature o f transcriptomes and proteomes make it difficult to
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compare trends across each level o f genome expression, certain gene products, such as AMPs 

and lysozyme, were identified at both levels to be differentially expressed within parasitised 

queens highlighting the potential importance o f these encoding genes and their products 

within this host-parasite interaction.

7.2 Insights into the molecular mechanisms of the S. bombi-B. terrestris 
system

The primary aim o f this study was to provide a preliminary insight into the molecular 

mechanisms involved within the host-parasite interaction between S. hombi and B. terrestris. 

Based on the findings outlined within the present thesis, a novel insight has been provided 

into the molecular mechanisms involved within the development and establishment o f the 

host-parasite system, improving our understanding o f gene products affected within the host 

in response to parasitism. In addition, the study identified parasite-derived transcripts and 

proteins that may aid in host manipulation. Here I summarise the findings and discuss their 

implications for improving our understanding o f this fascinating interaction.

Infection by S. homhi occurs during host diapause. At both levels o f genome 

expression, global changes were identified within the host in response to parasitism by S. 

homhi. During diapause, components o f the prophenoloxidase (proPO) pathway, an important 

defence against macroparasites (Beerntsen et al., 1994, Zhao et al., 1995), were differentially 

expressed at both the transcript and peptide level in response to the presence o f 5. homhi. The 

increase in expression o f  regulatory molecules, such as serpins, as well as the reduction of 

proPO initiators, such as the serine protease easter, suggests that parasitism by S. homhi 

results in immunomodulation that may suppress or reduce activity o f the proPO pathway. 

Incidences o f encapsulation events o f  S. hombi are rare (Kelly, 2009) and based on the results 

o f the present study, may be related to changes within host genome expression in response to 

S. hombi infection. However, due to the complexity o f host-parasite interactions, immune- 

related changes may be parasite or host mediated. For the parasite, the proPO pathway 

represents a potential threat to establishment and development within the host. Therefore, 

molecular mechanisms may be used by S. homhi to reduce or suppress activity during host 

diapause. However, a preliminary study investigating activity o f immune-related enzymes, 

such as prophenoloxidase (proPO) and phenoloxidase (PO), within uninfected queens during 

and post-diapause identified a significant reduction in PO activity during diapause in 

comparison to post-diapause (Finlay, 2012). Diapause represents an important stage within
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the life cycle o f  bumblebee queens (Alford, 1975) but due to the prolonged period o f non

feeding associated with the dormant-state (Denlinger, 2002), can be a metabolically stressful 

period for the host. Immune expression has been identified to be a metabolically costly 

mechanism within bumblebees with immune activation by starved bumblebee workers 

resulting in significantly reduced survival rates in comparison to control workers (Moret and 

Schmid-Hempel, 2000). Therefore, during diapause, the host may invest in other aspects o f 

the host immune response. Proteomic analyses o f the host haemolymph proteome identified a 

comprehensive compendium o f immune and defence-associated proteins present during and 

post-diapause, which may be functional and provide protection against certain pathogens. 

However, as Finlay (2012) identified PO activity to increase post-diapause, modulation o f 

regulatory and initiator molecules during diapause may be mediated by S. hombi as a pre

emptive measure to suppress or reduce activity post-diapause, which would facilitate the 

development o f the host-parasite interaction.

Post-diapause, changes in host immune expression were also evident. Humoral 

immune effectors, such as AMPs, had increased abundances at both the transcript and protein 

level within S. homhi parasitised queens. Increased humoral immune expression has been 

identified within other nematode-insect systems with certain AMPs, such as defensin, 

suggested to function in the direct killing o f nematodes as well as causing abnormalities 

within parasite development (Lowenberger et al., 1996, Magalhaes et al., 2008). Within S. 

hombi parasitised queens, the nematode rapidly everts its uterus to approximately 300 times 

its own volume within a short temporal period (approximately seven days) suggesting that an 

increase in host AMP expression does not appear to affect the development o f S. bombi. Due 

to the conservation o f increased AMP expression within other nematode-insect systems 

(Aliota et al., 2007, Magalhaes et al., 2008, Aliota et al., 2010), the most parsimonious 

explanation for increased expression may be related to a general immune response against S. 

bombi although exact activity, if any, against the nematode is unknown. Alternatively, as 

previously identified within other nematode-insect systems (Hallem et al., 2007, 

Eleftherianos et al., 2010, Castillo et al., 2011), increased immune expression may be in 

response to a potential endosymbiont o f S. bombi. Bacterial endosymbionts have been 

described within several nematode species, including filarial nematodes, such as B. malayi 

and O. volvulus (Bandi et al., 1998), the entomopathogenic nematodes, Heterorhabditis and 

Steinernema  species (Forst et al., 1997, Duchaud et al., 2003), as well as plant parasites, such 

as Heterodera glycines (Noel and Atibalentja. 2006) and R. similis (Haegeman et al., 2009),
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belonging to the same phylogenetic group as S. bomhi. While an investigation o f  a bacterial 

endosymbiont o f S. bombi has yet to be performed, transcriptomic analyses o f the S. bombi 

life cycle stages identified the presence o f prokaryotic transcripts, most notably Wolbachia- 

like sequences. While these sequences may just be contamination, further studies will be 

required to validate expression and identify the source o f expression.

In the absence o f detrimental effects against S. bombi, an increase in humoral 

immune expression may also act to benefit the parasite. Trade-offs in expression and activity 

have been identified between humoral immune effectors, such as AMPs and lysozyme, and 

other aspects o f the insect immune response, such as the proPO pathway, an important host 

defence against macroparasites (Cotter et al., 2004, Freitak et al., 2007, Cotter et al., 2008, Li 

and Paskewitz, 2006). Alternatively, the increase o f humoral immune expression may be 

related to increasing the fitness o f the parasite. Within the host-parasite system, natural 

pathogens o f the host now represent a threat to the system. B. terrestris is parasitised by a 

wide range o f  macro- and microparasites with varying pathology (Alford, 1975, Schmid- 

Hempel, 1998) with certain species identified to co-infect with S. hombi (Rutrecht and 

Brown, 2008) and may directly or indirectly affect the fitness o f S. homhi. As S. hombi has a 

prolonged interaction with the host, requiring an active host for the development and 

transmission o f nematode progeny (Poinar and Van der Laan, 1972, Lundberg and Svensson, 

1975), an increase in potentially benign effector molecules may reduce entry and 

establishment o f other pathogens and parasites within the host.

In addition to the immunological changes within the host, transcriptomic analysis o f 

the host-parasite interaction identified genes with putative roles in the host's nervous system 

to be differentially expressed during and post-diapause. Parasitism by S. bombi is associated 

with dramatic changes in the host's behavioural phenotype post-diapause with the behavioural 

changes suggested to be a parasite-mediated adaptation to facilitate dispersal of the 

nematode's offspring to sites with high probability o f  encounter with new hosts (Lundberg 

and Svensson, 1975). Transcriptomic analyses identified changes in genes with potential 

roles in the synthesis, as well as transmission o f neurotransmitters, which are important for 

the co-ordination, as well as regulation o f behavioural repertoires and cognitive abilities, such 

as memory and learning (Blenau and Baumann, 2001, Scheiner et al., 2006, Burke et al., 

2012, McQuillan et al., 2012a). While the experimental approach employed within the 

present study used whole-bodied organisms, the exact site o f response within the nervous 

system in response to S. bomhi parasitism cannot be established at present. While certain
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transcripts identified within the host are homologous to sequences within closely related 

organisms that have been previously identified to have organ-specific expression (e.g. brain) 

(McQuillan et al., 2012b), the bumblebee homologues may be expressed within all, or at 

specific sections of the bumblebee nervous system. As the site of interaction between S. 

bomhi and the host is within the host haemocoel, the nematode may act on the host 

abdominal ganglia, which could result in the disorientated movements identified within 

parasitised queens (Poinar and Van der Laan, 1972, Lundberg and Svensson, 1975).

Another aspect of neurology affected by S. homhi is the documented reduction in the 

endocrine organ, the corpora allata (Palm, 1948). The CA is the site of synthesis of the 

regulatory hormone, juvenile hormone (JH), which regulates a variety of biological 

processes, including metabolism, reproduction, immunity, behaviour and diapause (Maleszka 

and Helliwell, 2001, Tatar et al., 2001a, Herman and Tatar, 2001, Tatar and Yin, 2001, 

Rantala et al., 2003, Flatt et al., 2005, Flatt et al., 2008). While the transcriptomic analyses of 

S. hombi parasitised queens identified differential expression of transcripts that may be 

involved in CA development, such as glutamate and octopamine receptors, examination of 

the parasitised host haemolymph identified reduction and indeed, absence of an insulin-like 

signalling peptide complex at certain stages of the host-parasite interaction that may 

contribute to the reduction in size of the CA observed within parasitised queens. The insulin 

signalling pathway has been identified to have a functional role in the synthesis of JH with 

disruption of the insulin signaling pathway resulting in dramatic changes in the experimental 

phenotype, including increased longevity, infertility, as well as prolonged diapause (Tatar et 

al., 2001b, Flatt et al., 2005, Sim and Denlinger, 2008). Disruption of the insulin-signalling 

pathway through molecules secreted or expressed on the surface of S. bombi may impact on 

the development of the CA. Toxins secreted by S. bombi have previously been suggested to 

cause damage to the CA resulting in inhibited development and subsequent suppression of 

ovarian development within the host (Palm, 1948, Pouvreau, 1962, Roseler and Roseler, 

1973). Nematode-derived peptides were identified within the haemolymph of parasitised 

queens during and post-diapause suggesting a dynamic interaction between the host and 

parasite throughout the parasitic relationship. While the nematode-derived proteins remain 

unannotated, future studies will be required to elucidate their role, if any, within the host- 

parasite interaction.

Reduction in the CA and subsequent reduction in JH levels has been associated with 

inhibition of host ovarian development and the castrated phenotype of S. bomhi parasitised
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queens (Palm, 1948, Pouvreau, 1962). However, as JH impacts on a range o f biological 

processes (Flatt et al., 2005), changes within the host transcriptome and proteome in response 

to S. hombi may be related to a JH deficiency rather than directly targeted through the 

activities o f the parasite. Indeed a JH deficient host phenotype may be o f benefit to the 

parasite through the reduction in metabolically costly processes, such as reproduction, while 

freeing up metabolic resources that may increase the immune potential o f the host-parasite 

system while also fuelling parasite development within the host. Further studies will be 

required to elucidate the mechanisms involved and the direct and indirect effects o f 

parasitism by S. hombi.

In conclusion, results from this study provide a novel and significant insight into 

global changes in insect host genome expression in response to nematode parasitism. In 

addition, nematode expression at both the transcript and protein level within the host provide 

evidence for a dynamic interaction between host and parasite. The transcriptomic and 

proteomic resources generated for both organisms throughout this project have greatly 

contributed to our understanding o f the general biology o f these two important species.

7.3 Future directions

The current study provided a preliminary insight into molecular mechanisms related 

to the natural host-parasite interaction between the bumblebee host, B. terrestris, and the 

entomoparasitic nematode, S. bomhi. The exploratory nature o f the examination o f genome 

expression within the host-parasite interaction provided candidates within both organisms 

that will require further investigation to elucidate their activity and role within the interaction.

The findings o f the present thesis allow for the generation o f future direction under 

specific themes;

7.3.1 Host-parasite transcriptomics

The transcriptomics approach performed within the present thesis identified global 

changes in the host in response to S. bombi parasitism as well as providing a preliminary 

insight into expression by the nematode in vivo. Due to changes in host behaviour and 

physiology in response to parasitism, whole-bodied samples were used to provide a 

preliminary overview o f changes within the host. While this approach yielded insights into 

changes at the transcript level, detection o f differentially expressed genes may be improved
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through transcriptomic analyses o f specific organs, such as the brain or fat bodies, which may 

improve our insight into this host-parasite interaction. Components o f the brain, such as the 

corpora allata. have been previously described to be affected by presence o f S. bomhi (Palm, 

1948, Pouvreau, 1962). While the quantitative transcriptomic analyses outlined with the 

present work identified host transcripts with potential roles in the nervous system to be 

affected by presence o f  homhi, a more detailed examination o f specific organs (e.g. brain) 

or systems (nervous system) may provide a greater insight into genes affected within the host 

that may contribute to the behavioural phenotype. From an immune perspective, a similar 

approach for the examination o f the host fat bodies, the primary site o f synthesis o f important 

humoral effectors, over a temporal period post-diapause may provide an insight into the 

temporal changes in immune expression in response to parasitism. In addition, an increase in 

number o f replicates used within further experiments, be it for whole-bodied or tissue/organ- 

specific expression, may provide a greater insight into differentially expressed genes within 

this system.

Transcriptomic analyses using Illumina sequencing platforms provided a preliminary 

insight into S. homhi expression in vivo. Due to host saturation associated with examination 

o f  whole-bodied organisms, increased detection o f parasite expression within the host may be 

obtained through transcriptomic analysis o f the site o f parasite residence: the host abdomen. 

While this approach may increase detection o f genes expressed in vivo, analyses o f RNA 

extracted from the parasitic stages removed from the host throughout the host-parasite 

interaction, as was performed within Chapter 3, would provide a quantitative and qualitative 

insight into changes in gene expression throughout the parasite life cycle.

7.3.2 Microbial examination

Transcriptomic analyses o f the S. bomhi life cycle stages identified several 

prokaryotic sequences, most notably Wolhachia-\\k.Q transcripts, which may provide an 

explanation for increases in antimicrobial immune expression identified within both the 

transcriptome and proteome o f S. bomhi parasitised queens post-diapause. The transcripts 

identified within the parasite transcriptome may be contaminants, either from the host or 

external environment, and therefore, microbiological and genomic studies will be required to 

examine prokaryotic expression and bacterial presence within S. homhi. PCR-based methods 

would allow for detection o f expression o f prokaryotic-like transcripts within S. homhi while 

presence o f  a bacterial endosymbiont could be examined using techniques, such as
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immunostraining, immunolocalisation and transmission electron microscopy. As 

endosymbionts perform essential functions within certain nematode-insect systems, 

investigation o f the presence o f a putative bacterial endosymbiont o f S. bomhi is required.

7.3.3 Host immunity during diapause

Diapause represents an important event within the life-cycle stage o f the host yet our 

understanding o f the molecular basis o f  bumblebee diapause requires improvement. S. hombi 

infection occurs during diapause, a metabolically stressful state, which may impact on the 

efficacy o f certain host immune effectors that may allow entry by S. bombi. Preliminary 

examination o f proPO activity, as well as melanisation events, have identified a reduction in 

immune activity suggesting that the immune response may undergo partial senescence during 

diapause (Finlay, 2012). While proteomic analyses o f the host haemolymph, incorporating 

samples collected during and post-diapause, identified an enriched compendium o f immune- 

related proteins, our understanding o f immune activity during diapause requires 

improvement. Activity o f enzymatic components o f the host haemolymph could be assessed 

through incubation o f naive haemolymph with particular substrates and then activity 

quantified using a spectrophotometer. For other components o f the host immune response, 

molecular techniques, such as co-immunoprecipitation or affinity chromatography, could be 

used for the purification o f particular components o f the host immune response from the 

naive host haemolymph that could then be used in certain assays, such as zone o f inhibition 

tests, to test antimicrobial activity. Alternatively, size-exclusion chromatography could be 

performed on the naive haemolymph to produce fractions containing proteins o f particular 

sizes, which could then be assessed for antimicrobial activity using methods outlined above. 

Fractions demonstrating antimicrobial activity could then be submitted to mass spectrometry 

to identify proteins present within the sample. While aspects o f the humoral immune response 

were primarily focused on within the present body o f work, our knowledge o f diapause 

immunity would also benefit from examination o f aspects o f the cellular immune response.

7.3.4 Functionality and activity of unannotated and hypothetical proteins

Transcriptomic and proteomic examination o f the host-parasite interaction identified a 

large number o f unannotated and hypothetical sequences. O f particular interest are the 

sequences within the host that were differentially expressed in response to presence o f S. 

bombi. While computational methods, such as BLAST and InterProScan, can provide an 

insight into conservation o f sequences across phylogenetic groups or infer functional domain
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information, closer examination o f molecular function may be performed through the use o f 

molecular techniques, such as RNA interference (RNAi). RNAi has been successfully used 

within invertebrate species, such C. elegans (Tabara et al., 1998, Gonczy et al., 2000) and D. 

melanogaster (Liu et al., 2003, Belles, 2010), with the honey bee also being increasingly used 

as a model (Beye et al., 2002, Jarosch and Moritz, 2011). RNAi has been applied to studies 

on the bumblebee Bomhus ignitus to examine the effects o f gene silencing on immunity- 

related (You et al., 2010, Kim et al., 2009) and antioxidant genes (Hu et al., 2010a, Hu et al., 

2010b) yet no published material exists for RNAi within B. terrestris. Development o f RNAi 

as well as implementation would allow for the characterisation o f mutant phenotypes when a 

particular gene o f interest is silenced. Phenotypic changes may provide an insight into 

potential molecular function o f previously uncharacterised or hypothetical genes. RNA 

extraction and PCR-based methods would then allow for examination o f site o f expression 

while the synthesis o f recombinant proteins through the use o f expression vector systems, 

such as baculovirus-infected insect cell lines, would allow for characterisation o f function.

Taken in its entirety, the work outlined within the present thesis provide a significant 

and novel insight into the molecular mechanisms related to a nematode-insect host-parasite 

interaction. While the data improves our understanding o f mechanisms within nematode- 

insect interactions, which are o f medical, veterinary, agricultural and ecological importance, 

the resources generated at the transcriptome and proteome level, will act as valuable 

resources for the ongoing annotation efforts for the respective genome projects o f both the 

host and the parasite.
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Appendix 1: Supplemental data for Chapter 2

1.1 Comparison of 454 and Sanger B. terrestris ESTs

The purpose of the 454 and Sanger comparison was to identify:

(a) novel data within the 454 dataset;

(b) identify biological credibility o f unassembled secondary assembly singletons from 

PG Sanger dataset.

1.1.1 Putative Genes within the 454 dataset

Of the 22,318 CAPS secondary contigs, 14,675 were coassembled from the 

MIRA 454 and Newbler_454 primary assemblies only i.e. PG Sanger-free CAP3 contigs 

(Table 1.1). A further 1,845 CAP3 secondary contigs were assembled by only one of the 

assemblers (Newbler_454: 138; and MIRA_454: 1,707). CAP3 assembly resulted in the 

generation of 33,527 second order singletons, o f which, 5,266 secondary assembly singletons 

consisted of PG_Sanger data (Table 1.2).

Table 1.1 BT_transcriptome_vl assembly. Number of contigs contributed from the 
respective primary assemblies to CAP3 secondary assembly.

Contribution from primary assembly contig set Number of contigs

Assembly from all three primary assemblies 4,867

Assembly from two primary assemblies

MIRA 454 plus PG Sanger 414

Newbler_454 and PG Sanger 500

MIRA_454 and Newbler_454 14,675

Assembly from only one primary assembly

PG_Sanger contigs 17

MIRA 454 contigs 1,707
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Newbler_454 contigs 138

Total contigs in CAP3 assembly 22,318
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Table 1.2: Unassembled contigs within BT_transcriptome_vl contig set. Numbers o f 
second order "singletons" (contigs from primary assembly not assembled by the CAP3 
secondary assembly) per primary assembly within the CAP3 secondary.

1.1.2 Biological credibility of unassembled PG_Sanger contigs

To assess biological credibility o f  PG_Sanger contigs unassembled with the 454 data, the 

following parameters were examined:

(a) Length

Shorter sequences may result in non-assembly. CAP3 secondary contigs were on average 

longer in length than the unassembled PG_Sanger contigs. In addition, the N50 contig size 

was smaller for the PG_Sanger set (Table 1.3).

(b) AT-richness

A higher AT-richness would reflect contamination by genomic DNA in comparison to cDNA 

and result in non-assembly o f PG_Sanger contigs. AT richness calculations were equivalent 

for both contig sets at approximately 64%. The GC content (36%) o f  the content was 

expected.

(c) Number o f singletons (i.e. sequences comprising 1 EST only) within the unassembled 

PG_Sanger contig set

As singletons from the primary assembly, the sequences may be poor quality and may be a 

possible reason for non-assembly in the CAP3 secondary assembly. O f the 5,266 PG Sanger 

second order singletons, 4,091 were Sanger singletons (77.68%).

Primary Assembly Number of singletons
P G S an g e r
M I R A 4 5 4
Newbler_454
Total

5266
20835
7512

33527
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Table 1.3: Length comparison between CAP3 contigs and unassembled PG_Sanger 
contigs. Statistical information on comparisons of length, including mean contig length, max. 
contig length, minimum contig length and N50 contig size, of CAP3 secondary contigs and 
PG Sanger CAP3 secondary singletons.

CAP3 contigs Unassembled PG_Sanger contigs

Mean contig length 1293.89 713.94

Max contig length 26,105 2,347

Min contig length 53 102

N50 contig size 1,911 701

Total number of contigs 22,318 5,266

(d) BLAST matches against nr.

Sequences o f low quality would be predicted to have no BLAST matches. Over half o f the 

PG Sanger second order singletons (n=2,966; 56%) did not return BLAST matches. While 

sequences not returning BLAST matches may consist of untranslated region, non coding 

RNA or potentially novel Bomhus sequences, some may be sequencing artefacts and 

therefore, did not assemble with the 454 data.
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Figure 1.1 GO Slim analyses assigned biological processes ontologies of BT_transcriptome_v2 contig set. Pie-chart displaying 
BT_transcriptome_v2 contigs annotated with biological processes (BP) ontologies.
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Figure 1.2 GO Slim analyses assigned molecular functions ontologies of BT_transcriptome_v2 contig set. Pie-chart displaying 
BT_transcriptome_v2 contigs annotated with molecular function (MF) ontologies.
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Figure 1.3 GO Slim analyses assigned cellular component ontologies of BT_transcriptome_v2 contig set. Pie-chart displaying 
BT_transcriptome_v2 contigs annotated with cellular component (CC) ontologies.
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Table 1.4a: Elevated expression within B. terrestris larva. The ten BT_transcriptome_v2 contigs with highest R values from the larval sample 
with corresponding R-value and best nr BLAST description. Contribution of ESTs from other samples is noted.

BTT_Contig Functional Best BLAST match and GenBank accession code 1? W p  W2‘* TotaP R-
description [species] value

BTT05364 1 Unknown PREDICTED: similar to CG4409-
PA

BTT031212 Endocuticle Endocuticle structural glycoprotein
structural
glycoprotein

SgAbd-1

BTT05366_1 Cuticular PREDICTED: similar to CG7658-
protein PA

BTT18911_1 Hexamerin Hexamerin 70b

BTT20843_1 Cuticular PREDICTED: similar to CG30045-
protein PA

BTT12993_1 Carbonic
anhydrase

Hypothetical protein SINV_01281

BTT14791_1 Hypothetical 
with no 
predicted 
InterProScan 
domains

PREDICTED: hypothetical protein

BTT35627_1 Hypothetical 
protein with 
InterProScan 
predicted 
transmembrane 
and signal 
peptide 
domains

PREDICTED: hypothetical protein

XP_OOI 123230.1 5518 0 0 0 0 1 5520 8977
[A. mellifera] 
EFN60841.I 5208 3 0 0 0 0 5211 8466
[C. floridanus]

XP_001120498.1 2153 0 0 0 0 0 2153 3489
[A. mellifera] 
NP_001011600.1 2947 15 337 88 99 177 3663 3289
[A. mellifera] 
XP_00l'l20541.1 1355 0 0 0 0 0 1355 2186
[A. mellifera] 
EFZ 18639.1 1732 8 134 49 252 30 2205 1937
[■S', invicta] 
XP_001120555.1 1125 1 0 0 0 0 1126 1806
[A. mellifera]

XP_001120555.1 984 2 0 0 0 0 986 1572
[A. mellifera]

315



B TT20746J Cuticular PREDICTED: similar to CG4409- XP OOl 121128.1 951 0 0 0 0 0 951 1527
protein PA [A. mellifera]

BTT20966 1 Cyctochrome Endocuticle structural glycoprotein XP_623362.2 889 366 0 0 0 0 1255 1451
_______________P450___________ SgAbd-1___________________________ [C. floridanus]_____________________________________________________
L=Larva; P= Pupa; W l=  Worker 1; W2= Worker 2; M=Male; G=Gyne; a= Total number o f larva ESTs (n=286501); b= Total number o f pupa 
ESTs (n=l 62608); c= Total number o f workerl ESTs (n=318664); d= Total number o f worker2 ESTs (n=l 94969); e= Total number o f male 
ESTs (n=257318); f= Total number o f gyne ESTs (n=221683); g= Total number o f ESTs (n=1441743).
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Table 1.4b: Elevated expression within B. terrestris pupa. The ten BT_transcriptome_v2 contigs with highest R values from the pupal sample 
with corresponding R-value and best nr BLAST description. Contribution of ESTs from other samples is noted.

BTT_Contig Functional
description

Best BLAST match and GenBank accession 
code [species]

V pb W l' W2“ M ' Total^ R-
value

BTT05433_2 Hexamerin PREDICTED: similar to 
CG4409-PA

ABU92559.1 
[A. mellifera]

283 3384 0 0 0 0 3667 6628

BTT05434_1 Dorsal/ventral 
axon guidance

Endocuticle structural 
glycoprotein SgAbd-1

X PJ95348.2 
[C. floridanus]

34 2638 38 21 26 38 2795 5011

BTT05442J Hexamerin PREDICTED: similar to 
CG7658-PA

NP_001094493.1 
[A. mellifera]

119 2428 0 0 1 1 2549 4834

BTT05434_2 Beta-
ureidopropionase

Hexamerin 70b X PJ92773.2 
\A. mellifera]

17 2489 34 20 32 18 2610 4805

BTT35255_1 Hexamerin PREDICTED: similar to 
CG30045-PA

ABU92559.1 
[A. mellifera]

346 2376 0 0 0 0 2722 4551

BTT20945J Hexamerin Hypothetical protein 
SINV 01281

BAI82215.1 
[iS'. invicta]

147 2304 0 1 0 0 2452 4547

BTT17751_1 Short-chain
dehydrogenase/re
ductase

PREDICTED: 
hypothetical protein

NP_001011620.1 
[A. mellifera]

0 1760 0 0 0 0 1760 3708

BTT35822_1 Hexamerin PREDICTED: 
hypothetical protein

ABR45905.1 
[A. mellifera]

0 1585 0 0 0 0 1585 3337

BTT07410_1 Vitellogenin PREDICTED: similar to 
CG4409-PA

XP_001121939.1 
[A. mellifera]

0 1512 0 0 0 1 1513 3177

L^Larva; P= Pupa; W l=  Worker 1; W2= Worker 2; M=Male; G=Gyne; a= Total number of larva ESTs (n=286501); b= Total number of pupa 
ESTs (n=162608); c= Total number o f workerl ESTs (n=318664); d= Total number of worker2 ESTs (n=194969); e= Total number of male 
ESTs (n=257318); f= Total number of gyne ESTs (n=221683); g= Total number of ESTs (n=1441743).
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Table 1.4c: Elevated expression within B. terrestris worker. The ten BT_transcriptome_v2 contigs with highest R values from the worker 1 
sample with corresponding R-value and best nr BLAST description. Contribution of ESTs from other samples is noted.

BTT_Contig Functional
description

Best BLAST match and GenBank 
accession code [species]

V pb W l' W2“ M" G' Total^ R-
value

B TT33135J Cytochrome P450 Cytochrome P450 
4011

NP_001035323.1 
[A. mellifera]

84 10 1990 1472 541 827 4924 1944

BTT05272_1 Haemolymph 
juvenile hormone 
binding
protein/allergen

PREDICTED: similar 
to CG3246-PA

XP 395658.3 
[A. mellifera]

7 41 1792 871 1453 1399 5563 1916

BTT22253_1 Cytochrome P450 Cytochrome P450 
4G11

NP_001035323.1 
[A. mellifera]

76 18 1361 1155 259 581 3450 1442

BTT20743J Hypothetical that 
contains a 
fibronectin type 
1-like domain

Hypothetical protein 
EAG_09691

EFN63274.1 
[C. floridanus]

0 2 1377 378 118 360 2235 1376

BTT00029_1 Glyceraldehyde- 
3-phosphate 
dehydrogenase

Hypothetical protein 
SINV_01281

EFZ 17694.1 
[S', invicta]

978 129 2842 1037 1837 2212 9035 1301

BTT24074 1 Cytochrome P450 Cytochrome P450 
4G11

NP_001035323.1 
[A. mellifera]

36 9 869 602 267 402 2185 793

BTT05313_2 Peritrophin-like
proteins

PREDICTED: similar 
to CGIOl54-PA

XPOOl  119969.1 
[A. mellifera]

1 0 553 461 513 492 2020 753

BTT20590_1 Glucose oxidase Glucose oxidase NP_001011574.1 
[A. mellifera]

0 0 795 292 221 225 1533 724

BTT15820_1 Lipase Lipase ABY84699.1 
[B. ignitus]

7 1 488 425 91 43 1055 667

BTT05577_1 Hypothetical 
protein with no 
IPR predicted 
domains

PREDICTED: 
Hypothetical protein

XP_001121174.1 
[A. mellifera]

69 19 758 423 754 294 2317 651
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L=Larva; P= Pupa; W l= Worker 1; W2= Worker 2; M=Male; G=Gyne; a= Total number of larva ESTs (n=286501); b= Total number of pupa 
ESTs (n=162608); c= Total number of workerl ESTs (n=318664); d= Total number of worker2 ESTs (n=194969); e= Total number of male 
ESTs (n=257318); f= Total number of gyne ESTs (n=221683); g= Total number of ESTs (n=1441743).
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Table 1.4d: Elevated expression within B. terrestris worker. Top ten BT_transcriptome_v2 contigs with EST-bias from worker 2 sample with 
corresponding R-value and also putative nr BLAST description. Contribution of ESTs from other samples are provided.

BTT_Contig Functional
description

Best BLAST match and GenBank accession code 
[species]

V pb w r WI** M ' Total^ R-
value

BTT05460J Alpha-
glucosidase

Alpha-glucosidase BAI44030.1 
[5. ignitus]

110 6 2677 6080 27 3 8903 10101

BTT20899_3 Sallimus PREDICTED; similar to sallimus 
C G I915-PC, isoform C

XP_001121572.1 
[A. mellifera\

7 0 1176 1922 16 305 3426 2960

BTT20391 1 Bombolitin Bombolitin ACY09649.1 
[B. ignitus]

5 1 1677 1691 9 837 4220 2944

BTT21092 1 Alpha-
glucosidase

Alpha-glucosidase BAI44030.1 
[B. ignitus]

31 1 766 1685 3 0 2486 2822

BTT05294_1 Cytochrome
P450

Cytochrome P450 4gl5 EFN85148.1 
[H. saltator]

106 29 1568 2115 576 762 5156 2201

BTT22199_1 Cytochrome
P450

Cytochrome P450 4G11 NP_001035323.1 
[A. mellifera]

71 21 1299 1426 463 696 3976 1547

BTT05276_1 Allergen-related Protein G12 EFN86980.1 
[H. saltator]

1 0 224 952 239 40 1456 1294

BTT05480 1 Diapause-related Diapause-related protein 41 ABP97090.1 
[5. ignitus]

0 0 309 694 67 120 1190 913

BTT05263_2 Bombolitin N/A N/A 1 0 333 444 0 193 971 712

BTT35235_1 Peritrophin-like
protein

PREDICTED: similar to 
CGI 0154-PA

XP_001119969.1 
[A. mellifera]

1 0 423 546 190 226 1386 664

L=Larva; P= Pupa; W l=  Worker 1; W2= Worker 2; M=Male; G=Gyne; a= Total number of larva ESTs (n=286501); b= Total number of pupa 
ESTs (n=162608); c= Total number of workerl ESTs (n=318664); d= Total number of worker2 ESTs (n=194969); e= Total number of male 
ESTs (n=257318); f= Total number of gyne ESTs (n=221683); g= Total number of ESTs (n=1441743).
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Table 1.4e: Elevated expression within B. terrestris male. The ten BT_transcriptome_v2 contigs with highest R values from the male sample 
with corresponding R-value and best nr BLAST description. Contribution of ESTs from other samples is noted.

BTT_Contig Functional
description

Best BLAST match and GenBank accession 
code [species]

V pb W l ' WZ** M ' g ‘ Total® R-
value

BTT05276_2 Allergen-related Protein G12 EFN86980.1 
[//. saltator]

0 0 1948 819 2267 458 5492 2658

BTT24170_1 Hymenoptaecin Hymenoptaecin ACA04899.1 
[B. ignitus]

1 22 0 0 1345 1 1369 2226

BTT24170_2 Hymenoptaecin Hymenoptaecin ACA04899.1 
[B. ignitus]

0 15 1 0 1171 0 1187 1948

BTT06274_2 Sentrin-specific
protease

Hypothetical protein 
SIN V_12294

EFZ15577.1 
[5. invicla]

26 9 4 16 1027 6 1088 1555

BTT36277_1 Hymenoptaecin Hymenoptaecin ACA04899.1 
[5. ignitus]

0 8 3 0 882 0 893 1460

BTT05775_1 Titin Titin EFN64029.1 
[C. floridanus]

0 7 5 1 715 5 733 1147

BTT05289_1 Peritrophin-l-like
protein

PREDICTED: 
hypothetical protein, 
partial

XP_001121537.1 
[A. mellifera]

0 0 678 758 830 580 2846 1123

BTT05501_1 Serine
carboxypeptidase

Hypothetical protein 
SINV_11635

EFZ19168.1 
[.S', invicta]

46 7 507 583 975 163 2281 971

BTT00570_1 Hypothetical that 
contains a 
fibronectin type 
1-like domain

Hypothetical protein 
EAG_09691

EFN63274.1 
[C. floridanus]

4 0 272 45 825 173 1319 911

BTT09205_1 Hypothetical with 
an InterProScan 
predicted 
transmembrane 
and signal peptide 
domains

Hypothetical protein 
EAG_15494

EFN66147.1 
[C. floridanus]

7 2 3 4 447 2 465 689
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L=Larva; P= Pupa; W l= Worker 1; W2= Worker 2; M=Male; G=Gyne; a= Total number of larva ESTs (n=286501); b= Total number of pupa 
ESTs (n=l 62608); c= Total number of workerl ESTs (n=318664); d= Total number of worker2 ESTs (n=l 94969); e= Total number of male 
ESTs (n=257318); f= Total number of gyne ESTs (n=221683); g= Total number of ESTs (n=1441743).
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Table 1.4f: Elevated expression within B. terrestris gyne. The ten BT_transcriptome_v2 contigs with highest R values from the gyne sample 
with corresponding R-value and best nr BLAST description. Contribution of ESTs from other samples is noted.

BTT_Contig Functional
description

Best BLAST match and GenBank accession 
code [species]

pb Wl^ W2‘‘ M' g ‘ Total^ R-value

BTT05275_2 Hexamerin Hexamerin ABR45904.1 
[A. mellifera]

41 45 434 16 55 4884 5475 7619

BTT05260_1 Arylophorin Arylphorin subunit alpha EFN82403.1 
[H. saltator]

7 11 89 1 14 1050 1172 1639

BTT36615J Hexamerin Hexamerin ABR45904.1 
[A. mellifera]

1 4 35 3 3 442 488 693

BTT05275_1 Hexamerin Hexamerin ABR45904.1 
[A. mellifera]

1 0 44 1 1 409 456 653

BTT07422_1 Hypothetical 
protein with an 
InterProScan 
predicted signal 
peptide domain

Hypothetical protein ADX36407.1 
[5. patagonicus]

0 0 8 7 10 396 421 643

BTT00028_1 Acyl-CoA delta-9 
desaturase

Acyl-CoA delta-9 
desaturase

CAW34805.1 
[B. terrestris]

342 2 167 271 245 733 1760 541

BTT20597_1 Hypothetical 
protein with 
InterPro Scan 
predicted 
transmembrane, 
signal peptide and 
fibronectin-type I 
like domains

Hypothetical protein 
EAG_09691

EFN63274.1 
[C floridanus]

8 0 295 61 317 364 1045 459

BTT05277_1 Hexamerin Hexamerin ABR45904.1 
[A. mellifera]

0 0 21 2 3 281 307 445
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BTT05289 2 Peritrophin-like
protein

PREDICTED: 
Hypothetical protein

X P _001121537.1 
[A. mellifera]

0 1 274 298 175 306 1054 430

B T T 18720J Crooked protein PREDICTED: similar to 
CGI 7 2 18-PA

XPOO 1120771.1 
[A. mellifera]

1 0 291 109 247 304 952 381

L=Larva; P= Pupa; W l=  Worker 1; W 2= Worker 2; M=Male; G=Gyne; a= Total number o f  larva ESTs (n=286501); b= Total number o f  pupa 
ESTs (n= 162608); c= Total number o f  workerl ESTs (n=318664); d= Total number o f  worker2 ESTs (n= 194969); e= Total number o f  male 
ESTs (n=257318); f= Total number o f  gyne ESTs (n=221683); g= Total number o f  ESTs (n=1441743)
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