
   

 

A University of Sussex PhD thesis 

Available online via Sussex Research Online: 

http://sro.sussex.ac.uk/   

This thesis is protected by copyright which belongs to the author.   

This thesis cannot be reproduced or quoted extensively from without first 
obtaining permission in writing from the Author   

The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the Author   

When referring to this work, full bibliographic details including the 
author, title, awarding institution and date of the thesis must be given 

Please visit Sussex Research Online for more information and further details   



  

 

Pollinator protection: the role of nutrition on individual and colony-

level bumblebee health and immunity, and pathogen susceptibility 
 

 

 

 

 

 

 

Rosaline A. Hulse 

 

 

 

 

 

Submitted in accordance with the requirements for the 

degree of Doctor of Philosophy 

Department of Life Sciences 

University of Sussex 

 

 

September 2019 

  



2 
 

Table of Contents 
Declaration ...................................................................................................................... 5 

Acknowledgements ......................................................................................................... 7 

Abstract ........................................................................................................................... 8 

List of figures ................................................................................................................... 9 

1. General Introduction ................................................................................................ 11 

1.1 Pollination: ecology, evolution and economics .................................................... 11 

1.2 Pollinator declines ................................................................................................. 14 

1.3 The role of parasites in ecology, evolution and as a threat to global biodiversity 15 

1.4 Bumblebee pathogens ........................................................................................... 19 

1.5 The impact of managed bumblebees on wild bumblebees .................................... 24 

1.6 Invertebrate immunity and the value of a balanced diet ....................................... 27 

1.7 Environmental stress and bumblebee immunocompetence .................................. 32 

1.8 The relationship between health, disease and immunocompetence ...................... 34 

1.9 Summary and aims ................................................................................................ 35 

2. Diet quality is important for healthy bumblebee colony development and supports 

individual immune health ............................................................................................ 37 

2.1 Introduction ........................................................................................................... 38 

2.2 Materials and methods .......................................................................................... 40 

2.2.1 Colony development and sample collection ................................................... 41 

2.2.2 Fat analysis ..................................................................................................... 42 

2.2.3 Phenoloxidase and pro-phenoloxidase activity .............................................. 42 

2.2.4 Total haemocyte count ................................................................................... 43 

2.2.5 Pathogen screening ......................................................................................... 43 

2.2.6 Statistical analysis .......................................................................................... 44 

2.3 Results ................................................................................................................... 45 

2.3.1 Pathogen screening ......................................................................................... 45 

2.3.2 Colony-level measures ................................................................................... 45 

2.3.3 Individual-level measures ............................................................................... 47 

2.4 Discussion ............................................................................................................. 51 

3. The effect of diet enhancement on tolerance of pathogen stress in bumblebee 

larvae and adults ........................................................................................................... 54 

3.1 Introduction ........................................................................................................... 55 



3 
 

3.2 Materials and Methods .......................................................................................... 57 

3.2.1 Pathogen inoculum ......................................................................................... 57 

3.2.2 Experimental colonies .................................................................................... 58 

3.2.3 Experimental protocol .................................................................................... 59 

3.2.4 Statistical analysis .......................................................................................... 59 

3.3 Results ................................................................................................................... 60 

3.3.1 Pathogen screening ......................................................................................... 60 

3.3.2 Adult and larval survival ................................................................................ 60 

3.3.2 Larval growth ................................................................................................. 62 

3.4 Discussion ............................................................................................................. 64 

4. Comparative study of three common infectious diseases of bumblebees: Crithidia 

bombi, Nosema bombi and Nosema ceranae. ............................................................... 67 

4.1 Introduction ........................................................................................................... 68 

4.2 Materials and methods .......................................................................................... 70 

4.2.1 Pathogen preparation ...................................................................................... 70 

4.2.2 Experimental colonies .................................................................................... 71 

4.2.3 Individual infections ....................................................................................... 72 

4.2.4 Infection of workers in colonies and colony health ....................................... 72 

4.2.5 Statistical analysis .......................................................................................... 73 

4.3. Results .................................................................................................................. 74 

4.3.1 Pathogen screening ......................................................................................... 74 

4.3.2 Individual infections ....................................................................................... 74 

4.3.2 Infection of workers in colonies and colony health ....................................... 77 

4.4 Discussion ............................................................................................................. 80 

5. The effect of nutrition on the resistance of bumblebees to shipping and the impact 

of stress on pathogen susceptibility ............................................................................. 85 

5.1 Introduction ........................................................................................................... 86 

5.2 Materials and methods .......................................................................................... 89 

5.2.1 Pathogen preparation ...................................................................................... 89 

5.2.2 Experimental colonies .................................................................................... 90 

5.2.3 Experimental protocol .................................................................................... 91 

5.2.4 Statistical methods .......................................................................................... 91 

5.3 Results ................................................................................................................... 93 

5.3.1 Infection of workers in colonies ..................................................................... 93 



4 
 

5.3.2 Colony health measures .................................................................................. 95 

5.4 Discussion ............................................................................................................. 97 

6. General discussion .................................................................................................. 100 

6.1 The effects of diet enhancement ......................................................................... 100 

6.2 The importance of scale ...................................................................................... 102 

6.3 The relationship between health and immunity .................................................. 103 

6.4 Implications for commercial producers .............................................................. 104 

7. References ................................................................................................................ 107 

8. Supplementary Tables ............................................................................................ 134 

 

  



5 
 

Declaration  
 

I confirm that the work submitted here is my own, except where the work which has 

formed part of jointly authored submissions and publications is included. The 

contributions of other authors are indicated below. I confirm the appropriate credit has 

been given within the thesis where references have been made to the work of others. This 

thesis has not been and will not be submitted to another institution for the award of any 

other degree. 

 

Chapter 2 contains work from a jointly authored manuscript in preparation for 

publication: 

Diet quality is important for healthy bumblebee colony development and supports 

individual immune health  

Rosaline A. Hulse, Annette Van Oystaeyen, Felix Wackers, William O. H. Hughes 

Author contribution are as follows: All authors conceived the research; WOHH and RAH 

designed the experiment; AVO carried out animal husbandry at Biobest; RAH performed 

experiments and analysis; RAH wrote the paper and WOHH participated in the revisions. 

 

Chapter 3 contains work from a jointly authored manuscript in preparation for 

publication: 

The effect of diet enhancement on tolerance of pathogen stress in bumblebee larvae and 

adults  

Rosaline A. Hulse, Annette Van Oystaeyen, Joanne D. Carnell, Felix Wackers, William 

O. H. Hughes 

Author contribution are as follows: RAH, AVO, FW and WOHH conceived the research; 

WOHH and RAH designed the experiment; RAH and JDC carried out animal husbandry, 

RAH carried out the experiment, RAH performed analyses, RAH wrote the paper and 

WOHH participated in the revisions. 

 

 

 



6 
 

 

 

Chapter 4 contains work from a jointly authored manuscript in preparation for 

publication: 

Comparative study of the infection dynamics of three common infectious diseases of 

bumblebees: Crithidia bombi, Nosema bombi and Nosema ceranae 

Rosaline A. Hulse, Joanne, D. Carnell, Annette Van Oystaeyen, Felix Wackers, William 

O. H. Hughes 

Author contribution are as follows: RAH, AVO, FW and WOHH conceived the research; 

WOHH and RAH designed the experiment; RAH and JDC performed animal husbandry, 

JDC collected bees and carried out dissections, RAH carried out the experiment, RAH 

and WOHH performed analyses, RAH wrote the paper and RAH and WOHH participated 

in the revisions. 

 

Chapter 5 contains work from a jointly authored manuscript in preparation for 

publication: 

The effect of nutrition on the resistance of bumblebees to pathogens and environmental 

stress  

Rosaline A. Hulse, Annette Van Oystaeyen, Nancy Lenaerts, Joanne D. Carnell, Felix 

Wackers, William O. H. Hughes 

Author contribution are as follows: RAH, AVO, FW AND WOHH conceived the 

research; WOHH, FW, WOHH and RAH designed the experiment; AVO and NL carried 

out animal husbandry, RAH, AVO and NL carried out the experiment, RAH, AVO and 

NL dissected colonies, RAH and JDC carried out dissections, and RAH carried out 

molecular screening, RAH performed analyses, RAH wrote the paper and WOHH 

participated in the revisions. 

 

  



7 
 

Acknowledgements  
 

I would like to thank all the people, Hughes and Goulson lab members and those working 

at the University of Sussex, who took the time to teach me, orientate me, listen to me 

when things were tough and were all round helpful. 

 

Thank you to Bill Hughes for everything: straightforward approaches to ridiculous 

problems, reassurance, patience and kindness, but mostly for finding me funny (rather 

than rude) when I was angry and frustrated with all the bees and everything that was not 

working.  

 

Annette, Nancy and Felix, thank you for all your help, suggestions and for making me so 

welcome in Belgium. Thank you especially for everything during my most recent trip, 

you made a huge endeavour not just manageable but actually enjoyable.  

 

Thank you to my examiners Mark Brown and Ellen Rotheray for the thoughtful and 

constructive comments. 

 

To Joanne for whom thank you is really not enough, without you I would not, could not, 

have done this. 

 

A huge thank you to my parents Elspeth and Robert and my sister Poppy for their patience 

and encouragement and all the gin – which was absolutely needed. And to my husband 

for being an excellent teacher and lab tech, for helping me learn that I could actually enjoy 

molecular work and find it calming, that labs did not have to be places where you 

automatically felt anxious. For being kind, patient and understanding. For believing in 

me always and reminding me that I would finish when I was sure that I wouldn’t, and in 

fact didn’t want to. In short for being my main guy, on my team, the only partner in crime 

I could ever want or need. 

 

 

  



8 
 

Abstract 
 

Bumblebees are ecologically and economically important pollinators, and as a result are 

commercially-produced to provide pollination services to agriculture. Managed 

bumblebees have been implicated in the spread of parasites, which may reduce their 

effectiveness for crop pollination and pose a spillover risk to wild pollinators. It is thought 

that by improving the health of commercially-reared bumblebees through diet 

enhancement, or the reduction of environmental stress through shipping, it may be 

possible to mitigate this risk. This thesis investigated the effect of diet quality and 

environmental stress during shipping on individual and colony-level bumblebee health, 

immunity and tolerance to three common pathogens of bumblebees, C. bombi, N. bombi 

and N. ceranae. An effect of diet enhancement was found across multiple scales, 

individual and colony, across colony life stages, and general measures of health and 

specific immune function. At the individual-level, nutritionally enhanced diets (with an 

elevated protein content compared to standard diets) were shown to support the growth 

of bigger bees, which in turn was found to be a good indicator of individual health and 

immunity, as well as supporting larval survival during pathogen challenge. At the colony-

level diet was shown to support colony development, with diet enhancement supporting 

colonies with more individuals across all life stages but most noticeably in the number of 

new reproductives. Better quality diets were shown to offer significant protection against 

the negative effects of shipping stress, with shipped colonies experiencing a significant 

reduction in numbers of larvae, new males and queens. In addition, the results showed 

that improved health directly affects individual larval survival and therefore the colony’s 

capacity to withstand pathogen stress. These results demonstrate diet quality can have 

important direct and indirect effects on the health and immunity of commercially reared 

bumblebees. In addition, an improved diet may have the potential to mitigate the 

significant and long-lasting effects of shipping-stress on colony development, as well 

providing a protective effect against pathogen stress. These results clearly have 

significant implications for commercial production but also provide further evidence as 

to the importance of diet quality throughout the colony cycle and the long-lasting impact 

of environmental stress on colony development which are also important considerations 

in planning floral resources for wild bee conservation.  
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1. General Introduction  
 

1.1 Pollination: ecology, evolution and economics 

 

Pollination is the transfer of pollen grains from male to female reproductive organs in 

flowering plants. It is the process through which most plants reproduce by seeds and is 

therefore a vital ecological process, without it many plant species would be unable to 

reproduce (Klein et al., 2007; Ollerton, 2017). Pollen can be transported by wind, water 

and animals, but in two thirds of plant species the process is animal-mediated, and insect 

pollinators are the most abundant, oldest and most diverse group of animal pollinators 

(Ollerton et al., 2011; Pellmyr, 1992). The interdependence of plants and their pollinators 

for plant reproduction and pollinator nutrition means that plant-pollinator relationships 

are a predominant driver of plant and insect evolution, and the co-evolution of plants with 

their pollinators over time is fundamental to the maintenance of biodiversity in terrestrial 

ecosystems (Fenster et al., 2004; Ollerton, 2017).  

 

The service provided by pollinators is not just important for the health of wild ecosystems, 

it is also integral to agricultural productivity (Buchmann and Nabhan, 1996). The value 

of pollinators to agriculture is estimated as €14.2 bn and €14.4 bn in Europe and North 

America (excluding Mexico) respectively and they provide a global service to food 

production of an estimated $215 bn every year (Gallai et al., 2009). Animal-mediated 

pollination is directly responsible for 22.6% and 14.7% of global agricultural production 

in the developed and developing worlds (Aizen et al., 2008). Insect pollinators support 

the production of 75% of crop species (Vanbergen et al., 2013) and it is estimated that 

35% of human diets benefit from the role pollinators play in producing the food we eat 

(Klein et al., 2007).  

 

There are four main orders of insect pollinators; Coleoptera, Diptera, Hymenoptera and 

Lepidoptera. However the hymenopteran social bees, honey bees (Apidae spp.) and 

bumblebees (Bombus spp.), are often considered the most important and most efficient of 

the insect pollinators (Goulson, 2010; Williams, 2002). Social bees are considered to be 

excellent pollinators because unlike many other solitary insect groups their larvae are fed 

pollen (fig 1.1.1). The social structure, whereby many related individuals collectively 
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forage for both pollen and nectar to support the significant nutritional demands of the 

colony, and brood care is jointly undertaken by workers, means that throughout much of 

their habitat range social bees, and specifically bumblebees, are often the most abundant 

pollinator (Ollerton, 2017). In addition bumblebees, with their larger hairy bodies, are 

better adapted for cold tolerance (Heinrich, 1979). This means that they are able to 

continue foraging when other insects cannot due to cold or rainy weather (Goulson, 

2003a). Pollination is thought to be more efficient when the size of the flower and the 

pollinator match, specifically in relation to the length of the floral nectar tube depth and 

pollinator proboscis length (Haber and Frankie, 1989; Klumpers et al., 2019). The 

different species across the Bombus genus encompass a wide variety of body sizes and 

tongue lengths meaning the group as a whole has the capacity to pollinate a variety of 

different plants species (Goulson, 2003a; Klumpers et al., 2019). This and the requirement 

of some plant species for buzz pollination, where vibration of the plant anthers is required 

for pollen to be released, which bumblebees with their larger bodies are able to do but 

honey bees cannot, means that bumblebees are often more efficient pollinators than honey 

bees (Alford, 1975; Buchmann, 1983; Buchmann and Hurley, 1978; Buchmann and 

Nabhan, 1996; Goulson, 2003a; Zhang et al., 2015). As a result several species of 

bumblebee (including Bombus terrestris in Europe and Bombus impatiens in US) are now 

commercially produced and exported globally to support agricultural production of 

various fruit and vegetables (Goulson and Hughes, 2015; Velthuis and Doorn, 2006).  

 

As the global human population has increased so has the demand for food (Deguines et 

al., 2014). This has led to a knock on increase in pollination services, and our reliance on 

managed pollinator species to meet this demand (Aizen et al., 2009; Velthuis, 2002). 

Global managed honey bee stocks are estimated to have increased by 45% between 1961 

and 2008 but demand has risen faster than supply and the fraction of global crops that 

require animal pollination has tripled over the same period (Aizen et al., 2009). It has 

been argued that the need for pollination services is rising faster than commercial 

production can supply (Deguines et al., 2014).  
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Figure 1.1.1 Bumblebee annual life cycle.  1. Queens emerge from hibernation in the spring and 

look for suitable nest sites, she lays the first batch of workers and forages for and provisions these 

first workers herself. 2. The eggs develop into larvae, pupae and then into new adult workers. 3. 

Once these workers emerge, they collectively forage for pollen and nectar, and provide brood 

care. 4. Depending on the availability of flowers for food and the bumblebee species the colony 

will grow to between ~50 to 300 individuals. 5. Towards the end of the summer the queen 

switches to the production of males and new queens, both of which leave the colony to mate. 6. 

After mating the males die and mated queens look for underground over wintering sites for 

hibernation. Image adapted from illustration by Trenton Jung. 
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1.2 Pollinator declines 

 

There is a growing concern that wild pollinator populations are declining. According to 

the IUCN 16.5% of vertebrate pollinators are threatened with global extinction (Regan et 

al., 2015). There is no red list assessment specifically for insect pollinators but regional 

and national assessments support high levels of threat for some bees and butterflies 

(IPBES, 2016). In the UK a third of wild pollinator species are thought to have 

experienced population declines between 1980 and 2013, with an estimated net loss of 

2.7 million pollinators (Powney et al., 2019). The European Red List of Bees identified 

9.2% of bee species to be threatened across Europe, however they also identified a high 

proportion of data deficient (DD) species (1942 species), thus this 9.2% of threatened 

species actually lies between 4% (if all DD species are subsequently determined to be not 

threatened) and 60% (if DD species are in fact threatened) (Nieto et al., 2014). Pollinating 

insect declines in Europe, for which we have more detailed information compared to the 

rest of the world,  are worse than those declines reported for pollinating mammals and 

birds, and invertebrate pollinator losses are known to be biased towards habitat and 

dietary specialists, meaning that there is a high risk for particular groups of pollinators 

where there is already limited redundancy built into the pollinator network (Biesmeijer et 

al., 2006; Goulson et al., 2008a; IPBES, 2016).  

 

There is evidence that many bumblebee species have declined in recent years, particularly 

in Western Europe and Northern America. Many European bumblebee species have 

undergone substantial range contractions, and localised extinctions, while four species – 

Bombus armeniacus, Bombus cullamnus, Bombus serrisquama and Bombus sidemii – are 

now extinct across the whole European continent (Goulson et al., 2008a; Kosior et al., 

2007). In North America, formerly abundant and widespread species are recorded as 

having experienced severe declines from the 1990s onwards (Williams and Osborne, 

2009). Bombus occidentalis and Bombus terricola are now only found in a fraction of 

their former range, and Bombus franklini is presumed extinct (Colla and Packer, 2008; 

Jacobson et al., 2018; Thorp, 2005; Williams and Osborne, 2009). Bumblebee declines 

are particularly significant from both a conservation of biodiversity perspective as well 

as an economic perspective. Firstly because they are important pollinators of crop species 

(Dramstad and Fry, 1995; Goulson, 2003b; Willmer et al., 1994), and secondly, as most 

bumblebee species are generalist pollinators, that provide a pollination service to many 
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different species of plant, they are thought to be providing buffering to pollination 

networks against species losses, with evidence that removal of highly linked pollinators 

(like bumblebees) result in the greatest rate of decline in plant species diversity (Evans et 

al., 2013; Memmott et al., 2004). 

 

These declines and the potential economic and ecological impact of a pollinator crisis 

(Aizen et al., 2009; Klein et al., 2007; Potts et al., 2010), along with our efforts to 

understand the underlying mechanisms and how best to minimise these declines or reduce 

their negative effects (Goulson et al., 2015; Ollerton et al., 2014; Potts et al., 2016), have 

been the subject of much debate within the academic community (Ghazoul, 2005, 2015; 

Sánchez-Bayo et al., 2016). This has led to initiatives both nationally (DEFRA, 2014) 

and across Europe (European Commission, 2013) to prevent or slow the rates of decline 

(Potts et al., 2010). The drivers, including habitat loss and fragmentation, parasites and 

pathogens, pesticide use, and climate change, are thought to combine to adversely affect 

colony survival (Baron et al., 2014; Brown and Paxton, 2009; Gill and Raine, 2014). 

Ultimately the first three of these can all be linked to changes in farming practice, which 

has led to reductions in floral resource diversity and availability, suitable nesting sites, 

increased interaction between wild and managed pollinator species, and pesticide use 

(Goulson et al., 2008a; Ollerton et al., 2014).  

 

1.3 The role of parasites in ecology, evolution and as a threat to global biodiversity  

 

A parasite is an organism that lives in or on another organism, from which it obtains 

nutrients at its host’s expense (Price, 1980). Parasitic infection is considered to harm the 

host, or at the very least exert an additional energetic cost which may have knock on 

consequences for survival and reproductive fitness. The host responds to the negative 

effects of parasitic infection by developing mechanisms of resistance and the parasite 

evolves new ways to evade the hosts defences. These relationships between hosts and 

their well-established parasites can be seen as an evolutionary arms race (Van Valen, 

1973). Given this and taking into consideration the fact that parasitism is possibly the 

most widespread life history strategy found in nature (Corradi and Keeling, 2009; Dacks 

et al., 2008; de Meeûs and Renaud, 2002; Price, 1980), it is clear that parasitic 

relationships are significant interactions that shape community structure, affect trophic 

interactions, competition and biodiversity (Price, 1980).  
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The aim of parasites is to be transmitted to a new host, not necessarily to negatively affect 

their host or cause death (Alizon et al., 2013; Boomsma et al., 2005; Brown et al., 2000; 

Lipsitch et al., 1995). This means that host population densities and mode of transmission 

are important determinants in pathogenicity or virulence; parasites that kill their hosts too 

quickly are not transmitted and high host densities naturally increase parasite 

transmission and prevalence (Arneberg et al., 1998; Daszak and Cunningham, 1999). The 

effect of parasitic infection can also be unusual manipulative effects. Examples include 

behavioural changes to encourage predation, which increase transmission across food 

webs, promiscuity to aid sexually transmitted infections, or manipulation of host 

reproduction such that males are feminised to increase transovarial transmission (Lafferty 

et al., 2006, 2008; Poulin et al., 2005). The biology of parasites, including the 

development of infection in the host, the sites of infection, and transmission routes are 

crucially important when trying to understand the negative effects of parasites on hosts 

and thus quantify the severity of risk when it comes to the spread of infectious disease. 

In many instances parasitism is just a natural aspect of population dynamics, much like 

predation (Mouritsen and Poulin, 2009; Price, 1980; Thompson et al., 2005). Problems 

arise when the host population experiences additional stressors which limit its capacity to 

withstand and survive infection, when the parasite and host in question do not have a 

well-established co-evolved relationship, or when a reservoir host population allows the 

persistence of parasites despite low densities. When novel parasites meet naive hosts the 

impact on host populations can be catastrophic (Daszak and Cunningham, 1999).  

 

There is now general recognition of the potential harm that novel pathogens can cause in 

naive ecosystems (Aguirre and Tabor, 2008; Chomel, 2008). Emerging infectious 

diseases are those which have increased in incidence, demographic or host range, or that 

have recently evolved or been discovered (Daszak et al., 2000). The spread of emerging 

infectious disease is considered one of the most significant threats to global biodiversity, 

as one of the top five causes of worldwide species extinction (Daszak et al., 2000). Many 

high profile global human health crises such as SARs, Ebola, HIV and AIDS, and tick-

borne diseases have been the result of interactions between wild and managed animal 

populations (Nii-Trebi, 2017). The cost of emergent infectious disease can be significant 

from  human health, economic and wildlife conservation perspectives, and their rate of 

incidence is increasing (Jones et al., 2008). This highlights the importance of careful 
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management of interactions between wild and managed species and the potential damage 

of parasite spillovers and spillbacks (the spread of parasites from an introduced species 

to native species and vice versa; fig 1.3.1) (Daszak and Cunningham, 1999; Power and 

Mitchell, 2004).  
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Figure 1.3.1 The drivers of emergence of infectious disease (EID) in wildlife and managed 

animal populations and their interactions. Agricultural intensification and translocation are the 

main drivers within managed animal and wildlife populations respectively, and introductions and 

spillover and spillback occurring between them. In this way it can be seen that infectious diseases 

of wildlife populations can spread to managed populations and for managed populations to act as 

a reservoir for infectious disease. Adapted from Daszak et al. (2000).  
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1.4 Bumblebee pathogens 

 

Bees naturally suffer from a broad range of parasites including parasitoids, social 

parasites and pathogens including protozoans, fungi, bacteria and viruses, however except 

for a few key species these host-parasite interactions are chronically understudied 

(Goulson and Hughes, 2015; Morse and Flottum, 1997). Much of what we know is based 

on research of honey bee diseases, and to a somewhat lesser extent on bumblebees 

(Goulson, 2003a; Schmid-Hempel, 1998). Very little is known about the parasites of other 

wild bee species. Three commonly considered pathogens of wild bumblebees are 

Crithidia bombi (Trypanosome) (Lipa and Triggiani, 1988), Nosema bombi 

(Microsporidia) (Fantham and Porter, 1914) both of which are well established multi-host 

pathogens of bumblebees, and the emerging infectious disease Nosema ceranae 

(Microsporidia) (Chen et al., 2009; Fries et al., 1996; Graystock et al., 2013a), which has 

made the jump from its primary host Apis cerana, to Apis mellifera and Bombus spp. in 

the last 20 years (Chen et al., 2009; Klee et al., 2007; Schmid-Hempel, 1998). 

 

C. bombi and N. bombi have been linked to declines in wild bumblebee populations in 

conjunction with other stressors such as scarcity of floral resources (Cameron et al., 2011; 

Plischuk et al., 2009, 2017). N. ceranae has been implicated in localised declines of 

honeybees (colony collapse disorder) in Spain (Botías et al., 2013; Higes et al., 2013) and 

there is some evidence that it may be more virulent in Bombus spp. (Fürst et al., 2014; 

Graystock et al., 2013a). 

 

Transmission by all three parasites is via the faecal-oral route with faecal contamination 

of flowers by infected individuals, and uninfected individuals inadvertently consuming 

the infectious agents as they forage, groom or contaminate colony food stocks (fig. 1.4.1)  

(Durrer and Schmid-Hempel, 1994; Graystock et al., 2015b; Schmid-Hempel, 1998). 

Once established however the infections grow and develop differently in the host largely 

as a result of a fundamental difference, the Nosema spp. are intracellular parasites while 

C. bombi is not. There are three described morphologies of  C. bombi: the amastigote, a 

round cell shape with no visible extracellular flagellum, and the choanmastigote and 

promastigote, where the flagellum is present (Maslov et al., 2013; Schmid-Hempel and 

Tognazzo, 2010; Wheeler et al., 2013). When ingested the cells anchor themselves to the 

hind gut using their flagellum, as they pass through the hosts digestive system (Koch et 
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al., 2019; Schmid-Hempel, 1998). The cells absorb nutrients directly from the gut lumen 

(Schaub, 1992),  as infection intensity increases infective cells are shed and can be found 

in the faeces as early as two-days post exposure, reaching saturation at 10-12 days post 

infection (Schmid-Hempel and Schmid-Hempel, 1993).  

 

C. bombi is thought to establish in a colony either from an infected founding queen 

(vertical transmission) or by the introduction of infected workers that have foraged on 

infected flower surfaces, or contaminated pollen or nectar stores (horizontal transmission) 

(Durrer and Schmid-Hempel, 1994; Imhoof and Schmid-Hempel, 1999). Transmission 

throughout the colony is aided by the larval brood when it is fed by the adults (Folly et 

al., 2017). No signs of infection or adverse effects have so far been shown in larvae, 

despite their facilitation of the spread of this pathogen, and newly emerged workers 

emerge from pupation free from infection, but it is acquired through contact within the 

nest with infected individuals, food stocks and larvae during feeding (Folly et al., 2017; 

Otterstatter and Thomson, 2007). Infection experiments have shown that the pathogen is 

well tolerated in infected workers provided they are not experiencing stress such as 

nutritional limitation (Brown et al., 2000) and this does not seem to be dependent on 

intensity of infection (Schmid-Hempel et al., 2019). The effect on the colony is also 

nuanced, production of reproductives has been shown to be delayed and if queens become 

infected in their natal colony before hibernation their chances of colony founding in the 

following spring are much lower (Brown et al., 2003b; Shykoff and Schmid-Hempel, 

1991a).  

 

Nosema spp. are intracellular Microsporidian parasites. Microsporidia have two broad 

cell types corresponding to their two main stages in the life cycle: the meront and the 

spore (Dunn and Smith, 2001). The intracellular meront form is when the pathogen 

replicates itself, it is found within the host cell cytoplasm and therefore can absorb 

nutrients directly from it, and the extracellular spore form which mediates parasite 

transmission (Dunn et al., 2001; Smith, 2009). This spore stage has specialised structures 

to ‘inject’ the spore’s contents directly into the host cell cytoplasm (germination or 

hatching) (Smith, 2009; Undeen and Vander Meer, 1994). While the spore stage is 

considered adapted for survival outside the host cell, there is also evidence of 

specialisation of spore types, such that auto-infective spores can germinate within the host 

cell and spread the infection throughout the body of the existing host to neighbouring 
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uninfected cells (Iwano and Kurtti, 1995; Smith, 2009). These auto-infected spores have 

been implicated in high mortality rates found in N. ceranae infected honey bees in Spain 

(Higes et al., 2007). Exploration of the pathology of N. bombi on individuals and colonies 

has given mixed results with some studies seeming to show that infection carries little 

negative impact (McIvor and Malone, 1995; Shykoff and Schmid-Hempel, 1991b), while 

others finding a significant reduction in host life span, a reduction in sexual productivity 

and inhibition of mating in queens (Fantham and Porter, 1914; McIvor and Malone, 1995; 

Schmid-Hempel and Loosli, 1998; van den Eijnde and Vette, 1993). Overall it seems that 

although colony size and number of reproductives is not significantly affected, there can 

be a significant effect on mortality in workers and males, and the ability of both males 

and queens to reproduce is significantly reduced (Otti and Schmid-Hempel, 2007). 

 

N. bombi infection may also establish in colonies through an infected founding queen 

who transmits the parasite to her brood (vertical transmission) or through workers 

bringing the parasite into the colony through contact with contaminated flower surfaces 

or food sources (horizontal transmission) (Rutrecht and Brown, 2008; Schmid-Hempel 

and Loosli, 1998; Van der Steen, 2008). However it has been shown that N. bombi is able 

to infect bumblebee larvae as well as adults (Rutrecht et al., 2007; van den Eijnde and 

Vette, 1993), infection can be transmitted transovarially from mother to daughter 

(Rutrecht and Brown, 2008), and males can transmit the infection during mating (Otti and 

Schmid-Hempel, 2007). In controlled infection experiments the rate at which N. bombi 

becomes infectious post exposure is unclear with different studies reporting spores in the 

faeces of inoculated bees between three days and three weeks post exposure, potentially 

suggesting a much longer incubation time in the host (McIvor and Malone, 1995; Schmid-

Hempel and Loosli, 1998). It has also been shown that individuals that have become 

infected as larvae, emerge from pupation infected and harbour heavier pathogen loads 

than those that only acquire infection as adults. Therefore these individuals are more 

likely to result in onward transmission to other naive individuals (Rutrecht et al., 2007; 

Rutrecht and Brown, 2008). The infection intensity does not seem to change after adults 

emerge, however the later an individual is born in the colony cycle the higher their 

infection intensity, and the earlier the colony becomes infected in the lifecycle the higher 

the infection prevalence and intensity at the end of the season (Rutrecht and Brown, 

2008).  
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N. ceranae infection dynamics and epidemiology has been studied extensively in Apis 

spp. (Fries, 2010; Higes et al., 2007, 2010; Holt et al., 2013; Roberts and Hughes, 2014).  

However very few controlled N. ceranae inoculation experiments have been undertaken 

with bumblebees. Those that have, have not looked at its infection dynamics, and 

methodological differences can make comparisons difficult. Such as using age matched 

individuals (or not), treated individuals kept in small groups or individually, infectious 

dose administered, mechanism of spore purification, repeated purifications from live 

pathogen stocks and subsequent staggered inoculations or one purification and 

inoculations all performed at one time (Fürst et al., 2014; Graystock et al., 2013a), when 

dose and age of host at infection have been shown to be important in disease 

establishment and pathogenicity (Rutrecht et al., 2007). It is not clear how virulent or 

pathogenic N. ceranae is in bumblebee species, with different studies reporting different 

effects, with a survival increase of four days in one study (Fürst et al., 2014), compared 

to a 48% reduction in survival in another (Graystock et al., 2013a) and no examination of 

faeces post inoculation to estimate pathogen loads in bumblebees or the time frame for 

infections to become patent and infectious to naive bumblebees. 
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Figure 1.4.1 Pathogen transmission. Many common pathogens of bumblebees are transmitted 

through ingestion of infectious material and subsequent defecation. Progression from pathogen 

exposure to the establishment of infection is thought to be context dependent and responsive to 

nutritional status, stress and therefore capacity to mount an immune response. In the case of C. 

bombi the cells line the hind gut and then are shed in the faeces, whereas for Nosema spp. the 

pathogen is intracellular and the infected cell ruptures to release spores into the digestive tract. 

Pathogens can also be transmitted vertically; in social insects this usually refers to exposure via 

an infected queen as she establishes the colony. 
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1.5 The impact of managed bumblebees on wild bumblebees 

 

Commercial sensitivities mean that precise numbers are hard to establish but it is 

estimated that over a million bumblebee colonies are exported throughout Europe 

annually (Goulson and Hughes, 2015). On a global scale unequivocal evidence for direct 

negative effects of colocation or interaction of managed bumblebee species and wild bee 

species is difficult. This is because the lack of robust long term population data for any 

wild bee species makes it difficult to detect population level changes and range 

contractions (Arbetman et al., 2017; Goulson, 2003a). It is possible in some instances to 

link the arrival of parasites with the arrival of managed bee populations.  

 

The first report of transmission of a parasite between wild and managed bumblebee 

populations was the tracheal mite Locustacarus buchneri, in the 1990s the European 

variant was introduced to Japan alongside the export of infested B. terrestris colonies 

(Goka et al., 2001, 2006). Other cases where spillover of pathogens from managed 

bumblebee colonies has been suggested, and in some cases linked to local pollinator 

declines include Apicystis bombi (Neogregarine) in Argentina alongside C. bombi 

(Trypanosome), and N. bombi (Microsporidia) in Colombia and Mexico (Gamboa et al., 

2015; Plischuk et al., 2009, 2017; Sachman-Ruiz et al., 2015). Viral pathogens have also 

been found including acute bee paralysis virus, Israeli acute bee paralysis virus, Kashmir 

bee virus (ABPV/IAPV/KBV), black queen cell virus (BQCV), chronic bee paralysis 

virus (CBPV), deformed wing virus (DWV), sac brood virus (SBV) and  slow bee 

paralysis virus (SBPV) all of which are often linked with Varroa mite infestation of 

honeybees (Loope et al., 2019; Mcmahon et al., 2015; Sachman-Ruiz et al., 2015; Wilfert 

et al., 2016). N. ceranae (Microsporidia) which in the last twenty years has spread from 

A. cerana to A. mellifera has been linked to managed honeybee populations used for crop 

pollination (Fries et al., 1996; Higes et al., 2006). It has now been detected in both wild 

and managed Bombus spp. (Graystock et al., 2013a; Murray et al., 2013). Similar to viral 

pathogens the incidence of N. ceranae in wild bee populations has been linked directly to 

its incidence and colocation with infected Apis individuals (Loope et al., 2019). It is 

however unclear if any meaningful level of transmission is happening directly between 

bumblebee hosts (Fürst et al., 2014). N. ceranae has also been found in the pollen supplied 

with, and the faeces of, commercially produced bumblebee colonies leading to some 

concern over the capacity for commercial bumblebee colonies to be aiding the spread of 
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this pathogen to wild bumblebees (Graystock et al., 2013b) and controlled inoculation 

experiments have demonstrated its capacity to infect bumblebees (Fürst et al., 2014; 

Graystock et al., 2013a). 

 

In the absence of definitive proof that pathogen spillover has resulted in population 

declines of wild bees, other studies have sought to establish whether the prevalence of 

established pathogens of bumblebees are higher in areas where managed pollinators are 

in place. A bombi, C. bombi and N. bombi have all been found to be more prevalent around 

greenhouses using commercially produced bumblebees and C. bombi was also found to 

be more prevalent at sites near to honey bee apiaries (Colla et al., 2006; Graystock et al., 

2014; Murray et al., 2013). It is important to note that straightforward density-dependence 

host-pathogen interactions would suggest that wherever there are more bees and thus 

more potential hosts, there is increased likelihood of transmission (Arneberg et al., 1998). 

Furthermore, increased prevalence does not tell us in which direction transmission 

occurred (spillover or spillback) (fig. 1.3.1), and many of these organisms are multi-host 

pathogens. Thus wider species assemblages are important to consider, especially 

proximity to and interaction with managed honey bee populations which may be acting 

as a reservoir (Fürst et al., 2014; Graystock et al., 2014) 

 

In this context the global transportation of managed bee species poses a significant threat 

to wild pollinator populations and the ecosystem services they provide to both crops and 

wild plants. The spread of parasites and pathogens to wild species alongside bumblebee 

introductions, are thought to pose a number of risks: including competition or 

hybridisation with native species, disruption of plant-pollinator interactions, and 

improved pollination of non-native plants (Goulson, 2003a). In addition, while we do not 

have evidence for a reduction in pollinating efficiency as a result of parasitism (Gillespie 

and Adler, 2013; Theodorou et al., 2016), there is evidence that it effects foraging 

behaviour, flight-activity, flower constancy and learning, all of which are important for 

pollination efficiency (Dosselli et al., 2016; Gage et al., 2018; Gómez-Moracho et al., 

2017; Koch et al., 2017; Kralj and Fuchs, 2010; Paris et al., 2018; Schmid-Hempel, 1998). 

Therefore, mitigating the risks posed by the anthropogenic spread of bees and their 

parasites is of particular importance for commercial pollinator production and farming 

industries alike. 
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In an attempt to protect established species and ecosystems, legislation stipulates that 

exported colonies must be “free of disease” (Natural England, 2014). Seemingly simple 

in theory, the production of “clean” colonies is challenging in practice (Fürst et al., 2014; 

Goulson, 2003a; Graystock et al., 2013b; Singh et al., 2010). Firstly, it is hard to identify 

infection – it is not possible to visually assess a colonies infection status, screening is 

done by microscopy or molecular techniques, both of which have limitations (Becnel, 

2012; Fries et al., 2013). Microscopic screening is slow and relies on correct identification 

of microscopic organisms (Blaker et al., 2014; Gisder and Genersch, 2015; Tay et al., 

2005). Molecular techniques are faster as they have a high throughput, however their 

sensitivity means presence of DNA can be mistaken for active infection (Evison et al., 

2012; Gisder and Genersch, 2015; Sinpoo et al., 2019). Both methods can involve 

destructive sampling, and obviously rely on the infectious agent being in the portion of 

sample collected. It is therefore important to be clear about sites of infection in the host 

body (Fries et al., 2013; Holehouse et al., 2003). Secondly transmission is through the 

faecal-oral route and therefore exposure is hard to control. These issues are compounded 

by the fact that relatively little is known about the transmission dynamics of bumblebee 

parasites, and in controlled inoculation experiments virulence and infection rates can vary 

dramatically making comparisons between protocols difficult (Fürst et al., 2014; 

Goulson, 2003a; Graystock et al., 2013a).  

 

Implementing legislative controls and restrictions is a balancing act between ensuring we 

protect our existing ecological systems (wild bee populations) and recognising that 

pollination services are an important international market that supports global food 

production. While the fundamental reliance of food production on commercial bumblebee 

pollination services is often overstated, the relationship does present an opportunity; 

commercial producers must provide clean colonies and it is in their interest to provide a 

competitive product. If pollination efficiency can be improved or supported by optimising 

rearing conditions, this is also in the interest of commercial production. Changes have 

already been made by some, including: irradiation treatment of pollen fed to rearing 

colonies, no longer using wild-caught queens and strict quality control measures on the 

infection status of new queens (Huang et al., 2016; Velthuis and Doorn, 2006). There is, 

however, potential for producers to do more by exploring other ways of supporting the 

health and immunity of commercially produced bumblebees such as by reducing 

environmental stress during shipping and or improving diet quality through 
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supplementation of macronutrients (proteins and lipids) or probiotics such as secondary 

nectar metabolites (Koch et al., 2019; Manson et al., 2010; Richardson et al., 2015).  

 

1.6 Invertebrate immunity and the value of a balanced diet 

 

Invertebrates immune systems are comprised of two main mechanisms of defence (other 

than physical barriers) humoral mechanisms and cellular responses (Adamo, 2012; Ellis 

et al., 2011). There are both constitutive and inducible branches to their immune systems, 

that are considered analogous to the innate immune system in vertebrates and traditionally 

insects have not been considered to have immunological memory (Adamo, 2012; 

Gillespie et al., 1997; Kurtz, 2005).  

 

The constitutive branch comprises non-specific cellular responses to foreign objects, 

wounding and inflammation including: phagocytosis, melanisation (through the 

phenoloxidase pathway) and encapsulation (Akira et al., 2006; Hoffmann, 1995; Siva-

Jothy et al., 2005; Söderhäll and Cerenius, 1998). Invertebrates do not have the same 

blood cells as vertebrates and therefore cell-mediated immune responses consist mainly 

of the ability to encapsulate and melanise foreign substances (Gillespie et al., 1997; 

Lavine and Strand, 2002). The inducible portion of invertebrate immunity, or the humoral 

response, is more specific and based on signalling cascades initiated by molecules 

produced by the host when foreign material is detected in the body (Evans et al., 2006; 

Flatt et al., 2008; Gillespie et al., 1997; Li et al., 2007). Invertebrate haemolymph has 

been shown to contain recognition molecules that recognise pathogen-associated 

molecular patterns (PAMPs) (Ellis et al., 2011). Once these recognition receptors bind 

with a target they induce an immune cascade in the haemolymph resulting in the 

production of cytotoxic nitrogen and oxygen compounds, activation of cell-mediated 

responses and the transcription of antimicrobial peptides, which attach to the invading 

microorganism (Hoffmann, 1995; Rolff and Siva-Jothy, 2003; Sternberg, 2006). 

Invertebrate haemolymph is filled with haemocytes, the invertebrate immune cell 

(Adamo, 2012). These cells are similar to the vertebrate macrophage, however there are 

several cell types included under this banner and when activated they are capable of a 

number of functions, including recognition of non-self, opsonisation, phagocytosis and 

encapsulation (Adamo, 2012; Ellis et al., 2011; Lavine and Strand, 2002). It is important 

to note that there appears to be much cross-over between these two (humoral and cellular) 
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systems, with humoral factors affecting haemocyte function and with haemocytes as 

important sources of humoral molecules (Lavine and Strand, 2002). Although haemocyte 

cell types have been described in a few insect orders there appear to be differences in 

responses, such that it is not always appropriate to extrapolate what is known in one 

system to another (Lavine and Strand, 2002), at present specific understanding of the 

bumblebee cell-mediated immune system is limited. 

 

The idea that insect immunity is reliant on broad-spectrum recognition patterns has meant 

that historically the invertebrate immune system has been considered less complex and 

less specific than in vertebrates (Siva-Jothy et al., 2005). This is because invertebrate 

analogues for the vertebrate mechanisms of memory and specificity had not been 

identified, leading many to assume that they do not exist (Kurtz, 2005). However the 

increased ease and accessibility of genomic techniques has led to the identification of 

many previously unknown signalling pathways and defence mechanisms in innate 

immune systems (Hoffmann, 1995; Hoffmann and Reichhart, 2002; Janeway and 

Medzhitov, 2002).  

 

Alongside the development of these techniques there has also been much interest in the 

phenomenon of trans-generational immune priming in invertebrates, whereby immune 

experiences of the parent is transferred to the progeny (Tetreau et al., 2019). First shown 

in a crustacean at the turn of the millennium, this has now been found in many invertebrate 

species including representatives from the coleoptera, crustacea, hymenoptera, orthoptera 

and molluscs, although fully function mechanisms have yet to be described (Tetreau et 

al., 2019). Evidence of trans-generational immune priming has been shown in 

bumblebees with enhanced antibacterial activity shown in adult workers and eggs, 

enhanced phenoloxidase enzyme activity in adult males and enhanced gene expression in 

adult workers (Moret and Schmid-Hempel, 2001; Sadd et al., 2005; Sadd and Schmid-

Hempel, 2007). These trans-generation effects on immunity also come with concomitant 

costs including a reduction in the number of offspring, reduced phenoloxidase activity in 

adult offspring workers, and increased susceptibility to parasites other than those 

involved in the specific maternal challenge examined (Sadd and Schmid-Hempel, 2009). 

In addition there is evidence of specificity in protection to C. bombi in bumblebees 

following secondary exposure to pathogens (Riddell et al., 2009), as well as phenotypic 

plasticity in immune defence responses (Barribeau et al., 2014). It is increasingly 
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accepted that there is some level of immune memory in invertebrate systems although 

this undoubtedly comes at some cost to the individual or colony. Immune activation is 

known to be energetically costly, potentially detrimental to reproductive fitness and 

unless infection carries a high risk of death, or a significant effect on the individuals 

capacity to reproduce, the physical and energetic cost of an immune response may 

outweigh the benefits (Moret and Schmid-Hempel, 2000; Rolff and Siva-Jothy, 2003; 

Siva-Jothy et al., 2005). 

 

In principle evolutionary trade-offs are a straightforward concept. It is logical that the 

ability to withstand infection or to mount an immune response requires energy, either in 

terms of extra resource, calories, or specific nutritional compounds; such as particular 

amino acids or lipids (Siva-Jothy et al., 2005; Zuk et al., 2002). It also makes sense that 

if this energy is being used to mount a response to inflammation or infection, then it 

cannot be used for something else, such as reproduction. However delineating the 

relationship that exists between immunity and other life history traits is complicated and 

dependent on many factors including: the type of immune challenge that is of interest, 

how immunocompetence is measured, the life-history trait of interest, and the nutritional 

condition of the hosts (Kraaijeveld and Godfrey, 1997; Moret and Schmid-Hempel, 2001; 

Siva-Jothy et al., 2005). Furthermore, trade-offs may be happening within immunity traits 

if different immune system functions have different evolutionary costs (Adamo, 2012; 

Ponton et al., 2011; Sheldon and Verhulst, 1996). At present we do not have a full 

mechanistic understanding of what happens in the bumblebee immune system upon initial 

exposure to a pathogen, nor how the system responds to the development of a specific 

pathogen in the host, nor how this relationship between host immune system and pathogen 

growth is affected when the system is challenged or suppressed by different stressors. 

These could include the effects of poor nutrition in terms of either quality or quantity, or 

suboptimal environmental conditions including those that might occur during shipping of 

commercially reared bees (Brown et al., 2003b; Conroy et al., 2016; Jokela et al., 2005; 

Pulkkinen and Ebert, 2004)  

 

The diet of wild bees is a mixture of pollen and nectar, collected by workers across the 

season from flowers surrounding the colony (Alford, 1975; Goulson et al., 2008b). The 

composition of this diet will vary with the seasons reflecting the natural floral resource 

diversity and availability (Devoto et al., 2014). Adequate floral provisioning to support 
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wild bee populations – particularly those of the more specialist foragers such as: Bombus 

hortorum and Bombus pascuorum – has been a major focus for farmland conservation 

(Goulson et al., 2002, 2008b; Praz et al., 2008). Specific protein and amino acid 

requirements for honey bees were explored in the early fifties and bumblebee 

requirements are assumed to be similar (De Groot, 1953; Haydak, 1970). Providing a 

“balanced” and nutritious diet for commercially reared bees has its own challenges, even 

though diet during production is independent of local floral resource. Honeybee collected 

pollen (the source of pollen in commercial production) has been shown to carry infectious 

pathogens (Graystock et al., 2016a; Meeus et al., 2014), and developing a diet that 

supports individual and colony health without promoting the early development of 

reproductives (which do not contribute to colony foraging efforts) is a balancing act for 

commercial-producers (Moerman et al., 2017; Roger et al., 2017; Tasei and Aupinel, 

2008a)  

 

Commercially produced bumblebees are fed sugar-water as nectar replacement and 

honeybee-collected pollen (Velthuis, 2002; Velthuis and Doorn, 2006). The basal 

requirement for a laboratory based colony to found a colony of five workers (not free 

flying) has been estimated as 17-30g of pollen protein and 935 –1186g sugar across its 

life time, equating to (depending on the flower species) over 700,000 flowers to provide 

the colonies lifetime food requirements (Fowler et al., 2016; Rotheray et al., 2017). The 

honeybee-collected pollen required is a large cost for commercial producers and the 

primary route for transmission of infectious disease (Graystock et al., 2013b, 2016a; 

Huang et al., 2016; Velthuis and Doorn, 2006). Pressure to reduce pathogen load in 

exported colonies has led to the use of pollen treated with gamma radiation (Graystock et 

al., 2013b, 2016a; Meeus et al., 2014; Murray et al., 2013; Sachman-Ruiz et al., 2015). 

This reduces potential for pathogen exposure – by killing the agents of infectious disease 

that would otherwise be transmitted through feeding – but also directly and indirectly 

increases production costs (cost of irradiation treatment, potentially reducing nutritional 

value and lifetime of the pollen in storage). Artificial diets using soy or other protein 

powders have been developed with limited success (DeGrandi-Hoffman et al., 2010; 

Haydak, 1970; Roulston and Cane, 2000). However it seems that although queen-less 

micro-colonies (small groups of workers isolated from the queen) (Génissel et al., 2002) 

have been found to develop normally with up to 60% pollen substitute incorporated into 
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the diet, colony development is affected at lower concentrations of artificial pollen 

substitute when replicated on queen-right full size colonies (Felix Wackers unpub. data).  

 

Our knowledge of pollen quality and nutritional composition is limited often to relatively 

rudimentary measures of quality such crude protein content and restricted to a few plant 

species or families (Roulston and Cane, 2000; Standifer et al., 1980; Tasei and Aupinel, 

2008a) but we do know that it can be variable and can affect species differently (Génissel 

et al., 2002; Haider et al., 2013; Praz et al., 2008; Sedivy et al., 2011). There is speculation 

that insects are able to support their own immune defence through selective feeding on 

high protein food (Lee et al., 2008, 2006; Stabler et al., 2015), and indeed there is some 

evidence that bees forage preferentially to support their own immune systems, for higher 

quality pollens and differently according to the colony needs (Hanley et al., 2008; Kitaoka 

and Nieh, 2009; Leonhardt and Blüthgen, 2012; Ruedenauer et al., 2016; Somme et al., 

2015). Furthermore there is increasing evidence for the ability of secondary plant 

metabolites in nectar to support bumblebee immunity by reducing parasite loads in 

infected bees (Koch et al., 2019; Richardson et al., 2015), and for socially transmitted gut 

microbiota to protect against infection (Koch and Schmid-Hempel, 2011). 

 

The ability of worker bees to sense pollen quality directly has been challenged and it is 

not clear that they always make good choices – for example they have been shown to 

prefer pollen with high pesticide levels (Kessler et al., 2015; Tasei and Aupinel, 2008a). 

The picture is not clear, partly because nutritional value is often estimated as simply a 

factor of protein levels via nitrogen content, due to time and costs constraints, but also 

because life history trade-offs within and around immunity are complex and hard to tease 

apart (Baloglu and Gurel, 2015; Génissel et al., 2002; Moerman et al., 2015, 2017; 

Nicolson, 2011; Roulston and Cane, 2000; Stabler et al., 2015; Tasei and Aupinel, 2008a).   

 

What is undisputed is that pollen is the only source of protein in the larval and adult 

bumblebee diet and protein is required for reproduction, growth, immunocompetence and 

longevity (De Groot, 1953; Haydak, 1970). Nutritional limitation has been found to have 

negative effects on bumblebee colony weight gain, adult number and size (Rotheray et 

al., 2017) and to effect immunocompetence in insects generally; C. bombi infected B. 

terrestris, that had experienced short term pollen deprivation, showed reduced immune 

response to infection (Brown et al., 2003a; Brunner et al., 2014) and the protein 
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component of insect diet specifically has been implicated in resistance to pathogen attack 

and constitutive immune function (Brunner et al., 2014; Lee et al., 2006, 2008; Li et al., 

2007; Woodward, 1998). This has led to increased interest in the impact of pollen 

diversity in both honey and bumblebee diets, with initial studies suggesting that more 

diverse diets support the ability of individual bees to mount a normal immune response 

(immunocompetence) (Alaux et al., 2010; Baloglu and Gurel, 2015; Foley et al., 2012; 

Moerman et al., 2015, 2017; Tasei and Aupinel, 2008a). 

 

The challenges in identifying the ideal bumblebee diet are manifold, not least because 

presumably the requirements of any idealised diet varies with life stage, and levels of 

nutritional, environmental and pathogen stress (Adamo, 2014; Brunner et al., 2014; 

Pereboom, 2000; Pereboom et al., 2003; Ribeiro, 1994; Woodward, 1998). This suggests 

there is potential to reduce the risk of the spread of infectious disease by improving 

bumblebee health in exported bees (Colla et al., 2006; Graystock et al., 2013b; Murray et 

al., 2013). In this respect health can be seen as a way of reducing the infectiousness of 

individuals, at the same time as supporting commercial producers to comply with 

legislation and provide a higher quality product, for which perhaps they could eventually 

command a higher price in the market (Gómez-Moracho et al., 2017; Koch et al., 2017; 

Li et al., 2017).  

 

1.7 Environmental stress and bumblebee immunocompetence 

 

Environmental stress means physical, chemical, and biological constraints on the 

productivity of a species (Schulte, 2014). In this thesis it is assumed to include 

temperature, humidity, movement, noise and conditions that are likely to be suboptimal, 

especially during shipping of commercially produced bees from factory to farm (Goulson 

and Hughes, 2015). 

 

Shipping fever as a phenomenon has been discussed in the farming sector; referring to 

opportunistic infections of calves and horses that seem to develop during transport 

(Barham et al., 2002). There is clear potential for animals to experience sub-optimal 

conditions during transport, it is logical that this may be stressful, and that this stress 

could impair immune function, resulting in increased prevalence and intensity of 

infections. It has been posited as an explanation for why bumblebee colonies leave the 
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factory ostensibly “free of disease” but when screened on arrival infection is detected 

(Colla et al., 2006; Evison et al., 2012; Graystock et al., 2013b; Manley et al., 2019; 

Murray et al., 2013). As yet there is no concrete evidence that shipping stress adversely 

effects colony health or resistance to pathogens. It is possible that infection is undetected 

at departure because it is below the threshold of our detection methods (Burreson, 2008; 

Erler et al., 2012; Yang and Rothman, 2004). If this were the case then increased infection 

upon arrival is simply a result of the infection progressing normally to levels within the 

sensitivity of current methods or a result of molecular-diagnostic tools being used 

incorrectly to confirm presence rather than infection (Brown, 2017; Burreson, 2008). 

 

If this phenomenon were found to be a factor, minimising pathogen intensity and 

prevalence during transport would be ideal. Stressors on bumblebees are known to act 

synergistically, with multiple stressors in combination having a greater combined effect 

than individually (Collison et al., 2016; Conroy et al., 2016; Fauser et al., 2017; Goulson 

et al., 2008a; Grassl et al., 2018; Graystock et al., 2016b). There is also evidence that 

colonies experiencing similar levels of stress may respond differently with some thriving 

and some failing (Bryden et al., 2013). Theoretically it is likely that the stress of shipping 

negatively effects bumblebee immunocompetence and irrespective of the presence or 

absence of pathogens, these suboptimal conditions may have a detrimental effect on 

colony health (Fauser-Misslin et al., 2014; Heinrich, 1979). If a significant detrimental 

effect is found, such that shipping is seriously affecting product quality, it is in the interest 

of the commercial producer to reduce fluctuations in temperature, humidity and carbon 

dioxide levels, and route planning to keep journeys short, and noise, movement and 

handling, to a minimum.  
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1.8 The relationship between health, disease and immunocompetence 

 

The evidence for an effect of diet quantity and quality on immunocompetence, pathogen 

loads and resistance to infection indicates that it may be possible to support 

commercially-produced bumblebees on a broad scale with diet enhancement (Alaux et 

al., 2010; Conroy et al., 2016; Roger et al., 2017). In exploring this it is important to 

understand the relationships between health, disease and immunity and how they are 

different (Thompson et al., 2010). Historically wildlife health was considered only as the 

absence of disease (Deem et al., 2001). It is argued that a modern definition needs to 

recognise that health is the result of an interaction between an individual’s environment, 

their biology and their capacity to cope with change Thus to see health only through the 

prism of disease limits our ability to interrogate the effect of other factors like diet quality 

or environmental stress (Stephen, 2014). In measuring health therefore we should 

consider the characteristics of the animal and their ecosystem that make them more or 

less vulnerable or resilient (Dolezal and Toth, 2018; Oliver et al., 2015; Stephen, 2014). 

In this way health can be seen as about more than immunocompetence (the ability to 

mount a normal immune response) or remaining free from infection, it is also about the 

way animals maintain these processes when their external environment provides 

additional challenges (Cisarovsky, 2013; Deem et al., 2001; Flatt et al., 2008). 

 

Bumblebee health can therefore be considered at multiple levels, and measured in 

different ways; firstly there are the colony-level measures which give an indication of 

overall health (Baloglu and Gurel, 2015; Génissel et al., 2002; Schmid-Hempel and 

Schmid-Hempel, 1998). Larger more productive colonies are intuitively considered more 

healthy, the greater the number of workers available for brood care and forage increases 

the capacity of the colony to successfully produce and rear queens, which require 

significantly more sugar (Rotheray et al., 2017)  and pollen for fat body development  

(Heinrich, 1979). Life stage counts allow us to examine effects at different stages of the 

colony life cycle, it also allows comparison of reproductive health by comparing the 

numbers of new reproductives (Brown et al., 2003b; Otti and Schmid-Hempel, 2008). 

Secondly there are individual-level measures which provide more detailed direct and 

indirect measures of health and immune function. Individual body size is linked to 

nutritional availability during larval stages and  development, and is therefore an indicator 

of colony health (Rotheray et al., 2017). The fatbody is a key organ in insect immunity, 
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as the main site of antimicrobial peptide synthesis, and its size is an indicator of an 

individual’s capacity to survive nutritional stress (Alaux et al., 2010; Keehnen et al., 

2017). Other measures of immunity include comparing the number of  haemocytes, the 

key circulating immune cells in the insect body that are important for both phagocytosis, 

and phenoloxidase enzyme activity, which is involved in the melanisation and 

encapsulation response of invertebrates upon exposure to pathogens (Alaux et al., 2010; 

Keehnen et al., 2017). Although detailed function and mechanism of these important 

invertebrate immune cells have not been clearly described in bumblebees their overall 

importance in insect immunity is recognised (Ellis et al., 2011; Korner and Schmid-

Hempel, 2004; Strand, 2008). In addition comparative analysis of survival and infection 

rates in controlled inoculation experiments allow for direct comparisons of an 

individual’s ability to withstand pathogen challenge and survive infection (Alaux et al., 

2010; Bocher et al., 2007; Gillespie et al., 1997; Lee et al., 2008). Using a suite of methods 

and measures that are designed to examine innate capacity to mount a response 

(haemocyte numbers, phenoloxidase enzyme activity and fatbody size), functional 

pathogen challenge experiments, and overall colony fitness allows us to understand 

bumblebee health as more than the presence or absence of disease. It allows the 

consideration the relative contribution and impact of nutrition and stress, whether that be 

as a result of environmental stress or following exposure to a pathogen and subsequent 

infection (Rolff and Siva-Jothy, 2003; Viney et al., 2005).  

 

1.9 Summary and aims 

 

The ecological and economic importance of pollinators cannot be disputed, although the 

evidence of declines, their implications and how best to mitigate them is still the subject 

of debate (Ghazoul, 2005, 2015; Potts et al., 2016). The drivers for bumblebee decline 

are multifactorial and are wider reaching than bumblebee or wider pollinator populations, 

given their inextricable association with agricultural intensification.  

 

While our dependence on commercial bumblebees or managed honey bees for pollination 

services is perhaps overstated (Ghazoul, 2005) the demand from farmers exists. In some 

sense therefore for better or worse commercially produced bees are now part of the 

system, in that it is not possible to undo the damage that has already been done through 

little-considered introductions of novel species and their parasites. However, it is 
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crucially important that that we do not act with impunity, we can and must limit further 

damage through tighter legislation on their production and export and take advantage of 

any opportunities to optimise the health and immunity of commercially reared 

bumblebees. If we understand bumblebee pathogens, the immune response they illicit in 

the host, how this response interacts with the bumblebee environment – particularly in 

relation to nutritional and environmental stress – then we can support producers to 

improve the health and immunocompetence of their bees and at the same time minimise 

the clear risks to the wild bee populations they come into contact with. Disease control in 

wild pollinators is not possible, but we should work to limit its spread in managed bee 

populations. The rationale being that if managed bees are healthier they are less like to 

become infected upon exposure to infectious disease, and if they do become infected can 

we minimise the resultant infection intensity, as lower pathogen loads reduce an 

individual’s infectiousness (Otterstatter and Thomson, 2006). It is therefore in the interest 

of conservation biologists, commercial producers and the agricultural sectors alike, 

irrespective of legislative imperative, to invest in improving the health of exported bees 

by reducing their pathogen load. This study investigated whether diet enhancement, in 

combination with the reduction of stress during production, can reduce the rate of 

infection and the progress of infection within an individual or the colony.   

 

The potential for pollinator protection through improving the health of commercially 

produced bees was explored as follows: in chapter two, the effect of diet quality on 

bumblebee health was examined using assays that measure health and fitness at the 

colony and individual level allowing for the exploration of health at multiple scales and 

to see if it is possible to link these measures of colony and individual health directly with 

measures of individual immunity. In chapter three, the effect of nutrition at adult and 

larval stages was examined, using individually kept adults and a larval rearing approach 

to identify whether diet enhancement can provide protection to individuals (across 

multiple lifestages), that have been exposed to infectious disease. In chapter four, the 

infectiousness and virulence of three common infectious disease of bumblebees was 

explored using both colony and individual-level assays, and in chapter five, the potential 

for a measurable interaction between diet quality and environmental stress during 

transport was examined, in order see if either the reduction of stress or the enhancement 

of diet could provide protection to managed bumblebees when exposed to a common 

infectious disease of bumblebees.  
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2. Diet quality is important for healthy bumblebee colony 

development and supports individual immune health 
 

Abstract 

 
Commercially reared bees provide economically important pollination services for a 

diversity of crops but can carry parasites that may reduce their effectiveness and spillover 

to wild pollinators. Improving the health of commercial-reared bees may mitigate this 

risk, but the relationship between diet and the immune health of bees remains unclear. 

Here the effect of diet quality during colony development was investigated, using three 

diets: an enhanced diet comprised of a spring wildflower pollen mix with an elevated 

protein content,  the standard fresh pollen mix diet used in Biobest rearing of colonies for 

sale, and an artificial pollen substitute mixed with the standard diet expected to be 

nutritionally poorer. The effect of diet quality was measured on colony development 

using colony-level assays: colony weight, colony size and number of dead individuals, 

and individual-level measures of health including body size, fatbody size, total haemocyte 

count and phenoloxidase enzyme activity in commercially-reared bumblebees. A 

significant effect was found of diet on colony growth, with colonies fed a diet with 

enhanced protein and lipid content producing colonies with significantly more individuals 

compared to those fed either a standard or poor diet. The enhanced diet also resulted in 

bees that were significantly larger, and larger bees had disproportionally greater fat 

reserves and immune health. The results show that diet can have important direct and 

indirect effects on the health of commercially-reared bumblebees and suggest that the 

enhancements of standard rearing diets may produce a significant improvement in colony 

health. 
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2.1 Introduction 

 

The importance of pollinators cannot be overstated; the majority of flowering plants are 

pollinated by insects and other animals (Ollerton et al., 2011) and as a result plant-

pollinator relationships are fundamentally important ecological interactions and the 

drivers of much of the biodiversity seen in both wild and farmed terrestrial ecosystems 

(Ollerton, 2017). 

 

Pollinating insects are a significant majority in plant-pollinator interactions and therefore 

maintain the health and function of these ecosystems, supporting the production of 75% 

of crop species, and providing a global ecosystem service to food production of $215bn 

every year (Gallai et al., 2009; Vanbergen, 2013) As awareness of the economic value of 

pollination services has grown, managed bee populations are increasingly used to provide 

this ecosystem service to agriculture (Aizen et al., 2009; Velthuis, 2002). As a result the 

western honey bee, A. mellifera, several species of bumblebee (notably B. terrestris in 

Europe and B. impatiens in US), and some solitary bees (Megachile rotundata, Osmia 

spp.) are now commercially produced and exported globally to support agricultural 

production of various fruit and vegetables (Delaplane and Mayer, 2000; Goulson and 

Hughes, 2015; Hanley et al., 2015; Velthuis and Doorn, 2006).  

 

The movement of huge numbers of managed insect species across the globe has become 

part of the reality of modern day farming and with this movement comes increased risk 

of disease (Goulson and Hughes, 2015; Huang et al., 2016; Jones et al., 2008; Meeus et 

al., 2011). The spread of emerging pathogens is considered a significant threat to 

biodiversity and the damage of spillover from introduced organisms to native species can 

be devastating – either due to the new hosts naivety, or simple host-pathogen population 

dynamics (Cunningham et al., 2003; Daszak et al., 2000). Pollinator declines and their 

potential economic and ecological impact, along with our efforts to understand the effects 

of possible declines, and how to mitigate them, have been the focus of much academic 

and media attention (Aizen et al., 2009; Ghazoul, 2005; Klein et al., 2007; Ollerton, 2017; 

Potts et al., 2010). Farmers employ commercially produced bees to provide a service, 

crop pollination, but foraging behaviour and flight activity have been shown to be affected 

by infection status (Dosselli et al., 2016; Kralj and Fuchs, 2010; Schmid-Hempel, 1998). 

Thus an increased risk of parasitism, and posited declines in wild bee populations may 
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increase our reliance on commercially-produced bumblebees to support crop pollination 

(Gillespie and Adler, 2013). Legislation has been in place since 2014 stipulating that 

commercial colonies must be free from disease (Natural England, 2014), in practice this 

may be difficult to achieve while the main source of pollen diet used in commercial 

rearing is honeybee collected pollen (Graystock et al., 2016a). The potential for 

bumblebees to forage and consume selectively in order to support their own health and 

fight infection is promising, with secondary plant metabolites in nectar shown to reduce 

parasite infections in bumblebees (Koch et al., 2019; Manson et al., 2010; Richardson et 

al., 2015). However addressing the problem remains challenging while there are no 

commercial methods of disease control in living bumblebees, and the role of nutrition and 

our understanding of the role of other stressors in regulating and supporting the insect 

immune system is limited (Adamo et al., 2010; Di Pasquale et al., 2013; Moerman et al., 

2017; Moret and Schmid-Hempel, 2000; Roger et al., 2017). 

 

Pollen is the only source of protein in the larval and adult bumblebee diet and protein is 

required for reproduction, growth, immunocompetence and longevity (De Groot, 1953; 

Haydak, 1970). Nutritional limitation has been found to effect immunocompetence in 

insects generally (Alaux et al., 2011, 2010; DeGrandi-Hoffman et al., 2010; Foley et al., 

2012; Huang, 2012), and the protein component of diet specifically has been implicated 

in resistance to pathogen attack and constitutive immune function (Lee et al., 2006). In 

bumblebees, C. bombi infected B. terrestris that had experienced short term pollen 

deprivation showed reduced immune response to infection, and poor protein diets 

negatively affect growth across bumblebee life stages and constitutive immune function 

(Brunner et al., 2014; Roger et al., 2017). This has led to increased interest in the impact 

of pollen diversity in both honey and bumblebee diets, with initial studies suggesting that 

more diverse diets support bumblebee health (Baloglu and Gurel, 2015; Moerman et al., 

2015; Tasei and Aupinel, 2008a).   

 

The diet of commercially produced bumblebees is honey-bee collected pollen and sugar-

water. This pollen is a large cost for commercial producers and the primary route for 

transmission of infectious  (Goulson and Hughes, 2015; Graystock et al., 2013a; Singh et 

al., 2010). Pressure to reduce pathogen load in exported colonies has led to calls for the 

use of pollen treated with gamma radiation. This reduces potential for pathogen exposure 

– by killing the agents of infectious disease that would otherwise be transmitted through 
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feeding  (Graystock et al., 2016a; Meeus et al., 2014) – but also directly and indirectly 

increases production costs (cost of irradiation treatment, potentially reducing nutritional 

value and lifetime of the pollen in storage). Artificial diets for bumblebees could eliminate 

the potential for pathogen exposure from honeybee-collected pollen but have shown 

limited success (Bortolotti et al., 2020; DeGrandi-Hoffman et al., 2010; Haydak, 1970), 

and queen-less micro-colonies develop normally with  a diet of up to 60% pollen 

substitute, but colony development is affected at lower concentrations of substitute when 

replicated on queen-right colonies (Felix Wackers unpub. data).  

 

In order to explore the relationship between nutrition and health in commercially 

produced bumblebees, this study examined the effect of diet quality on colony-level and 

individual-level health, and immunocompetence was tested in commercially produced B. 

terrestris audax, with the expectation that colonies fed better quality diets will be 

healthier and comprised of more individual workers with a greater innate capacity to 

mount an immune response.  

 

2.2 Materials and methods 

 

In this experiment the effect of three different diets: a standard commercial rearing diet, 

an enhanced proteins diet, and an artificial diet mix that was expected to be nutritionally 

poorer were tested. The effect of these diets on colony-level fitness were measured using 

both colony-level (colony size (number of larvae, pupae and adults), colony weight, 

presence of reproductives, and the numbers of dead larvae and workers), and individual-

level health and immune health assays (individual body size, fatbody size (relative to size 

of abdomen), phenoloxidase and pro-phenoloxidase enzyme activity (PO and PPO), and 

total haemocyte count (THC)). 

 

Thirty B. terrestris audax colonies were reared from colony foundation by the 

commercial producer Biobest, Westerlo, Belgium, on three proprietary diets developed 

by Biobest. The standard rearing diet comprised fresh frozen irradiated pollen that is used 

for feeding commercial colonies during production prior to their being sold. This pollen 

mix has an average protein content of 16% and is a mixture of different pollen species 

from different suppliers (n = 10). The enhanced diet comprised fresh frozen irradiated 

pollen that has been shown to score the highest in Biobest’s in-house biotests (colony 
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development assays), it is part of a higher quality mixture fed to queen producing colonies 

and has an average protein content of 22% (n = 10). This pollen mix is sourced from one 

supplier and consists of a mix of spring-flowering plant species. The artificial mix 

comprised a soy-flour based artificial diet developed by Biobest mixed with standard 

pollen at a ratio of 40:60 (n = 10). All thirty colonies were shipped at nine weeks from 

colony founding to the University of Sussex, UK. Upon arrival, the cardboard outer 

packaging was removed, and all colonies were kept for a further four weeks (to allow for 

staggered sample collection), in standardized laboratory conditions at 25-27oC, 60-65% 

relatively humidity and a 12 h light-dark cycle. In order to examine the effect of diet 

quality, rather than quantity, the colonies were limited 30 g of the respective diet 

treatment each week (10 g/feed). Colonies were fed their respective diet treatment as a 

mixture of pollen/artificial mix and sugar water. The artificial pollen substitute was 

suppled as a playdough-like substance which was mixed with standard pollen as pollen 

balls were made. Dry pollen was weighed, ground to a powder, mixed with commercial 

sugar water solution (BIOGLUCâ, Biobest) and made into pollen balls. Pollen balls were 

made two weeks in advance and stored at -20oC to limit time spent on bee husbandry each 

week. 

 

2.2.1 Colony development and sample collection 

 

Upon arrival at Sussex the number of L3-L4 larvae, pupae and adults were counted, and 

the presence of reproductive adults and brood, and total colony weight recorded (due to 

difficulties in identifying males and workers, the worker counts for colonies where 

reproductive brood was identified will also include males). Samples for body size analysis 

and immunological assays were staggered over four weeks, 10% of workers were 

removed from each colony, anaesthetised on ice for ~20 min and decapitated. 

Haemolymph was collected by inserting a  microcapillary tube into the opening of the 

thorax and diluted 1:3 in PBS and stored at -20oC for total haemocyte counts (THC), or 

diluted 1:40 in sodium cacodylate, snap frozen in liquid nitrogen (-90oC) and stored at -

80oC for PO and PPO. The gut was removed from the abdomen and stored in 100% 

ethanol at -20oC for pathogen screening, and the abdomen and intact fat body kept dry 

and stored at -20oC for fatbody size analysis. Thoraces and wings were stored in ethanol 
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and kept for body size analysis by wing marginal cell length. Images were taken with a 

Leica DFC295 camera and measured using ImageJ. 

 

2.2.2 Fat analysis   

 

The insect fatbody is the main site of antimicrobial peptide synthesis and as such is 

considered a key organ in insect immunity (Alaux et al., 2010; Arrese and Soulages, 

2010). Fatbody size was measured by calculating their lipid content relative to their body 

size (Brown et al 2000). At dissection a small portion of fat body was removed for 

pathogen screening with the majority left intact on the inside of the abdomen. Abdomens 

of dissected workers were dried at 70°C for five days, then placed in diethyl ether for 24 

h to dissolve lipids. The abdomens were rinsed in fresh diethyl ether before being re-dried 

at 70°C for a further five days and reweighed. The difference between the first and second 

weight measurements was calculated as the fat content of the bumblebee and divided by 

dry weight of the abdomen to obtain a ratio of fat content relative to body size for each 

worker. 

 

2.2.3 Phenoloxidase and pro-phenoloxidase activity  

 

Phenoloxidase (PO), and its inactive precursor pro-phenoloxidase (PPO), are involved in 

the melanisation and encapsulation response of invertebrates upon exposure to pathogens 

(Gillespie et al., 1997; Lavine and Strand, 2002). PO and PPO activity assays were carried 

out in microtiter plates prepared on ice, following a method adapted from Bocher et al., 

(2007). Haemolymph samples of 15 µl were added to 5 µl of ddH2O for PO or 5 µl a-

chymotrypsin (5 mg/ml in ice cold ddH2O) for PPO, together with 35 µl L-dopa (4 mg/ml 

in ice cold ddH2O). PO and PPO activity for each sample was performed simultaneously 

with treatments split across plates. Three technical replicates were performed per sample 

with negative controls for PO and PPO reactions on each plate. Prepared plates were 

placed immediately in a pre-heated microplate reader at 30oC (Molecular devices Spectra 

Max Plus 384). Reactions proceeded for 40 min with readings taken at 490 nm every 15 

s. The slope during the linear phase of the reaction (Vmax) was taken as the enzyme activity 

value for further analyses. 
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2.2.4 Total haemocyte count 

 

Haemocytes are important cells in the insect immune system due to the roles they play in 

phagocytosis and encapsulation (Alaux et al., 2010; Strand, 2008). The mechanism for 

the role haemocytes in bumblebee cellular immune responses has not been well described, 

however work from other insect orders indicates the cells are important mediators of both 

cellular and humoral immune responses (Ellis et al., 2011) and numbers have been shown 

to correlate with PO enzyme activity (Korner and Schmid-Hempel, 2004).  Haemolymph 

collected for THC was diluted 1:3 in PBS and stored at -20oC until processing, with 1 µl 

per bee was used for counting. Haemocytes were incubated with DAPI (0.5ug/ml) on ice 

for 10 min and cells were counted on a MACS Quant VYB FACS machine, for total 

DAPI positive cells per µl of haemolymph. 

 

2.2.5 Pathogen screening  

 

To confirm all workers were free from disease a c. 0.3 cm3 sample was dissected from 

each worker comprising the hind gut, fatbody (only a small sample was removed the rest 

left for fatbody size analysis) and Malpighian tubules and placed in 100 µl DNA 

extraction solution (NaCl 100mM, Tris pH8 10mM, EDTA 25mM, SDS 0.5%, 0.1 µg/µl 

Proteinase K, 5% Chelex). DNA was extracted by overnight incubation at 55oC followed 

by 20 min at 100oC, the resulting solution was centrifuged at 2204 rcf for 1 h and the 

supernatant retrieved. An equal volume of isopropanol was added to the supernatant and 

gently agitated to mix. This solution was centrifuged at 2204 rcf for 1 h and the 

supernatant discarded. Remaining DNA pellets were washed once with 70% ethanol and 

allowed to airdry for 20 min. Dry DNA pellets were resuspended in 100 µl molecular 

grade water for subsequent use at a 1:10 dilution in parasite screening PCR reactions. 

Bees were screened for the trypanosome C. bombi, and the microsporidians N. bombi and 

N. ceranae using conventional PCR with parasite-specific primers (table S1). 

Amplification of the host 18S Apidae gene was used to control for DNA extraction 

quality, and positive and negative controls were included on all plates. Positive control 

samples for pathogens were stock samples held in the lab from bees sampled locally and 

screened as part of other research projects. Amplicons were visualised on 3% agarose 

gels stained with ethidium bromide. 
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2.2.6 Statistical analysis 

 

For the colony-level fitness measures, colony weight and colony size were normally-

distributed and therefore investigated separately using individual analysis of variance 

models with diet treatment as the explanatory variable. The number of dead workers and 

larvae were not normally distributed and thus separately analysed using generalised linear 

models with Poisson distribution and log link function with diet treatment as the 

explanatory variable. In the generalised linear models colony size was included as a 

covariate (random effect), as larger colonies with more individuals are also more likely 

to have more dead individuals. The presence of reproductives (adults or brood) was 

examined using Fisher’s Exact test. Sequential Bonferroni corrections were applied to 

thresholds for multiple tests of the same hypothesis. 

 

Individual measures of health were analysed separately using generalised equalising 

equations with a Gamma distribution and log link function. Individual bees were 

considered replicates within colonies, with diet treatment, worker age at collection and 

body size included as fixed effects within each model for each measure of health with 

diet treatment as the explanatory variable. Statistical analyses were performed in R (R 

Core Team, 2019), using lme4 and geepack packages for modelling (Bates et al., 2015). 

A table listing each measured variable and the statistical analysis used, along with a fixed 

and random effects (where appropriate) and, distribution and link functions is included 

supplementary tables (table S3). 

  



45 
 

2.3 Results 

 

2.3.1 Pathogen screening  

 

A total of 341 guts were screened across 30 colonies and found negative for the three 

common pathogens C. bombi, N. bombi and N. ceranae (table S2). 

 

2.3.2 Colony-level measures 

 

There was a significant effect of diet treatment on colony weight, colony size, the number 

of dead workers, the number of dead larvae and the presence of reproductives 

(respectively, F2,27 = 12.7, p < 0.001; F2,27 = 4.37, p = 0.023; LRT = 230.3 , df = 2, p < 

0.001; LRT = 269.1 , df = 2, p < 0.001; P = 0.001 by Fisher’s Exact Test) (fig. 2.3.1). 

Colonies that received the enhanced diet treatment weighed more, comprised more 

individuals, had greater numbers of dead workers, but significantly fewer dead larvae, 

and were more likely to have already produced reproductives at nine weeks than those 

that received the standard diet (fig. 2.3.1). Colonies that received the poor diet were not 

significantly different from those that received the standard diet on any measure except 

for number of dead larvae, with the poor diet colonies having significantly fewer dead 

larvae than those receiving standard diet (fig. 2.3.1d). Colony size was an important effect 

in the dead worker model, but this was not the case for the number of dead larvae (fig. 

2.3.1cd).  
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Figure 2.3.1 Colony-level measures of health. The effect of diet on mean ± s.e. a) colony weight, 

b) colony size (total number of workers, pupae and larvae, excluding reproductive adults and 

brood), c) number of dead workers, d) number of dead larvae, and the e) proportion of colonies 

producing reproductives. Counts were performed upon their arrival at the University of Sussex (9 

weeks old).  B. terrestris audax bumblebee colonies were reared under laboratory conditions on 

three diets: standard pollen diet, an enhanced diet (standard with elevated protein content, and a 

poor diet (a mixture of 40% artificial pollen with 60% standard diet. Letters above columns 

indicate treatments that differed significantly from each other at p < 0.05 in pairwise comparisons.  

 

e 
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2.3.3 Individual-level measures 

 

A significant effect of treatment and worker age, but not their interaction, was found on 

individual bee body size (X2 = 7.210, df = 2, p = 0.027 and X2 = 15.788, df = 8, p = 0.046 

respectively) with workers in colonies that received the enhanced diet treatment being 

significantly larger than those that were fed standard or poor diets, and workers collected 

earlier in the experiment being larger (fig. 2.3.2a). There was no significant effect of diet 

on fatbody size, THC, PO, or PPO activity (X2 = 2.54, df = 2, p = 0.280, X2 = 4.001, df = 

2, p = 0.135,  X2 = 2.084, df = 2, p = 0.353, X2 = 2.13, df = 2, p = 0.345  respectively)  

(fig. 2.3.2). However, there was a significant effect of body size itself on PPO activity 

and a similar trend in PO activity although not significant (fig. 2.3.2c) (X2 = 7.602, df = 

1, p = 0.006, X2 = 2.920, df = 1, p = 0.087 with larger bees having higher levels of PPO 

enzyme activity (fig. 2.3.3cd). 
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Figure 2.3.2 Individual-level measures of health. The effect of diet on mean ± s.e. a) body size,  

b) fatbody size, c) phenoloxidase (PO) and prophenoloxidase (PPO) immune enzyme activity, d) 

total haemocyte count (THC). B.  terrestris audax bumblebee colonies under laboratory 

conditions reared from colony founding on three different pollen diets, a standard pollen diet, an 

enhanced diet (standard with elevated protein content), and a poor diet (a mixture of 40% artificial 

pollen with 60% standard diet). Letters above columns indicate treatments that differed 

significantly from each other at p < 0.05 in pairwise comparisons. 
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Figure 2.3.3 Within colony variation of individual measures of health mean ± s.e a) body size, 
b) fatbody size c) phenoloxidase activity d) prophenoloxidase activity and e) total haemocyte 
count (THC). Diets tested were a standard pollen diet (colonies S01-S10, an enhanced diet 
(standard with elevated protein content, colonies E01-E10) and a poor diet (a mixture of 40% 
artificial pollen with 60% standard diet colonies P01-P10). 
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Figure 2.3.4 Individual bee body size and specific immune assays.  Bumblebee body size 

(length of wing marginal cell) in relation to measures of individual health a) fatbody size, b) total 

haemocyte count (THC), c) phenoloxidase (PO) activity, d) pro-phenoloxidase (PPO) activity. B. 

terrestris audax bumblebee colonies were reared under laboratory from colony founding on three 

different pollen diets: a standard pollen diet, an enhanced diet (standard with elevated protein 

content), and a poor diet (a mixture of 40% artificial pollen with 60% standard diet).  
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2.4 Discussion 

 

As expected, diet enhancement had a significant positive effect at the colony-level, 

including colony weight, colony size and number of dead workers, which demonstrates 

that enhanced protein levels in the bumblebee diet are beneficial to colony development. 

The picture becomes more nuanced when examining the individual-level measures of 

health and immunity. Although there was no evidence of a direct effect of diet on 

immunity and health, there was a significant positive effect on body size, and of body 

size in turn on immunity and health. The association between body size and specific 

immune measures (PPO activity) indicates that although a direct effect of diet treatment 

is not apparent from this study, it is an important determinant of bumblebee health and 

immunocompetence. This relationship, between specific immunity measures and body 

size, provides further evidence that body size is a good indicator of bumblebee health. 

 

These results support previous work into the nutritional value of pollen for individual and 

colony-level bumblebee health. Specifically the importance of the protein components of 

colony nutrition (Brunner et al., 2014; Lee et al., 2006). The positive effect of diet 

enhancement on colony weight and colony size is unambiguous and suggests that the 

additional protein is providing significant additional nutritional benefit. Supporting work 

in individual bees has shown they forage preferentially to support their own health and 

that monofloral diets can interfere with colony-level and individual-level development 

and susceptibility to stress and opportunistic infection (Génissel et al., 2002; Kitaoka and 

Nieh, 2009; Moerman et al., 2016; Praz et al., 2008; Sedivy et al., 2011; Somme et al., 

2015; Tasei and Aupinel, 2008a) 

 

While a relationship between diet and colony health, or success at, colony level is clear, 

the implications for commercial producers are less so. The additional nutritional resource 

provided by the supplemented protein and lipids in the enhanced diet is not necessarily 

used by the colony to directly support health or immunity. This can be seen in the fact 

that all but one of the of the colonies receiving the enhanced diet were already producing 

reproductives upon arrival at the University of Sussex (reproductives are of no value for 

commercial pollination; fig. 2.3.1f), and in the large number of dead workers in the 

enhanced colonies (fig. 2.3.1c.) In both instances it appears that the extra energy is used 

to support reproduction and colony growth and the main effect of the diet enhancement 
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therefore is for the colony lifecycle to progress more quickly. More workers are produced 

in a shorter period of time and the colony switches to produce reproductives more quickly. 

This highlights the challenge of teasing apart the relationships and trade-offs between the 

many aspects supported by an individual’s or a colony’s nutrition, including growth, 

reproduction, immunocompetence and longevity (Génissel et al., 2002; Kitaoka and Nieh, 

2009; Moerman et al., 2016; Praz et al., 2008; Sedivy et al., 2011; Somme et al., 2015; 

Tasei and Aupinel, 2008a).  

 

In order to compare the nutritional quality of diets as opposed to quantity, pollen was 

limited to 30 g per week. However, as colonies grow their nutritional requirements 

increase commensurately and the rate of colony development is not static but increases 

in line with available resource. In the wild as the colony develops and the number of 

workers increases, so too does the number of foragers thus increasing the nectar and 

pollen provision for the colony, provided there is sufficient floral resource (Cotter et al., 

2011; Ponton et al., 2011; Schmid-Hempel and Schmid-Hempel, 1998; Vanderplanck et 

al., 2014). This is obviously not the case for commercial colonies where during 

production (before the arrive at the farm) they are solely reliant on the amount of pollen 

provided. Larval ejection is a common colony level response to stress (Benton, 2006; 

Goulson, 2010), and the comparatively high levels seen here in the standard colonies are 

likely the result of these colonies increasing in size in line with food availability and then 

crashing due to nutritional limitation (Génissel et al., 2002; Pomeroy and Plowright, 

2009; Tasei and Aupinel, 2008a; Weidenmuller et al., 2002). This is not seen in the poor 

colonies which have fewer individuals and therefore lower nutritional requirements. 

 

The lack of a significant difference between the poor and standard diets on the majority 

of colony-level measures (colony size, colony weight, dead workers, and presence of 

reproductive) and on individual body suggests that the artificial and standard pollen mix 

was not nutritionally poor enough for us to detect a difference. However, this does provide 

evidence that an artificial-pollen mix, at these proportions, is no worse than the standard 

rearing diet – an important consideration for commercial producers given ~10% annual 

rising pollen costs (Felix Wackers pers. comm.). 

 

The positive effect of diet quality on body size is perhaps intuitive, and follows on from 

existing work that has shown that adult worker size is determined by larval growth, which 
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in turn is related to how much food is provisioned to individual larvae (Pereboom, 2000; 

Pereboom et al., 2003; Ribeiro, 1994). The corresponding relationship between body size 

and health and immune measures is interesting as the PPO assay controlled for overall 

bee size. This means that the diet enhancement not only increases the size of individual 

bees, it also increases phenoxidase activity, to a greater extent than expected given the 

size of an individual bee. Thus, the additional nutritional resource is not just being used 

by the colony for growth and development, it is also supporting individual bee health and 

immunity. This suggests that body size can be used as a general proxy for immune 

measures. This is perhaps particularly useful given that immune assays are time 

consuming, display a lot of intrinsic variability, and are not always practical to perform, 

particularly when working with wild bees rather than commercial colonies as part of 

laboratory-based experiments. From this perspective body size is a much more tractable 

measurement for a wide range of experimental designs.   

 

The results show that diet and its quality are an important consideration for both 

commercial producers, who are motivated to provide a higher quality product, and also 

for conservation scientists looking to support the health of wild bee populations. Here it 

is demonstrated that diet quality can have important direct and indirect effects on the 

health of commercially reared bumblebees. This suggests that the health of commercially 

produced bumblebee colonies and individuals could be significantly improved by 

enhancing the standard diet used in production, and lends further weight to the importance 

of floral diversity in providing wild bees enough high quality pollen – to help ensure 

overall dietary protein content and availability of high quality forage throughout colony 

development for the wild bumblebee health.  
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3. The effect of diet enhancement on tolerance of pathogen 

stress in bumblebee larvae and adults  
 

Abstract 

 
Commercially reared bees are important for pollination of crops, but their sterile rearing 

conditions may make them more susceptible to pathogens that may reduce their 

pollination services and may also spillback to wild bees. It has been suggested that by 

improving the health of commercially reared bees through optimisation of their diet we 

can mitigate this risk. However, the relationship between diet and immune health in 

bumblebees is unclear. Here the effect of the nutritional enhancement of diet on 

individually-kept bumblebee adults and larvae following inoculation with a common 

pathogen of bumblebees, C. bombi, was investigated. A significant effect of diet 

enhancement on larval survival was found, with pathogen-treated larvae that were fed an 

enhanced diet surviving significantly better than those fed a lower protein content diet 

and showing no negative effect of pathogen-exposure on survival. There was no effect of 

diet enhancement on adult survival but also no effect of pathogen exposure on adult 

survival. The results show that nutrition can have important protective effects on the 

survival of bumblebee larvae and suggest that using enhanced protein and lipid content 

diets in the commercial rearing of bumblebees may be beneficial for bumblebee health 

from the factory to the farm.  
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3.1 Introduction 

 

Pollinators are fundamental to the health of terrestrial ecosystems, and the interaction 

between plants and pollinators are important drivers of biodiversity (Ollerton, 2017). In 

addition to their ecological significance, pollinating insects are economically important; 

ensuring the production of 75% of the world’s crop species and providing a service to 

global food production estimated to be worth $215bn per year (Gallai et al., 2009; 

Vanbergen, 2013). 

 

As human populations grow, and demand for food increases so too does the reliance of 

agriculture on commercially-reared pollinators (Deguines et al., 2014). There is now a 

thriving market for managed pollinators (both honey bees, Apis spp. and bumblebees, 

Bombus spp.,) to provide pollination services for many agricultural crops (Deguines et 

al., 2014).  Commercial production of bumblebees necessitates the aggregation of large 

numbers of individuals in relatively confined areas, and the subsequent global movement 

of bees, which comes with the risk of the spread of infectious disease (Klein et al., 2007; 

Velthuis and Doorn, 2006). Although it has not been shown definitively that infected bees 

are less efficient pollinators (Cunningham et al., 2003; Daszak et al., 2000; Goulson and 

Hughes, 2015), it is known that parasitism alters foraging behaviour (Gillespie and Adler, 

2013; Theodorou et al., 2016) and reduced flight activity has been found in Nosema 

infected honeybees (Dosselli et al., 2016; Kralj and Fuchs, 2010). This increased risk of 

infectious disease, along with pesticide use and land-use change, has serious implications 

for pollinator biodiversity (Ostfeld, 2017; Potts et al., 2010). 

 

While bumblebee producers have implemented a range of measures to ensure the health 

of the colonies (Graystock et al., 2016a; Singh et al., 2010; Velthuis and Doorn, 2006), 

further improving the health of commercially-reared bees may be the best way to improve 

the pollination services they provide and mitigate the possible risks they present to wild 

pollinators (Colla et al., 2006; Manson et al., 2010; Meeus et al., 2011). However, our 

understanding of bumblebee health and immunity and the potential protective effect of 

diet enhancement to support bumblebee health and resistance to infectious disease is 

limited.  
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The bumblebee diet comprises nectar, providing carbohydrates, and pollen, providing 

proteins and fats. Protein is required for reproduction, development, immunocompetence 

and longevity of both adults and larvae (De Groot, 1953; Haydak, 1970). It is logical 

therefore that dietary supplements or enhancements through the incorporation of 

additional proteins or anti-oxidants may confer a protective effect against pathogen stress, 

given that nutritional limitation has been shown to be important in surviving infection 

(Brunner et al., 2014), while protein has been shown to affect constitutive immune 

function (Lee et al., 2006), and secondary plant metabolites found in nectar have been 

shown to reduce parasite infections in bumblebees (Koch et al., 2019; Manson et al., 

2010; Richardson et al., 2015). The potential for a more diverse diet to support bumblebee 

health has consequently become of increasing interest (Baloglu and Gurel, 2015; 

Moerman et al., 2015; Tasei and Aupinel, 2008a). 

 

The different castes and developmental stages of bumblebees have very different 

nutritional requirements: adult workers mainly feed on nectar and will consume little 

pollen, while larvae and queens consume large of pollen, as proteins and lipids are 

important for the development of the fat body (Heinrich, 1979). The internal and external 

environments of different castes and different instars are different, with different larval 

stages experiencing different levels of growth (Fliszkiewicz and Wilkaniec, 2007; 

Heinrich, 1979), and thus being likely to have different nutritional requirements, or to 

respond differently to pathogen stress (Ribeiro, 1994). It is also the case that our 

knowledge of the impact of infectious disease on different bumblebee’s life stages is 

limited. All our information about disease prevalence comes from adult bumblebees, and 

while many diseases of brood are recognised in honey bees, brood diseases of bumblebees 

have not been explored in detail (Conroy et al., 2016; Vaudo et al., 2016). It is thought 

for at least some infectious diseases of bumblebees the spread of the infection throughout 

the colony is facilitated by the larval brood during feeding (Morse, 1978; Schmid-

Hempel, 1998). It is has been assumed that the impact of infectious diseases on larval 

development is limited, and it has been reported that larvae exposed to pathogens do not 

appear to be negatively affected (Folly et al., 2017; Rutrecht and Brown, 2008). At the 

colony level it is hard to tease apart negative effects of pathogen stress on different life 

stages as larval development is so intrinsically coupled to worker activity and therefore 

implicitly to adult bumblebee health. 
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In order to explore the relationship between nutrition and bumblebee development, this 

study investigated the effect of diet quality and pathogen stress on B. terrestris audax 

larvae and males and hypothesised that individuals fed the higher quality diet would grow 

larger and or survive longer.  

 

3.2 Materials and Methods 

 

In this research individual rearing and maintenance of bumblebee adults and larvae was 

used to investigate the effect of nutrition on survival and larval growth, following a 

challenge with a common pathogen of bumblebees, C. bombi. A modified in vitro larval 

rearing technique was developed by combining work on larval feeding by adults in situ 

and protocols for larval rearing of honey bees (Foley et al., 2012). Two diets were 

compared: a lower quality diet, containing lower levels of protein used in the last few 

weeks of commercial bumblebee production and a nutritionally enhanced diet with 

increased protein and lipid content. 

 
3.2.1 Pathogen inoculum  

 

Wild Bombus spp. queens were caught in Windsor Great Park and their faeces used to 

create an inoculum using a modified triangulation protocol (Cole, 1970). Samples were 

pooled added to 1 ml 0.8% Ringers solution in a 1.5 ml centrifuge tube and spun for 2 

min at 0.8 g. The supernatent was then carefully removed and transferred to a new 1.5 ml 

centrifuge tube. Another 1 ml 0.8% ringers was added to the first tube and both tubes 

were spun at 0.8 g. Supernatent transfer and spin procedure was repeated until eight 1.5 

ml centrifuge tubes were filled. Tubes 4, 5 and 6 were spun again for 1 min at 8 g, the 

supernatent was then discarded, and the pellets from tubes 4, 5 and 6 were combined and 

resuspended in 100µl 0.8% Ringers solution. This was then fed to two 

commercial colonies to create a stock population of infected bees. For the controlled 

inoculations, workers were collected from the stock colony and placed individually in 

sample pots until they defecated. Faecal samples were collected using 5 µl microcapillary 

tubes (Brandt) pooled and C. bombi cells were counted using a FASTREAD 102 

haemocytometer under x40 magnification with phase contrast (Leica CME).  
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3.2.2 Experimental colonies 

 

Twenty B. terrestris audax colonies were reared by the commercial producer Biobest 

(Westerlo Belgium) on the standard rearing diet developed by Biobest. All twenty 

colonies were shipped at eight weeks of age (~15-20 workers) to the University of Sussex, 

UK. Upon arrival the cardboard outer packaging was removed, and all colonies were kept 

under red light in standardised laboratory conditions at 25-27oC, 50% relatively humidity. 

Colonies were fed a commercially available dried irradiated pollen mix (Agralan) and 

commercial sugar water solution (BIOGLUCâ, Biobest) ad libitum. Colonies were 

selected and shipped at this age to facilitate the removal of adults and individual life 

stages for the experiment. However, problems sourcing enough C. bombi meant that 

collection of larvae and adults for this experiment did not start until these colonies had 

switched to producing reproductives, therefore all the adults used in this experiment and 

presumably all the larvae, were males. 

 

To confirm all colonies were initially free from disease, 10% of workers were removed 

and screened by PCR. A c. 0.3 cm3 sample of the hind gut, fat body and Malpighian 

tubules was dissected from each worker and placed in 100 µl DNA extraction solution 

(NaCl 100mM, Tris pH8 10mM, EDTA 25mM, SDS 0.5%, 0.1 µg/µl Proteinase K, 5% 

Chelex). DNA was extracted by overnight incubation at 55oC followed by 20 min at 

100oC, the resulting solution was centrifuged at 2204 rcf for 1 h and the supernatant 

retrieved. An equal volume of isopropanol was added to the supernatant and gently 

agitated to mix. This solution was centrifuged at 2204 rcf for 1 h and the supernatant 

discarded. Remaining DNA pellets were washed once with 70% ethanol and allowed to 

airdry for 20 min. Dry DNA pellets were resuspended in 100 µl molecular grade water 

for subsequent use at a 1:10 dilution in parasite screening PCR reactions. Bees were 

screened for the trypanosome C. bombi, and the microsporidians N. bombi and N. ceranae 

using conventional PCR with parasite-specific primers (table S1). Amplification of the 

host 18S Apidae gene was used to control for DNA extraction quality, and positive and 

negative controls were included on all plates. Amplicons were visualised on 3% agarose 

gels stained with ethidium bromide. 
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3.2.3 Experimental protocol  

 

Four individuals of each life stage (L1-2 larvae, L3-4 larvae, and newly emerged adults) 

were removed from each of the 20 colonies and allocated to receive one of two diet 

treatments (control or enhanced). The control diet comprised a commercially available 

dried irradiated pollen mix (Agralan), which while of unknown and likely variable 

composition is the standard type used by farmers and researchers. The enhanced diet 

comprised fresh frozen pollen from a mix of spring flowering plant species sourced from 

a single supplier with an average protein content of 22%. This enhanced pollen diet is 

part of a higher quality mixture that is fed to queen-producing colonies and has been 

shown to score highly in Biobest’s in-house colony development assays. Individuals were 

fed their respective diet treatments for two days before receiving either an inoculum of 

25,000 cells of C. bombi in 10 µl of 50% sugar water, or a 10 µl drop of sugar water only. 

It is important to note that due to challenges sourcing sufficient C. bombi for inoculations 

many of the colonies used in this experiment had already switched to producing 

reproductives prior to the start of the experimental period and therefore all adults and 

most likely all larvae used were males. Adults were housed individually in modified 

plastic containers (5 cm x 10 cm x 6 cm) with ad libitum access to 50% sucrose solution 

and 0.7g / week pollen. All larvae were placed in 24-well tissue culture plates (Corning) 

and fed 10 µl of 30% w/v pollen treatment 50% sucrose solution once a day in the 

mornings. All life stages were placed in an incubator chamber (SANYO MLR351), in the 

dark at 30oC and 50% relative humidity, and were monitored for 12-days. Images were 

taken of the larval stages using a smart phone camera (Apple iPhone 6s) and measured 

using ImageJ. Any individual which died during the 12-days, as well as all bees alive on 

day 12 were stored at -20oC for later. Adults were dissected and screened by PCR to 

confirm infection success using methods as described above.  

 

3.2.4 Statistical analysis 

 

Statistical analyses were performed using R (R Core Team, 2019), using lme4 package 

for mixed modelling (Bates et al., 2015), and survival and survminer packages for 

survival analyses (Kassambara and Kosinski, 2019; Therneau, 2015; Therneau and 

Grambsch, 2000). Adult and larvae survival were investigated using Cox proportional 

hazard regression models including diet, pathogen and their interaction as explanatory 
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variables with colony and larval stage as covariates (random effects). Larval growth was 

analysed using a generalised linear mixed model with Gamma distribution and log link 

function, including diet, pathogen and their interaction as explanatory variables and again 

with colony and larval stage included as covariates (random effects). 

 

3.3 Results  

 

3.3.1 Pathogen screening 

 

To confirm the colonies were free from disease a total of 200 guts were screened across 

20 colonies and found negative for the or the three common pathogens C. bombi, N. bombi 

and N. ceranae. 84 male adult bees were kept individually, two escaped and five were 

used for failed attempts to count C. bombi cells from a squashed gut preps. Leaving 77 

guts for screening by PCR following the pathogen challenge experiment, only four were 

found to be positive for C. bombi (table S4). 

 

3.3.2 Adult and larval survival 

 

There was a significant interaction between the effects of diet and pathogen exposure on 

larval survival (LRT = 46.23, df = 21, p = 0.001, n = 136), with survival being worse in 

those larvae receiving the lower quality diet and pathogen treatment (fig. 3.3.1a). There 

was no significant effect of diet, pathogen, diet and pathogen or their interaction on adult 

survival  (LRT = 29.47, df = 22, p = 0.729, n = 77;  LRT = 0.01, df = 1, p = 0.820, n = 

77; LRT = 0.33, df = 2, p = 0.847, n = 77;  LRT = 0.41 df = 3, p = 0.852, n = 77, 

respectively; fig. 3.3.1b), with high levels of adult mortality overall irrespective of 

treatment (21/79 individuals). 
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Figure 3.3.1 The effect of diet and pathogen exposure on individual survival of, a) larvae and b) 

adult bumblebees. Bumblebee males and larvae were kept individually under laboratory 

conditions. Diets tested were a standard pollen diet and an enhanced diet (standard plus additional 

protein and lipid content). Letters indicate treatments that differed significantly from each other 

at p < 0.05 in pairwise comparisons.  
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3.3.2 Larval growth 

 

There was no significant effect of diet, pathogen or their interaction on larval growth 

(LRT = 0.382, df = 1, n = 478, p = 0.536; LRT = 0.332, df = 1, n = 478, p = 0.564; LRT 

= 1.55, df = 1, n = 478, p = 0.212, respectively). Larval size exhibited an initial growth 

over the first three days followed by remaining constant or decreasing over the remainder 

of the experiment (fig. 3.3.2). Overall, larvae fed the enhanced diet tended to become 

slightly larger, but there was relatively high individual variation across all diets and 

treatments. 
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Figure 3.3.2. The effect of diet and pathogen exposure on the mean ± s.e. proportional growth of 

bumblebee larvae. a) The effect of diet and pathogen over the full experimental period b) the 

effect of diet only, dashed lines indicate enhanced diet treatment c) the mean change in growth 

from day 1 to day 5 and d) the mean change in growth from day 1 to day 11, light grey and dark 

grey bars indicates pathogen and control inoculum treatments respectively. Bumblebee larvae 

kept individually under laboratory conditions. Diets tested were a standard pollen diet (Agralan) 

and an enhanced diet (elevated protein and lipid content).  
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3.4 Discussion 

 

There was a clear and significant effect of diet and pathogen exposure on the survival of 

bumblebee larvae, but not on larval growth, possibly in part due to high individual 

variation and a decrease in larval size in the latter period of the experiment. No effect of 

diet or pathogen was found on adult male survival. 

 

There was a significant interaction between the effects of diet and pathogen on larval 

survival, with survival being worst in those larvae fed the lower quality diet and exposed 

to pathogen. The results suggest that nutritional enhancement confers a protective effect 

in the case of pathogen exposure, with larvae fed the enhanced diet having similar 

survival rates irrespective of receiving pathogen treatment (fig. 3.3.1a). This is in 

agreement with what is known about the beneficial effects of diet quality and quantity on 

health and immunity in adult bees (Alaux et al., 2010; Brunner et al., 2014; Foley et al., 

2012; Roger et al., 2017). It is interesting that the enhanced diet does not appear to provide 

a benefit in the absence of pathogen exposure, with no significant difference in survival 

between the larvae that received the control inoculum treatment in the standard or 

enhanced diet treatment groups (fig. 3.3.1a) This suggests that nutritional enhancement 

in the context of the experiment was specifically beneficial in supporting larval survival 

under the stress of pathogen exposure but not providing other more general benefits for 

growth and development (Adamo, 2012; Brown et al., 2000, 2003a). 

 

No significant effect was found of pathogen exposure or diet on adult survival. This could 

be because so few individuals were found to be positive for C. bombi in PCR screening 

suggesting that the pathogen inoculation treatment failed. C. bombi infection is generally 

considered to be well tolerated in adults provided that the host has access to enough food 

and there are no other significant stressors (Brown et al., 2000). The absence of a strong 

effect here when an effect on larval survival was observed is interesting because C. bombi 

is considered a parasite of adult bees, rather than a brood disease (Brown et al., 2000). It 

has been shown that the feeding interaction between larvae and workers facilitates the 

transmission of C. bombi, but there is no evidence that C. bombi causes infection in 

larvae, and no detrimental effects have been documented (Folly et al., 2017; Otterstatter 

and Thomson, 2007; Schmid-Hempel, 1998). C. bombi stablishes an infection by 

anchoring to the cells lining the digestive tract (ileum epithelium) and absorbs nutrients 
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from the host insect gut (Folly et al., 2017). This helps to explain why the pathogen is 

well tolerated in adults provided nutrition is not limited (Imhoof and Schmid-Hempel, 

1999; Koch et al., 2019). While infection of larvae by C. bombi has not been 

demonstrated, if C. bombi cells are ingested by larvae, they would pass through the 

digestive tract and perhaps act in a similar way to nutrient deplete the larvae. The 

mechanism underlying the detrimental effect on larval survival needs further work to 

elucidate, however, given that the larval stages are the point in the bumblebee lifecycle 

at which individual nutritional requirements are the highest (as larvae are growing) it is 

possible that the effect of nutrient depletion in at this point in individual development is 

much more severe than in adults (Brunner et al., 2014; Conroy et al., 2016).  

 

In this light it is interesting that there was no effect of diet or pathogen on larval growth. 

The lack of significance could be an effect of sample size, as overall larvae on the 

enhanced diet tended to be bigger but with considerable variation. It is also possible that 

the effect of diet on growth was mitigated by the rearing conditions, given the inherent 

amount of variation and the small size differences in growth. This could be further 

explored by feeding larvae more frequently each day (Benton, 2006; Pereboom, 2000; 

Pereboom et al., 2003), or by comparing larval expulsion in queen-right colonies fed these 

diets. However, as the growth analysis excludes larvae that died during the experiment 

and larvae fed the lower quality diet and exposed to pathogen had worse survival, it is 

possible that growth data for these larvae is skewed toward those that were most tolerant 

to pathogen exposure.  

 

The results show that diet can have a significant and direct effect on bumblebee health, 

especially at the larval stage of development where the impact of stress is greatest, as this 

is when the individuals requirement for protein and lipids is highest for growth and 

development (Pereboom, 2000; Pereboom et al., 2003). It could have important 

implications for wild colonies, that may experience periods of suboptimal pollen quality 

and quantity, and other stress factors such as climatic stress, pathogens and pesticide 

exposure. It also has implications for commercial bumblebee production where colonies 

may experience stress due to disturbance during production (movement and sudden light 

exposure) and especially during shipping. These results further suggest that the diets used 

during the last phase of the commercial-rearing of bees may be enhanced to produce a 
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significant improvement in larval and thus colony health in situations where colonies are 

inadvertently exposed to pathogens and potentially other environmental stressors.  
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4. Comparative study of three common infectious diseases of 

bumblebees: Crithidia bombi, Nosema bombi and Nosema 

ceranae. 
 

Abstract 
 

Pollinators provide an important ecosystem service, which has resulted in managed bee 

species becoming common place in agriculture. The global export of these animals has 

been linked to the spread of infectious disease that may contribute to widespread native 

pollinator declines. However very little is known about how these pathogens spread 

through bee populations and both the individual and colony-level infection dynamics of 

even the most common diseases of bumblebee bees. This study investigated the effect of 

three common infectious diseases of bumblebees, C. bombi, N. bombi, N. ceranae, on 

individual survival and infection rates, and colony-level measures of health. C. bombi 

was found to be significantly more infectious than the two Nosema spp. There was no 

significant effect of pathogen or dose on individual bee survival. Infection rates in this 

experiment were surprisingly low for all three pathogens, but especially for C. bombi. At 

the colony-level, a significant difference between the three pathogens was found with N. 

bombi exposed colonies having more new queens. The results indicate that the 

relationship between pathogen exposure and subsequent infection is not always 

straightforward and that the colony-level response to pathogen exposure through infected 

workers is not pathogen specific. In a broader context this supports the use of approaches 

that are generally good for individual and colony health and resilience to stress such as 

nutritional enhancement in diets fed to commercially produced bees, or provision of high-

quality floral resource in the wild to avoid unnecessary bumblebee declines following 

pathogen exposure.



68 
 

4.1 Introduction 

 

Pollinators are important for the health of many terrestrial ecosystems (Ollerton, 2017). 

They have also proven valuable to farming, supporting the production of over 75% of 

crop species and providing a $215bn per annum service to food production (Gallai et al., 

2009). Global human population growth has meant there has been an increased demand 

on food production from agriculture (Aizen et al., 2009; Klein et al., 2007), arguably at 

the expense of biodiversity and habitat quality (Tilman et al., 2002). Pollinator declines, 

again likely as a result of agricultural intensification and habitat degradation (Tscharntke 

et al., 2012),  and the reliance of agriculture on wild pollinators has resulted in large scale 

rearing of managed species (A. mellifera, Bombus spp., Megachile rotundata and Osmia 

spp.,) to supply this pollination service (Potts et al., 2010).  

 

This global movement of animals is associated with two potential problems. Firstly when 

pollinators are transported to new areas, so are any pathogens they carry, creating the 

potential for the spread of pathogens to native pollinators (Velthuis, 2002; Velthuis and 

Doorn, 2006). The risk when any animal is exposed to a novel infectious disease is that 

the new host may be more susceptible because they have not co-evolved with the 

pathogen (Daszak et al., 2001; Jones et al., 2008). Secondly, the artificial increase in 

pollinator populations and thus potential hosts may facilitate transmission and increase 

the prevalence of established infectious diseases (Botías et al., 2013; Daszak et al., 2000). 

This increased prevalence raises the potential to cause harm to wild bee species as a result 

of pathogen spillover and spillbacks between managed and wild populations 

(Cunningham et al., 2003; Daszak et al., 2000).   

 

The first report of transmission of a parasite between commercially-produced bumblebee 

colonies and wild bees was the tracheal mite Locustacarus buchneri, the European variant 

of which was introduced to Japan from Europe following the importation of infested B. 

terrestris colonies in the 1990s (Goka et al., 2001, 2006) Other suspected cases of 

spillover that have also been implicated in wild pollinator declines include A. bombi 

(Neogregarine) and C. bombi (Trypanosome) in Argentina (Plischuk et al., 2009, 2017), 

N. bombi (Microsporidia) in in Colombia, Mexico and North America  (Cameron et al., 

2011; Gamboa et al., 2015; Sachman-Ruiz et al., 2015) and N. ceranae (Microsporidia) 

which has spread from A. cerana to A. mellifera, and has subsequently been detected in 
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both wild and managed Bombus spp. (Chen et al., 2009; Fries, 2010; Fürst et al., 2014; 

Graystock et al., 2013b; Murray et al., 2013; Plischuk et al., 2009) 

 

This study examined three of these pathogens of bumblebees (and other insects) that have 

been considered in conjunction with the movement of commercial species and wild bee 

conservation. Firstly two longstanding pathogens that have co-evolved with their 

bumblebee hosts, C. bombi (Lipa and Triggiani, 1988) and N. bombi (Fantham and Porter, 

1914), which and have been to negatively affect bumblebee where or when floral resource 

is scarce, and in conjunction with other stressors (Brown et al., 2000; Bryden et al., 2013; 

Conroy et al., 2016). Secondly the emerging infectious disease N. ceranae (Fries et al., 

1996; Graystock et al., 2013b)., which is generally well tolerated in its original host 

species A. ceranae, however it is thought to be more virulent in both A. mellifera and 

Bombus spp (Botías et al., 2013; Fries et al., 1996; Graystock et al., 2013a).  

 

Mitigating the risks posed by the anthropogenic spread of bees and their parasites is 

therefore of particular importance for the commercial production and farming industries 

alike (Goulson and Hughes, 2015), especially considering the high profile attention that 

pollinator declines has received in recent years (Goulson et al., 2008a; Potts et al., 2010; 

Powney et al., 2019). However we still have a limited understanding of some basic 

aspects of the infection dynamics of these parasites and in particular lack comparative 

experimental studies (Goulson and Hughes, 2015; Meeus et al., 2011). While research 

has determined the progress of an infection for C. bombi and N. bombi in bumblebee 

individuals and colonies (Otterstatter and Thomson, 2006; Otti and Schmid-Hempel, 

2007; Schmid-Hempel, 1998), very few controlled N. ceranae inoculation experiments 

have been undertaken with bumblebees (Fürst et al., 2014; Graystock et al., 2013b). Those 

that have, have not looked at its infection dynamics, and methodological differences make 

direct comparisons between studies and pathogens difficult. 

 

In order to compare the relative risk of these three common infectious diseases of 

bumblebees this study looked at the effects of exposure, infection and transmission of C. 

bombi, N. bombi and N. ceranae in B. terrestis audax individuals in isolation and in the 

colony setting. Evidence from the existing literature on the infection dynamics of these 

pathogens suggests that the highest number of infections would be seen in the C. bombi 

treatment groups, however the fact that this pathogen is also the most well-tolerated of 
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the three would suggest that survival of bees treated with C. bombi would remain high, 

except at the highest dose (Brown et al., 2003b; McIvor and Malone, 1995; Otterstatter 

and Thomson, 2006, 2007; Otti and Schmid-Hempel, 2007). The mortality rate for B. 

terrestris infected with N. ceranae is unclear due to the limited number of studies, there 

is evidence that mortality is higher in bumblebees (Graystock et al., 2013a), however 

anecdotal reports suggest that very high initial doses are required to achieve infection 

following exposure in bumblebees (Pers. Comms Cristina Botias).  

  
4.2 Materials and methods 

 

This work examined experimentally the rates of infection, transmission, development and 

virulence of the three pathogens C. bombi, N. bombi and N. ceranae. It used controlled 

inoculations at four doses of each pathogen in individual infection experiments, followed 

by a single dose administered to bees then returned to their colony to look at the effect of 

pathogen exposure on colony development and the transmission of infection within a 

colony.   

 

4.2.1 Pathogen preparation 

 

Wild bumblebee queens were collected from the University of Sussex campus (UK) in 

spring 2018 and screened for C. bombi and N. bombi by microscopy, with subsequent 

confirmation by PCR. C. bombi and N. bombi obtained from wild-caught queens were 

then fed to clean commercially produced B. terrestris audax colonies to create stocks of 

each pathogen. N. bombi spores were isolated from a single infected B. pascuorum queen 

following Rutrecht et al., (2007) with an inoculum of 100,000 spores then fed to nine 

newly emerged workers that were returned to their colony. To obtain a C. bombi stock, 

infected queens were placed in individual sample pots until they defecated with faeces 

collected using 5 µl microcapillary tubes (Brandt) pooled and counted using a 

FASTREAD 102 disposable haemocytometer at x40 magnification with phase contrast 

(Leica CME). Four stock colonies were established either by group feeding the colony 

(22,000 cells were applied directly to pollen) or through the collection of faeces from 

infected workers, pooled, counted and 25,000 cells fed directly to workers and returned 

to colonies. Faecal samples were collected from workers from the stock colonies and 

subsequently checked to confirm presence of C. bombi cells. Due to the rarity of N. 
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ceranae infection in wild bumblebees it was not possible to obtain any N. ceranae spores 

via this route, instead a stock N. ceranae spore solution was provided by Higes and 

Martin-Hernandez lab, obtained from honey bee workers in Guadalajara, Spain. 

 

4.2.2 Experimental colonies 

 

Sixty-three B.  terrestris audax colonies were reared by the commercial producer Biobest, 

Westerlo, Belgium. Colonies were shipped at 8 weeks (~15-20 workers), to the University 

of Sussex, UK. In order for volume of controlled inoculations to be performed the 

infections were carried out in batches. Therefore, colonies were shipped in batches of 21, 

with the first 21 colonies used for the infectious dose experiments with bees housed 

individually. Upon arrival, the cardboard outer packaging was removed, and all colonies 

were kept under red light at 25-27oC, 50% relative humidity. Colonies were fed a 

commercially available dried and irradiated pollen mix (Agralan) ad libitum. This 

composition of this pollen mix is unknown and very likely variable; however, it is the 

standard type used by farmers and researchers. 

 

To confirm all colonies were free from disease prior to the experiment, 10% of workers 

were removed and screened for parasites. A c. 0.3 cm3 sample of the hind gut, fat body 

and Malpighian tubules was dissected from each worker and placed in 100 µl DNA 

extraction solution (NaCl 100mM, Tris pH8 10mM, EDTA 25mM, SDS 0.5%, 0.1 µg/µl 

Proteinase K, 5% Chelex). DNA was extracted by overnight incubation at 55oC followed 

by 20 min at 100oC, the resulting solution was centrifuged at 2204 rcf for 1 h and the 

supernatant retrieved. An equal volume of isopropanol was added to the supernatant and 

gently agitated to mix. This solution was centrifuged at 2204 rcf for 1 h and the 

supernatant discarded. Remaining DNA pellets were washed once with 70% ethanol and 

allowed to airdry for 20 min. Dry DNA pellets were resuspended in 100 µl molecular 

grade water for subsequent use at a 1:10 dilution in parasite screening PCR reactions. 

Bees were screened for the trypanosome C. bombi, and the microsporidians N. bombi and 

N. ceranae using conventional PCR with parasite-specific primers (table S1). 

Amplification of the host 18S Apidae gene was used to control for DNA extraction 

quality, and positive and negative controls were included on all plates. Amplicons were 

visualised on 3% agarose gels stained with ethidium bromide. 
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4.2.3 Individual infections 

 

Two hundred and fifty-five newly emerged bumblebee workers were collected from the 

first batch of 21 colonies across three days and fed an inoculum of one of the three 

pathogens: C. bombi, N. bombi or N. ceranae at a dose of either 500, 5000, 50,000 or 

500,000 cells/spores in a 50% sucrose solution or a control solution of 50% sucrose. The 

doses were chosen to span the range of doses used in infection experiments for these three 

pathogens and across four orders of magnitude in order to estimate the required dose to 

infect 50% of exposed individuals. Twenty bees were allocated to each dose of each 

parasite and 15 to the control group. The workers were starved for 4 h, transferred to 

individual sample pots and presented with a droplet of inoculum. Bees were monitored to 

confirm consumption, any bee that did not drink the solution was discarded and replaced 

with a new bee. In most cases the parasite inoculum was delivered in a single feeding of 

10 µl sucrose solution. Due to the concentration of the initial spore isolates, the highest 

doses of N. bombi and N. ceranae were administered in larger volumes of sugar water 

(20 and 30 µl, respectively) and on separate occasions (maximum three). In these 

instances, the complete number of spores for a dose was administered within 24 h of the 

first presentation of inoculum. Following inoculation, the bees were transferred to 

individual 12 cm x 4 cm circular plastic containers with ad libitum access to sugar water 

(Thorne Ltd), and dried irradiated pollen (Agralan), and were kept under red light at 25-

27oC and 50% relative humidity for 21 days. Mortality was checked daily. At the end of 

the 21-day experimental period all surviving bees were frozen -20oC for later analysis. 

Bees were screened for parasite infections using the molecular techniques as described 

above. 

 

4.2.4 Infection of workers in colonies and colony health 

 

A total of 142 newly emerged workers were collected from 63 colonies across three days 

marked using a marking pen and cage (Thorne Ltd) and fed an inoculum of either 50,000 

C. bombi cells, 500,000 N. bombi spores, 500,000 N. ceranae spores, or 50% sucrose 

solution. Two bees were inoculated per colony with 20 colonies per pathogen and three 

control colonies. Following inoculation, individuals were kept with like-treated nestmates 

for 24 h then returned to their natal colony. Marked bee mortality was checked every two 

days. Dead marked bees were removed, date of death recorded and stored at -20oC. After 
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21-days all colonies were frozen -20oC for later analysis. To assess the impact of infected 

workers in colonies and subsequent transmission of infection, if any, colonies were 

dissected for life stage counts (workers, males, mother queen alive, pupae, L3-L4 larvae, 

dead larvae, dead workers, new queens), to retrieve marked inoculated workers. All 

retrieved marked workers were dissected and screened by PCR to confirm infection 

success using methods as described above.  

 

4.2.5 Statistical analysis 

 

Individual adult survival was investigated using a Cox proportional hazard regression 

model including pathogen, dose and their interaction as explanatory variables and colony 

as a covariate in R using survival and survminer packages (Kassambara and Kosinski, 

2019; R Core Team, 2019; Therneau, 2015; Therneau and Grambsch, 2000). Then 

generalized linear mixed models were used to explore whether the rate of infection was 

significantly different depending on the pathogen or dose of inoculum administered. 

These included pathogen and dose as explanatory variables with colony as a covariate 

(random effect) and used a binomal distribution and probit link function. As there were 

no confirmed N. bombi infections by PCR it was excluded from the analysis of the effect 

of pathogen, dose and their interaction. Models and link functions were chosen based on 

the data distribution and AIC values.  

 

Colony health, measured by life stage counts of the number of workers, L3/L4 larvae, 

pupae, males, new queens and dead adults and larvae after the infection experiment, was 

analysed using separate generalized linear mixed models with batch included as a random 

factor. For the colony size, workers and pupae counts a Gamma distribution with log link 

function was used, and for new queens, males, larvae, dead larvae and dead adults a 

Poisson distribution with log link function was used. Sequential Bonferroni corrections 

were applied to thresholds for multiple tests of the same hypothesis. Statistical analysis 

were performed using SPSS 25 unless otherwise stipulated (IBM Corp, 2017). 
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4.3. Results 

 

4.3.1 Pathogen screening 

 

A total of 300 guts were screened across 30 colonies and found to be negative for the 

three common pathogens C. bombi, N. bombi and N. ceranae. All individuals that 

received control sugar-water solution were free-from all pathogens when screened at the 

end of the experimental period. 

 

4.3.2 Individual infections 

 

There was no significant effect of pathogen, dose, or their interaction on individual 

survival (LRT = 5.47, df = 2,  n = 240, p = 0.06;  LRT = 0.04, df = 1,  p = 0.838, n = 240; 

and LRT = 6.37, df = 5,  p = 0.272; fig. 4.3.1a). Survival was worse in N. ceranae treated 

bees and better in N. bombi treated bees, but the effect is not significant. Overall mortality 

was high particularly in the first five days of the experimental period during which time 

50% of all bees that received a pathogen inoculum died (fig. 4.3.1a). This likely explains 

the low infection rates, 50%, 0%, and 25% for C. bombi, N. bombi and N. ceranae, seen 

for all pathogens but particularly even at high doses of C. bombi (fig. 4.3.2). Despite these 

low rates at the highest administered dose, there was a significant effect of pathogen 

treatment on individual infection status (F2, 237 = 8.493, p < 0.001; fig. 4.3.2). For C. 

bombi and N. bombi, where individual workers screened positive by PCR following 

inoculation, the main effects of pathogen and dose were significant but their interaction 

was not (F1, 155 = 4.766,  p = 0.031, and F3,155 = 2.749,  p = 0.045, F3,152 = 0.381,  p = 

0.766 respectively; fig. 4.3.2).  
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Figure 4.3.1 Individual survival. The effect of a) pathogen, control and doses 1 to 4 (inoculum 

containing 500, 5,000, 50,000 and 500,000 cells/spores respectively) and b) dose treatments on 

individual bumblebee survival. C. bombi N. bombi and N, ceranae. 
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Figure 4.3.2 Infection status. The effect of pathogen and dose on the proportion of successful 

infections. C. bombi N. bombi and N, ceranae indicated as dark grey, mid grey and light grey 

respectively. Two hundred and fifty-five newly emerged B. terrestris audax workers were 

collected from 21 colonies across three days and allocated to receive an inoculum of either C. 

bombi, N. bombi or N. ceranae with a 500, 5000, 50,000, 500,000 cells/spores dose (n=20) or a 

control of 50% sucrose solution (n=15). Mortality was checked daily. At the end of the 21-day 

experimental period all bees were euthanised and screened by PCR to confirm infection. 
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4.3.2 Infection of workers in colonies and colony health  

 

90/126 marked and inoculated workers were retrieved either during the experimental 

period (during marked bee mortality checks), or during colony dissection with 19/40 C. 

bombi, 11/40 N. bombi, and 4/40 N. ceranae treated workers missing from the screening 

protocol. As a result there were 7/20 C. bombi, and 2/20 N. bombi colonies where no 

marked worker was retrieved at all for screening and infection rate analysis (fig. 4.3.3b).  

 

The infection rates of workers in colonies were surprisingly low with 9/20, 0/20 and 1/20 

colonies positive for C. bombi, N. bombi and N. ceranae respectively (fig. 4.3.3a). Only 

six marked workers were found dead during the experiment period (three, one and two 

from the C. bombi, N. bombi and N. ceranae treatments respectively) indicating a much 

lower mortality rate for infected bees in colonies than for individuals. There was however 

a significant effect of pathogen treatment on number of queens with C. bombi and N. 

ceranae treated colonies having significantly fewer queens than the N. bombi treated 

colonies (F2, 57 = 16.972, p < 0.001; fig. 4.3.4). 

 

There was no significant effect of pathogen treatment on colony size (total number of 

larvae, pupae and workers excluding reproductive), number of larvae, pupae and males 

or the number of dead larvae and workers (respectively; F2, 55  = 0.590,  p = 0.558, F2, 57  

= 0.001,  p = 0.991,  F2, 50  = 0.584,  p = 0.562, F2, 55 = 0.120,  p = 0.887, and F2, 57 = 

0.826,  p = 0.443, and F2, 53 = 0.487,  p = 0.617; fig. 4.3.4). The original intention had 

been to screen a proportion of unmarked workers from each colony to assess and compare 

transmission rates within colonies between pathogens. However low infection rates of 

workers in colonies meant no comparison was possible. 

 

 

 

 

 

 

 

 



78 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 4.3.3 Infected workers in colonies. The effect of pathogen treatment on a) the proportion 

of infected workers in bumblebee colonies, and b) the proportion of marked workers retrieved, 

screened and subsequently found to be PCR positive. B.  terrestris audax workers were collected 

from 63 colonies, marked and fed an inoculum of 50,000 C. bombi cells, or 500,000 spores of N. 

bombi or N. ceranae or 50% sucrose solution and returned to their natal colonies. Marked bee 

mortality was checked every two days. At the end of the 21-day experimental period all colonies 

were euthanized, marked bees were retrieved and screened by PCR to confirm infection. 
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Figure 4.3.4 Colony health measures. The effect of pathogen treatment on the mean ± s.e.         

a) colony size, (total number of larvae, pupae and workers), the numbers of b) workers, c) L3/L4 

larvae, d) pupae e) males f) new queens g) dead larvae (dark grey) and workers (light grey) and 

h) the proportion of colonies producing new queens. One hundred and forty-two newly emerged 

B. terrestris audax fed an inoculum of 50,000 C. bombi cells, or 500,000 spores of N. bombi or 

N. ceranae or 50% sucrose solution and returned to their natal colonies. At the end of the 21-day 

experimental period all colonies were euthanized, and the number of larvae, pupae, workers, 

males, new queens, dead larvae and dead workers recorded. Letters indicate treatments that 

differed significantly from each other at p = 0.05 in pairwise comparisons. 
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4.4 Discussion 

 

The effect of pathogen and dose on individual infection rates was found to be significant 

with fewer infections of all pathogens at lower doses and more C. bombi infections, than 

those of either Nosema spp. (fig. 4.3.2). However, there was no significant effect of 

pathogen or dose on individual survival (fig. 4.3.1). At the colony-level there was a 

significant effect of pathogen treatment on one measure, the number of new queens, with 

more being present in N. bombi treated colonies (fig. 4.3.4b).  

 

The absence of a significant effect of pathogen, dose or their interaction on adult survival 

is interesting. This may be due to the overall high mortality from the stress of being kept 

individually, making it difficult to see differences between treatment groups, or a lack of 

infections. The majority of all pathogen treated bees, irrespective of dose, were dead by 

day five (64%, 54%, 73%, C. bombi, N. bombi and N. ceranae, respectively). This high 

rate could be explained as the extra stress of pathogen exposure, the inoculums contained 

another pathogen or contaminant, or the stress of the protocol. While the mortality rate 

for control bees was lower than those in pathogen treatment groups (35% at day four, and 

stable thereafter), this difference was not significant due to the lower number of replicates 

in the control group (n = 15). This was because these control individuals were only 

intended to show that infection did not occur spontaneously. It seems unlikely that all of 

the inoculum treatments and controls were contaminated as they were all diluted with 

sucrose solution made up with molecular grade water and extreme mortality levels were 

not seen in the workers inoculated and returned to their colonies, the inocula for which 

were made from the same stocks. 

 

All of our infection experiments achieved lower infection rates than were expected, 

despite the dose range spanning field realistic doses and the existing literature on 

controlled inoculations for these pathogens (Logan et al., 2005; Otterstatter and Thomson, 

2006, 2007; Otti and Schmid-Hempel, 2007; Ruiz-González et al., 2012; Schmid-Hempel 

and Loosli, 1998; Van der Steen, 2008). The infection rates for the highest dose of all 

three pathogens were particularly low (fig. 4.3.1c) but they do still reflect a key difference 

between C. bombi and the two Nosema spp. biology. While all are spread by faecal-oral 

transmission, they grow and develop in the host differently. C. bombi cells line the host 

intestinal tract and are shed in the faeces (Koch et al., 2019; Schmid-Hempel and Schmid-
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Hempel, 1993), whereas Nosema spp. form both auto-infective spores, spreading the 

infection throughout the body of the existing host, and environmental spores, which are 

released into the environment to infect a new host (Fries et al., 2001).  

 

This highlights one of the challenges of comparative studies. C. bombi likely has a much 

faster generation time, with cells present in the faeces of an exposed individual as early 

as two-days post inoculation, reaching maximal number of cells at days 10-12 post 

infection. Whereas Nosema generation time is likely slower, there are differing reports 

on the rate of development of N. bombi in bumblebees with some papers reporting visible 

spores in the faeces as early as three days, and others three weeks, post inoculation 

(McIvor and Malone, 1995; Schmid-Hempel and Loosli, 1998). A longer experimental 

period could therefore have resulted in more infections.   

 

It is possible that some of the C. bombi treated bees cleared the infection over the duration 

of the experiment, although this is unlikely as the bees were not placed in new containers, 

nor were their containers cleaned for the duration of the experiment (Otterstatter and 

Thomson, 2006; Schmid-Hempel and Schmid-Hempel, 1993). Another explanation for 

the lack of N. bombi infections seen here is the difficulty previous authors have had 

infecting adult bumblebees with this pathogen, with some suggesting horizontal 

transmission is restricted to the larval stage, others having demonstrated it in both  

(Rutrecht et al., 2007; Rutrecht and Brown, 2008; van den Eijnde and Vette, 1993),  and 

achieving mixed infection success rates depending on the age of the bee at the time of 

inoculation (McIvor and Malone, 1995). Further infection experiments involving faecal 

screening throughout similar controlled inoculation experiments would help to resolve 

this, however this would need to be balanced with the increased disturbance, stress and 

thus potentially mortality.  

 

The colony-level worker infection rates were also low; 45% for C. bombi, 0% N. bombi, 

and 5% N. ceranae and reflects the three pathogens different rates of transmission. The 

same considerations for the low infection rates apply here as with the individuals 

inoculations, except mortality rates for individuals returned to their colonies would be 

expected to be much lower than those kept individually, and in fact is what was found 

with only six marked workers dying during the three week experimental period. In 

addition, in some colonies no marked workers were retrieved which particularly in the 
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case of C. bombi has resulted in a reduced proportion of colonies containing infected 

workers, when in fact almost all C. bombi inoculated workers that were retrieved form 

colonies and subsequently screened were found to be positive by PCR.  

 

Previous studies have reported more success with establishing N. bombi infections in 

experimental colonies through infecting larvae rather than introducing inoculated 

workers. However, in this study the decision was made to infect all individuals the same 

way (through inoculation of newly emerged adults) as in the commercial setting. Now 

producers take measures to ensure colonies in production do not harbour parasites, so the 

likely transmission route of commercial bumblebee colonies is after they have left the 

producer and have arrived on the farm (Graystock et al., 2016a). This is when workers 

begin to forage and collect food for the colony for themselves and will come into contact 

with other infected individuals and infectious diseases on flowers (Graystock et al., 

2015b; Ruiz-González et al., 2012).   

 

Despite the low worker infection rates in our colonies, a significant difference in colony 

development was found with N. bombi treated colonies having more new queens. On all 

other measures the colonies showed no significant differences. The lack of significant 

differences on colony health is perhaps not surprising given the existing literature, which 

would suggest C. bombi is relatively well tolerated by individuals and colonies, the results 

of N. bombi are mixed but it has been shown that it can have significant negative impact 

on colony growth and reproduction but not at this timescale (Otti and Schmid-Hempel, 

2007, 2008; Rutrecht and Brown, 2008). This was presumably either because of low 

infection rates, or because the effect of pathogen exposure on colonies is a generic 

response to pathogen stress, rather than a specific pathogen response. There were some 

potential differences in the number of larvae in C. bombi treated colonies and males in N. 

ceranae treated colonies, but these results were not significant. The N. bombi colonies 

showing increased numbers of new queens could be the result of pathogen exposure as 

there is evidence that colonies can respond to infection by earlier switching to 

reproductives, either queens or males (Fisher and Pomeroy, 1989; Otti and Schmid-

Hempel, 2008). This goes against the intuitive ideas of pathogen stress and relative fitness 

(Adamo, 2012; Otti and Schmid-Hempel, 2007; Yourth et al., 2008). However it is also 

common for pathogens to interfere with host reproduction in order to facilitate 
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transmission (Imhoof and Schmid-Hempel, 1999). For all three of these pathogens to 

survive the winter in Bombus spp. they need to successfully infect new queens.  

 

The difficulty of establishing an infectious dose for all three pathogens in this 

comparative study highlights how important this is, and that we cannot assess the risks of 

these infectious diseases without better understanding of the host-pathogen transmission 

dynamics involved.  In addition, it suggests that we tend to simplify the relationship 

between exposure and development of an infection. Bees can be directly fed high doses 

of infectious agents and yet appear to not develop an infection. Since N. ceranae has been 

shown to infect Bombus spp., it has been assumed that means that some direct horizontal 

transmission is occurring between infected worker bees. However given that it has been 

difficult to achieve 100% infection rates in pathogen challenge experiments with Bombus 

ssp. and N. ceranae (Imhoof and Schmid-Hempel, 1999), even when using orders of 

magnitude higher doses than reliably achieves 100% infection in honey bees, taken into 

conjunction with low sampling rates in wild bees (unpublished work, C. Botias pers. 

comms.) it seems unlikely for this pathogen to be causing a meaningful number of 

infections in the wild via direct transmission between bumblebees. 

 

Overall these results show that C. bombi is comparatively more infectious than the two 

Nosema spp., as more infections were confirmed at lower doses, but as is borne out by 

existing literature this does not necessarily result in higher mortality. While a trend 

towards reduced survival was found in N. ceranae treated adults the effect was not 

significant in this study. Interestingly colonies have been shown to respond similarly to 

pathogen exposure with all colony-level measures, except one, showing no significant 

difference between treatments.  

 

Bumblebee declines are a multifactorial conservation issue, the resolution of which 

involves many stakeholders and different interventions for different contexts. As we see 

here there is an effect of infection of individuals and colonies, however this effect is not 

necessarily pathogen specific. This supports a generalist approach to improving 

bumblebee health and immunity both in the wild and in managed conditions by increasing 

floral resource provision across the lifespan of colonies and has the advantage of 

supporting pollinators across the board to withstand the multiplicity of stressors they 

currently face.  
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5. The effect of nutrition on the resistance of bumblebees to 

shipping and the impact of stress on pathogen susceptibility 
 

Abstract 

 
Managed pollinators are ecologically and economically important, but they are implicated 

in the spread of infectious disease and thus wild pollinator declines. It is thought that the 

risk that these species present to wild bees can be mitigated through improving the health 

and immunity of commercially reared bees either by improving their nutrition or reducing 

the stress they experience during transport. This study investigated the effect of diet 

quality, environmental stress from shipping and exposure to C. bombi, a common 

pathogen of bumblebees, on the colony health and development of commercially-reared 

B. terrestris audax colonies. A clear effect of diet and stress was found on colony-level 

health, with diet enhancement conferring protection from shipping stress in the number 

of new queens and males produced.  Colonies fed the poorer diet had fewer individuals 

across all life stages. Shipping affected the number of larvae, dead workers and dead 

larvae irrespective of diet, with those colonies that experienced the stress treatment 

having fewer larvae, and more dead workers and dead larvae. No effect was found on 

diet, stress or their interaction on the rate of infection with the C. bombi parasite. The 

results show that minimising environmental stress during the transport of animals should 

be a priority for commercial-producers of bumblebees and that diet enhancement may in 

some instances offer additional protection against this stress as well as being beneficial 

for colony health and development in general. 

  



86 
 

5.1 Introduction 

 

Pollination is an important ecological process and of economic significance, providing a 

$215 bn annual service to global food production (Gallai et al., 2009). Commercial 

production of insect pollinators such as A. mellifera (honey bees) and Bombus spp. 

(bumblebees) has therefore become a key part of the agricultural sector, relied on to help 

support the production 75% of crop species (Vanbergen, 2013). It has however been 

implicated in the spread of infectious diseases, which in turn have been linked to 

pollinator declines (Gamboa et al., 2015; Plischuk et al., 2009, 2017; Sachman-Ruiz et 

al., 2015). This is a problem not least because although it has not been proven that infected 

bees are less efficient pollinators, studies have demonstrated altered foraging behaviour 

and flight activity (Dosselli et al., 2016; Kralj and Fuchs, 2010; Schmid-Hempel, 1998), 

which some have suggested could result in reduced pollination services (Gómez-Moracho 

et al., 2017; Koch et al., 2017; Ostfeld, 2017). There is therefore potential for a negative 

feedback cycle whereby infectious disease reduces the pollination efficiency of both 

managed and wild pollinators, the agricultural sector deploys more managed pollinators 

to provide the pollination service required to meet our growing demand for food, thus 

further increasing the risk of the spread of disease, contributing to biodiversity loss and 

increasing our reliance on managed bee species (Gillespie and Adler, 2013; Theodorou 

et al., 2016)  

 

Commercial bumblebee producers are legally required to ensure that their colonies are 

free from disease though the feasibility of this has been challenged (Graystock et al., 

2013b; Natural England, 2014). Screening programmes, incorporating microscopy and 

molecular techniques, are in place in many instances, and it is now common practice to 

irradiate the honey bee collected pollen that comprises the managed bumblebee diet 

during commercial production (Graystock et al., 2016a; Huang et al., 2016). The use of 

hygienic pollen is an important step because this pollen and the historic practice of wild 

queen collection for breeding programmes were the two main sources of infectious 

diseases in commercial production facilities (Graystock et al., 2016a; Huang et al., 2016). 

Efforts to keep colonies free from disease during production do not stop these managed 

bees from coming into contact with wild bees, and their pathogens, when they arrive on 

farms (Graystock et al., 2014; Hicks et al., 2018). 

 



87 
 

At present there is no commercial treatment available for bumblebee disease once 

infection is established, although the potential for plant secondary chemicals to reduce 

parasite load in bumblebees has been shown (Koch et al., 2019; Manson et al., 2010; 

Richardson et al., 2015). It can be argued that individuals and colonies that have not 

experienced food limitation or stress during development nor during infection, are 

healthier, in other words may have increased resistance to infectious disease, or at least 

have greater capacity to mount an immune response and survive an infection. This is 

because it is energetically costly to mount an immune response (Moret and Schmid-

Hempel, 2000). Starvation has been shown to increase the mortality of C. bombi infected 

B. terrestris workers (Brown et al., 2000), and combined stressors have been implicated 

in bee declines and individual survival and immunity (Goulson et al., 2015; Grassl et al., 

2018). Diet composition and quantity have also been shown to affect pathogen loads 

(Brunner et al., 2014; Conroy et al., 2016; Koch et al., 2019; Logan et al., 2005), and 

lower pathogen densities minimise the capacity of an infected individual to spread disease 

(Otterstatter and Thomson, 2006; Rutrecht et al., 2007). It may therefore be possible to 

improve commercial bumblebee health, either by improving their diet, or reducing the 

environmental stress they experience during production particularly during transport from 

factory to farm  in order to help mitigate some of the risks they present to wild pollinators 

(Goulson and Hughes, 2015; Graystock et al., 2013b; Singh et al., 2010; Velthuis and 

Doorn, 2006). 

 

While there is much we do not understand about the bumblebee immune system or how 

additional nutritional resource is allocated by individuals and colonies to growth, 

reproduction, and immunity, there is clearly potential to improve bumblebee health 

through diet. Pollen diversity and improved insect nutrition have been linked to individual 

and colony-level health and ability to fight and survive infection (Foley et al., 2012; Lee 

et al., 2008). Protein specifically is thought to be important for mounting constitutive 

immune responses and nutritional limitation has been founded to compromise an 

individual’s ability to survive opportunistic infection (Alaux et al., 2010; Brunner et al., 

2014; Moerman et al., 2015). Artificial pollen replacements are of interest to commercial 

producers because it would provide certainty in cost at a time when the price of honey 

bee-collected pollen is increasing, and would remove dietary pollen as a source of 

infectious disease (Graystock et al., 2015a).. However, the development of well-tolerated 

artificial pollens has been challenging (Bortolotti et al., 2020). Despite much effort to 
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understand bumblebee nutritional requirements, colonies reared on artificial mixtures 

with more than 40% artificial diet develop slower than those on regular pollen (Felix 

Wackers unpub. data). 

 

Shipping fever is the theory that the prevalence and intensity of parasite infection can 

increase during the transport of animals from where they are produced to the end user, 

and has been shown in calves and horses (Barham et al., 2002). Bumblebee colonies have 

optimum conditions for development, and commercial producers aim to replicate these 

conditions in factories and also during shipping by using climate-controlled vehicles. 

Even with these precautions there will always be movement and variability in 

temperature, humidity, carbon dioxide and oxygen levels during transport, all of which 

are sources of stress for colonies. Temperature regulation for larval development and 

maintenance of the wax colony structure is a key activity for adult workers in bumblebee 

colonies, and they are known to respond to vibration and movement with increased 

activity and aggression (O’Donnell and Foster, 2001; Vogt, 1986; Weidenmuller et al., 

2002). Logical though that may be, it has not been proven that sub-optimal environmental 

conditions have adverse effects on colony development or susceptibility to infection in 

bumblebee colonies.   

 

The additional energy requirement placed on an individual or colony in order to withstand 

or overcome infection following exposure is assumed but not well described (Zuk et al., 

2002). This and the potential for interaction between bumblebee health, nutrition, stress 

and immunity is complicated by colony-level and individual-level factors (Brown et al., 

2003b; Lipsitch et al., 1995; Rutrecht and Brown, 2009). There are clear differences in 

larval and adult bee feeding behaviour (Heinrich, 1979; Ribeiro, 1994), but the impact of 

infectious disease is often only considered in adults (Fürst et al., 2014; Maharramov et 

al., 2013; Otterstatter and Thomson, 2006). Yet it has been shown that larvae are involved 

in the spread of infectious disease throughout the colony, and worker behaviour is 

intrinsically linked to colony health and development, in that brood must be provisioned 

and fed by workers (Folly et al., 2017; Rutrecht et al., 2007; Rutrecht and Brown, 2008). 

The combination of these stressors is therefore likely to have overt direct effects on 

worker health but also overall colony health and development.  
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In order to explore the relationship between nutrition, stress and pathogen susceptibility 

this study investigated the effects of diet quality and stress from shipping on pathogen 

susceptibility and colony health in commercially produced B. terrestris audax and 

hypothesised that bees fed lower quality diets that are exposed to stress through shipping 

would be more susceptible to infectious disease. 

 

5.2 Materials and methods 

 

The effect of diet quality and environmental stress during transport, on bumblebee colony 

health and susceptibility to infection, with C. bombi a common intestinal pathogen of 

adult bumblebees, was explored using three pollen diets. The three diets tested were: 

firstly, an enhanced diet, comprised fresh frozen irradiated pollen from a mixture of 

spring-flowering plant species with an average protein content of 22% and sourced from 

a single supplier. This diet is part of a higher quality mixture fed to queen producing 

colonies and is selected based on its performance in in-house colony development assays. 

Secondly, as a control a standard rearing diet comprised fresh frozen irradiated pollen 

from a mixture of different plant species and suppliers with an average protein content of 

16%. This pollen mix is used during the regular production of commercial colonies prior 

to their being sold. Finally, a mixture of soy flour and the control pollen diet, at a ratio of 

30:70, thought to be nutritionally poorer. Colony size (number of workers, pupae and 

larvae), the number males and queens produced, and dead individuals, were used as 

measures of colony health. The standard and enhanced diets in this chapter are similar to 

those used in Chapter 2 although the harvest years of the pollen were different and so 

quality may vary. The poor diet in this chapter is different from that used in Chapter 2, as 

the colony level health results in the earlier experiment suggested the artificial pollen mix 

did not produce significantly worse performing colonies. Therefore one ingredient (soy 

flour) was selected from the artificial pollen as previous work has shown that on its own 

it is a poor pollen substitute (Bortolotti et al., 2020). 

 

5.2.1 Pathogen preparation 

 

Queens were sampled at The University of Sussex in spring 2018 and screened by 

microscopy for the presence of C. bombi (with subsequent confirmation by PCR). Pooled 

faecal samples from infected queens were fed to clean B. terrestris colonies to establish 
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a laboratory stock of infected individuals. To obtain the faeces infected individuals were 

placed in individual sample pots until they defecated. Samples were collected using 5 µl 

microcapillary tubes (Brandt) pooled and counted using a FASTREAD 102 disposable 

haemocytometer at x40 magnification with phase contrast (Leica CMA). Six clean 

colonies were inoculated by individual feeding of 25,000 cells in a 10 µl dose of 50% 

sugar water. Newly emerged workers (c. 10 per colony) were starved for 4 h and placed 

in individual sample pots, presented with the inoculum, observed to confirm consumption 

and returned to their natal colonies. Three weeks post infection workers (c. 10 per colony) 

were collected from each colony and checked to confirm successful C. bombi infection 

by microscopy as above. 

 

5.2.2 Experimental colonies 

 

B. terrestris audax colonies (n = 126) were reared by the commercial producer Biobest, 

Westerlo Belgium on three proprietary diets developed by Biobest. A standard rearing 

diet (n = 42), an enhanced diet with an elevated protein content (n = 42) and, a poor-

quality mix of 70% standard pollen and 30% soy flour (n = 42). At five weeks old 21 

colonies from each diet treatment were loaded on standard transport (climate-controlled 

vehicle) alongside regular deliveries within Belgium, transported with regular colonies to 

farms and returned to Biobest the following day, simulating a 24 h trip to the UK. Upon 

arrival, the shipped and unshipped colonies were housed together under red light in 

standardized laboratory conditions at 25-27oC, 60-65% relative humidity. Colonies had 

access to ad libitum sugar water (BIOGLUCâ, Biobest) via the standard sugar water 

reservoir provided with commercial colonies and were fed ad libitum of their allocated 

pollen diet. Pollen was provided as pollen balls made from dried pollen ground to a 

powder and mixed with commercial sugar water solution (BIOGLUCâ, Biobest). 

 

Colonies were confirmed to be free from disease prior to infections by molecular 

screening of 10% of workers. A c. 0.3 cm3 sample of the hind gut, fat body and 

Malpighian tubules was dissected from each worker and placed in 100 µl a DNA 

extraction solution (NaCl 100mM, Tris pH8 10mM, EDTA 25mM, SDS 0.5%, 0.1 µg/µl 

Proteinase K, 5% Chelex). DNA was extracted by overnight incubation at 55oC followed 

by 20 min at 100oC, with the resulting solution centrifuged at 2204 rcf for 1 h. An equal 
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volume of isopropanol was added to the supernatant and gently agitated to mix. This 

solution was centrifuged at 2204 rcf for 1 h and the supernatant discarded. Remaining 

DNA pellets were washed once with 70% ethanol and allowed to airdry for 20 min. Dry 

DNA pellets were resuspended in 100 µl molecular grade water for subsequent use at a 

1:10 dilution in parasite screening PCR reactions. Bees were screened for the 

trypanosome C. bombi, and the microsporidians N. bombi and N. ceranae using 

conventional PCT using parasite-specific primers (table S1). Amplification of the host 

18S Apidae gene was used to control for DNA extraction quality, and positive and 

negative controls were included on all plates. Amplicons were visualised on 3% agarose 

gels stained with ethidium bromide. 

 

5.2.3 Experimental protocol 

 

Newly emerged workers were collected from the experimental colonies over five days, 

marked using a marking pen and cage (Thorne Ltd) and fed a 10 µl inoculum of 100,000 

cells of C. bombi in 50% sucrose solution or a control 50% sucrose solution. Two bees 

were inoculated per colony with 120 colonies fed pathogen and six control colonies (total 

n = 240 workers across 126 colonies). Following inoculation individuals were kept with 

like-treated nestmates, in 15 x 15 x 15 cm plastic boxes with ad libitum access to sugar 

water and pollen diet, for 24 h and then returned to their natal colony. After 14-days all 

colonies were frozen at -20oC for later analysis. 

 

Colonies were counted, first before the newly emerged workers were collected for 

inoculation, and second at the end of the experiment. The initial counts were of live 

colonies and included: workers, pupae, males, new queens, dead workers and dead larvae. 

The counts at the end of the experiment included workers, L3-L4 larvae, pupae, males, 

new queens, dead workers and dead larvae. During colony dissection and counting 

marked inoculated workers were retrieved. All retrieved marked workers were dissected 

and screened by PCR to confirm infection success as described above.  

 

5.2.4 Statistical methods 

 

Statistical analyses were performed in R (R Core Team, 2019), using lme4 package for 

mixed modelling (Bates et al., 2015). Worker infections in colonies were examined using 
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generalised linear mixed models with binomial distribution and logit link function. Date 

of infection was included as a random factor. Colony health measures (colony size, 

workers, pupae, larvae, males, new queens, dead workers and dead larvae) were 

investigated using individual generalised linear mixed models with Poisson distributions 

and log link functions. Models and link functions were chosen based on the data 

distribution and AIC values, and minimum adequate models were developed by removing 

non-significant terms.
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5.3 Results 

 

5.3.1 Infection of workers in colonies  

 

Infection rates for workers in colonies were high, with at least one inoculated worked 

confirmed as positive by PCR in over 85% of all colonies (fig. 5.3.1). There was no 

significant effect of diet, stress or their interaction on infection success (LRT = 1.15, df 

= 2, p = 0.563; LRT = 0.090, df = 1, p = 0.764; LRT = 0.236, df = 2, p = 0.888, 

respectively).  
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Figure 5.3.1 The effect of diet and shipping stress on the proportions of a) bumblebee colonies 

containing at least one infected worker and b) inoculated workers that were infected with the C. 

bombi parasite, control and shipping treatments are shown in dark and light grey respectively. 

Newly emerged B. terrestris audax workers were fed an inoculum of 100,000 C. bombi cells in 

10 µl 50% sucrose solution and then returned to their natal colonies. Diets tested were a standard 

pollen diet (control), an enhanced diet (control with elevated protein and lipid content), and a 

poor-quality diet (a mixture of 70% control and 30% soy flour).  Stressed colonies were shipped 

on standard transport for 24 h to simulate conditions during export of colonies from Belgium to 

the UK.  
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5.3.2 Colony health measures 

 

There was a significant interaction between the effects of diet and stress from shipping 

on the numbers of males and new queens produced, with shipped colonies having fewer 

queens and males, except in the enhanced colonies, where the diet appears to recover the 

numbers to similar levels to the unshipped colonies (LRT = 78.7, df = 2, p < 0.001; LRT 

= 28.19, df = 2, p < 0.001  respectively; fig. 5.3.2ef). Colonies in the enhanced diet and 

shipping stress treatments had the most males, while those in the poor diet and shipping 

stress treatments had the fewest. Within the enhanced diet treatment there was no 

difference in the number of new queens between stressed and control colonies, while 

those in poor and stressed treatments had the fewest new queens (fig. 5.3.2ef). There was 

a significant effect of diet on colony size, number of workers, pupae, larvae, dead workers 

and dead larvae (respectively,  LRT = 54.1 , df = 2, p < 0.001; LRT = 24.6, df = 2, p < 

0.001; LRT = 68.4, df = 2, p < 0.001; LRT = 26.8, df = 2, p < 0.001; LRT = 51.1, df = 2, 

p < 0.001; LRT = 9.844, df = 2, p = 0.009; fig. 5.3.2abcd). Colonies receiving the poor 

diet treatment had significantly fewer individuals in all cases (fig. 5.3.2). The enhanced 

colonies only had significantly more pupae, although there was also a trend towards larger 

colony sizes (fig. 5.3.2a). An effect of stress from shipping was found on the number of 

larvae, dead workers and dead larvae, with fewer larvae and more dead individuals found 

in all colonies in the stress treatment (LRT = 51.9, df = 1, p > 0.001; LRT = 7.41 , df = 1, 

p = 0.006; LRT = 6.84, df = 1, p = 0.009; fig. 5.3.2dgh).   
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Figure 5.3.2 Colony health measures. The effect of diet and shipping stress on mean ± s.e. 
a) colony size, (total number of larvae, pupae and workers), and the number of b) workers, c) 
L3/L4 larvae, d) pupae e) males f) new queens g) dead workers and h) dead larvae. Diets tested 
were a standard pollen diet (control), an enhanced diet (control with elevated protein), and a poor 
diet (a mixture of 70% control pollen and 30% soy flour). Stressed colonies were shipped on 
standard transport for 24 h to simulate conditions during export of colonies from Belgium to the 
UK. Letters indicate treatments that differed significantly from each other at p < 0.05 in pairwise 
comparisons. Asterix indicate treatments where the interaction between diet and stress condition 
were significant at p < 0.05 in pairwise comparisons. 
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5.4 Discussion 

 

A clear effect was found of diet and stress on colony-level fitness with the interaction 

significantly effecting male and queen production. There was also an effect of diet on 

colony size, and number of workers, pupae, larvae, dead workers and dead larvae, with 

poor colonies having fewer individuals across all measures. A specific effect of stress 

was found on the number of larvae, dead workers and dead larvae irrespective of diet 

treatment, with those colonies that experienced the stress treatment having fewer larvae, 

and more dead workers and dead larvae. There was no effect of diet, stress or their 

interaction on infection with the C. bombi pathogen in inoculated workers.  

 

The absence of an effect of diet, stress or their interaction on the number of individual 

inoculated workers was likely due to the overall high infection rates with almost all 

colonies containing an infected individual and a high individual inoculation success rate 

(65-73%) across treatment groups (fig. 5.3.1). In order to ensure that at least 50% of the 

inoculated bees would be infected a relatively high dose of C. bombi cells was used in 

this study (100,000 cells per bee) (Logan et al., 2005; Otterstatter and Thomson, 2006). 

Other studies involving the inoculation of B. terrestris audax and B. impatiens with C. 

bombi have used a wide variety of different doses and yielded different success rates 

(Logan et al., 2005; Otterstatter and Thomson, 2006, 2007; Ruiz-González et al., 2012; 

Schmid-Hempel et al., 1999). These differences in protocols and success rates can make 

comparisons between studies challenging, overall however it seems there is a threshold 

dose above which the majority of inoculated individuals are reliably infected, but this can 

vary with specific C. bombi strains, and infection intensity in individuals can vary 

dramatically within strains and across inoculated individuals (Schmid-Hempel et al., 

1999, 2019). Therefore, it may be that although no effect was found on the inoculated 

individuals, there may be a difference in the rates of secondary transmission within the 

colonies, parasite density or immune activity within individuals or may demonstrate an 

effect of diet or stress. It had been the intention to include these analyses as part of this 

study however a freezer malfunction compromised many of the sampled workers for 

secondary transmission delaying the processing of these samples and thus precluding 

their inclusion here. Further work to quantify the infection intensity in inoculated 

individuals, and the number secondary infections within colonies, to truly understand the 

effect of diet, stress and parasite infection in and the capacity for an improved diet or a 
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reduction in shipping stress, could support commercially produced bees to either tolerate 

or resist pathogen challenge.  

 

The results show a clear interaction between diet and stress on male and queen 

production, in both instances the combination of the nutritionally poor diet and stress 

resulted in fewer individuals compared to controls, with new queen production reduced 

effectively to zero. Male and new queen production in colonies fed the enhanced diet 

were unaffected by shipping stress, in fact male production was elevated in these colonies. 

It is perhaps not surprising that nutritional enhancement provides an additional energy 

resource that is used to support the production of reproductives. Resources are 

provisioned in the individual and colony in order to respond to prevailing environmental 

conditions. In times of environmental or pathogen stress it follows that individuals and 

colonies allocate the available resources accordingly (Brown et al., 2003b; Conroy et al., 

2016; Logan et al., 2005; Pulkkinen and Ebert, 2004; Reznick, 1985; Zuk et al., 2002). 

It is interesting that the effect on male and queen production is so dramatic here when 

there is no clear interaction at other life stages and the effect of stress is only visible in 

the numbers of larvae, and dead individuals.  

  

There is mounting evidence as to the importance of diet in colony-level health. In this 

instance the effect of enhancement can be seen clearly in the increased number of pupae, 

with a trend towards larger colony sizes and fewer dead workers. The effect of the 

nutritionally poor diet, a poor-quality pollen mix and control pollen mixture, was clear 

with fewer individuals across all measures, including dead life stages. This indicates that 

while the diet is nutritionally poorer the main effect is to slow down colony development, 

rather than to increase adult or larval mortality. This lends further weight to the existing 

body of knowledge on the importance of diet quality and quantity for individual and 

colony bumblebee development and health (Brunner et al., 2014; Génissel et al., 2002; 

Kitaoka and Nieh, 2009; Moerman et al., 2016, 2015; Roger et al., 2017). 

 

The effect of stress on colony development can be seen clearly in the significantly lower 

numbers of larvae, and the increased numbers of dead workers and dead 

larvae irrespective of diet treatment indicating that the stress caused by shipping increases 

both adult and larval mortality. The larval stage is arguably the life stage most sensitive 

to nutritional limitation and potentially environmental changes. Adult bee size is 
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determined by larval food consumption (Pereboom, 2000; Pereboom et al., 2003; 

Shpigler et al., 2013), and  larval ejection is generally understood to be a standard colony-

level response to many different types of stress; environmental, nutritional, pathogen 

exposure (Génissel et al., 2002; Pomeroy and Plowright, 2009; Tasei and Aupinel, 2008b; 

Weidenmuller et al., 2002). However, the timing of transport in relation to these counts 

is an important consideration. Transport occurred between four and five weeks prior to 

the end of the experiment (inoculations were staggered over the course of one week, 

colonies were therefore frozen in batches 14-days post return of inoculated workers to 

their natal colony). It takes between four to five weeks for an individual to develop from 

egg to adult (Alford, 1970; Hogeweg and Hesper, 1983). This means the reduced numbers 

of larvae seen at the end of the experiment were not to do with larval mortality during 

shipping but rather a continued response approximately a month after the environmental 

stress has happened. This suggests that the environmental stress experienced by the 

colony during shipping had an effect on the mother queen or adult worker behaviour. This 

change in behaviour was sustained over a considerable period of time (5 weeks), in the 

context of the colony lifespan (3-4 months) (Goulson, 2010), and as worker numbers were 

not significantly different it cannot be attributed to fewer workers performing brood care 

(fig. 5.3.2). It is possible therefore that had the experimental period been longer 

differences may have seen in later life stages.  

 

This study has shown that bumblebee nutrition and its interaction with sub-optimal 

environmental conditions during transport can have significant effects on bumblebee 

colony health. The results have broader implications across wild bee conservation, as the 

effects of environmental stress are often considered to be short-term and that once the 

stressor is removed it is thought the colony will recover (Baer and Schmid-Hempel, 

2003). The differences in colony development were clear and measurable a month after 

experiencing the stress treatment with a clear protective effect when diet is enhanced. 

This provides strong evidence that commercial producers and conservationists alike need 

to consider how best to minimise this stress for both commercially-reared and wild bees, 

and to how to maximise the beneficial effects seen here from nutritional enhancement 

both of which have long term consequences for colony health. 
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6. General discussion 
 

The idea that by improving the health of commercially-produced colonies it may be 

possible to both enhance pollination services and protect wild bees is compelling, largely 

due to its conceptual simplicity. This thesis has explored whether diet quality and 

environmental stress effect individual or colony-level bumblebee health and if this 

nutritional enhancement can mitigate the effect of pathogen exposure or stress. This work 

has shown that diet quality and environmental stress have an effect on bumblebee health 

at several scales: individual and colony, direct immune measures and generic indicators 

of health, and across colony life stages. Furthermore, this effect directly affects capacity 

to withstand pathogen challenges and individual survival. In combination, the results 

presented here provide some clear opportunities for commercial-producers, additional 

evidence for the importance of diet quality in bumblebee conservation and several 

avenues for further exploration. 

 

6.1 The effects of diet enhancement   

 

This thesis has shown that diet quality has an effect on both colony-level and individual-

level measures of health (Chapters 2 and 5), through the association of adult body size 

with immune function it has linked individual nutrition directly to immunocompetence 

(Chapter 2) and demonstrated that diet enhancement can confer a protective effect in the 

case of larval survival following pathogen exposure (Chapter 3). This supports previous 

work on the effects of nutritional limitation on individual and colony development and 

the importance of dietary protein for immunocompetence (Brunner et al., 2014; Conroy 

et al., 2016; Lee et al., 2008).  

 

The significant effect of pathogen stress on larval survival is particularly interesting given 

that C. bombi is not considered to be infectious disease of bumblebee brood, although it 

has been shown that the larval stages are important for the within colony transmission of 

both C. bombi and N. bombi (Folly et al., 2017; Rutrecht and Brown, 2008). This 

experiment demonstrates that at least in in vivo conditions, pathogen exposure has a 

detrimental effect on larval survival and that this negative effect can be protected against 

with an improvement in diet. This suggests that larval defence mechanisms may be 



101 
 

preventing progression of pathogen exposure to infection, but that this comes at the cost 

of larval longevity. It would be interesting to explore this with further in vivo larval 

rearing experiments, with increased pollen feeding, as well as in-colony assays to see if 

this effect at the larval life stage is removed when environmental and nutritional stress 

are reduced. 

 

Further exploration into the link between diet quality, increased body size, and direct 

immune capacity found in chapter 2 would be interesting. This could be achieved by 

providing colonies ad libitum pollen diet. When workers were collected there was a 

significant effect of worker age on body size. This suggests that as the number of 

individuals in the colony increased, the fixed feeding approach (30 g per colony a week) 

resulted in food limitation for individuals, so that eggs laid later in the colony cycle had 

reduced access to food over their development than those laid earlier. A repeat of these 

assays with ad libitum food would lend further weight to the beneficial effect of diet 

enhancement on diet quality, body size and individual immunity. 

 

The individual and colony-level responses to pathogen stress have been explored 

throughout this thesis, examining responses to exposure and infection, with controlled 

inoculations of both larvae and adults (Chapter 3), and individuals and colonies (Chapters 

4 and 5). The comparative study of three infectious diseases of bumblebees demonstrated 

that while C. bombi is the more infectious, individual mortality across pathogens and 

doses was not significantly different (Chapter 4). This suggests that either initial dose is 

unrelated to subsequent infection intensity or that intensity of infection does not affect 

individual survival (Brown et al., 2000). Initially this comparative experiment was 

conceived to answer questions that remain about the true risk to wild bumblebees from 

N. ceranae. The very low infection rates in this chapter for both Nosema spp. were 

therefore disappointing. However, it could be argued that if N. ceranae was truly so 

dangerous and a greater risk to bumblebees than other longstanding coevolved pathogens 

we should have seen far more infections and much more significant detrimental effects 

to individual survival. 

 

The effect of diet and the effects of stress as a result of suboptimal environmental 

conditions during shipping interact to produce an unequivocal protective effect of diet for 

colony-level health, as was clearly demonstrated in Chapter 5. This, taken into 
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consideration with the protective effect of diet on larval survival (Chapter 3) and the 

indication that diet helped to recover larval numbers in transported colonies fed 

nutritional enhancement, makes a strong case for diet enhancement as a tool in 

commercial production. It also supports the limited existing studies into the effect of 

environmental stress during shipping on domesticated animals (Barham et al., 2002). This 

work identified a significant and protracted effect environmental stress had during 

shipping on colony-level health measures with fewer larvae, and more dead workers and 

dead larvae in shipped colonies (Chapter 5). This too has serious implications for 

commercial producers because it disagrees with previous work suggesting that once the 

stressor is removed, in this work specifically the sub-optimal conditions during shipping 

and increased disturbance, the colony recovers (Baer and Schmid-Hempel, 2003).  

 

6.2 The importance of scale 

 

Bumblebee health can be measured in a number of ways and at different scales (Génissel 

et al., 2002; Moerman et al., 2015; Ponton et al., 2011; Tasei and Aupinel, 2008b). This 

work has shown that colonies are sensitive to nutritional and environmental stress, with 

this being seen most clearly in the number of reproductives and the number of larvae 

(Chapters 2 and 5).  

 

Some colony level measures are fairly robust to short term nutritional, pathogen or 

environmental stress. For example, no significant difference was found in overall colony 

size (number of workers, pupae and larvae) between the control and poor diets in Chapter 

2, nor between control and enhanced diets in Chapter 5. However other measures can be 

very sensitive to short term stress, such as the number of dead individuals likely caused 

by acute nutritional limitation, and as a result are inherently noisy measures of colony 

health (Génissel et al., 2002; Pomeroy and Plowright, 2009; Roger et al., 2017).  

 

Larval stages are sensitive to pathogen stress and it is possible to protect against this 

sensitivity with diet enhancement (Chapter 3). Taken together, these results indicate that 

larvae are a sensitive stage in both individual and colony development and as such could 

be considered a pinch-point for over-coming a wide range of stressors including pathogen 

exposure, infection, environmental stress during shipping and nutritional stress (Chapters 

3 and 5). This is interesting taking into consideration that body size was a good indicator 



103 
 

of overall health and ability to mount an immune response (Chapter 2), and that adult 

body size was directly related to larval diet during development (Pereboom, 2000; 

Pereboom et al., 2003; Shpigler et al., 2013).  

 

Examining bumblebee health at different scales adds complexity to experimental research 

but is important for the integration of our knowledge of bumblebee nutrition and its 

effects on bumblebee health. This is especially the case as health can be interpreted to 

mean many different things including; longevity, fitness, ability to mount an immune 

response to prevent and fight infection, as well as the potential for it to mitigate the 

negative effects of pathogen exposure, infection, and other sources of stress, including as 

explored here, environmental stress during shipment.  

 

6.3 The relationship between health and immunity 

 

Variability in pathogen infection rates was seen across experiments (low in Chapters 3 

and 4, high in Chapter 5) which makes it difficult to say definitively that diet enhancement 

and or reduction of stress results in fewer primary infections. However, the differences in 

infection rates for C. bombi and N. ceranae between bees kept individually and those 

returned to their colony might indicate that that increased environmental stress following 

exposure increases the likelihood of infection (Chapter 4) as a greater number of isolated 

bees were found to be PCR positive, than those returned to colonies, when fed the same 

dose and inoculum. This taken into to consideration with the evidence for the increased 

immune capacity of bigger bees (Chapter 2), a link between bigger bees and diet 

enhancement (Chapter 2), the protective effect of diet enhancement on larval survival 

(Chapter 3) and on reproductive numbers in the case of environmental stress (Chapter 5) 

all suggest that there is potential for the improved health measured in both colonies and 

individuals reared on enhanced diets to translate to a protective effect against pathogen 

exposure and infection.  

 

In designing both the experiments in Chapters 4 and 5 additional screening had been 

planned to allow the examination of secondary transmission within colonies. The 

expectation was that in Chapter 4 transmission would be lower in the Nosema treated 

colonies, adding weight to the argument that N. ceranae is not as dangerous as initially 

feared, and in Chapter 5 that colonies fed better diets would have fewer secondary 
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infections. It would be interesting to explore this further with experiments that include 

secondary transmission within colonies when considering the risk of pathogens to 

bumblebee health in isolation, but also in conjunction with other stressors, given that 

multiplicity of stress has already been shown to be an important risk factor for bumblebee 

survival (Conroy et al., 2016; Fauser-Misslin et al., 2014). 

 

6.4 Implications for commercial producers 

 

Challenges still remain for commercial producers. Colonies reared on enhanced diets 

produce more reproductives (both males and queens) and they do so comparatively earlier 

than control or poor colonies (Chapters 2 and 5). While this an indication of colony-level 

health, it is counter-productive for commercial producers because once colonies have 

switched to reproductive production their foraging activity reduces which is thought to 

result in a dramatic reduction in their pollination efficiency. While diet enhancement 

clearly protected reproductive numbers under stress conditions, it did not provide a 

significant protective effect on the number of larvae, dead larvae or dead workers, 

although the difference between the number of larvae in the control and stress groups is 

smallest in those colonies receiving the enhanced diet (Chapter 5). The effect of 

environmental stress during shipping was protracted, in that although colony size did not 

appear to be significantly different, stress treated colonies had fewer larvae 4-5 weeks 

after treatment. This suggests that the effect of the suboptimal environmental conditions 

during transport is some behavioural effect on the mother queen or the brood caring 

workers, that persists well after the environmental conditions have returned to normal. 

This is significant especially when we consider that under normal circumstances 

commercially-produced colonies are sold and shipped, on arrival they will be placed in a 

less controlled environment on farms or in greenhouses than they have experienced 

during colony production. This is also the likely to be the first time a commercial colony 

experiences nutritional limitation. In production, pollen is provided, on farm the workers 

have to forage for themselves. Together these results provide strong evidence that 

producers need to consider some combination of diet enhancement and reduction of 

shipping stress, in order to gain some of the benefits of enhancement for individual 

immune health, without seeing the knock-on acceleration of colony development and 

earlier production of reproductives. 
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In this thesis the diet enhancement examined was a mixture of fresh-frozen irradiated 

pollens from spring-flowering species, blended to give an average protein content of 

22%, compared to the standard diet with an average protein content of 16%. This would 

suggest that there is room to increase the protein content to an intermediary level. A 

protein level between the standard and enhanced could provide additional health and 

immunity benefits to the standard sales colonies, without promoting early colony-

switching to reproductives, or at least reaching a compromise between these two points.  

 

The dietary requirements of bumblebees and the importance of the availability and 

quality of this diet has been a subject of much focus, due to its potential to support wild 

bumblebee conservation (Goulson et al., 2008a). Our knowledge and understanding of  

many aspects of diet has improved including how much pollen and nectar colonies 

require (Rotheray et al., 2017), the effect of pollen diversity (Génissel et al., 2002), the 

importance of dietary protein for immunocompetence (Brunner et al., 2014), specific 

amino acid requirements and pollen chemistry (Moerman et al., 2017), and the capacity 

for secondary plant metabolites to reduce the infectiousness of specific pathogens (Koch 

et al., 2019). It would therefore be interesting to incorporate what has been shown here 

in terms of the link between body size and immune capacity, the potential for an 

enhanced diet to support larval survival and help colonies withstand environmental 

stress with other work into the capacity for specific metabolites to support individual 

immunity into the diets used in the rearing of commercially-produced bumblebees. 

Field based experiments to see whether commercial colonies reared on these “healthy” 

diets harboured lower pathogen loads than those reared on standard diets or if wild bee 

populations on farms using these “healthy” colonies had lower pathogen densities than 

those reared on standard to see whether the potential seen in lab-based experiments 

translates to real world improvements on farms and in the wild. 

 

In conclusion, this thesis strongly suggests that there is potential for diet to protect 

commercial colonies from factory to farm against the effects of environmental and 

pathogen stress and thus support wild bee health. Implementing changes in commercial 

production in order to navigate the benefits and drawbacks of diet enhancement does 

present some challenges. However, the clear benefits of diet enhancement across colony 
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development provide compelling evidence for the provisioning of high-quality floral 

resource throughout the colony lifecycle both in commercial production and when 

considering conservation interventions for wild bees, such as which wildflower species 

to include in seed mixes to ensure that there is sufficient high protein pollen on farms 

available throughout the colony season.  
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8. Supplementary Tables 
Table S1. PCR assay mixes and cycling conditions for the detection of three bumblebee parasites N. bombi, N. ceranae and C. bombi used in chapters 2, 3, 4 

and 5. 

 

  Primers & 
source 

Assay mix Thermal cycling 
Amplicon 
size (bp) 

dN
T

P 
(nM

) 

M
gC

l2  
(nM

) 

5xbuff
er (μl) 

T
aq 

(U
) 

Prim
er 

F (μM
)  

Prim
er 

R
 

(μM
) 

T
em

pl
ate (μl)  

T
otal 

volum
e (μl) 

1 
Denaturing 
Min | Temp 

2 
Replication 
Sec | Temp 

3 
Elongation 
Min | Temp 

Nosema 
bombi 

(Goulson, 
2010) 

 

0.3 3.75 2 1.25 0.2 0.2 2 10 2 | 95 

35x 
60 | 95 
60 | 50 
60 | 72 

4 | 72 323 

Nosema 
ceranae 

(Klee et al., 
2006) 

 

0.2 1 2 1.25 0.2 0.2 1 10 5 | 98 

35x 
15 | 94 
30 | 58 

45 | 72 

 

7 | 72 218 

Crithidia 
bombi 

(Martín-
Hernández 
et al., 2007) 

0.2 1 2 1.25 0.2 0.2 1 10 2 | 94 

35x 
30 | 94 
30 | 56 
45 | 72 

3 | 72 420 

Apidae 
(internal)  
(Meeus et 
al., 2010) 

 

0.2 1 2 1.25 0.2 0.2 1 10 5 | 95 

25x 
15 | 94 
15 | 56 
30 | 72 

5 | 72 130 
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Table S2. PCR screening results for the detection of three bumblebee parasites N. bombi, N. 

ceranae and C. bombi and host control 18s Apidae to confirm colonies were free from infectious 

disease prior to the start of the experiment (chapter 2). 

 
 

 

 

 

 

 

Host 
control

C. 
bombi

N. 
bombi

N. 
ceranae

Host 
control

C. 
bombi

N. 
bombi

N. 
ceranae

Host 
control

C. 
bombi

N. 
bombi

N. 
ceranae

P01_1 P01 Poor 1 0 0 0 S01_1 S01 Standard 1 0 0 0 E01_1 E01 Enhanced 1 0 0 0

P01_2 P01 Poor 1 0 0 0 S01_2 S01 Standard 1 0 0 0 E01_2 E01 Enhanced 1 0 0 0

P01_3 P01 Poor 1 0 0 0 S01_3 S01 Standard 1 0 0 0 E01_3 E01 Enhanced 1 0 0 0

P01_4 P01 Poor 1 0 0 0 S01_4 S01 Standard 1 0 0 0 E01_4 E01 Enhanced 1 0 0 0

P01_5 P01 Poor 1 0 0 0 S01_5 S01 Standard 1 0 0 0 E01_5 E01 Enhanced 1 0 0 0

P01_6 P01 Poor 1 0 0 0 S01_6 S01 Standard 1 0 0 0 E01_6 E01 Enhanced 1 0 0 0

P01_7 P01 Poor 1 0 0 0 S01_7 S01 Standard 1 0 0 0 E01_7 E01 Enhanced 1 0 0 0

P01_8 P01 Poor 1 0 0 0 S01_8 S01 Standard 1 0 0 0 E01_8 E01 Enhanced 1 0 0 0

P01_9 P01 Poor 1 0 0 0 S01_9 S01 Standard 1 0 0 0 E01_9 E01 Enhanced 1 0 0 0

P01_10 P01 Poor 1 0 0 0 S01_10 S01 Standard 1 0 0 0 E01_10 E01 Enhanced 1 0 0 0

P01_11 P01 Poor 1 0 0 0 S01_11 S01 Standard 1 0 0 0 E01_11 E01 Enhanced 1 0 0 0

P01_12 P01 Poor 1 0 0 0 S02_1 S02 Standard 1 0 0 0 E01_12 E01 Enhanced 1 0 0 0

P01_13 P01 Poor 1 0 0 0 S02_2 S02 Standard 1 0 0 0 E02_1 E02 Enhanced 1 0 0 0

P01_14 P01 Poor 1 0 0 0 S02_3 S02 Standard 1 0 0 0 E02_2 E02 Enhanced 1 0 0 0

P02_1 P02 Poor 1 0 0 0 S02_4 S02 Standard 1 0 0 0 E02_3 E02 Enhanced 1 0 0 0

P02_2 P02 Poor 1 0 0 0 S02_5 S02 Standard 1 0 0 0 E02_4 E02 Enhanced 1 0 0 0

P02_3 P02 Poor 1 0 0 0 S02_6 S02 Standard 1 0 0 0 E02_5 E02 Enhanced 1 0 0 0

P02_4 P02 Poor 1 0 0 0 S02_7 S02 Standard 1 0 0 0 E02_6 E02 Enhanced 1 0 0 0

P02_5 P02 Poor 1 0 0 0 S02_8 S02 Standard 1 0 0 0 E02_7 E02 Enhanced 1 0 0 0

P02_6 P02 Poor 1 0 0 0 S02_9 S02 Standard 1 0 0 0 E02_8 E02 Enhanced 1 0 0 0

P02_7 P02 Poor 1 0 0 0 S02_10 S02 Standard 1 0 0 0 E02_9 E02 Enhanced 1 0 0 0

P02_8 P02 Poor 1 0 0 0 S02_11 S02 Standard 1 0 0 0 E02_10 E02 Enhanced 1 0 0 0

P02_9 P02 Poor 1 0 0 0 S03_1 S03 Standard 1 0 0 0 E02_11 E02 Enhanced 1 0 0 0

P02_10 P02 Poor 1 0 0 0 S03_2 S03 Standard 1 0 0 0 E02_12 E02 Enhanced 1 0 0 0

P02_11 P02 Poor 1 0 0 0 S03_3 S03 Standard 1 0 0 0 E02_13 E02 Enhanced 1 0 0 0

P02_12 P02 Poor 1 0 0 0 S03_4 S03 Standard 1 0 0 0 E03_1 E03 Enhanced 1 0 0 0

P03_1 P03 Poor 1 0 0 0 S03_5 S03 Standard 1 0 0 0 E03_2 E03 Enhanced 1 0 0 0

P03_2 P03 Poor 1 0 0 0 S03_6 S03 Standard 1 0 0 0 E03_3 E03 Enhanced 1 0 0 0

P03_3 P03 Poor 1 0 0 0 S03_7 S03 Standard 1 0 0 0 E03_4 E03 Enhanced 1 0 0 0

P03_4 P03 Poor 1 0 0 0 S03_8 S03 Standard 1 0 0 0 E03_5 E03 Enhanced 1 0 0 0

P03_5 P03 Poor 1 0 0 0 S03_9 S03 Standard 1 0 0 0 E03_6 E03 Enhanced 1 0 0 0

P03_6 P03 Poor 1 0 0 0 S03_10 S03 Standard 1 0 0 0 E03_7 E03 Enhanced 1 0 0 0

P03_7 P03 Poor 1 0 0 0 S03_11 S03 Standard 1 0 0 0 E03_8 E03 Enhanced 1 0 0 0

P03_8 P03 Poor 1 0 0 0 S04_1 S04 Standard 1 0 0 0 E03_9 E03 Enhanced 1 0 0 0

P03_9 P03 Poor 1 0 0 0 S04_2 S04 Standard 1 0 0 0 E03_10 E03 Enhanced 1 0 0 0

P03_10 P03 Poor 1 0 0 0 S04_3 S04 Standard 1 0 0 0 E03_11 E03 Enhanced 1 0 0 0

P03_11 P03 Poor 1 0 0 0 S04_4 S04 Standard 1 0 0 0 E03_13 E03 Enhanced 1 0 0 0

P03_12 P03 Poor 1 0 0 0 S04_5 S04 Standard 1 0 0 0 E04_1 E04 Enhanced 1 0 0 0

P03_13 P03 Poor 1 0 0 0 S04_6 S04 Standard 1 0 0 0 E04_2 E04 Enhanced 1 0 0 0

P04_1 P04 Poor 1 0 0 0 S04_7 S04 Standard 1 0 0 0 E04_3 E04 Enhanced 1 0 0 0

P04_2 P04 Poor 1 0 0 0 S04_8 S04 Standard 1 0 0 0 E04_4 E04 Enhanced 1 0 0 0

P04_3 P04 Poor 1 0 0 0 S04_9 S04 Standard 1 0 0 0 E04_5 E04 Enhanced 1 0 0 0

P04_4 P04 Poor 1 0 0 0 S04_10 S04 Standard 1 0 0 0 E04_6 E04 Enhanced 1 0 0 0

P04_5 P04 Poor 1 0 0 0 S05_1 S05 Standard 1 0 0 0 E04_7 E04 Enhanced 1 0 0 0

P04_6 P04 Poor 1 0 0 0 S05_2 S05 Standard 1 0 0 0 E04_8 E04 Enhanced 1 0 0 0

P04_7 P04 Poor 1 0 0 0 S05_3 S05 Standard 1 0 0 0 E04_9 E04 Enhanced 1 0 0 0

P04_8 P04 Poor 1 0 0 0 S05_4 S05 Standard 1 0 0 0 E04_10 E04 Enhanced 1 0 0 0

Sample Colony
Diet 

treatment

PCR results

Sample Colony
Diet 

treatment

PCR resultsPCR results

Sample Colony
Diet 

treatment
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Host 
control

C. 
bombi

N. 
bombi

N. 
ceranae

Host 
control

C. 
bombi

N. 
bombi

N. 
ceranae

Host 
control

C. 
bombi

N. 
bombi

N. 
ceranae

P05_1 P05 Poor 1 0 0 0 S05_5 S05 Standard 1 0 0 0 E04_11 E04 Enhanced 1 0 0 0

P05_2 P05 Poor 1 0 0 0 S05_6 S05 Standard 1 0 0 0 E04_12 E04 Enhanced 1 0 0 0

P05_3 P05 Poor 1 0 0 0 S05_7 S05 Standard 1 0 0 0 E04_13 E04 Enhanced 1 0 0 0

P05_4 P05 Poor 1 0 0 0 S05_8 S05 Standard 1 0 0 0 E04_14 E04 Enhanced 1 0 0 0

P05_5 P05 Poor 1 0 0 0 S05_9 S05 Standard 1 0 0 0 E05_1 E05 Enhanced 1 0 0 0

P05_6 P05 Poor 1 0 0 0 S05_10 S05 Standard 1 0 0 0 E05_2 E05 Enhanced 1 0 0 0

P05_7 P05 Poor 1 0 0 0 S06_1 S06 Standard 1 0 0 0 E05_3 E05 Enhanced 1 0 0 0

P05_8 P05 Poor 1 0 0 0 S06_2 S06 Standard 1 0 0 0 E05_4 E05 Enhanced 1 0 0 0

P05_9 P05 Poor 1 0 0 0 S06_3 S06 Standard 1 0 0 0 E05_5 E05 Enhanced 1 0 0 0

P05_10 P05 Poor 1 0 0 0 S06_4 S06 Standard 1 0 0 0 E05_6 E05 Enhanced 1 0 0 0

P06_1 P06 Poor 1 0 0 0 S06_5 S06 Standard 1 0 0 0 E05_7 E05 Enhanced 1 0 0 0

P06_2 P06 Poor 1 0 0 0 S06_6 S06 Standard 1 0 0 0 E05_8 E05 Enhanced 1 0 0 0

P06_3 P06 Poor 1 0 0 0 S06_7 S06 Standard 1 0 0 0 E05_9 E05 Enhanced 1 0 0 0

P06_4 P06 Poor 1 0 0 0 S06_8 S06 Standard 1 0 0 0 E05_10 E05 Enhanced 1 0 0 0

P06_5 P06 Poor 1 0 0 0 S06_9 S06 Standard 1 0 0 0 E05_11 E05 Enhanced 1 0 0 0

P06_6 P06 Poor 1 0 0 0 S07_1 S07 Standard 1 0 0 0 E05_12 E05 Enhanced 1 0 0 0

P06_7 P06 Poor 1 0 0 0 S07_2 S07 Standard 1 0 0 0 E05_13 E05 Enhanced 1 0 0 0

P06_8 P06 Poor 1 0 0 0 S07_3 S07 Standard 1 0 0 0 E06_1 E06 Enhanced 1 0 0 0

P06_9 P06 Poor 1 0 0 0 S07_4 S07 Standard 1 0 0 0 E06_2 E06 Enhanced 1 0 0 0

P06_10 P06 Poor 1 0 0 0 S07_5 S07 Standard 1 0 0 0 E06_3 E06 Enhanced 1 0 0 0

P06_11 P06 Poor 1 0 0 0 S07_6 S07 Standard 1 0 0 0 E06_4 E06 Enhanced 1 0 0 0

P07_1 P07 Poor 1 0 0 0 S07_7 S07 Standard 1 0 0 0 E06_5 E06 Enhanced 1 0 0 0

P07_2 P07 Poor 1 0 0 0 S07_8 S07 Standard 1 0 0 0 E06_6 E06 Enhanced 1 0 0 0

P07_3 P07 Poor 1 0 0 0 S07_9 S07 Standard 1 0 0 0 E06_7 E06 Enhanced 1 0 0 0

P07_4 P07 Poor 1 0 0 0 S08_1 S08 Standard 1 0 0 0 E06_8 E06 Enhanced 1 0 0 0

P07_5 P07 Poor 1 0 0 0 S08_2 S08 Standard 1 0 0 0 E06_9 E06 Enhanced 1 0 0 0

P07_6 P07 Poor 1 0 0 0 S08_3 S08 Standard 1 0 0 0 E06_10 E06 Enhanced 1 0 0 0

P07_7 P07 Poor 1 0 0 0 S08_4 S08 Standard 1 0 0 0 E06_11 E06 Enhanced 1 0 0 0

P07_8 P07 Poor 1 0 0 0 S08_5 S08 Standard 1 0 0 0 E06_12 E06 Enhanced 1 0 0 0

P07_9 P07 Poor 1 0 0 0 S08_6 S08 Standard 1 0 0 0 E06_13 E06 Enhanced 1 0 0 0

P07_10 P07 Poor 1 0 0 0 S08_7 S08 Standard 1 0 0 0 E06_14 E06 Enhanced 1 0 0 0

P08_1 P08 Poor 1 0 0 0 S08_8 S08 Standard 1 0 0 0 E06_15 E06 Enhanced 1 0 0 0

P08_2 P08 Poor 1 0 0 0 S08_9 S08 Standard 1 0 0 0 E06_16 E06 Enhanced 1 0 0 0

P08_3 P08 Poor 1 0 0 0 S08_11 S08 Standard 1 0 0 0 E07_1 E07 Enhanced 1 0 0 0

P08_4 P08 Poor 1 0 0 0 S08_11 S08 Standard 1 0 0 0 E07_2 E07 Enhanced 1 0 0 0

P08_5 P08 Poor 1 0 0 0 S08_12 S08 Standard 1 0 0 0 E07_3 E07 Enhanced 1 0 0 0

P08_6 P08 Poor 1 0 0 0 S09_1 S09 Standard 1 0 0 0 E07_4 E07 Enhanced 1 0 0 0

P08_7 P08 Poor 1 0 0 0 S09_2 S09 Standard 1 0 0 0 E07_5 E07 Enhanced 1 0 0 0

P08_8 P08 Poor 1 0 0 0 S09_3 S09 Standard 1 0 0 0 E07_6 E07 Enhanced 1 0 0 0

P08_9 P08 Poor 1 0 0 0 S09_4 S09 Standard 1 0 0 0 E07_7 E07 Enhanced 1 0 0 0

P08_10 P08 Poor 1 0 0 0 S09_5 S09 Standard 1 0 0 0 E07_8 E07 Enhanced 1 0 0 0

P08_11 P08 Poor 1 0 0 0 S09_6 S09 Standard 1 0 0 0 E07_9 E07 Enhanced 1 0 0 0

P08_12 P08 Poor 1 0 0 0 S09_7 S09 Standard 1 0 0 0 E07_10 E07 Enhanced 1 0 0 0

P09_1 P09 Poor 1 0 0 0 S09_8 S09 Standard 1 0 0 0 E07_11 E07 Enhanced 1 0 0 0

P09_2 P09 Poor 1 0 0 0 S09_9 S09 Standard 1 0 0 0 E07_12 E07 Enhanced 1 0 0 0

P09_3 P09 Poor 1 0 0 0 S09_10 S09 Standard 1 0 0 0 E07_13 E07 Enhanced 1 0 0 0

P09_4 P09 Poor 1 0 0 0 S10_1 S10 Standard 1 0 0 0 E08_1 E08 Enhanced 1 0 0 0

P09_5 P09 Poor 1 0 0 0 S10_2 S10 Standard 1 0 0 0 E08_2 E08 Enhanced 1 0 0 0

P09_6 P09 Poor 1 0 0 0 S10_3 S10 Standard 1 0 0 0 E08_3 E08 Enhanced 1 0 0 0

P09_7 P09 Poor 1 0 0 0 S10_4 S10 Standard 1 0 0 0 E08_4 E08 Enhanced 1 0 0 0

P09_8 P09 Poor 1 0 0 0 S10_5 S10 Standard 1 0 0 0 E08_5 E08 Enhanced 1 0 0 0

P09_9 P09 Poor 1 0 0 0 S10_6 S10 Standard 1 0 0 0 E08_6 E08 Enhanced 1 0 0 0

P09_10 P09 Poor 1 0 0 0 S10_7 S10 Standard 1 0 0 0 E08_7 E08 Enhanced 1 0 0 0

P09_11 P09 Poor 1 0 0 0 S10_8 S10 Standard 1 0 0 0 E08_8 E08 Enhanced 1 0 0 0

P09_12 P09 Poor 1 0 0 0 S10_9 S10 Standard 1 0 0 0 E08_9 E08 Enhanced 1 0 0 0

P10_1 P10 Poor 1 0 0 0 S10_10 S10 Standard 1 0 0 0 E08_10 E08 Enhanced 1 0 0 0

Diet 
treatment

PCR results

Sample Colony
Diet 

treatment

PCR results

Sample Colony
Diet 

treatment

PCR results

Sample Colony
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Host 
control

C. 
bombi

N. 
bombi

N. 
ceranae

Host 
control

C. 
bombi

N. 
bombi

N. 
ceranae

Host 
control

C. 
bombi

N. 
bombi

N. 
ceranae

P10_2 P10 Poor 1 0 0 0 E09_1 E09 Enhanced 1 0 0 0

P10_3 P10 Poor 1 0 0 0 E09_2 E09 Enhanced 1 0 0 0

P10_4 P10 Poor 1 0 0 0 E09_3 E09 Enhanced 1 0 0 0

P10_5 P10 Poor 1 0 0 0 E09_4 E09 Enhanced 1 0 0 0

P10_6 P10 Poor 1 0 0 0 E09_5 E09 Enhanced 1 0 0 0

P10_7 P10 Poor 1 0 0 0 E09_6 E09 Enhanced 1 0 0 0

P10_8 P10 Poor 1 0 0 0 E09_7 E09 Enhanced 1 0 0 0

P10_9 P10 Poor 1 0 0 0 E09_8 E09 Enhanced 1 0 0 0

P10_10 P10 Poor 1 0 0 0 E09_9 E09 Enhanced 1 0 0 0

P10_11 P10 Poor 1 0 0 0 E09_10 E09 Enhanced 1 0 0 0

E10_1 E10 Enhanced 1 0 0 0

E10_2 E10 Enhanced 1 0 0 0

E10_3 E10 Enhanced 1 0 0 0

E10_4 E10 Enhanced 1 0 0 0

E10_5 E10 Enhanced 1 0 0 0

E10_6 E10 Enhanced 1 0 0 0

E10_7 E10 Enhanced 1 0 0 0

E10_8 E10 Enhanced 1 0 0 0

E10_9 E10 Enhanced 1 0 0 0

E10_10 E10 Enhanced 1 0 0 0

Diet 
treatment

PCR results

Sample Colony
Diet 

treatment

PCR results

Sample Colony
Diet 

treatment

PCR results

Sample Colony
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Table S3. Table of analyses performed on measures of both colony and individual measures of 
health. All tests asked whether variation in the individual or colony level health measure was 
explained by variation in diet treatment (chapter 2). 
 

Measure of 
health 
 

Statistical test and model parameters Sig.  

Colony 
weight 
 

Anova with diet treatment as explanatory variable 
and pairwise comparisons between diets c.f. the 
control diet 

Diet F2,27 = 12.7, p < 0.001; and 
between diet treatments, enhanced p < 
0.0001, and poor p = 0.199. 
 

Colony size 
(sum adults, 
larvae and 
pupae) 

Anova with diet treatment as explanatory variable 
and pairwise comparisons between diets c.f. the 
control diet 

Diet: F2,27 = 4.37, p = 0.023; and 
between diet treatments, enhanced p = 
0.009, and poor p = 0.545. 

Number of 
dead larvae 
 

Generalised linear mixed model with Poisson 
distribution and Log link. Diet treatment included 
as fixed effect (explanatory variable) and colony 
size as a covariate (random effect). 
 
Analysis of deviance Type II used to estimate 
overall effect of diet treatment 

AIC = 580.89, df = 29, colony size p = 
0.129; and between diet treatments; 
enhanced, p = 0.001, and poor p < 
0.0001. 
 
Diet LRT = 230.3, df = 2, p < 0.001; 
colony size LRT = 2.30, df = 1,  
p = 0.129. 
 

Number of 
dead workers 
 

Generalised linear mixed model with Poisson 
distribution and Log link. Diet treatment included 
as fixed effect (explanatory variable) and colony 
size as a covariate (random effect). 
 

Analysis of deviance Type II used to estimate 
overall effect of diet treatment 

AIC = 447.76, df = 29, colony size p < 
0.0001; and between diet treatments, 
enhanced p < 0.0001 and, poor p = 
0.112. 
 
Diet LRT = 269.1, df = 2, p < 0.001; 
Colony size LRT = 42.135, df = 1, 
 p < 0.0001. 
 

Presence of 
reproductives 
(adults/brood) 

Fishers Exact test Diet P = 0.001; and between diet 
treatments, enhanced P = 0.003, and 
poor P = 1. 
 

Body size 
 

Generalised estimating equation with Gamma 
distribution and log link. Colony as repeated 
measure, diet, worker age and their interaction 
included as fixed effects 

Diet X2 = 7.21, df = 2, p = 0.027; 
worker age X2 = 15.8, df = 8, p = 0.046; 
interaction: X2 = 7.50, df = 12, p = 
0.823. 
 

Fatbody size 
 

Generalised estimating equation with Gamma 
distribution and log link. Colony as repeated 
measure, diet, worker age and their interaction and 
body size included as fixed effects 
 

Diet X2 = 2.54, df = 2, p = 0.280; 
worker age X2 = 14.2, df = 8, p = 0.076; 
interaction X2 = 18.7, df = 12, p = 
0.095; body size X2 = 0.46, df = 1, p = 
0.830. 

Total 
haemocyte 
count (THC) 
 

Generalised estimating equation with Gamma 
distribution and log link. Colony as repeated 
measure, diet, worker age and their interaction and 
body size included as fixed effects 

Diet X2 = 4.00, df = 2, p = 0.135; 
worker age X2 = 9.18, df = 8, p = 0.327; 
interaction X2 = 8.60, df = 8, p = 0.377; 
body size X2 = 1.57, df = 1, p = 0.211. 
 

Phenoloxidase 
activity (PO) 
 

Generalised estimating equation with Gamma 
distribution and log link. Colony as repeated 
measure, diet, worker age and their interaction and 
body size included as fixed effects 

Diet X2 = 2.08, df = 2, p = 0.353; 
worker age X2 = 2.49, df = 3, p = 0.478; 
interaction X2 = 2.68, df = 2, p = 0.262; 
body size X2 = 2.92, df = 1, p = 0.087. 
 

Pro-
phenoloxidase 
activity (PPO) 
 

Generalised estimating equation with Gamma 
distribution and log link. Colony as repeated 
measure, diet, worker age and their interaction and 
body size included as fixed effects 

Diet X2 = 2.13, df = 2, p = 0.345; 
worker age X2 = 3.41, df = 4, p = 0.492; 
interaction X2 = 1.65, df = 2, p = 0.483; 
body size X2 = 7.60, df = 1, p = 0.006. 
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Table S4. PCR screening results for the detection of C. bombi and host control 18s Apidae 

following pathogen challenge of individually kept adult bees that received C. bombi inoculum 

(chapter 3). 

 

 
 

 

 

Individual Colony Callow. No Diet Inoculum C. bombi+ 18s Apidae Individual Colony Callow. No Diet Inoculum C. bombi+ 18s Apidae
1 A 1 Standard Control 0 0 42 K 2 Standard Control 0 1
2 A 2 Standard Pathogen 0 1 43 K 3 Enhanced Pathogen 0 1
3 A 3 Enhanced Pathogen Escaped Escaped 44 K 4 Enhanced Control 0 1
4 A 4 Enhanced Control 0 1 45 L 1 Standard Pathogen 0 1
5 A 5 Standard Control 0 1 46 L 2 Standard Control 0 1
6 A 6 Standard Pathogen 0 1 47 L 3 Enhanced Pathogen 0 1
7 A 7 Enhanced Pathogen 0 1 48 L 4 Enhanced Control 0 1
8 A 8 Enhanced Control Escaped Escaped 49 L 5 Enhanced Pathogen 0 1
9 B 1 Enhanced Pathogen 0 1 50 M 1 Standard Pathogen 0 1

10 B 2 Enhanced Control 0 1 51 M 2 Standard Control 0 1
11 B 3 Standard Pathogen 0 1 52 M 3 Enhanced Control 0 1
12 B 4 Standard Control 0 1 53 M 4 Enhanced Pathogen 0 1
13 C 1 Standard Pathogen 0 1 54 M 5 Standard Control 0 1
14 D 1 Standard Pathogen 0 1 55 M 6 Standard Control 0 1
15 D 2 Enhanced Control 0 1 56 M 7 Standard Pathogen 0 1
16 D 3 Enhanced Pathogen 0 1 57 N 1 Standard Control 0 1
17 D 4 Standard Control 0 1 58 N 2 Standard Pathogen 0 1
18 E 1 Enhanced Pathogen 0 1 59 N 3 Enhanced Control 0 1
19 E 2 Standard Control 0 1 60 N 4 Enhanced Pathogen 0 1
20 E 3 Enhanced Control 0 1 61 O 1 Standard Control 0 1
21 E 4 Enhanced Pathogen 0 1 62 O 2 Standard Pathogen 0 1
22 F 1 Enhanced Pathogen 0 1 63 P 1 Enhanced Control 0 1
23 F 2 Enhanced Control 0 1 64 P 2 Enhanced Pathogen 0 1
24 G 1 Enhanced Pathogen 0 1 65 P 3 Standard Control 0 1
25 G 2 Standard Control 0 1 66 P 4 Standard Pathogen 0 1
26 G 3 Enhanced Control 0 1 67 Q 1 Standard Pathogen 0 1
27 G 4 Standard Pathogen 0 1 68 Q 2 Standard Control 0 1
28 H 1 Standard Pathogen 0 1 69 Q 3 Enhanced Control 0 1
29 H 2 Standard Control 0 1 70 R 1 Standard Control 0 1
30 H 3 Enhanced Pathogen 0 1 71 R 2 Standard Pathogen 0 1
31 H 4 Enhanced Control 0 1 72 R 3 Enhanced Control 0 1
32 I 1 Standard Control 0 1 73 R 4 Enhanced Pathogen 0 1
33 I 2 Standard Pathogen 0 1 74 R 5 Enhanced Pathogen 0 1
34 I 3 Enhanced Pathogen 0 1 75 T 1 Standard Control 0 1
35 I 4 Enhanced Control 0 1 76 T 2 Standard Pathogen 1 1
36 J 1 Standard Pathogen 1 1 77 T 3 Enhanced Control 0 1
37 J 2 Standard Control 0 1 78 T 4 Enhanced Pathogen 1 1
38 J 3 Standard Pathogen 1 1 79 T 5 Enhanced Control 0 1
39 J 4 Enhanced Control 0 1
40 J 5 Enhanced Pathogen 0 1
41 K 1 Standard Pathogen 0 1
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