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Foreword 
This research has broadened our understanding of the unique host-pathogen relationship between the 
European Honey Bee and fungal pathogen, Ascosphaera apis in Australia. A. apis causes chalkbrood 
infection in honey bees and is currently rated as the most economically significant disease for 
Australian apiarists.  

Developing field assays to help select for disease-resistant breeding stock will benefit pollination-
reliant and honey bee industries, and thereby assist Australia’s food biosecurity. 

This study found that a larger proportion of Australian-managed honey bee colonies exhibit a type of 
social immunity, called ‘hygienic behaviour’, compared (proportionately) to internationally managed 
colonies. However, findings indicate that this trait is not conferring resistance to Australian 
chalkbrood, as is reported globally. Genetic variation in A. apis is unlikely to be responsible for 
increased incidence and severity of chalkbrood outbreaks because haplotypes are similar to those 
published, but Australia’s unique environment and available nutritional resources may influence the 
host-pathogen relationship.  

More detailed research into the influence of environment, nutrition, and genetic basis for honey bee 
disease resistance is necessary to build resilience in Australia’s honey bee stocks.  

This research was funded by AgriFutures Australia, the Wheen Bee Foundation, and Bees 
Downunder, with in-kind contributions from stakeholders. 

This report for the Honey Bee & Pollination R&D program adds to AgriFutures Australia’s diverse 
range of more than 2000 research publications. It forms part of our Growing Profitability arena, which 
aims to enhance the profitability and sustainability of our levied rural industries. 

Most of AgriFutures Australia’s publications are available for viewing, free downloading or 
purchasing online at: www.agrifutures.com.au.  

 

John Smith 
General Manager, Research 
AgriFutures Australia 

http://www.agrifutures.com.au/
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Executive summary 
The Australian honey bee industry operates throughout Australia, providing pollination services to 
agricultural and horticultural industries during flowering events, and contributing $14 billion to 
agricultural production annually. Additionally, the Australian honey bee industry produces almost 
30,000 tonnes of honey annually at a value of $100 million. The honey is primarily produced from 
native flora. 

Besides the beekeeping industry, pollination, and honey-dependent industries greatly benefit from 
strong, healthy and disease-resilient colonies that can effectively pollinate crops and gather nectar. 
Breeding resilience while maintaining strong healthy hives is therefore essential for Australia’s food 
security.  

This report describes a four-year project investigating the relationship between honey bees and the 
most economically significant pathogen affecting the Australia honey bee industry, Ascosphaera apis, 
the fungus responsible for chalkbrood disease. Firstly, this report documents genetic variation of A. 
apis in Australia situated in a global context, then details the process of selecting and breeding for 
hygienic behaviour, a social immune response of honey bees known to confer resistance to 
chalkbrood. This study further identifies potential reasons why the globally accepted field assay to 
select for this important trait may not be applicable to Australian conditions, leading on to the testing 
of two field assays that could potentially be useful for honey bee queen breeders to identify 
chalkbrood-resistant breeding stock. 

The broader context of this work is to breed disease resistance and resilience into Australian honey 
bee stocks before the arrival of Varroa mites with the goal of mitigating the harmful effects of the 
devastating parasite. 

Background 

Varroa mites (Varroa destructor Anderson and Trueman, and Varroa jacobsoni) and associated 
viruses are the primary cause of colony losses worldwide (excluding Australia). Exotic honey bee 
parasites are considered Australia’s top biosecurity threat. It is therefore essential to prepare now for 
living with Varroa through stock assessment and selective breeding programs that will help to equip 
managed honey bees with innate and colony-level defences necessary for maintaining health amidst 
evolving (present and future) pest and pathogen pressures. A component of this preparedness platform 
lies in solving problems associated with current endemic threats.  

Many social insects have developed behavioural traits to reduce the spread of pathogens inside tight 
nest confines. One such trait proven to confer resistance to pests and pathogens in honey bees is called 
hygienic behaviour. Honey bees bred for this trait are reported to have a natural resistance to 
microbial diseases, such as chalkbrood, American foulbrood, and also potential resistance to some 
viruses. Hygienic behaviour has also shown to be effective against non-microbial agents, such as the 
economically devastating Varroa mite. 

Recent hygienic behaviour surveys of select breeding lines and honey-production colonies from 
several Australian commercial operations suggest a higher degree of hygienic behaviour than in 
unselected populations outside Australia. Curiously, some colonies demonstrating high levels of 
hygienic behaviour have shown severe clinical chalkbrood infections.  

Chalkbrood is caused by Ascosphaera apis, which belongs to the genera of spore cyst-forming 
entomopathogenic fungi associated with the larvae of social and solitary bees of the superfamily 
Apoidea. Historically, chalkbrood infection was regarded as a minor stress-induced honey bee disease 
thriving in damp, cool spring conditions and clearing up by summer. Because there are no 
chemotherapeutic treatments for chalkbrood, it was usually resolved through the best management 
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practices of keeping dry, well-ventilated, nutritionally resourced and populated colonies in 
combination with the use of hygienic lines of bees. However, Australian apiarists report that the 
prevalence and severity of chalkbrood infections has increased over the last four years, and globally, 
scientists presently consider it one of the most contagious and destructive diseases that affects honey 
bee brood. Understanding this pathogen-host relationship requires investigation into the virulence of 
the pathogen and host defences developed to combat infection.  

Aims/objectives 

There is a significant industry demand for hygienic honey bees to help manage endemic pests and 
diseases and to help prepare for exotic threats. It is therefore essential to understand the impact 
hygienic behaviour has on one of Australia’s existing significant honey bee diseases. 

This research focused on investigating the complex relationship between honey bees and A. apis in 
Australia with the aim to further develop improved methods for identifying colonies that exhibit 
disease resistance. The objective is to better inform honey bee-breeding efforts for the benefit of all 
Australian beekeepers. 

Methods used  

A beekeeper-assisted national survey was conducted to create a spatial distribution of A. apis genetic 
diversity. Fungal culturing and molecular work was then conducted in a laboratory setting. 

A widescale field study conducted in nine beekeeping operations in QLD, NSW, VIC and TAS 
examined hygienic behaviour in honey bees.  

A combination of field and laboratory studies identified volatile organic compounds associated with 
A. apis-infected larvae, and gauged the response of hygienic bees to the identified volatiles. 

A field study assessed the predictive capacity of a colony’s response to experimentally infected larvae 
on the likelihood of a colony having a chronic chalkbrood infection. 

Larvae were reared in a laboratory setting and experimentally challenged with two genetic A. apis 
variants to assess strain virulence and colony susceptibility. 

Results/key findings 

Genetic variation of A. apis 

At least six genetically distinct strains of A. apis were found in Australia: A, B, C, E, F and G. Of 
these, four (A, B, F and G) have been reported elsewhere in the world, and two (C and E) are reported 
only in Australia. The two exclusively Australian strains have limited distribution: Strain C was 
isolated from the initial 1993 QLD incursion and in three samples from Cairns in 2012, and Strain E 
yielded only one sample of 120 and is thus not widely distributed. Strain A yielded the most 
culturable samples genotyped. Colonies and individual larvae were found to be infected with multiple 
strains of A. apis. Individual A. apis strains or combinations of strains infecting a hive were not 
predictive of the level of infection in a hive, nor were observable colony or apiary characteristics.  

Hygienic behaviour and A. apis-associated VOCs 

Australian honey bee colonies were shown to have a high level of hygienic behaviour compared to 
global populations, but hygienic colonies were not more resistant to chalkbrood infection. Larvae 
infected with A. apis produced a different volatile profile than reported in the literature, which was 
missing a specific compound, phenethyl acetate, shown to trigger the initiation of hygienic behaviour. 
Field assays demonstrated that hygienic bees responded to phenethyl acetate, but re-capped cells not 
infected with A. apis after initial investigation.  
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New assay to identify chalkbrood-resistant colonies 

Colonies experimentally challenged with A. apis removed a greater proportion of larvae infected with 
spores than with water, but the response rate was not predictive of a colony’s susceptibility to 
chalkbrood infection. A relationship may exist between a lower removal rate for water-sprayed larvae 
and chalkbrood resistance, but further research is necessary to validate this trend.  

Variation in virulence between A. apis strains and larval resistance  

Larvae were raised in a controlled laboratory setting and inoculated with four treatments: two distinct 
A. apis (A and G), a mixture of strains A and F, and a control (water). The larval challenge did not 
demonstrate strong evidence of strain-associated virulence, but did clearly demonstrate differential 
susceptibility between honey bee colonies. This experiment modelled true field conditions where 
colonies are exposed to and infected with multiple strains of A. apis. Given colony-level resistance 
can be ascertained through larval-rearing experiments, further work to identify resistant honey bee 
genotypes will make great advances in controlling chalkbrood disease.  

Implications for relevant stakeholders 

Bees with rapid hygienic behaviour as determined using the freeze-killed brood (FKB) test have been 
shown globally to be effective at reducing brood diseases and, to some extent, mitigate the impact of 
pests such as Varroa. This project has documented a high percentage of colonies in Australia that 
exhibit rapid hygienic behaviour, and supports a good foundation from which to work when 
continuing to develop hygienic lines of bees helpful for other endemic diseases such as American 
foulbrood.  

Although this project documents the lack of relationship between rapid hygienic behaviour as 
identified by the FKB assay and chalkbrood infection, it is essential to consider that different breeding 
strategies and selection assays have led to breeding bees with rapid hygienic behaviour. These 
techniques range from experimentally killing brood, to ‘zero tolerance’ to brood diseases, to analysing 
a colony’s ability to suppress Varroa mite reproduction. Given multiple methods of selecting for the 
same positive behavioural outcome, the Australian honey bee industry can have confidence in the trait 
to confer a level of social immunity to a honey bee colony.  

This project is the first to document variation in Australian A. apis placed in a global context. No 
distinctive genetic strains exist in modern samples, and should in no way restrict trade of bee-related 
products. No single strain or combination of strains seems to be more virulent than others with respect 
to whole colony infection rates. More likely, management, environment (bee nutrition and heat/cool 
stress), and honey bee genetics are responsible for increased incidence and severity of infection. 
Additionally, this study demonstrates that although A. apis strains in Australia are not unique, the 
host-pathogen relationship is altered as indicated by distinctive volatile profiles emitted by infected 
larvae. This could be an example of epigenetics where the expression of particular genes change 
under different environmental conditions.  

Developing a selection assay applicable to Australian conditions that can help predict a colony’s 
chalkbrood status continues to be of great importance because it is essential to develop stock resistant 
to endemic disease before Varroa establishment. In the meantime, continuation with selecting for 
hygienic behaviour using the FKB assay is recommended. 
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Recommendations 

The following recommendations are targeted at beekeepers, researchers, and funding bodies: 

1. Despite the lack of relationship between hygienic behaviour (using the freeze-killed brood 
assay) and chalkbrood resistance, it is still recommended that queen bee breeders use this 
widely accepted selection tool to refine rapid hygienic behaviour in their breeding lines. 
Because no negative side-effects for this type of selection have been shown, the benefits (pest 
and disease tolerance) may, in time, outweigh the costs (labour and time to test). The FKB 
assay, if adopted widely and practised regularly by Australian queen breeders, will enhance 
the Varroa preparedness capacity of these queen bee breeders. 
 

2. More focused research into A. apis virulence factors is necessary to fully understand this 
pathogen under Australian conditions. Of greatest priority is the isolation, identification, 
preservation, and maintenance of cultures that can be used for future research. The collation 
and maintenance of such a genetic library would be a logical, easy, and short follow-up 
project from this current project. Where practical, culture plates containing spores from 
genotyped samples from this current study have been stored at -20 °C for future use with this 
purpose in mind. 
 

3. Due to the lack of field assay that can predict whether a colony will develop a chronic 
chalkbrood infection, more work is needed to understand genotypic variation that confers 
resistance to the disease. A focused effort to breed only from non-chalkbrood colonies in 
association with the investigation of the heritability of chalkbrood resistance through 
successive generations and potentially marker-assisted selection is essential for the 
development of chalkbrood-resistant stock.  
 

4. Future research into the effect of suboptimal nutrition on chalkbrood outbreaks would greatly 
benefit beekeepers. Currently, the effect of pollen quality used by nurse bees for the 
production of brood food and the quality of this brood food affecting larval resistance to 
chalkbrood infection is not fully understood. Identifying key nutritional stressors may help 
beekeepers develop a targeted supplementary feeding regime to pre-emptively reduce 
chalkbrood outbreaks.  
 

5. Lastly, although not specifically focused on in this project, the negative impact of extreme 
heat became evident throughout the field seasons; it affected colony health and chalkbrood 
production. As climate change brings higher average temperatures (prolonged periods of 
above 40 °C) to most Australian beekeeping regions, the impact of these extreme heat events 
on colony health requires further investigation. The hottest days traditionally occurred in 
January but now also extend into February. Such extended periods of hotter weather may 
significantly limit forager numbers and brood care. These heat events may cause cascading 
adverse impacts on colony health in autumn, over wintering periods, and into the following 
spring when pollination services are required. Understanding the influence of climatic change 
heat events on colony health and chalkbrood development may influence and help beekeepers 
rethink holistic apiary operations.  

 
 

 



 

 1 

Introduction 
European honey bees (Apis mellifera), an integral component of food security in Australia, provide 
pollination services essential for food production. They contribute $14 billion to agricultural 
production annually (Karasinski, 2017). Additionally, the Australian honey bee industry produces 
almost 30,000 tonnes of honey annually, valued at $100 million. To achieve effective crop pollination 
and honey production, colonies must be kept healthy. Maintaining healthy honey bee colonies 
therefore is not only essential for sustainable honey production, it is a matter of national pollination 
biosecurity.  

Globally, Varroa mites (Varroa destructor Anderson and Trueman, and Varroa jacobsoni) and 
associated viruses are the primary cause of colony loss. They are honey bee parasites and considered 
Australia’s top biosecurity threat (Genersch, 2010; Rosenkranz et al., 2010). Varroa parasitism 
shortens bees’ lifespans, reduces hive productivity, and spreads deadly viruses (Martin et al., 2012). 
Additionally, emerging research suggests that Varroa chemical treatments contribute to compromised 
honey bee health by reducing reproductive capacity of queens and drones (Burley et al., 2008; Mullin 
et al., 2010; Serra‐Bonvehí and Orantes‐Bermejo, 2010), contaminating the brood nest (beeswax), 
and interacting negatively with other agricultural chemicals (Johnson et al., 2013).  

Australia remains the only Varroa-free country with a significant reliance on honey bees; however, 
the threat of a Varroa incursion is perpetual. It is therefore essential to prepare now for living with 
Varroa through stock assessment and selective breeding programs to equip bees with innate and 
colony-level defences necessary to encourage optimum health amid evolving pest and pathogen 
pressures.  

A component of this preparedness lies in solving problems associated with current endemic threats. 
Overseas experience suggests that if major established pests are not properly controlled when a pest 
such as Varroa mite arrives, the dual effect is worse. For these reasons, greater national coordination 
and industry leadership is urgently needed to manage established bee pests, as well as prepare for the 
possible establishment of any of these exotic pests. 

Chalkbrood 
Chalkbrood is caused by Ascosphaera apis (Maassen ex Claussen) Olive and Spiltoir, which belongs 
to a genus of spore-forming heterothallic fungus associated with the larvae of social and solitary bees 
of the superfamily Apoidea. Unique among entomopathogenic ascomycetes, A. apis has no known 
asexual reproductive stage, and it’s likely that its high genetic recombination is a result of its 
exclusively heterothallic reproductive nature. With a global distribution, chalkbrood in A. mellifera is 
considered a stress-related economic disease (Hedtke et al., 2011), weakening colony growth thus 
limiting honey production and pollination efficacy (as reviewed in Aronstein and Murray, 2010). 

Adult bees are not susceptible to infection but are agents of disease transmission within and between 
bee nests. In honey bee colonies, fungal spores are passed onto larvae by nurse bees, and once 
ingested, can germinate in the lumen of the gut (Heath, 1985). The fungal mycelia secrete enzymes 
(Gilliam and Lorenz, 1993), allowing for the mechanical penetration of the midgut peritrophic 
membrane and cuticle (Alonso et al., 1993), and within 48-72 hours after ingestion, penetrate the 
larval cuticle, causing death (Gilliam et al., 1988). A. apis vegetative mycelia cover the larvae, and if 
the + and - mate types come into contact, they form brown to black ascomata containing reproductive 
spores inside spore balls (Spiltoir et al., 1955) on the exterior of the host cadaver. Larvae killed by 
chalkbrood disease become desiccated, turning into chalk-like mummies. Chalkbrood infection is 
exacerbated by common management practices that increase exposure to the pathogen, such as 
reusing contaminated hive ware (Flores et al., 2005), and disruptions to a colony’s thermoregulatory 
capacity, such as slight reduction of brood temperature in the hours around operculation (Bamford and 



 

 2 

Heath, 1989; Flores et al., 1996; Puerta, F. et al., 1994), which can happen when dividing hives to 
make new colonies. 

Historically, chalkbrood infection was regarded as a minor stress-induced honey bee disease thriving 
in damp, cool spring conditions and clearing up by summer. Because there are no chemotherapeutic 
treatments for chalkbrood, it was usually resolved through the best management practices of keeping 
dry, well-ventilated, nutritionally resourced and populated colonies and using hygienic lines of bees 
(see below). However, Australian apiarists report that the prevalence and severity of chalkbrood 
infections have increased over the last four years, and globally, scientists are labelling it the most 
contagious and destructive disease that affects honey bee brood, with indications that chalkbrood 
incidence may be on the rise. It has been estimated that up to 37% reduction in honey production is 
due to chalkbrood infections (Hedtke et al., 2011). 

The life history of the honey bee reflects the need to develop specialised strategies for mitigating 
pathogen pressure in the tight nest confines where both vertical and horizontal disease transmission 
readily occur (Fries and Camazine, 2001). Polyandry (queen mating with multiple drones) provides a 
level of protection from pathogens by reducing the proportion of potentially susceptible genotypes 
within the nest (Seeley and Tarpy, 2007; Shykoff and Schmid-Hempel, 1991). Behavioural responses 
to pathogen exposure, such as increased propolis production from the collection of antimicrobial plant 
resins (Erler and Moritz, 2016; Simone-Finstrom and Spivak, 2012), and hygienic removal of infected 
brood (Milne, 1983; Palacio et al., 2000; Spivak and Gilliam, 1998; Spivak and Reuter, 2001, Spivak 
and Reuter, 1998), help reduce pathogen loads within the nest. Individual immune responses by honey 
bee larvae and adults also mediate pathogen pressures (Alaux et al., 2010; Wilson-Rich et al., 2008). 

Understanding this pathogen-host relationship requires investigation into the virulence of the 
pathogen and host defences developed to combat infection. It has been documented that not all A. apis 
strains are equal threats to honey bee health. In Denmark and Australia, regionally derived strains 
varied in virulence measured by proportions of infections causing larval death (Lee et al., 2013; 
Vojvodic et al., 2011). However, different levels of larval resistance (innate resistance) across honey 
bee colonies to different strains of A. apis infection have been reported (Jensen et al., 2009).  

Hygienic behaviour 
Honey bees have evolved various physiological and behavioural defence mechanisms to prevent and 
fight off infections at both the individual and colony levels. Traits that reduce disease at the colony 
level are referred to as social immunity (Cremer et al., 2007). Honey bees are able to perform a type 
of social behavioural immunity called hygienic behaviour that is generally effective against various 
brood diseases and parasites (Leclercq et al., 2017). In hygienic behaviour, 15- to 18-day-old workers 
(Arathi et al., 2000) detect, uncap, and remove dead or diseased brood from the nest before the disease 
enters an infectious phase or the parasite (e.g. the mite Varroa destructor) has a chance to reproduce. 
This heritable behavioural trait imparts a specific response to pathogens triggered by olfactory cues 
(Masterman et al., 2001). Consequently, bees bred for hygienic behaviour are reported to have a 
natural resistance to brood diseases (Gilliam et al., 1983; Palacio et al., 2010; Spivak and Reuter, 
2001) and to some extent to non-microbial agents, such as Varroa mites (Spivak, 1996; Toufailia et 
al., 2014).  

Colonies that remove >90-95% of experimentally killed brood with the freeze-killed brood (FKB) 
assay (Spivak and Downey, 1998) or pin-killed brood assay (Palacio et al., 2000) within 24-48 hours 
are considered to be rapidly hygienic. The connection between rapid hygienic behaviour and 
chalkbrood resistance is well documented. Herbert and colleagues (1977) reported that only colonies 
with rapid removal of diseased larvae recovered from experimental infection to rear as much brood to 
the sealed stage as uninfected controls. These results were corroborated by several independent 
studies (Gilliam et al., 1983; Milne, 1983). Over the next two decades, numerous studies confirmed 
the relationship between high removal rates of experimentally killed brood using a hygienic behaviour 
assay (eg Spivak and Downey 1998; Palacio et al. 2000) and chalkbrood resistance (Invernizzi et al., 



 

 3 

2011; Palacio et al., 2010; Panasiuk et al., 2014; Spivak et al., 1993). Despite this demonstrated 
connection between rapid hygienic behaviour and chalkbrood resistance, it is still recommended to 
directly challenge hygienic colonies with A. apis for breeding purposes (Jensen et al., 2013). 

Research focused on hygienic behaviour in Australia over the past two decades has indicated that 
hygienic behavioural morphs also exist in Australian honey bee populations, and the prevalence of 
this trait may be enhanced through selective breeding processes (Manning, 2010; Oxley et al., 2010). 
Recent hygienic behaviour surveys of Australian breeding lines and honey production colonies from 
several operations suggest a higher degree of hygienic behaviour than in unselected populations in 
other parts of the world (see Chapter 2).  

Curiously, some colonies demonstrating high levels of hygienic behaviour have shown severe clinical 
chalkbrood infections. This indicates that while Australian honey bee colonies have strong hygienic 
capacity as per the freeze-killed brood method, other factors may confound social resistance. Three 
possible reasons are: a) the way we are currently testing for hygienic behaviour may not confer 
resistance to Australian chalkbrood; b) Australian honey bee larvae may not be innately resistant to 
chalkbrood infections; or c) chalkbrood may behave differently in Australia than in other parts of the 
world.  

This research focused on investigating the complex relationship between honey bees and A. apis in 
Australia with the aim to further develop improved methods for identifying colonies that exhibit 
disease resistance. The objective is to better inform honey bee breeding efforts for the benefit of all 
Australian beekeepers. 

Breeding for hygienic behaviour in honey bees has been demonstrated all over the world to help 
increase the health of honey bees conferring resistance to pests and pathogens. Significant efforts are 
being undertaken in Australia by individual beekeepers and bee breeders to elevate the hygienic 
propensity of Australian honey bee stocks. They want to build social immunity to help mitigate 
damage of endemic and exotic threats. Through these efforts, interesting field observations and trends 
have begun to emerge around the effectiveness of hygienic bees reducing the transmission of 
chalkbrood disease within a colony or throughout an apiary. 

There is a significant industry demand for hygienic bees to help manage endemic pests and diseases 
and to help prepare for exotic threats. It is therefore essential to understand the impact hygienic 
behaviour has on one of Australia’s significant honey bee diseases. 

This study aims to build on the pioneering global research focus of the benefits of selecting for 
hygienic behaviour to better understand the economically devastating pathogen, Ascosphaera apis. 
This will assist with preparing beekeepers for living with future endemic and exotic threats by way of 
developing better methods for identifying colonies (under Australian conditions) that exhibit disease 
resistance, with the broader aims of enhancing and sustaining Australian pollination biosecurity and 
honey production.  
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Objectives 
The objectives of this project are to:  

• Create a map of Ascosphaera apis strain distribution in Australia  
• Identify hygienic lines of honey bees in Australia  
• Identify volatiles associated with chalkbrood-infected larvae  
• Compare two methods for assessing the hygienic behaviour of honey bee colonies to increase 

the accessibility of breeding for hygienic behaviour in commercial operations  
• Understand social and innate mechanisms for chalkbrood resistance in honey bees   
• Provide science-based information to the beekeeping industry about breeding disease-resistant 

honey bees for the benefit of all Australian beekeepers.  

These objectives serve the wider goal of improving the endemic pest and disease resistance of 
Australian honey bee stocks, improving beekeeper capacity for selecting for beneficial traits, and 
preparing for living with exotic pests and diseases, particularly the economically devastating Varroa 
mite. 
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Chapter 1: Australian Ascosphaera apis 
genotyping project 

 

Ascosphaera apis cultures used for genomic DNA extraction and genotyping. 

Overview 
The Australian pathogen matrix is unique in the world due to the lack of Varroa mites (Varroa 
destructor Anderson and Trueman, and V. jacobsoni Oudemans) and reduced viral landscape (Roberts 
et al., 2017). It is in this context that globally distributed and relatively benign pathogens such as A. 
apis can opportunistically exploit the honey bee population without significant competition. For this 
reason, chalkbrood is the most economically damaging pathogen to Australian apiarists. Furthermore, 
chalkbrood incidence and severity of infection is reported to be a factor internationally in loss of 
colony productivity, having possible negative relationships with other pathogens such as the 
microsporidian Nosema (Hedtke et al., 2011).  

Chalkbrood was first reported in Australia, in south-east QLD, in 1993 and spread through most of 
Australia by 1995 (Hornitzky, 2001), although it wasn’t reported in Alice Springs, NT, until 2014.  

The goal of this national genotyping effort was to gain an understanding of the genetic diversity of 
Ascosphaera apis in Australia compared to globally reported variation, and to elucidate the influence 
of A. apis genetic diversity on honey bee colony infection levels. This information will help apiarists 
make advances with managing the disease in Australian apiaries. 
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1.1 Methodology 

1.1.1 Collection 

Samples were collected from four different sources from 1993 to 2016. It is assumed that samples 
collected as part of the initial Australia incursion and associated global reference samples were 
collected from brood nests, but specific protocols are not available. Samples were collected as part of 
the National Pest and Disease Survey (Roberts et al., 2015) and, as a consequence of two A. cerana 
incursions, were aseptically removed from brood combs and stored at -20 °C in 1.5 ml tubes.  

For the national A. apis genotyping project, honey bee larvae demonstrating early stages of 
chalkbrood infection were aseptically collected from the brood frame and placed in a sterile 1.5 ml 
tube (Figure 1). For each colony and apiary where chalkbrood samples were collected, information 
detailing hive parameters, such as frames of brood, health of larvae, level of chalkbrood infection, and 
resource availability, was collected. This data was collected for 62 samples from 36 colonies, and was 
subsequently used to investigate predictive capacity of the attributes measured (Table 1). 

In summary, samples were collected from: 

1. QLD in 1993 from the initial A. apis incursion (n=4), including globally collected reference 
samples from New Zealand (n=1), United Kingdom (n=2), Germany (n=1), North America 
(n=1)  

2. As part of a national pest and disease survey conducted between 2012 and 2014 (n=21)  
3. Two separate Apis cerana incursions: 2012 Cairns, QLD (A. mellifera: n=1, A. cerana: n=2), 

and 2015 Townsville, QLD (A. mellifera: n=8, A. cerana: n=3)  
4. National A. apis genotyping project, 2014-2016 (n=62). 

 
Figure 1: (Left) Collection locations for the national A. apis genotyping survey. (Right) Identification of early stages 
of A. apis-infected honey bee larvae. 
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Table 1: Colony, apiary, and A. apis genetic information used as possible predictors of severe chalkbrood infection in 
a hive.  

Colony Information Apiary Information A. apis Genotype 

Variable Coded as Variable Coded as Variable 
Code
d as 

Number of strains 
in a hive 

0=unknown 
1=1 strain 
2=2 strains 
3=3 strains 

Nectar 
now 

1=yes 
2=no 

Strain 

1=A 
2=B 
5=F 
6=G 

Multiple strains 

1=single 
infection 
2=multiple 
infection 

Pollen 
now 

1=yes 
2=no 

  

Chalkbrood 
history 

1=yes 
2=no 

Nectar last 
3 months 

1=excellent 
2=fair 
3=poor 

  

Larval food 
0=unknown 
1=well fed 
2=a little 

Pollen last 
3 months 

1=excellent 
2=fair 
3=poor 

  

Chalkbrood 
colour 

1=white 
2=black 
3=mix 

    

Frames of bees 

Number of 
frames where 
bees cover both 
sides 

    

Frames of brood 
Number of 
frames with 
brood  

    

Frames of pollen 
Total frames 
equivalent of 
stored pollen 

    

 

1.1.2 Culturing 

In a sterile environment, mummified cadavers were aseptically cut in 2-3 pieces, with one piece 
placed in a petri dish for culturing, and other piece(s) reserved in a 1.5 ml tube and stored at -20 °C 
for reference. Pre-mummified (still flaccid, with hyphae protruding from the posterior tip) larvae were 
kept whole for culturing purposes. Mummified and pre-mummified larvae were placed directly on 
Malt Yeast-20 (MY-20) growth medium (Jensen et al., 2012) and incubated at 30 °C for 2-4 days until 
mycelial growth was visible. In general, samples were not surface sterilised due to the low 
survivorship of fungus when cultured from 5th instar larvae pre-mummification.  

After several days, where A. apis mycelia growth was visible, hyphal tips from each of the cultured 
larvae were isolated by cutting the mycelia just after the first dichotomous branch and transferring to 
another petri dish with MY-20 growth media using a dissection scope, a scalpel, and fine needle. 
Once growth was at least 4 cm in diameter, aerial hyphae were aseptically collected and added to 30 
ml MY-20 broth and incubated at 30 °C in a water bath with shaker mechanism for approximately one 
week when a matt of hyphae was visible. Vials were stored at 4 °C until DNA extraction (Figure 2). 
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1.1.3 Genotyping 

Cultured hyphae were rinsed several times with sterilised water to remove culture media, and 
centrifuged to remove excess water. Genomic DNA for A. apis was extracted from lyophilised hyphae 
with the DNeasy Plant Mini Kit (Qiagen) using the standard protocol. The DNA extracts were diluted 
1:10 in sterile Milli-Q water for use in polymerase chain reaction (PCR) with appropriate buffer and 
forward and reverse primers.  

Two strategies, focusing on different genes, were used for strain differentiation of A. apis: EF1α and 
scaffold 300 (Jensen et al., 2012) for 120 samples from 79 colonies (Table 2). Scaffold 1635, a third 
gene reported by Jensen et al. (2012) for A. apis strain differentiation, was not used due to poor 
amplification. PCR amplifications were performed on a Bio-Rad S1000® thermocycler using a 
touchdown approach, with cycling conditions consisting of a preliminary 30 s denaturing at 98°C, 
followed by 10 touchdown cycles: 98°C for 30 seconds; 70-60 °C (decrease of 1 °C per cycle) for 30 
s; and 72 °C for 30 s. This was followed by 30 cycles of 98 °C for 30 s; 60 °C for 30 s; and 72 °C for 
30 s; with a final 10 min extension at 72 °C. PCR products were electrophoretically separated on 1.5% 
agarose gels and visualised using ethidium bromide stain and UV excitation. PCR products were 
purified using a Qiagen PCR purification kit®, or QIAquick® Gel Extraction Kit, and sent to the 
Australian Genome Research Facility (AGRF) in Brisbane for sequencing, using the same primers as 
employed in the original PCR reaction.  

DNA sequences of parts of the EF1α gene and an intergenic region, scaffold 300, were concatenated 
and aligned using the MUSCLE program (Edgar, 2004) and manually edited using Geneious version 
10.0.6 (Kearse et al., 2012). The neighbour-joining method (with all positions containing gaps 
eliminated) was used for the construction of a phylogenetic tree. Additionally, A. apis sequences 
deposited in GenBank identified using a BLAST search (Altschul et al., 1990) were added to the 
phylogeny to gauge genetic similarity of Australian samples to internationally reported A. apis 
haplotypes (Table 2). 

  

Figure 2: A) Culturing of A. apis on a petri dish; B) in broth; and C) preparing PCRs with extracted DNA. 
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Table 2: Name, strain and mate type, and GenBank accession number of global reference A. apis haplotypes used for 
construction of Australian A. apis phylogeny (Vojvodic et al., 2011).  

Sequence name Strain and 
mate type 

Accession SCA 300 Accession SCA EF1α 

KVL06-123 F (+) HQ905516 HQ905494 
KVL06-132 F (-) HQ905518 HQ905496 
KVL06-150 A (+) HQ905523 HQ905501 
KVL06-158 A (-) HQ905524 HQ905502 
KVL06-182 D (+) HQ905525 HQ905503 
KVL08-41 D (-) HQ905530 HQ905552 
KVL07-104 G (+) HQ905527 HQ905549 
KVL07-087 G (-) HQ905526 HQ905504 
ARSEF 7406 B (+) HQ905510 HQ905488 
ARSEF 7405 B (-) HQ905509 HQ905487 
    

1.1.4 Statistics 

Of particular interest for this study was whether any of the recorded colony or apiary information or 
A. apis genetic variants infecting the colony would be predictive of the level of chalkbrood infection 
in a hive (Table 1). To accomplish this goal, three separate logistic regressions were conducted. The 
first model used colony information to test the null hypothesis that colony parameters were not 
significantly related to the severity of chalkbrood infection (n=36). The second model tested the null 
hypothesis that apiary information (nectar and pollen availability) was not a predictor of severity of 
chalkbrood infection (n=26). Last, the null hypothesis that A. apis haplotype was not a significant 
predictor of severity of chalkbrood infection was tested (n=62). All statistics were performed using 
SPSS 25 (IMB Corp 2017).  

 

1.2 Results 

1.2.1 Genetic diversity 

In total, 120 sequences from 79 colonies were generated, with 10 sequences from GenBank added to 
the phylogeny for reference. The concatenated DNA sequences produced an overall sequence of 1160 
nucleotides, which were variable at 43 sites. Phylogenetic analysis clustered the samples into six 
branches, named here A, B, C, E, F, and G. Branches A and F were identical to the reported Danish 
strains KVL06-150 and KVL06-123, respectively (Vojvodic et al., 2011). Strain B was identical to 
ARSF 7406 from the United States (Aronstein and Colby, 2015). Strain G was similar to the reported 
Danish Strain KVL07-187, varying at eight positions on the EF1α gene (Vojvodic et al., 2011). 
Strains C and E have not yet been reported, and are named here first following published convention 
(Table 3, Figure 3, Figure 36). A summary of sample attributes, including collection location and 
year, A. apis strain assignment, and A. apis species, is located in the Appendix (Table 17).  
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Table 3: The two primers used for A. apis haplotype determination, forward and reverse primer sequences, the 
number of base pairs, number of substitutions, substitution rate and the number of haplotypes distinguishable.  

Locus Forward primer Reverse primer Length 
(bp) 

Subs. Sub. rate 
sub/bp 

haplotypes 

Scaffold 
300 

AGGAACCGC
GTTTGTTGTA
T  

CTTCAAAGC
CAGCTCCAG
TC  

641 32 0.049 3 

EF1α TCACAATGG
GGTATGTTG
CG  

GGAAGAGAC
CTCCTTGACG
A  

519 21 0.040 5 

 
 

 

Figure 3: Phylogeny of A. apis with samples from Australia and global reference samples, using the neighbour-
joining method (with all positions containing gaps eliminated). 
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Table 4: Primer name and quality of sequence reads associated with A. apis genotyping project. Sequence reads 
below 75% were not of sufficient quality to incorporate into data analysis.  

  HQ%   
Primer 0-50% 51-75% 76-100% Total 
EF1 ⍺ 36 15 186 237 
Sca 300 46 9 167 222 
Sca 1635 22 3 47 72 

 

1.2.2  A. apis global distribution 

In the early 1990s, Strain A was found in Europe, North America, and New Zealand, while Strain F 
was found only in Europe, and Strain C was found only in Australia (QLD). In 2014-2015, Strain A 
was found in Europe and the eastern seaboard of Australia and SA. Strain B was found in North 
America and Australia (VIC and QLD) while Strain C was found only in Australia (Cairns, QLD). 
Strain F was found in Europe (Denmark) and Australia (SA), and Strain G was found in Europe 
(Denmark) and Australia (VIC and QLD). In 2016, samples were derived only from Australia. Strain 
A was distributed throughout QLD, NSW, VIC and SA, while Strain F was found in QLD, VIC, TAS, 
and SA. Strain G was found in VIC and WA, and is the first incursion of chalkbrood in the NT (Alice 
Springs) (Figure 4).  

 

Figure 4: Global distribution of reported A. apis haplotypes, 1993-2017. 
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In 2017, Strain A was found in QLD, NSW, VIC, TAS, and SA. Strain B was found in QLD, VIC, 
and SA. Strain D was found in only one sample in QLD. Strain F was found in QLD and VIC, and 
Strain G was found in NSW, WA, and NT (Figure 5). 

  

 

Figure 5: Pie charts of the distribution of A. apis haplotypes documented from 1993 to 2017. Ten sequences (2 from 
the United States and 8 from Denmark) were obtained from GenBank (see table 3), while 120 sequences were 
generated from culturing, including 1 from 
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1.2.3 Multiple concurrent infections 

Sampling and genotyping protocols were designed to gain insight into in-host pathogen dynamics. To 
achieve this resolution, several A. apis-infected larvae from the same colony were cultured and 
genotyped. Of the 79 colonies represented, 49 colonies (62%) contributed a single sample each, 23 
colonies (29%) contributed two samples each, 5 colonies (6%) contributed 3 samples each, 1 colony 
(1%) contributed 4 samples, and 1 colony (1%) contributed 6 samples (Table 5: The number of A. apis 
haplotypes from colonies where single or multiple samples were sequenced.). This method of culturing and 
genotyping revealed multiple concurrent infections of different genetic strains of A. apis within the 
same honey bee colony. Of the 30 colonies with multiple samples, 11 colonies (36%) contained more 
than one A. apis haplotype (Figure 6). 

Table 5: The number of A. apis haplotypes from colonies where single or multiple samples were sequenced. 

Number of larval samples from colony A. apis strains 
 1 2 3 

1 49 - - 
2 16 7 - 
3 2 2 1 
4 1 0 0 
6 0 1 0 

 
Figure 6: The number of A. apis strains in colonies with: A) two larvae genotyped (n=23); B) three larvae genotyped 
(n=5); C) four larvae genotyped (n=1); and D) six larvae genotyped (n=1). 

  
Furthermore, in an effort to isolate specific genetic strains for future use, reference larvae that had 
been previously genotyped were recultured to produce spores. The spores were plated on MY-20 
medium, as described. In two of three instances, an individual larva produced cultures of two A. apis 
haplotypes. 
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1.2.4 Predictors for chalkbrood infection 

As part of the national survey related to this project, information was collected from 36 individual 
colonies representing 63 samples. Three logistic regression analyses were conducted. The first 
analysis examined the predictive capacity of colony-level observations on chalkbrood severity. 
Although the model with the predictive terms taken together is significantly better at predicting the 
level of chalkbrood infection in a hive than the constant-only model (chi squared=18.319, df=9, 
p=0.032), none of the colony-level variables (the number of A. apis strains in a colony, if there were 
multiple strains, if the colony had a history of chalkbrood, if the larvae were well fed, the reproductive 
status of the majority of the chalkbrood mummies, frames of bees, frames of brood, or frames of 
pollen) were significant predictors individually (n=36) (Table 6, Appendix Table 17). 

Table 6: Summary table of data used to conduct a logistic regression examining the predictive capacity of colony-level 
measurements on chalkbrood severity within a hive (n=36). 

   N Percent 
Dependent Variable Mummies High 13 36.1% 

  Low 23 63.9% 
Factor Number of Strains 3 1 2.8% 
  2 7 19.4% 
  1 28 77.8% 
 Multiple strains Single 28 77.8% 
  Multiple 36 22.2% 
 Chalkbrood history No History 24 66.7% 
  History 12 33.3% 
 Larval food Unknown 1 2.8% 
  Well fed 18 50.0% 
  Underfed 17 47.2% 
 Chalkbrood colour White 22 61.1% 
  Black 1 2.8% 
  Mix 13 36.1% 
   Mean SD 
Covariate Frames of bees  13.59 7.09 
 Frames of brood  6.4 2.80 
 Frames of pollen  1.25 1.07 

 

 

A logistic regression analysis was performed to test whether resource availability at two points in time 
(when the samples were collected and within the previous three months) (n=26) or whether the A. apis 
strain infecting a sample was predictive of severity of colony infection (n=62). Both null hypotheses 
could not be rejected (Resource availability: Chi squared 4.519, df=6, p=0.607. Strain: Chi squared 
3.155 df=3, p=0.368) Table 7). 
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Table 7: Summary table of data used to conduct a logistic regression examining the predictive capacity of resource 
availability on severity of chalkbrood infection within a hive (n=26) and the predictive capacity of chalkbrood strain 
within a colony on the severity of chalkbrood infection within a hive (n=62). 

 

  N Percent 
Dependent Variable Mummies High 9 34.6% 
  Low 17 65.4% 
Factor     
Current resources Nectar Yes 16 61.5% 
  No 10 38.5% 
 Pollen Yes 20 76.9% 
  No 6 23.1% 
Previous 3 months Nectar Excellent 13 50% 
  Fair 10 38.5% 
  Poor 3 11.5% 
 Pollen Excellent 10 38.5% 
  Fair 14 53.8% 
  Poor 2 7.7 
Dependent Variable Mummies High 20 32.3% 
  Low 42 67.7% 
Factor Strain G 16 25.8% 
  B 8 12.9% 
  F 9 14.5% 
  A 29 46.8% 

1.2.5 Co-infection with organism antagonistic to A. apis 

Since one of the questions for the national survey was whether or not general environmental 
conditions, such as nectar and pollen availability, were predictive of the severity of chalkbrood 
infection a colony experienced, the sampling protocol required only developing infection be collected 
as opposed to mummies because mummified cadavers can remain in the comb for weeks to months 
post-infection. 

Standardised methods for fungal pathogen research suggest the mummy be surface sterilised before 
culturing (Jensen et al., 2013), but this method yielded poor fungal survivorship for the early stage of 
infection that was collected. To increase fungal survivorship, surface sterilisation was omitted. 
Consequently, we observed that A. apis cultures commonly contained other organisms. One non-
target organism occurring in cultures showed antagonistic properties toward A. apis, and was present 
in samples even after hyphal tip transfer (Figure 7.). Curiously, this organism was found co-infecting 
only A. apis genetic variant ‘A’, occurring in roughly 5% of genotyped samples. 

 

 
Figure 7: Demonstration of an organism antagonistic to A. apis generating a zone of inhibition around the perimeter.  
These two cultures were a product of hyphal transfer subculturing from a parent culture 
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1.3 Discussion 
This study is the first to document genetic variation of Australian A. apis in context of globally 
recognised phylogenies. Distribution of A. apis strains is similar across state jurisdictions, without 
restrictions to movement of hive products, similarly aligning with genetic variants found globally. 
However, within jurisdictions with biosecurity restrictions and quarantine measures in place (WA, NT 
and Cairns, QLD), only one haplotype is present. 

Genetic variant C was found in the samples cultured from the initial incursion of A. apis into Australia 
in 1993, and was not present in the global samples collected from the same period. Outside of the 
initial incursion, variant C was detected only in Cairns in 2012 from both A. mellifera and A. cerana 
colonies. Historical sampling and genotyping of A. apis is limited; without more data, it is impossible 
to identify the source of the initial incursion. This research supports others findings that A. apis is not 
specific to A. mellifera, and will opportunistically proliferate in cavity nesting A. cerana colonies as 
well (Gilliam et al., 1993). 

Of interest is that Strain C has been found only in Cairns (QLD) in more contemporary samples 
(2012). It is likely that the initial genetic variant introduced into Australia spread north to Cairns, but 
in 2014 with the establishment of Asian honey bees (A. cerana) and strict movement restrictions in 
place, limited geographical gene flow has occurred. Comparing Cairns A. apis genotypes in 2019 
could contribute to our understanding of gene flow within (and beyond) the Cairns region. 

Strain A appears to be the most prolific (in terms of geographical spread). However, culturing bias 
may have affected these findings as a result of the possibility that Strain A has a higher propensity to 
thrive in the lab-culturing environment whereas other, less common strain growth is inhibited. One 
way around this would be to extract fungal DNA directly from the larval mummy. However, multiple 
genetic variants are known to infect a single larva, which may affect the quality of the PCR 
amplification and sequencing, yielding uninterpretable results. More specific and diagnostic DNA 
markers, using high-throughput sequencing, need to be developed. 

Genetic diversity of A. apis in the eastern states is greatest in QLD, with 6 strains found, compared to 
4 in VIC, 3 in SA, and 2 in NSW and TAS. This could be a result of a founder effect; however, a 
sampling bias may also contribute to the appearance of greater genetic diversity where more samples 
would yield a similar amount of diversity in the other regions.  

As chalkbrood infection continues to be a significant problem for the Australian beekeeping industry, 
it is unsurprising that general observable trends as evidenced from the beekeeper surveys would not 
be accurate predictors of infection. Given that reasons for chalkbrood continue to elude beekeepers, 
the underlying causes for disease spread and colony susceptibility are probably harder to define and 
measure. 

This is the first study to document multiple concurrent A. apis haplotype infections within a single 
colony and within an individual larva. The standard method for strain isolation naturally limits the 
field of view with respect to in-hive and within-larvae pathogen genetic variation. Usually, only single 
hyphae are subcultured, generating a single result for each larvae (Jensen et al., 2013). For this study, 
multiple hyphal tips from the same primary culture were transferred and subcultured independently, 
resulting in a fine resolution picture of the distribution of A. apis haplotypes. This finding has 
consequences for understanding virulence associated with different variants because the effects of the 
combination of strains may complicate honey bee health more so than singular infection alone.  

The lack of surface sterilising of the larvae enabled other organisms to thrive in the culture 
environment. Microorganisms are equipped with complex toolsets that afford them a competitive 
advantage within the host environment (Vojvodic et al., 2012). As all work was performed in a sterile 
environment, it is assumed that the antagonistic organism originated from the cultured larvae. Other 
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researchers have documented a similar phenomena: Johnson and colleagues (2005) discovered many 
species of bacteria and some antagonistic fungi in A. apis inoculant; and Gilliam and colleagues 
(1988) revealed that moulds found in bee bread produced inhibitory substances against A. apis 
growth, and were also found in the digestive tracts of bees and larvae. This organism was found only 
on Strain ‘A’ (approximately 5%) cultures, but that could be a product of culturing bias because Strain 
‘A’ yielded the greatest number of successful cultures yielding well-amplified sequences. 

Understanding the genetic variation of Australian A. apis within a global context gives insight into the 
potential connection between genetically associated virulence and severe chalkbrood outbreaks in 
Australia. Sexual reproduction, presumably occurring between haplotypes of A. apis, and the quick 
generational turnover could yield rapid evolutionary shifts in pathogen fitness. However, the 
widespread haplotypes in Australia are globally ubiquitous and consistent with international reports of 
genetic variation in A. apis. Understanding the finer details of pathogenesis, genetic recombination 
rates, and variation at the whole genome level may help elucidate whether genetic variants of A. apis 
in Australia are actually more virulent than overseas counterparts.  

Four other areas needing further investigation not covered here are the influence of nutrition, 
temperature, co-infection with other parasites on a colony’s ability to fend off chalkbrood infection, 
and resistant bee genotypes. Natural forage in Australia (mainly Eucalyptus species) are known to be 
deficient in essential amino acids (Manning, 2006; Somerville and Nicol, 2006), but it is unknown 
how poor pollen quality affects brood food production and subsequent larval health. Additionally, 
chalkbrood disease is known to be stress-related exacerbated by low brood nests temperatures (Puerta 
et al., 1994; Flores et al., 2004) and damp conditions (Flores et al., 1996). However, little work has 
monitored the impact of extreme heat and diminished brood care due to bearding (when bees evacuate 
the colony in warm conditions to help regulate brood nest temperature). With climate change causing 
increasingly erratic, extreme, and prolonged summer temperatures across most of Australia. this 
stress-related trigger may play a more significant role in the future. It has been documented that 
colonies with spring Nosema infections are more likely to have chalkbrood infections in the summer 
and autumn (Hedtke et al., 2011). Although work on the distribution of Nosema species has been 
conducted in Australia, the longer term consequential effects of spring Nosema infection have not yet 
been fully explored. Lastly, honey bee genotypes with a level of resistance to chalkbrood infection 
have been documented globally (Jensen et al., 2009; Vojvodic et al., 2011) and need to be explored in 
an Australian context to effectively combat this damaging disease. 
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Chapter 2: Hygienic behaviour selection 
via freeze-killed brood 

 

Liquid nitrogen evaporating from FKB tests 

Overview 
One strategy to enhance the resilience of Australian honey bee stocks is to breed for behavioural traits 
of resistance to various pathogens and parasites; hygienic behaviour is one such trait. Hygienic 
behaviour is a form of social immunity (Evans and Spivak, 2010), and has been studied extensively 
over the past 80 years (Rothenbuhler, 1964; Spivak and Gilliam, 1998). This heritable behaviour 
imparts a specific type of pathogen defence triggered by olfactory cues (Masterman et al., 2001) 
where workers aged 15-18 days old (Arathi et al., 2000) detect, uncap, and remove dead or diseased 
brood from the nest before the disease enters an infectious phase, or before the pest (Varroa) has a 
chance to reproduce. Consequently, bees bred for hygienic behaviour are reported to have a natural 
resistance to microbial diseases (Palacio et al., 2010), such as chalkbrood (Gilliam et al., 1983), 
American foulbrood (Spivak and Reuter, 2001) and viruses (Schoning et al., 2012), and to some 
extent to non-microbial agents such as Varroa mites (Spivak, 1996; Toufailia et al., 2014). Selecting 
for hygienic behaviour in colonies through specific breeding processes has yet to show any negative 
colony-level effects (Spivak and Reuter, 1998) or individual (Harpur et al., 2014) trade-offs, and has 
been employed by breeding programs across the world to enhance colony social immunity.  

Research over the past two decades has shown that hygienic behavioural traits are present in 
Australian honey bees (Manning, 2010; Oldroyd, 1996), providing the opportunity to select from 
honey bee populations adapted to Australia’s unique environment and flora. Meixner and colleagues 
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(2015) demonstrated that disease resistance and Varroa tolerance are closely tied to adaptations linked 
with specific environmental cues, and when those cues are absent, disease resistance and pest 
tolerance significantly decrease. It is therefore pre-emptive to selectively breed these traits into stock 
suited to Australian conditions, thereby building resilience and providing resistance to endemic 
diseases, and preparing for living with Varroa and associated viruses.  

To begin selective breeding for hygienic behaviour, we undertook a large-scale assessment of 649 
colonies across nine beekeeping operations to generate a working baseline of the level of hygienic 
behaviour in Australian production and breeding colonies. During this assessment, we recorded the 
prevalence of brood diseases affecting the colonies, and whether the bees had access to nectar-
yielding flower (referred to as ‘nectar flow’). Our goals were to identify potential hygienic breeding 
stock, determine whether queen selection alone was sufficient to confer hygienic behaviour, assess the 
influence of nectar flow on the expression of hygienic behaviour, and gauge the efficacy of hygienic 
behaviour using chalkbrood presence as an indicator. 

2.1 Methodology 

2.1.1 Hygienic testing  

From late April (early autumn) 2014 to February 2016 (late summer), commercial production colonies 
and colonies containing breeding lines (N=649) from nine beekeeping operations in 21 bee yards from 
eastern Australia (TAS, VIC, NSW, and QLD) were assessed for hygienic behaviour. Three 
operations conducted selective breeding programs and were selected because of the impact these 
programs have on the genetic make-up of managed hives in Australia. Six other operations were 
primarily geared toward pollination and honey production, and were selected to represent commercial 
production genotypes. Precise details of beekeepers and beekeeping operations cannot be provided 
because it was a condition of participation that details on individuals be kept confidential (Figure 8). 

 

Figure 8: Hygienic testing in TAS using the freeze-killed brood assay. (Bottom row): Hygienic testing on the 
Australian National Breeding Program stock in QLD. 
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Hygienic testing in TAS using the freeze-killed brood assay. (Bottom row): Hygienic testing on the 
Australian National Breeding Program stock in QLD. 

The freeze-killed brood (FKB) assay (Spivak and Downey, 1998) was used on 50–100 colonies per 
operation, and ranged in size from nucleus colonies (4 frames of bees and 2–3 frames of brood) to 
honey production colonies (16+ frames of bees and 6–8 frames of brood) (Figure 9). Colonies tested 
met key selection traits (e.g. honey production, temperament, etc) or belonged to specific breeding 
lines. Two things were noted: whether or not the queen heading the colony was a daughter of an 
hygienic mother (referred to as ‘queen selection’); and whether the colony belonged to a breeding 
program. The presence or absence of chalkbrood disease and the presence of a nectar flow was also 
recorded. When a colony was infected with chalkbrood disease, the severity of the disease was rated 
on a 1–3 scale as determined by the number of mummies or infected larvae on both sides of the 
middle brood frame: slight 1–10; moderate 11–40; severe 40+.  

 

Figure 9: A) Liquid nitrogen evaporating from test area; B) sealed brood frozen; and C) results 24 hours later from a 
highly hygienic colony. 

 
Although hygienic behaviour can be scored as a continuum from 0–100, represented by a percentage 
of dead brood removed by nurse bees in 24 hours, it is common practice to classify colonies on a 
binary scale as hygienic or not hygienic using 95% removal rates as the categorisation threshold 
(Büchler et al., 2013; Palacio et al., 2000). Strict hygienic behaviour (score based only on full removal 
of killed brood) is frequently used for selective breeding purposes, while liberal hygienic behaviour 
(score based on a combination of full and partial removal of killed brood), a less rigorous measure, is 
considered biologically significant because the short timeframe for removal should confer disease 
resistance by removing infected larvae before a pathogen becomes infectious. To assess this, we used 
liquid nitrogen to freeze an area of sealed brood containing 110 cells. These experimental frames were 
returned to the respective hives once the nitrogen had volatilised. The amount of dead brood removed 
by worker bees was measured after 24 hours. For this survey, colonies were categorised as strictly 
hygienic if 95% or more dead pupae were completely removed from the test area, and as liberal 
hygienic if 95% or greater of dead brood was fully or partially removed in 24 hours (Spivak et al., 
2009). 
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Hygienic behaviour was calculated as follows:  

c = number of cells frozen 
u = number of unsealed cells before the test 
s = number of sealed cells after the test  
p = number of cells partially cleaned out after the test  
 
Strict Hygienic Behaviour = c−u−s−p

(𝑐𝑐−𝑢𝑢)
∗ 100 Liberal Hygienic Behaviour = c−u−s

(𝑐𝑐−𝑢𝑢)
∗ 100 

Liberal hygienic behaviour was used to establish a baseline of hygienic behaviour in the colonies 
sampled. Strict hygienic behaviour was used to assess effectiveness of queen selection in trait transfer, 
impact of environmental influences (nectar flow), and influence of hygienic behaviour on the control 
of chalkbrood disease. 

2.1.2 Statistics  

Variables affecting strict hygienic behaviour  

Because data were not normally distributed, a binary logistic regression was fitted to the data to 
understand the relationship between predictors and the likelihood of a colony scoring hygienic or not. 
The categorical predictor variables (queen selection, breeding program, and nectar flow) were 
considered for the model coded as 0=no, and 1=yes. Strict hygienic behaviour was coded as 0=less 
than 95% removal of dead pupae, and 1=greater than 95% removal.  

Nectar flow  

Of the 649 colonies tested for hygienic behaviour, 32 colonies were tested a second time: one test was 
conducted during a nectar flow and the other conducted without a nectar flow. Only the first test score 
contributed to the 649 sample. The data failed to meet the assumption of sphericity necessary to use a 
repeated measures test, consequently, a nonparametric exact sign test was used to compare the 
differences in hygienic behaviour with and without a nectar flow. Hygienic behaviour was a 
continuous variable.  

Chalkbrood infection, nectar flow and hygienic behaviour  

A binary logistic regression was fitted to the data to determine whether the levels of hygienic 
behaviour, nectar flow, or the interaction of hygienic behaviour and nectar flow were significant 
predictors of chalkbrood infection. Chalkbrood presence and nectar flow were coded 0=no, and 
1=yes. Strict test of hygienic behaviour was a continuous variable.  

Severity of chalkbrood infection and hygienic behaviour  

A Kruskal-Wallis test was performed to examine the level of hygienic behaviour in relation to the 
severity of chalkbrood infection in honey bee colonies. Strict test of hygienic behaviour was a 
continuous variable, and chalkbrood was ordinal with grouping variables: no infection, slight 
infection, moderate infection, and severe infection. All analyses were carried out in IBM SPSS 
Statistics for Macintosh, Version 25.0 (2017).  
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2.2 Results 

2.2.1 Hygienic behaviour summary 

Of the 649 colonies tested for hygienic behaviour, 219 (34%) scored above 95% liberal hygienic 
threshold, and 106 (16%) scored above 95% strict hygienic threshold (Error! Reference source not 
found.). These data can be separated into three categories: no breeding program and no queen 
selection (35%); breeding program and no queen selection (34%); and queen selection only (30%) 
(Table 8).  

  

Figure 10: Histograms of hygienic behaviour in eastern Australian honey bee colonies. Histograms of hygienic 
behaviour (FKB) removal rates based on the liberal and strict tests from Australian honey bee colonies (n=649) 
without prior selection for hygienic behaviour from: (top) honey production; and (bottom) selective breeding 
colonies. Tested 2014-2016: (A) Strict hygienic behaviour test; and (B) Liberal hygienic behaviour test. Note the high 
frequency of rapid hygienic colonies. 

 

Table 8: Summary of colonies included in the survey of hygienic behaviour in Australia 2014-2016. 
Category n Liberal >95%  Strict >95% Description 
No breeding, 
no targeted 
selection 

229 40 
17% 

9 
4% 

Commercial honey production colonies with 
stock of unknown origin 

Breeding, no 
targeted 
selection 

221 84 
38% 

45 
20% 

Colonies belonging to a breeding program but 
without selection purposeful selection for 
hygienic behaviour 
 

Targeted 
selection 
only 

199 94 
47% 

68 
34% 

Both commercial and breeding colonies headed 
by queens raised from hygienic queen mothers 
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2.2.2 Factors affecting the expression of hygienic behaviour 

A binary logistic regression analysis was conducted to determine whether queen selection, 
membership of a breeding program, and nectar flow were significant predictors of a colony exhibiting 
strict hygienic behaviour (>95% removal of FKB in 24 hours) (Table 9). 

Despite the large error factor, queen selection and breeding program made significant contributions to 
the predictive capacity of the model (p=0.001, p < 0.0001, respectively), and can influence a colony’s 
hygienic status. In fact, the odds ratios indicate that colonies from breeding programs were around 5.8 
times more likely to be hygienic, and colonies headed by queens raised from hygienic queen mothers 
were around 2.2 times more likely to be hygienic. Nectar flow was not a significant predictor of strict 
hygienic behaviour, but could nonetheless have a biologically relevant impact on hygienic removal.  

Table 9: Summary of logistic regression analysis for variables predicting hygienic behaviour (FKB strict test) in 
Australian honey bee colonies (n=649). 

 Observed Predicted  

  Not Strict Hygienic Strict 
Hygienic Percentage correct 

 Not Strict hygienic 542 0 100 
 Strict Hygienic 107 0 0.0 
Overall Percentage   83.5 
Nagelkerke R2   0.719 

Variable B SE B Wald df P Odds Ratio 
Queen Selection 0.818 0.237 11.903 1 0.001 2.226 
Breeding Program 1.759 0.318 30.579 1 <0.0001 5.807 
Nectar Flow 0.420 0.257 2.677 1 0.102 1.522 
Constant -3.464 0.312 109.065 1 .<0.0001 0.031 

 

An exact sign test was used to compare differences in hygienic behaviour when colonies had access to 
a nectar flow and when they did not. Overall, 32 colonies were tested twice: once during a nectar 
flow, and once without access to nectar. Colonies tested under plentiful nectar conditions had a 
statistically significant mean increase in strict hygienic behaviour (85.7% +/- 0.18) compared to test 
scores without nectar access (69.7% +/- 0.25), p=0.001 (Table 10). 

Table 10: Descriptive statistics of 32 colonies tested twice for hygienic behaviour: once during a nectar flow, and once 
without a nectar flow. 

 Mean Std. Dev Min Max 

Nectar flow 85.7% 0.18 0.29 1.00 
No nectar flow 69.7% 0.25 0.03 1.00 

 

2.2.3 Chalkbrood disease, nectar flow and strict hygienic behaviour 

Of the 649 colonies tested, 76.6% (497) did not show chalkbrood infection, while 23.4% (152) 
showed clinical symptoms (Figure 11, Figure 37). A logistic regression analysis was conducted to 
determine whether hygienic behaviour nectar flow, or the interaction of hygienic behaviour and nectar 
flow, were significant predictors of chalkbrood infection. A test of the null model against the 
constant-only model was not statistically significant, indicating that level of hygienic behaviour, 
presence of nectar flow, or a combination of both were not significant predictors of chalkbrood 
infection (chi square=7.012, p =0.072 with df=3), (Table 11, Figure 12, Figure 38). Data were also 
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analysed with hygienic behaviour (both liberal and strict tests) as bivariate predictors, with the same 
results (Appendix Table 18). 
 

 

Figure 11: Level of hygienic behaviour based on the FKB strict test is not a predictor of chalkbrood infection: (A) 
Strict hygienic behaviour and chalkbrood infection; (B) Severity of chalkbrood infection and strict hygienic 
behaviour. Percentages are out of 649 
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Table 11 Summary of logistic regression analysis for variables predicting chalkbrood infection. Dependent variable: 
chalkbrood presence (n=649). 

 

Predictor variables: Strict hygienic behaviour, nectar flow, and strict hygienic behaviour and nectar-flow interaction. 
 

 

Figure 12: Each dot represents one colony tested. This figure shows that chalkbrood presence in honey bee colonies is 
not influenced by level of strict hygienic behaviour (FKB test) or nectar flow. 

Of the 152 colonies with chalkbrood infection, 53% (82) were slight infections, 37% (55) were 
moderate infections, and 10% (15) were severe infections. 

A Kruskal-Wallis test determined there was not a statistically significant difference between the level 
of hygienic behaviour in a colony and absence or level of chalkbrood infection (H(2.461), p=0.482), 
with a mean rank of 330.79 for no infection, 300.45 for slight infection, 306.51 for moderate 
infection, and 335.17 for severe infection.  

Observed    Predicted   

   No 
Chalkbrood 

Chalkbrood Percentage 
correct 

 

No Chalkbrood   497 0 100  

Chalkbrood   152 0 0.0  

Overall Percentage     76.6  

Nagelkerke R2     0.719  

Variable B SE B Wald df P Odds Ratio 

Queen Selection -0.877 0.580 2.284 1 0.131 0.416 
Breeding Program -0.901 0.497 3.293 1 0.070 0.406 
Nectar Flow 0.862 0.758 1.293 1 0.256 2.367 
Constant -0.441 0.356 1.538 1 0.215 0.643 
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2.3 Discussion 
This survey aimed to build an understanding of hygienic behaviour in Australian honey bee 
populations in preparation for selecting and developing hygienic lines of bees, given the important 
contribution of hygienic behaviour to honey bee health. We show that unselected Australian 
commercial production (17%) and breeding populations (38%) demonstrate a higher frequency of 
hygienic colonies (removing >95% frozen brood in 48 hours) than similar unselected populations in 
the Unites States at 10% (Spivak and Reuter, 1998). Our results support the findings of a previous 
Australian survey (Oldroyd, 1996) that reported a 20% hygienic phenotype in the study population of 
77 hives although that study used cut frozen brood comb and assessed removal after 48 hours. These 
amplified frequencies of hygienic behaviour may be due to directional selection under Australia’s 
unique floral resource or management practices. Alternatively, Australian colonies may be displaying 
a founder effect from the limited introduction of honey bee genetics from other countries over the 
years. 

Despite the lack of a focused effort to select for and breed hygienic behaviour in Australia, colonies in 
breeding programs are 5.8 times more likely to be hygienic as per the FKB strict test than those in 
commercial production operations. These findings indicate that hygienic behaviour may be linked to 
other economically desirable and heritable traits that enhance a colony’s performance, such as general 
disease resistance or honey production. 

This survey found that colonies headed by queens raised from hygienic queen mothers were 2.8 times 
more likely to be highly hygienic than colonies headed by queens, without this type of selection 
supporting evidence that queen selection alone is sufficient to increase the frequency of this trait in 
Australian honey bee populations (Bigio et al., 2014; Boecking et al., 2000; Pernal et al., 2012; 
Spivak et al., 2009). This may not be the case in populations with a lower frequency of drones 
originating from hygienic colonies. Spivak and colleagues (2009) report that 50% of the drones that 
hygienic virgin queen mates with must be from hygienic colonies for successful selective breeding. 

A degree of trait expression is influenced by nectar availability by driving greater removal of killed 
brood (Momot and Rothenbuhler, 1971; Panasiuk et al., 2009; Spivak et al., 2009). The natural urge 
of bees to collect nectar and store it as honey may stimulate hygienic behaviour by elevating egg 
production, thereby increasing the need to optimise the use of brood cells. However, Bigio and 
colleagues (2013) report that feeding sugar syrup did not provide the same brood-cleaning 
stimulation. The strict test appears to be more robust than the liberal test, providing a good metric for 
selective breeding purposes regardless of environmental conditions. Nonetheless, testing for hygienic 
behaviour multiple times over the season in periods of both high and low nectar flow will best enable 
the beekeeper to asses the genetic propensity for removal of dead brood.  

The most interesting and surprising component of this survey is that colonies successfully identifying 
and removing brood killed by liquid nitrogen were not necessarily resistant to chalkbrood infection, 
and the level of hygienic behaviour did not appear to be related to the severity of chalkbrood 
infection. Many studies demonstrate a relationship between fast removal rates of FKB and reduction 
of brood disease (Gilliam et al., 1983; Milani, 1999; Spivak and Reuter, 1998), but also caution about 
exclusively relying on this trait for resistance to chalkbrood because fast removal rates of FKB do not 
always correlate with the removal of chalkbrood-infected larvae. Consequently, challenging hygienic 
colonies with A. apis is important for breeding purposes (Palacio et al., 2000) to confirm resistance. 

To date, most studies that have investigated brood diseases in hygienic colonies have looked at 
relatively small sample sizes or in experimentally infected colonies. Here we present the first 
widescale survey to verify these cautions. 

Hygienic behaviour has been shown to be triggered by phenethyl acetate produced by A. apis-infected 
larvae (Swanson et al., 2009). It is possible that in Australia, chalkbrood-infected larvae are not 
emitting volatiles that initiate hygienic removal. It is unknown what specific biochemical process 
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causes the release of particular volatiles, but if the process is environmentally or nutritionally 
influenced, eastern Australian conditions and floral resources may not be conducive to the production 
of important volatiles. Vojvodic and colleagues (2011) report variation in virulence between 
haplotypes of A. apis with variation also reported in Australia (Lee et al., 2013). If the processes 
involved with volatile production are genetically linked, the lack of important volatiles could result 
from genetically distinct haplotypes that have responded to directional selection by highly hygienic 
Australian colonies increasing virulence of specific strains. Yoder and colleagues (2017, 2013) 
conclude that colony exposure to fungicides can increase chalkbrood disease, but not likely here 
because our test colonies were mainly surrounded by native flora and not exposed to agrochemicals.  

The present work is the first large-scale survey to demonstrate that colonies successfully identifying 
and removing brood killed by liquid nitrogen are not necessarily resistant to chalkbrood infection in 
eastern Australia. These results raise the question of whether some specific environmental factor also 
influences the ability of bees to detect diseased brood, and support recommendations that precautions 
be taken when selecting for hygienic behaviour and chalkbrood resistance (Jensen et al., 2013). We 
recommended that the FKB test should be followed up with infection bioassays because the removal 
of killed brood is not always correlated with the removal of diseases or parasitised brood (Palacio et 
al., 2000). However, our recommendation may be problematic because an infection bioassay may not 
kill all of the larvae since an individual’s innate immunity may be able to overcome the infection 
(Vojvodic et al., 2011), making removal rates and social immunity difficult to quantify. Alternatively, 
the development of an assay to select for social hygienic behaviour specific to eastern Australia’s 
honey bee population and pest and disease matrix may be beneficial.  

Pest and disease resistance is the impetus of breeding for hygienic behaviour. Bees bred for Varroa-
Sensitive Hygiene in other countries were shown to be highly hygienic using the FKB assay, even 
though the population was selected by other means (Danka et al., 2013; Ibrahim and Spivak, 2006). 
We also show that bees selected for performance (e.g. honey production, pollination efficacy, 
temperament) can also be quite hygienic. It is possible, therefore, for many different selection assays 
and methods to increase the nest-cleaning ability of honey bees to remove parasitised brood and thus 
arrive at the desired outcome: healthier, more disease-resistant bees. 

The level of hygienic behaviour found in Australia’s managed honey bee colonies is surprising and 
encouraging, laying a solid framework for selective breeding programs targeting disease resistance, 
and laying the foundation of beneficial traits when preparing for living with Varroa. For Varroa 
tolerance, further focused selection will be needed from this population to provide economical 
protection from the mite. Additionally, to maximise the benefits of hygienic behaviour for the honey 
bee industry, a deeper understanding of trait selection and the evolutionary arms race between A. 
mellifera and A. apis is vital.  
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Chapter 3: Volatiles associated with 
chalkbrood-infected larvae from hygienic 
colonies 

 

Collecting healthy larvae from brood comb for VOC profiling 

Overview 
European honey bees, Apis mellifera, are plagued by various diseases and parasites, and are 
vulnerable to high rates of disease transmission due to close genetic relatedness between individuals 
and high rates of contact between members of the same and different generations in a compact nest 
environment (Wilson-Rich et al., 2009). Chalkbrood is one such disease caused by the spore-forming 
heterothallic fungus Ascosphaera apis (Maassen ex Claussen) Olive and Spiltoir that infects the larval 
stage of bees. Globally, chalkbrood in A. mellifera is considered a stress-related economic disease 
(Hedtke et al., 2011), weakening colony growth, thus affecting honey production and pollination 
efficacy (as reviewed in Aronstein and Murray, 2010), but bees bred for hygienic behaviour are 
reported to have a greater resistance to the disease.  

The exact mechanism triggering the hygienic response to chalkbrood-infected larvae is unknown, but 
it appears to be induced by olfactory cues (Masterman et al., 2000) and differential stimulus response 
thresholds to volatile organic compounds (VOCs). Bees from hygienic lines were able to discriminate 
between VOCs produced by healthy and chalkbrood-infected brood at lower concentrations than bees 
from a non-hygienic line (Masterman et al., 2001). One particular volatile produced by chalkbrood-
infected larvae, phenethyl acetate, was experimentally shown to induce hygienic behaviour (Swanson 
et al., 2009) and could be a trigger for hygienic removal of infected larvae.  
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However, chapter 2 shows that the level of hygienic behaviour was not a significant predictor of 
chalkbrood presence, nor of severity of chalkbrood infection in honey bee colonies. In light of these 
contradictory findings, this study sought to investigate whether the volatile profile associated with 
chalkbrood infection in Australia was similar to previous reports. This study is separated into two 
parts. First, we examined volatiles from healthy and A. apis-infected larvae from hygienic honey bee 
colonies, brood killed with liquid nitrogen, and cultured A. apis. Second, we used the information 
obtained from volatile profiling to conduct a field bioassay measuring the hygienic removal of larvae 
experimentally exposed to selected VOCs. The goal of this study was to better understand the way 
volatile cues influence hygienic removal of A. apis-infected larvae, broadening our knowledge of the 
evolutionary relationship between A. apis and A. mellifera in Australia.  

3.1 Methodology 

3.1.1 Hygienic testing  

On 16 November (late spring) 2016, three colonies with active chalkbrood infection were determined 
to be hygienic, with workers fully or partially removing >95% freeze-killed brood (FKB) (Spivak and 
Downey, 1998) in 24 hours (Figure 13). The following day, colonies were relocated from an apiary in 
Moogerah, QLD, to the University of the Sunshine Coast campus, Maroochydore, QLD, for analysis 
of headspace volatiles. On 23 November 2016, colonies were tested a second time for hygienic 
behaviour with the same FKB assay.  

A second group of colonies headed by sister queens (n=6) were tested for hygienic behaviour three 
times in the spring of 2018 (20 September, 16 October, and 27 November). The colonies were 
separated into two groups based on phenotypes: hygienic-resistant, and hygienic-susceptible. The 
chalkbrood phenotypic determination was established through observation for the presence of field 
systems over the course of 11 months at monthly inspections since colony establishment in December 
2017. 

 

Figure 13: Hygienic testing of a chalkbrood-infected colony. Sample of brood comb cut out to freeze with liquid 
nitrogen and collect volatiles from dead pupae. 
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3.1.2 Sample collection  

Larvae at three different levels of infection were identified for collection: 5th instar with no visible 
sign of A. apis infection (healthy); 5th instar with visible white non-sporulating hyphal growth 
protruding from the cuticle (white); and dried sporulating mummies (black). Pooled samples of three 
to five larvae from each infection state were collected from brood combs from each colony, placed 
into a 20 ml glass vial, covered tightly with aluminium foil and secured with a rubber band (Figure 
14). Healthy larvae were extracted from the comb with a Chinese grafting tool, and care taken not to 
damage the larvae. The infected larvae were aseptically extracted from the comb with fine forceps. 
For the FKB assay analogue, 5-cm square pieces of sealed brood were cut from brood comb, placed in 
a dish, and flash killed by pouring liquid nitrogen into the dish. Sections were kept frozen until used 
(Figure 15). Before headspace volatile collection, sections of brood comb were placed in a humidified 
35 °C incubator for 2-6 hours to mimic an FKB field assay. Pupae were then extracted from the brood 
comb and placed in glass vials, as with the other samples. 

 

 

Figure 14: Examples of honey bee brood collected for headspace volatile analysis: A) healthy; B) white infection; C) 
black infection; D) freeze-killed pupae; and E) cultured A. apis. 
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Figure 15: (Left) Careful collection of healthy honey bee larvae. (Right) Freezing sealed brood with liquid nitrogen. 

 

3.1.3 Headspace collection  

A manually operated solid-phase microextraction (SPME) holder was used throughout the analysis. 
The fibre (100 μm PDMS; Supelco) was thermally conditioned at 250 °C before use, as per the 
manufacturer’s instructions. For each sample, larvae were deposited into a 20 ml glass vial, and 
covered tightly with aluminium foil and secured with a rubber band. Volatile odours were allowed to 
equilibrate for 30 min at 35 °C. After equilibration, volatiles were collected via SPME, where the 
fibre was inserted into the 20 ml vial and exposed to the sample headspace for 40 min before GC-MS 
analysis. Cultured samples were equilibrated in an incubator at 35 °C for 36 hours before headspace 
collection to mimic bee nest conditions. Clean glass vials constituted blank samples, sampled as 
above. 

3.1.4 HS-SPME GC-MS analysis  

Volatile analysis was performed with a PerkinElmer Clarus 580 GC coupled to PerkinElmer Clarus 
SQ8S mass spectrometer. The column used was an Elite-5MS (30 m × 0.25 mm × 0.25 μm). The 
helium carrier gas had a constant flow of 1 ml/min. The SPME fibre was manually inserted into the 
injection port fitted with a splitless liner at 220°C and maintained for 1 min. The split ratio was shut 
from -0.5 to 2 min, then open at 30:1. The temperature program was operated at 40° C for 2 min, 
ramping at 10° C/min until 240° C. Mass spectrometry analysed a mass range from 40 to 200 
m/z, from 1 to 22.0 min, with ionisation at 70 eV. Compounds were identified by comparison of 
retention times to authentic standards, retention index (AI), and comparison of mass spectra against 
National Institute of Standards and Technology (NIST) (2008) MS library match. 

3.1.5 Culturing infected larvae  

After the initial headspace collection, infected larvae were cut into two pieces and cultured on Malt-
Yeast-20 (MY-20) (Jensen et al., 2013) growth medium at 30 °C. Additionally, larvae that presented 
as healthy when first collected, but showed hyphal growth after 24 hours at ambient room 
temperature, were also cultured. Three larvae from each vial were cultured on the same plate. These 
samples were not surface sterilised due to the low survivorship of fungus when cultured from infected 
but still flaccid 5th instar larvae. After several days, where A. apis mycelia growth was visible, a 1 cm 
diameter agar plug from each cultured larva was transferred to a new petri dish with MY-20 growth 
medium using a sterile scalpel and incubated for three days at 30 °C. Once growth was visible on the 
new plates, hyphal tips from each of the cultures were isolated and transferred to another petri dish 
with MY-20 growth media. Once growth was again visible, agar plugs were transferred to glass 
scintillation vials containing MY-20 growth medium for headspace collection, which took place in 
January 2017. Cultured samples were equilibrated in an incubator at 35 °C for 36 hours before 
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headspace collection to ensure metabolism was active. Clean glass vials with MY-20 media in them 
constituted blank samples; headspace capture and analysis was conducted as previously described. 

3.1.5 Field bioassay: topical application  

The topical application assay was conducted to test whether hygienic bees responded to volatiles 
associated with chalkbrood infection in Australia and as published, and whether the response was 
related to a colony’s chalkbrood status. In December (early summer) 2018, six hygienic (fully or 
partially removing >90% FKB) colonies were selected for the bioassay. Three colonies had a history 
of and currently exhibited field symptoms of chalkbrood disease, and three colonies had no 
documented chalkbrood infection.  

For the bioassay, four PVC rings 50 mm in diameter by 5 mm tall were pressed into comb that 
included, on average, 52 cells with at least 95% of the cells being sealed brood, easily delineating the 
test areas. One of three treatments were pipetted onto the brood cappings within each ring by drawing 
10 µl into a pipette tip and dispensing ‘neat’ VOC to each cell containing brood, delivering 
approximately 0.2 µl to each cell. The VOC treatments were γ-decalactone, phenyl ethanol, and 
phenethyl acetate. Sealed brood cells were touched with a pipette tip in the 4th test to control for the 
mechanical stimulus of VOC application.  

The number of sealed brood cells for each test area was recorded before application, and the number 
of removed and manipulated cells (i.e. opened cappings) was recorded after 3 hours and 24 hours. 
Additionally, a high-resolution picture was taken of each test area to document the location of brood, 
and the comb was returned to the colony from which it was taken. The total missing and manipulated 
cells at each time point were added together to achieve a ‘liberal’ hygienic score for each treatment. 
This design was based on the assumption of no effect of the proximity of one volatile application to 
another or brood age application on brood removal following established published protocols 
(McAfee et al., 2018).  

3.1.6 Statistical analysis  

The differences in mean relative amounts of E-β-ocimene between healthy, infected larvae and FKB 
were compared through analysis of variance. The differences in mean relative amounts of γ-
decalactone between infected larvae and cultured A. apis were compared using analysis of variance 
with a Welsh’s t test correction for unequal variance. Visualisation of the relationships between states 
of infection and VOCs was conducted with a Venn diagram. Visual representations of peak area 
abundance was completed using transformed data (log(abundance+1) to reduce variance in output. 
The differences in mean removal rates of brood assayed with a topical application of different VOCs 
were conducted with a factorial ANOVA where hive status and treatment were fixed factors, percent 
brood removal was the dependent variable, and colony was a covariate. Differences between groups 
were considered statistically significant with P-values < 0.05. All analyses were performed in SPSS 
25 (IBM Corp 2017). 
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3.2 Results 

3.2.1 Hygienic behaviour  

Three colonies (1-3) with chalkbrood infection were first tested for hygienic behaviour in early 
January 2018 and tested again a week later to verify hygienic status. Volatiles were collected from 
larvae from these colonies. Six other colonies (4-9), identified as having chalkbrood or not, were used 
for the volatile assay and tested for hygienic behaviour three times: September, October and 
November 2018 (Table 12). 

Table 12: Chalkbrood and hygienic status of honey bee colonies for volatile collection (VOC collect) and volatile assay 
(VOC assay).  

Colony Hygienic Score CB Status Assay 
 Test 1 Test 2 Test 3   
1 95% 93% - CB VOC collect 
2 100% 94% - CB VOC collect 
3 100% 100% - CB VOC collect 
4 81% 99% 100% CB VOC assay 
5 87% 94% 100% CB VOC assay 
6 63% 96% 99% CB VOC assay 
7 88% 91% 100% No CB VOC assay 
8 84% 99% 90% No CB VOC assay 
9 37% 97% 91% No CB VOC assay 

 
3.2.2 Chemical analysis  

Mass chromatograms of volatiles collected from healthy fifth instar larvae, larvae infected with 
vegetative hyphae, black sporulating mummies, liquid nitrogen killed pupae, and A. apis in culture are 
shown in (Figure 16).  The chromatograms from diseased larvae and A. apis culture have distinctive 
profiles compared to healthy and FKB and are also different from one another.   

Retention time (min) and names of volatile compounds identified here include: 8.75 E-β-ocimene, 
9.85 phenylethyl alcohol, 10.45 γ-heptalactone, 11.85 β-phenethyl acetate, 13.22 phenethyl 
propionate, 13.80 phenethyl isobutyrate, 14.41 phenethyl butyrate, and 14.89 γ-decalactone.  

Of the 21 compounds identified through GC-MS analysis, three were associated with uninfected 
brood (healthy or FKB): E-β-ocimene, linalool, and geranylacetone. Eight compounds were found 
only in infected larvae: phenylethyl alcohol, γ-heptalactone, citronellol, geraniol, γ-octalactone, citral, 
γ-nonalactone, and γ -dodecalactone. Seven compounds are found only in cultured A. apis samples: 
acetoin, rose oxide, naphthalene, β-phenethyl acetate, phenethyl propionate, phenethyl isobutyrate, 
and phenethyl butyrate (Table 13). The compounds E-β-ocimene and geranylacetone were found in 
both healthy and diseased larvae while 3,3-dimethyl-6-methylene-1-cyclohexene and γ-decalactone 
was found in both infected larvae and cultured fungus. No compounds were found in both non-
infected larvae and cultured A. apis. Long-chain hydrocarbons commonly associated with insect 
cuticle were also detected but not included in the analysis (Figure 17 Table 13). 
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Figure 16: Representative gas chromatograms (GC-MS) of volatiles sampled from: (a) healthy 5th instar honey bee 
larvae; (b) honey bee pupae killed with liquid nitrogen as per the FKB assay; (c) 5th instar larvae with visible non-
reproductive white hyphae protruding from the cuticle; (d) hardened black honey bee larvae having succumbed to A. 
apis infection that has entered reproduction; and (e) actively growing A. apis cultured on MY-20 growth media. 

 
 

 

Figure 17: Venn diagram depicting the volatile organic compound emissions from non-infected honey bee larvae, 
larvae infected with A. apis, and A. apis cultured on MY-20. 
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Table 13: Mean and standard deviation of peak areas from the GC-MS total ion chromatogram of volatile 
compounds produced by four different classes of honey bee brood and cultured A. apis. Samples consist of nine 
replicates (three from each of three colonies).  

Healthy larvae, FKB, and infected larvae produced similar mean quantities of E-β-ocimene across 
samples, with no statistically significant difference as determined by a one-way ANOVA F(3,37) = 
1.60, p=0.20. Cultured fungi and infected larvae also produced similar mean quantities of γ-
decalactone across samples, with no statistically significant difference. The assumption of 
homogeneity of variance was not met for these data, and Welsh’s test was used F(2,16.81) = 2.18, 
p=0.144. A statistically significant difference in total amount of volatiles produced was observed 
among groups using a Kruskal-Wallis H test χ2(4) = 37.45, p<0.001. A post hoc Dunn-Bonferroni 
showed that the total amount of volatiles produced by cultures was different from the amount of 
volatiles produced by healthy larvae, FKB, white infection or black infection, but there were no 
differences among the former four groups (Table 13 Figure 18). 
 
Infected larva VOC profile predominately consisted of lactones, while the VOC profile of cultured A. 
apis consisted mainly of phenethyl alcohol derivatives; however, phenethyl alcohol was found only in 
infected larvae.  

   Healthya Whiteb Blackc FKBd Culture 
 Compound RT mean SD mean SD mean SD mean SD mean SD 
1 acetoin 2.92 - - - - - - - - 3927 3585 

2 3,3-dimethyl-6-
methylene-1-cyclohexene  
 
 

7.83 - - 714 802 912 927 - - 1904 3249 

3 E-β-ocimene 8.75 4117 3088 4744 3305 2547 2121 5567 3423 - - 
4 linalool 9.63 317 395 - - - - 84 14 - - 
5 rose oxide 9.65 - - - - - - - - 579 1132 
6 phenylethyl alcohol 9.85 - - 443 421 449 410 - - - - 
7 γ-heptalactone 10.45 - - - - 246 308 - - - - 
8 naphthalene 10.9 - - - - - - - - 2013 3381 
9 decanal 11.28 - - - - 235 244 244 220 - - 
10 citronellol 11.59 - - 220 75 483 614 - - - - 
11 geraniol 11.78 - - 661 767 898 719 - - - - 
12 β-phenethyl acetate 11.85 - - - - - - - - 35685 53082 
13 γ-octalactone 12.02 - - 296 143 290 100 - - - - 
14 citral 12.19 - - 244 180 279 324 - - - - 
15 phenethyl, propionate 13.22 - - - - - - - - 54188 62763 
16 γ-nonalactone 13.5 - - 333 183 197 71 - - - - 
17 phenethyl isobutyrate 13.8 - - - - - - - - 9275 11686 
18 phenethyl butyrate 14.41 - - - - - - - - 3111 4070 
19 geranylacetone 14.64 300 167 1023 831 315 203 134 98 - - 
20 γ-decalactone 14.89 - - 1855 933 1239 465 - - 2900 2064 
21 γ -dodecalactone 17.47 - - 441 230 235 148 - - - - 

aHealthy 5th instar larvae, b5th instar larvae with visible white hyphae, cMummified larvae infected with reproductive 
A. apis, dPupae killed with liquid nitrogen representative of the FKB assay.  
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Figure 18: A) Mean-transformed (log(abundance+1) abundance of peak areas from the GC-MS total ion 
chromatogram of VOCs produced by four different categories of honey bee brood and cultured A. apis.  B) Box plots 
of transformed (log(abundance+1) abundance of total 

3.2.3 Field bioassay  

A factorial ANOVA was conducted to compare the main effects of hive status and VOC applied, and 
the interaction effect between hive status and VOC application on brood manipulation rates. Hive 
status included two levels (chalkbrood or no chalkbrood), and VOC application consisted of four 
levels (γ-decalactone, phenyl ethanol, phenethyl acetate, and mechanical control) (Figure 19).  
 
 

 
Figure 19: Examples of capping manipulation rates for: A) phenethyl acetate; and B) γ-decalactone, at 3 and 24 
hours. 

Colony was added as a covariate. The main effects of status or the interaction of compound and status 
were not statistically significant at 3 or 24 hours. However, the main effect of compound was 
statistically significant at both 3 hours (F(3,27) = 6.660, p=0.003) and 24 hours (F(3,27) = 3.936, 
p=0.024. A post hoc Bonferroni test showed that manipulation rates at 3 hours were significantly 
greater for phenethyl acetate across status compared to any of the other treatments. At 24 hours, γ-
decalactone triggered a greater manipulation rate than the control, but there was no significant 
difference between the other treatments (Figure 20).  
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Figure 20: Box and whisker plots for mean removal of brood where one of three different VOCs and a mechanical 
control were topically applied to sealed brood and examined at: (A) 3 hours; and (B) 24 hours. Letters above the 
pairs of bars indicate significant differences or interactions based on chalkbrood status. 

3.3 Discussion 

3.3.1 Volatile organic compounds  

VOCs act as ‘infochemicals’ or semiochemicals conveying a signal from one organism to another 
modifying the behaviour of the receiving organism, but are by-products of metabolic pathways 
necessary for organism maintenance. These message pathways can traverse between members of the 
same species or across species barriers, fuelling sexual reproductive activities as well as playing 
important roles in host-pathogen dynamics (Quintana-Rodriguez et al., 2018). Fungal VOCs are 
derived from both primary and secondary metabolism, and approximately 250 VOCs have been 
identified from fungi to date (Morath et al., 2012).  

The prominent VOCs identified in this study – lactones and phenethyl alcohol and associated 
derivatives – are widely documented being produced by both yeasts and fungi (Asuncion and 
Sanroman, 2016; Morath et al., 2012; Müller et al., 2013; Romero-Guido et al., 2011; Vandamme, 
2003). They have been of particular interest to food technology and biotechnology industries for use 
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in manufacturing of synthetic flavours and fragrances, and for biocontrol of agriculturally significant 
insect pests. As such, the major VOCs identified as derived from A. apis were not novel or 
unexpected.  

The VOC profiles of the four groups measured (healthy larvae, FKB, infected larvae, and cultured 
fungi) had distinctive volatile profiles with limited overlap. Curiously, the volatile profile of infected 
larvae was predominately comprised of lactones with small amounts of phenethyl alcohol, while the 
profile of cultured A. apis consisted of mainly phenethyl alcohol derivatives, including phenethyl 
acetate, but not phenethyl alcohol itself. Although γ-decalactone production from infected larvae has 
previously been reported (Zhao et al., 2015), we are the first to report the presence of several other 
lactones produced as a result of chalkbrood infection. 

While the exact cause behind the differentiation in volatile profiles between A. apis-infected larvae, 
reported infected larval profiles, and cultured A. apis remains to be identified, variation in volatile 
profiles in response to environmental conditions is widely corroborated. One particularly significant 
finding is the lack of phenethyl acetate in A. apis-infected larvae, as it has been found in studies 
conducted in China and the United States (Swanson et al., 2009; Zhao et al., 2015) and in cultured A. 
apis in this study. Phenethyl acetate has been identified as the trigger to initiate hygienic removal of 
chalkbrood-infected larvae (Swanson et al., 2009), and assumed to be the impetus behind colony-level 
resistance to the disease via hygienic behaviour. The lack of this compound in infected larvae could 
be a result of Australia’s unique floral resources where the dominate eucalyptus (Myrtaceae) species 
are known to be deficient in linolenic acid, an essential fatty acid, the amino acid isoleucine, and 
protein (Manning, 2006; Somerville and Nicol, 2006). Consequently, larval nutrition may influence 
the nutrient resources available to the fungi, having cascading effects on subsequent fungal metabolic 
pathways and semiochemical production. The lack of phenethyl acetate in infected larvae in this study 
may explain why the level of hygienic behaviour of a colony is not predictive of presence or severity 
of chalkbrood infection in eastern Australia (Gerdts et al., 2018).  

Fungal growth, virulence, and volatile profiles can differ depending on the growth substrate. Crespo 
and colleagues (2008) found a difference in VOC profile of Beauveria bassiana, a fungus used as a 
biocontrol agent, when the fungal carbon source was derived from either a glucose media or alkane-
enriched media, the later representative of insect-derived hydrocarbons. Culture media formulations 
have also been found to influence morphometry, ascospore production, and culture aging of A. apis 
(Ruffinengo et al., 2000). Available nutrients from growth substrate affected growth, sporulation, and 
virulence in the insect pathogen Metarhizium anisopliae (Shah et al., 2005), and the amount and 
quality of protein influenced volatiles produced from the yeast Kodamaea ohmeri fermenting brood 
and honeycomb (Amos et al., 2018). 

3.3.2 Hygienic behaviour and response to volatiles  

The FKB assay of selecting for hygienic behaviour is commonly used in honey bee breeding and 
research to identify hives with a high level of hygienic behaviour; however, exact mechanisms 
between the assay and disease tolerance have not been determined. McAfee and colleagues (2018) 
found that the brood pheromone E-β-ocimene abundance collected after 24-hour incubation was 
significantly increased in pupae flash frozen at -80 °C compared to healthy, living pupae, and that E-
β-ocimene was positively correlated with hygienic behaviour. Further work identified oleic acid as a 
triggering compound to elicit hygienic removal of FKB (McAfee et al., 2018). The present study 
found no significant difference in E-β-ocimene abundance between healthy larvae and FKB. 
However, the brood stages were not age-matched: VOCs were collected from healthy larvae at 5th 
instar and from FKB just after pupation at white-eye stage. Older larvae (4th-5th instar) are reported 
to have lower E-β-ocimene production than younger larvae (2nd-3rd instar) (Maisonnasse et al., 2009) 
or white-eyed pupae (Maisonnasse et al., 2010). We also did not find oleic acid in any sample, 
irrespective of status, further complicating our understanding of the role of E-β-ocimene and other 
VOCs play in hygienic removal. 
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It is possible that the FKB killing method and subsequent headspace collection timing influenced the 
VOC production. This study sought to exactly simulate hive conditions associated with the FKB 
assay, using liquid nitrogen to kill brood and collecting volatiles after 2 hours at 35 °C with the goal 
of capturing the first volatiles that trigger hygienic removal in colonies expressing high levels of 
hygienic behaviour. Perhaps the mechanics of removing the pupae from the cells, placing them at -
80 °C and collecting headspace volatiles after a 24-hour incubation period, as done by McAfee and 
colleagues (2018), was sufficiently different to yield divergent results.  

Overall, there was no difference in manipulation rates for colonies with or without chalkbrood (Figure 
20). The main differences in manipulation rates were influenced by volatiles and by time with hives 
responding immediately to phenethyl acetate and then later to γ-decalactone. Considering all of the 
hives tested were categorised as hygienic, a consistent response would be expected. The fact that 
some hygienic hives have chalkbrood and others did not suggests that other factors, such as larval 
innate immunity and/or genetic pre-disposition, may play key roles in colony chalkbrood resistance in 
Australia. It would be interesting to compare the VOC response rate between hygienic and non-
hygienic hives to capture potential differences. This assay, however, validates that hygienic bees in 
Australia do respond to phenethyl acetate, and it is possible that the lack of this compound contributes 
to high infection rates in hygienic hives due to the lack of the behavioural trigger. 

It is interesting to note that at 24 hours the manipulation rates for phenethyl acetate decreased (brood 
cells are recapped), likely due to the lack of actual infection, while the manipulation rates for γ-
decalactone increased. This behaviour demonstrates a sensitivity to A. apis-infected larvae VOCs; 
however, because there is no difference between manipulation rates for chalkbrood and non-
chalkbrood hives, this compound would not be effectual as a field assay for chalkbrood resistance. 
Additionally, given the slower reaction rate, it is possible that the delayed response and subsequent 
removal of infected larvae actually exacerbates the chalkbrood infection by distributing contagious 
material through the hive.  

3.3.3 Conclusions  

Besides access to adequate nutrition, chalkbrood infection is the most economically damaging 
problem facing Australian beekeepers. Large-scale selective breeding programs focused on hygienic 
behaviour in Australia have failed to offer resistance to the brood disease. This current study 
highlights the need to broaden our understanding of the host-pathogen relationship between A. 
mellifera and A. apis. Honey bee diet has been shown to influence immunocompetence of individual 
bees and social immune parameters, such as glucose oxidase production (Alaux et al., 2010). 
Semiochemical production is a key component of the host-pathogen relationship, and shifts in the 
VOC profiles can dramatically alter the balance of this relationship. The current study documents a 
unique VOC profile of honey bee larvae infected with A. apis, but has not identified the factors 
influencing the VOC profile production. Future work to understand the role bee nutrition has on the 
production of important semiochemicals would give insight into the role of diet on social behavioural 
immunity in honey bees. 
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Chapter 4: Controlled in vivo pathogen 
challenge  

 

Honey bees removing larvae experimentally infected with A. apis spores. 

Overview 
Hygienic behaviour is globally recognised as an important selection trait for honey bee breeding 
programs, affording colonies a level of resistance to diseases and pests, particularly chalkbrood. 
However, it is noted that although the level of hygienic behaviour and chalkbrood resistance had been 
widely documented, it is recommended to follow up hygienic testing with chalkbrood challenges to 
verify resistance (Jensen et al., 2013).  

Chapter 2 details a large-scale survey of Australian honey bee colonies exploring an olfactory-driven 
social immune response called hygienic behaviour. The survey showed that the level of hygienic 
behaviour was not a predictor of chalkbrood infection. Chapter 3 documents follow-up work 
exploring volatiles related to chalkbrood infection in Australian honey bee larvae, and reveals a 
unique profile compared to published works. This unique volatile profile is missing phenethyl acetate, 
a key triggering compound that elicits hygienic behaviour. The absence of this triggering compound 
may provide a reason for the lack of chalkbrood resistance in highly hygienic colonies in Australia. 

Due to the widespread impact chalkbrood disease has on honey bee colonies in Australia, developing 
a simple, practical and effective assay that could predict a colony’s susceptibility to chalkbrood 
infection would greatly enhance selective breeding efforts. The objective of this study was to 
determine whether a colony’s response to larvae treated with water or a spore solution in vivo was 
predictive of its chalkbrood status. The broader goal was to inform the development of a practical and 
reliable field assay to help select for chalkbrood resistance in Australian honey bee colonies. 
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4.1 Methodology 
This experiment was conducted twice: November 2017 (Trial 1) and September-October 2018 (Trial 
2) with two groups of sister queens from two different queen bee breeders. For each experiment, the 
colonies were established as four- (Trial 1) or five- (Trial 2) frame nucleus colonies at least 10 months 
prior, and managed consistently according to colony requirements. All queens were marked. When 
supplementary feeding was necessary, all colonies received protein supplement, and only colonies 
requiring carbohydrates were fed sugar syrup.  

During this observation period before the challenge, at least five colony evaluations took place to 
establish the chalkbrood status of the hive by scoring the level of infection on a 0–3 scale: (0=no 
chalkbrood; 1=1-10 infected; 2=11-40 infected cells; 3=40+ infected cells). Colonies with chalkbrood 
score averages of 0.2 or less were classified as no chalkbrood (0), and greater than 0.2 as chalkbrood 
(1). Hygienic testing using the FKB method was conducted once for Trial 1 and twice for Trial 2 to 
establish colony hygienic scores following methods described in chapter 2. Additionally, the pin-
killed brood test was conducted for Trial 1, following methods outlined in Spivak and Downey 
(1998). Finer details of how each trial was conducted varied between Trial 1 and Trial 2. The 
information generated was consistent.  

Two areas of 2-3 instar brood on a single frame were delineated because this age class is known to be 
highly susceptible to infection (Aronstein and Murray, 2010). One area was sprayed with a spore 
solution while the other area was sprayed with water. At 5 and 13 days after inoculation, the areas 
were again evaluated for brood removal and chalkbrood infection. Healthy honey bee larvae were 
capped at 5th instar, three days post-inoculation. Removed larvae were assumed infected. High-
resolution pictures were taken at each time point for reference. Day 5 post-inoculation corresponds to 
day 10 of bee development where pupation has already occurred. Day 13 corresponds to two days 
after eclosion, so any healthy sealed cells would not have been part of the treatment group. 

For each trial, a chalkbrood status was assigned, hygienic scores and statuses were established, and a 
percent-infected larvae was generated for the two treatments. Additionally, the inoculant was plated 
on MY-20 culture media to verify viability. All field tests were conducted during a light nectar flow, 
with ample pollen availability to prevent colony robbing events. 
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4.1.1 Establishing even-aged brood and delineating test area 

Seven days before inoculating hives, one frame of drawn irradiated comb was inserted into the 
colonies to establish even-aged brood of 2nd-3rd (highly susceptible age) instar across all hives for the 
experiment. Frames were marked on the top bar with spray paint for ease of identification, and 
assessed two days later for eggs (Figure 21). 

 

Figure 21: Irradiated frame marked with blue spray paint for easy identification. 

In Trial 1 (n=24), test areas were delineated using a hexagonal stencil, and the contents of cells were 
located with permanent marker onto transparency film. The area was defined on the frame with 
sewing pins at the corners. This method proved to be challenging to ensure the same area was being 
inspected at each assessment because the bees will reshape comb, and wind can interfere with the 
transparency film. To mitigate these challenges, for Trial 2 (n=34), 90 x 5 mm PVC rings were 
pressed into the comb to maintain consistent identification of test areas Figure 22). 

 

Figure 22: (Left) Trial 1. Delineating test areas with transparency paper was difficult to ensure consistent monitoring 
of the exact same location. (Right) Trial 2 test area was delineated with stationary PVC rings. 
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4.1.2 Making inoculating spore solution 

One day before inoculation, 10 black chalkbrood mummies and 5 ml sterile Milli-Q water were 
ground with a mortar and pestle to create a spore slurry; the inoculant was later confirmed to be made 
up of strains A and B. The spore solution was added to 400 ml sterile Milli-Q water (Figure 23). The 
resulting concentration was approximately 2 x 106 spores/ml. The solution was transferred to a spray 
bottle (Hills Home Living Designs Item No. 2745750). An identical spray bottle was filled with 
sterilised Milli-Q water. The prepared spray bottles were stored at 4 °C until use the following day. 

  

 

Figure 23: Ten black chalkbrood mummies were ground with 5 ml sterile Milli-Q water. The slurry was added to 
more water to generate 400 ml of spore solution with a concentration of approximately 2x106 spores per ml. 
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4.1.3 Inoculating larvae and establishing infection rates 

The spray bottle delivery was measured at 1.5 ml per spray. Each test area received one spray 
delivering approximately 10,000 spores per larva (about 200 larvae per test area) in the spore 
challenge area (Figure 24). 

 

       
Figure 24: (Left) Spray bottles containing spore solution on the left and water on the right. (Right) Removable guides 
made out of PVC piping act as guides to ensure spray delivery onto the test area. 

Before inoculation and 5 and 13 days post-inoculation (day 10 and 23 of bee development, 
respectively), high-resolution pictures were taken of the test area to map the contents of the cells. Any 
cells not capped at 5 days were considered infected, and any cells still capped at 13 days were opened 
and examined for chalkbrood mummies (Figure 25). 

Susceptible larvae were counted as any that were removed or demonstrating symptoms of mycosis 
consistent with chalkbrood infection. Percent susceptible larvae was calculated for the spore area and 
water area for each colony using the following calculation:  

�
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿𝑠𝑠𝐿𝐿𝑠𝑠 − (𝑠𝑠𝐿𝐿𝐿𝐿𝑠𝑠𝐿𝐿𝑠𝑠 𝑏𝑏𝐿𝐿𝑏𝑏𝑏𝑏𝑠𝑠 𝐿𝐿𝑎𝑎 𝑠𝑠𝐿𝐿𝑠𝑠 5 − 𝑖𝑖𝑖𝑖𝑖𝑖𝐿𝐿𝑖𝑖𝑎𝑎𝐿𝐿𝑠𝑠 𝑠𝑠𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐿𝐿𝑎𝑎 𝑠𝑠𝐿𝐿𝑠𝑠 13)

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿𝑠𝑠𝐿𝐿𝑠𝑠 �X 100 
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C 
Figure 25: Demonstration of test areas where: (A) spore solution or water was sprayed on 2-3rd instar larvae; (B) 
examined at 5; and (C) 13 days post-inoculation. 

Days 5 and 13 were chosen to capture the biologically significant timeframe of A. apis pathogenesis. 
To validate inoculant viability, 10 μl solution was plated on MY-20 culture media. Inoculants from 
both trials were cultured, but only cultures from Trial 1 were genotyped according to methods in 
chapter 1.  

4.1.4 Statistics 

For each trial, an analysis of variance (ANOVA) was used to compare mean removal rates for spore- 
and water-treated test areas between chalkbrood and non-chalkbrood colonies. A binary logistic 
regression was fitted to the data to understand the relationship between hygienic behaviour, spore-
infected larvae removal, water-infected larvae removal, chalkbrood infections, and the likelihood of a 
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colony having chronic chalkbrood infection. Liberal and strict hygienic behaviour (from the FKB and 
pin-killed brood tests), larval removal, and chalkbrood infections were continuous variables. 
Additionally, to understand the potential relationship between removal rates of spore- and water-
inoculated larvae, a relative susceptibility score was calculated by dividing spore-inoculated removal 
rates by water-inoculated removal rates. A logistic regression was conducted using chalkbrood status 
as the dependent variable and relative susceptibility rate as a continuous predictor variable. 
Chalkbrood infection was bivariate coded as 0=no chalkbrood infection, and 1=chronic chalkbrood 
infection. Colonies from both trials were included in the relative susceptibility rate analysis (n=58). 
All statistics were performed on SPSS 25 (IBM Corp 2017).  

4.2 Results 

4.2.1 Descriptive statistics, comparing means, and building predictive models 

Trial 1 

Of the 24 colonies involved in the experiment, six (25%) were categorised as having chronic 
chalkbrood infections. As seen in chapter 2, the level of hygienic behaviour was not related to the 
presence of chalkbrood in a hive with highly hygienic colonies having chalkbrood, and colonies with 
low levels of hygienic behaviour not experiencing chronic chalkbrood infections (Figure 26.).  

  

Figure 26: Trial 1. (Left) Histogram of liberal hygienic score and chalkbrood status showing that colonies with high 
levels of hygienic behaviour were infected with chalkbrood. (Right) Histogram of the strict hygienic score and 
chalkbrood infection from the same colonies. 

A one-way ANOVA showed no significant difference in removal rates for chalkbrood or non-
chalkbrood hives (Figure 27).  
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Figure 27: Trial 1. A bar chart representing removal rates of spore- and water-inoculated larvae for chalkbrood and 
non-chalkbrood hives showing no significant difference in removal rates between hives with and without chalkbrood. 

A logistic regression was conducted to determine whether levels of hygienic behaviour response to 
freeze-killed brood, pin-killed brood, or removal of larvae receiving water or spore treatments were 
predictive of a colony’s observed chalkbrood status. A test of the full model against a constant-only 
model was not statistically significant, indicating that none of the independent variables in this 
instance were significant predictors of chalkbrood infection (chi square=8.696, p=0.191 with df=6).  

Trial 2 

Of the 34 colonies assessed in Trial 2, 19 colonies (55%) were categorised as having chronic 
chalkbrood infections. Hygienic scores were generated as an average of two tests. Colonies in Trial 2 
were generally less hygienic than colonies in Trial 1, and generally had more chalkbrood (Figure 28). 

  

Figure 28: Trial 2. (Left) Histogram of liberal hygienic score and chalkbrood status showing that colonies with high 
levels of hygienic behaviour were infected with chalkbrood. (Right) Histogram of the strict hygienic score and 
chalkbrood infection from the same colonies. 

An ANOVA showed no significant difference in spore-infected removal rates between chalkbrood 
and non-chalkbrood hives. There was a marginally significant difference in removal rates for water-
infected larvae between chalkbrood and non-chalkbrood hives F(1,33)=4.045, p=0.053 (Figure 29). 
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Figure 29: Trial 2. A bar chart representing removal rates of spore- and water-inoculated larvae for chalkbrood and 
non-chalkbrood hives. 

A logistic regression was again conducted in the same way as Trial 1. This time, the model was 
statistically significant (chi squared=14.810, p=0.005 with df=4) over the null model, with the 
removal of water-infected larvae contributing to the predictive capacity of the model p=0.029. 
Nagelkerke R2 of 0.473 indicates that 47% of the variation in the model can be explained by the 
removal rate for water-infected larvae. The odds ratio of 1.075 shows that as removal rates for water 
increase, the odds of a colony having chalkbrood increase by a factor of 1.075 (Table 14). 

Table 14: Summary of logistic regression analysis for variables predicting chalkbrood status colonies headed by 
sister queens (n=34).  

 Observed Predicted  
  Not Strict hygienic Strict 

hygienic 
Percentage correct 

 No Chalkbrood 10 5 66.7 
 Chalkbrood 5 14 73.7 
Overall Percentage   70.6 
Nagelkerke R2   0.473 

Variable B SE B Wald df P Odds Ratio 

Spore-infected removal -0.043 0.032 1.759 1 0.185 0.958 
Water-infected removal 0.072 0.033 4.788 1 0.029 1.075 
Avg Liberal -5.273 6.883 0.587 1 0.444 0.005 
Avg Strict -2.428 6.510 0.139 1 0.709 0.088 
Constant 4.666 2.791 2.795 1 0.095 106.252 

 

Colonies from both trials 

The relative removal rates of susceptible larvae were calculated for a pooled sample of 58 colonies. A 
logistic regression was conducted to determine whether relative removal rates were predictive of a 
colony’s chalkbrood status. A test of the full model against a constant-only model was not statistically 
significant, indicating that the relative removal rates were not significant predictors of chalkbrood 
infection (chi square=0.445, p=0.505 with df=1). 
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4.3 Discussion 
Breeding chalkbrood-resistant lines of bees has been established through ‘zero tolerance’ of 
chalkbrood infection in breeder hives (Jensen et al., 2013); these hives are also highly hygienic on the 
FKB test. Given the breeding success for resistant lines overseas, a genetic component to resistance 
clearly exists. However, chalkbrood infection in Australia is so rampant that queen bee breeders 
report having an extremely difficult time adopting the ‘zero tolerance’ method of breeding without 
significantly limiting their breeding stock.  

The published recommendations for breeding hygienic bees with chalkbrood resistance indicate that 
follow-up assays directly challenging colonies with A. apis are necessary to select for chalkbrood 
resistance; however, a simple practical field assay has not yet been developed. Flores and Puerta 
(2004) suggest inoculating honey bee larvae with spores via water sprayed over the comb or through 
feeding pollen patties inoculated with spores, and follow up with a post-brood capping chilling event 
(Flores et al., 2004). However, this method is meant to incite a whole colony infection, which is not 
desirable for beekeepers who are: (a) looking to reduce chalkbrood incidence in their hives; and (b) 
selecting chalkbrood-resistant breeding stock. Additionally, the chilling of the brood is not only 
inconvenient, but it adds another layer of complexity in understanding factors associated with 
resistance, reflective of real-world beekeeping situations because innate larval immune responses will 
also likely be triggered and/or compromised.  

This study attempted to develop an assay that used commonly available consumable (disposable) 
household items that could be readily repurposed for application within commercial queen bee 
breeding operations. This practical approach aimed to limit whole colony exposure to infection, and 
help to identify individual colonies that were resistant to chalkbrood.  

The results of this study support the lack of a relationship between the level of hygienic behaviour, as 
determined by the freeze-killed assay or the pin-killed assay, and chalkbrood resistance in Australia. 
Unfortunately, the data suggest that a colony’s response to larvae infected with A. apis in this 
controlled way in vivo is also not predictive of a colony’s ability to resist chalkbrood infection in a 
field apiary situation. As such, the exact methods behind the recommendation to follow up the FKB 
assay with a challenge assay need to be more clearly defined. Additionally, these findings support 
evidence (Palacio et al., 2010; Spivak and Downey, 1998) that the results from the pin-killed test are 
not reliable to use for chalkbrood resistance breeding proposes.  

Surprisingly, a loose relationship exists between the lack of response to water-treated larvae and a 
colony’s chronic chalkbrood status. The fewer larvae that were removed from the water-treated test 
area, the less likely the colony was to fall into the chalkbrood category. For a test area of 
approximately 200 larvae, for every two additional larvae removed, a colony was 1.075 times more 
likely to develop as a chalkbrood colony. The connection between limited removal of water-sprayed 
larvae and colony chalkbrood resistance could be a result of larval robustness where larvae from 
resistant colonies can better tolerate the water application than larvae from susceptible colonies. The 
outcome could also be a colony response where nestmates can accurately identify healthy larvae and 
not remove it. Most likely, an interaction between larval tolerance, larval signalling, and nestmate 
hygienic response is at work.  

The goal of this experiment was to develop a simple and practical field assay to select for chalkbrood-
resistant breeding stock. Colonies’ response to water-sprayed test areas may have the potential to 
predict chalkbrood status, but currently the relationship is loose and worked only in one of two trials. 
If developed, this assay could prove to have significant advantages over spraying a colony with 
chalkbrood spores by limiting the amount of introduced infection in the hive. Further trials are 
required on colonies headed by unrelated queens to gauge the robustness of the test across honey bee 
genotypes. Additionally, for this test to have industry relevance, actual removal thresholds need to be 
calibrated.  
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Chronic chalkbrood infection affects between 10% and 50% of colonies at any given time, with the 
variation generally attributed to environmental stress and beekeeper husbandry management factors. 
With changing climate patterns and increasing trends of reduced security in forage for honey bees, 
colony stress events are becoming more prevalent, resulting in overall future increasing percentages 
of colonies with chronic chalkbrood infections. Chronic and severe chalkbrood infections reduce 
colony pollen and nectar-gathering efficacy, resulting in an overall adverse economic impact across 
the honey bee industry and honey bee pollination-dependent industries. Developing reliable selection 
tools and strategies for overcoming this disease is paramount. 
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Chapter 5: Larval challenge 

 

A. apis hyphae protruding from in vitro-reared A. mellifera larvae 

Overview 
The evolutionary arms race between A. mellifera and A. apis in Australia is complex and evolving. 
Despite a focus on breeding disease resistance in honey bee populations, chalkbrood infection 
continues to impair the Australian honey bee industry and honey bee-dependent pollination industries. 
This present study has documented a wide distribution of multiple A. apis haplotypes across Australia, 
but has not established a mechanism for disease resistance or an understanding of the potential 
variability in virulence among A. apis strains. Globally, genetic variation and virulence among 
chalkbrood strains is established, as is differential susceptibility across colony genotypes (Vojvodic et 
al., 2011).  

To better understand potential virulence differences between genetic variants of A. apis and genotypic 
variation in larval susceptibility to infection, this investigation sought to challenge larvae from three 
colonies in vitro with three A. apis-strain treatments.  
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5.1 Methodology 

5.1.1 Pathogen isolation and inoculum preparation  

Three Ascosphaera apis-infected larvae that had yielded cultures belonging to three separate 
phylogenetic clades (using a combined dataset two of loci: EF1𝛂𝛂 and scaffold 300): A, F and G were 
re-cultured to produce inoculant treatments. These strains align exactly with the Danish isolates 
KVLO6 150 A(+) / KVLO6-158 A (-) and KVLO6-123 F (+) / KVLO6-132 (-) and varied with 
KVL07-104 G (+) / KLV07-187 G (-) (Vojvodic et al., 2011) at 5 base pairs. 

A 3-mm section of sporulating (black)-infected larvae (mummy) that had previously been cultured 
and genotyped was placed on MY-20 agar growth medium and incubated for 19 days at 30 °C to 
ensure spore formation and maturity. Since the mummy was not surface sterilised before culturing, 
each plate used was visually examined for evidence of contaminants. Three mummies were cultured 
in this way with the goal of obtaining three strain isolates from A, F and G strains (Figure 30).  
 

   

  

  

Figure 30: (Left column) Cultured larvae previously genotyped used to make spore inoculant. (Right column) 
Inoculant plated on MY-20 media to test for viability. All three solutions produced viable cultures. 
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With a small sterile spatula, the produced spores were scraped from a 4 cm2 section and placed in a 
sterile 1.5 ml eppendorf tube with 70 µl sterile deionised water. They were ground for 1 minute with a 
fitted pestle. Another 100 µl of sterile deionised water was added and the mixture was ground for 1 
minute. Then 1 ml of sterile deionised water was added and the solution was homogenised by 
pipetting. Large particles were allowed to settle for 10 minutes and serial dilution was performed. The 
spore concentration of 1:1000 dilution was determined using a hemocytometer (Figure 28). The spore 
solutions from each of the three strains were adjusted to a concentration of 2.5 x 105 spores per ml 
(1250 spores per 5 μl dose). Four 10 μl drops of each inoculant was pipetted onto separate Petri dishes 
containing MY-20 culture media to test inoculant viability (Figure 31). This method was chosen for a 
viability test as a result of failed attempts following the GLEN method, as outlined by Jensen et al. 
(2013). 

 

Figure 31: A. apis spores on a hemocytometer (Hirschmann Neubauer-Improved, bright-lined) to measure inoculant 
concentration. 
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5.1.2 In vitro rearing of larvae 

Two frames containing one-day-old eggs from each of the three experimental honey bee (A. mellifera) 
colonies were transferred to a common nurse hive four days before the graft to equalise potential 
nutrition-related immunity. A day before the graft (transferring larvae), the nurse hive was moved 
from near Kalbar in QLD to the University of the Sunshine Coast, Sippy Downs, QLD.  

With a fine-tipped paint brush, two-day-old larvae (2nd instar) were transferred from the brood comb 
to sterilised cell cups fitted into the wells of a 96-well plate. Before transferring, larvae cells were 
mass provisioned with 190 μl brood food consisting of 50% (v/v) fresh frozen Australian royal jelly 
(collected by J. Gerdts and R.L. Dewar), 6% D-glucose (w/v), 6% D-fructose (w/v), 1% yeast extract 
). Each plate held 84 larvae (28 per colony) with 12 wells containing 1.5 ml 0.04% K2SO4. (w/v), and 
sterile deionised water (Figure 32). Each plate was covered with a fitting lid and placed in a 
humidified chamber with a beaker of sterile deionised water and K2SO4 to maintain humidity. The 
chamber was placed in an incubator at 35 °C. 

 

  
Figure 32: (Left) Collecting royal jelly from 3-day-old queen cells. (Right) Preparing brood food for in vitro-reared 
larvae. 
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5.1.3 Host inoculation  

Twenty-four hours after grafting, and for five days thereafter, mortality was assessed by examination 
under a dissecting microscope. Larvae ceasing respiration with a loss of body elasticity were recorded 
as deceased. After the 24-hour acclimatisation period, approximately 84 larvae from each of the three 
colonies were fed 5 μl of 2.5 x 105 spore per ml (1250 spores) from each treatment. Additionally, 250 
larvae were fed deionised water as a control. In total, 1005 larvae were fed one of four treatments 
(Table 15, Figure 33). 

 

Figure 33: Plates containing in vitro reared larvae challenged with A. apis spores. 

Table 15: Number of larvae in each treatment from each colony.  

Treatment  Colony  
  1 2 3 Total 
 Control 84 83 83 250 
 A + F 84 84 84 252 
 A 84 84 84 252 
 G 84 83 84 251 
Total  336 334 335 1005 
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5.1.4 Verification of strain genotype 

After the in vitro rearing experiment was complete, 3-mm sections of agar containing the primary 
inoculating spores were transferred to three different Petri dishes containing MY-20 culture media, 
which generated a total of three replicate subcultures. Each of these subcultures were hyphal tipped 
three times again to generate 27 total subcultures. All cultures were incubated at 30 °C for 5-7 days 
until enough hyphae were available for either hyphal tipping or DNA extraction. Three of the nine 
possible secondary subcultures were selected for genotyping. Roughly 100 mg of hyphae were 
aseptically collected into sterile 1.5 ml eppendorf vials and sent to the Australian Genome Research 
Facility (AGRF) for DNA extraction, primer amplification, and sequencing. 

5.1.5  Statistical analysis 

VOCs associated with experimentally infected larvae and cultured A. apis 

The analysis of VOCs produced by in vitro-reared larvae challenged with A. apis was targeted from 
data collected from field colonies in our previous experiment. The differences in mean relative 
amounts of γ-decalactone, phenethyl alcohol, and phenethyl acetate production for each colony and 
between strains were compared through a Kruskal-Wallis test due to unequal variances. Visual 
representations of peak area abundance was completed using transformed data (log(abundance+1) to 
reduce variance in output. Differences between groups were considered statistically significant, with 
P-values < 0.05. All statistics were performed using SPSS 26 (IBM Corp 2019).  
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5.2  Results 

5.2.1  Verification of strain genotype 

The goal of the experiment was to challenge larvae with three different A. apis strains. However, due 
to the unexpected co-infection of multiple A. apis strains within a single larva, only single infection 
from two strains were isolated: A and G. The third treatment was likely a combination of strains F and 
A, consequently; the challenge was conducted using strains A, G, and A+F combination (Figure 34). 
 

 
 

Figure 34: Phylogenetic tree showing three clades. Labels are described as Culture Sample number_Strain_Colony 
and larval number. The original sample from larvae 15B2 genotyped as ‘A’, but subsequent subcultures reveal that 
larvae 15B2 contained both strains A and F (see Table 17 in appendix). 
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5.2.2 Larval survivorship 

The Cox regression model with the main effects of treatment, colony, and treatment by colony 
interaction was statically significant (chi squared 25.849, p=0.007, df=11), with treatment by colony 
interaction contributing significantly to the model. Pairwise comparisons showed that mortality 
associated with Treatment A was significant only for Colony 1 (Wald=6.359, p=0.012). Mortality for 
Treatment G was significant only for Colony 2 (Wald=4.462, p=0.035) and mortality for Treatment 
A+F was marginally significant for Colony 1 (Wald=3.635, p=0.057). 

Overall larval mortality varied among colonies: 35% of total larvae from Colony 1 (n=336) died, 30% 
of total larvae from Colony 2 (n=334) died, and 23% of total larvae from Colony 3 (n=335) died. 
Moreover, mortality associated with treatment varied among colonies where 38% of treated larvae 
from Colony 1 (n=252) died, 31% of treated larvae from Colony 2 (n=251) died, and 22% of treated 
larvae from Colony 3 (n=252) died. Interestingly, mortality from the control for Colony 3 (24%) was 
greater than for treatments Strains A+F (20%) and Strain A (21%) but not for Strain G (25%). Control 
larvae from colonies 1 and 2 generally had a lower mortality rate than treated larvae, with the 
exception of Colony 2, where mortality associated with treatment Strains A+F was lower than the 
control (24% vs 25%, respectively). Adding mortality together between colonies, 24% of control 
larvae died, 28% of Strains A+F-treated larvae died, 33% of Strain A-treated larvae died, and 31% of 
Strain G-treated larvae died. A detailed breakdown of death per treatment can be found in Table 16. 

Table 16: Larval mortality breakdown by treatment. 

Colony Treatment Total N Mortality N Percent Mortality 
1 Control 84 19 23% 
 Strains A+F 84 33 39% 
 Strain A 84 38 45% 
 Strain G 84 26 31% 
 Infection 252 97 38% 
 Overall 336 116 35% 
2 Control 83 21 25% 
 Strains A+F 84 20 24% 
 Strain A 84 27 32% 
 Strain G 83 32 39% 
 Infection 251 97 31% 
 Overall 334 100 30% 
3 Control 83 20 24% 
 Strains A+F 84 17 20% 
 Strain A 84 18 21% 
 Strain G 84 21 25% 
 Infection 252 56 22% 
 Overall 335 76 23% 

 

Kaplan-Meier log rank tests showed a significant within-colony difference in mortality between treatments. For 
Colony 1, Strains A+F and Strain A were different from the control (χ2=1.058, p=0.044, χ2=7.323, p=0.007). For 
Colony 2, Strain G was different from the control (χ2=4.767, p=0.029) and from Strains A+F (χ2=5.003, 
p=0.025). There were no treatment differences for Colony 3 (Figure 35). 
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Figure 35: Mortality curves associated with three colonies inoculated with a control and three different A. apis 
treatments. No significant difference in mortality was found between treatments for all colonies combined or for 
Colony 3. In Colony 1, mortality associated with Strain G (d). 

5.3 Discussion 
It remains unclear whether understanding strain-associated virulence has any direct application for the 
apicultural industry. The results from Chapter 1 showed that A. apis haplotypes are widespread in 
Australia, and strain identity has no predictive power over level of chalkbrood infection in a hive. 
This particular experiment has also not demonstrated clear evidence that single A. apis strains or a 
combined inoculant vary in virulence; however, the lack of variation in virulence may have been a 
result of phenotypic degradation commonly associated with repeated subculturing on artificial media 
(Butt et al., 2006). Passing the fungus through an insect host may restore virulence to field-associated 
levels (Fargues and Robert, 1983). More trials with predetermined isolates that have been passed 
through larval hosts would need to be conducted to accurately assess any potential differential 
virulence among Australian A. apis strains. 

This experiment does clearly define differential susceptibility between honey bee colonies. Colony 3 
had the highest survivorship (77%), and there was no difference in larval survivorship between 
control or A. apis strain treatments. This colony hails from a line of bees known for resilience and 
chalkbrood resistance. Colony 1 was the most susceptible to the treatments showing the lowest overall 
survivorship (65%). This colony hails from a breeding line known to consistently test highly hygienic 
behaviour, but is also notorious for having chronic chalkbrood infections. Colony 2 was moderately 
susceptible, with only Strain G causing infection-related mortality (Figure 35). 

This laboratory assay yields clear evidence of variation in colony susceptibility to chalkbrood 
infection. These findings support the recommendations of this document for focused effort in 
developing selection assays predictive of a colony’s long-term susceptibility to chalkbrood infection 
to assist with pre-emptively identifying resistant breeding stock. 
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Implications 
Bees with rapid hygienic behaviour, as determined using the freeze-killed brood test, have been 
shown globally to be effective at reducing brood diseases and, to some extent, mitigating the impact 
of pests such as Varroa. This project has documented that a high percentage of colonies in Australia 
exhibit rapid hygienic behaviour, and supports a good foundation from which to work when 
continuing to develop hygienic lines of bees. 

Although this project documents the lack of relationship between rapid hygienic behaviour, as 
identified by the FKB assay, and chalkbrood infection, it is essential to consider that different 
breeding strategies and selection assays have led to breeding bees with rapid hygienic behaviour. 
These techniques range from experimentally killing brood, to ‘zero tolerance’ to brood diseases, and 
to analysing a colony’s ability to suppress Varroa mite reproduction. Given multiple methods of 
selecting for the same positive behavioural outcome, the Australian honey bee industry can have 
confidence in existing hygienic traits conferring a level of social immunity within Australian honey 
bee colony.  

This project is the first to document variation in Australian A. apis placed in a global context. No 
unique haplotypes exist in modern samples. No single haplotype or combination of haplotypes seems 
to be more virulent than others with respect to whole colony infection rates. More likely, 
management, environment (bee nutrition and heat/cool stress), and honey bee genetics are responsible 
for greater incidence and severity of infection. Additionally, this study demonstrates that although A. 
apis genotypes in Australia are not exclusive, the host-pathogen relationship is altered, indicated by 
distinctive volatile profiles emitted by infected larvae. This could be an example of epigenetics where 
the expression of particular genes changes under different environmental conditions.  

Developing a selection assay applicable to Australian conditions that can predict a colony’s 
chalkbrood status is an important step in the effort to develop stock resistant to endemic diseases 
before Varroa establishment.  
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Recommendations 
1. Despite the lack of relationship between hygienic behaviour (using the freeze-killed brood 

assay) and chalkbrood resistance, it is still recommended that queen bee breeders use this 
widely accepted selection tool to refine rapid hygienic behaviour in their breeding lines. 
Because no negative side-effects for this type of selection have been shown, the benefits (pest 
and disease tolerance) may, in time, outweigh the costs (labour and time to test). The FKB 
assay, if adopted widely and practised regularly by Australian queen breeders, will enhance 
the Varroa preparedness capacity of these queen bee breeders.  
 

2. More focused research into A. apis virulence factors is necessary to fully understand this 
pathogen under Australian conditions. Of greatest priority is the isolation, identification, 
preservation, and maintenance of cultures that can be used for future research. The collation 
and maintenance of such a genetic library would be a logical, easy, and short follow-up 
project from this current project. Where practical, culture plates containing spores from 
genotyped samples from this current study have been stored at -20 °C for future use with this 
purpose in mind.  
 

3. Due to the lack of field assay that can predict whether a colony will develop a chronic 
chalkbrood infection, more work needs to be done to understand genotypic variation that 
confers resistance to the disease. A focused effort to breed only from non-chalkbrood colonies 
in association with the investigation of the heritability of chalkbrood resistance through 
successive generations and potentially marker-assisted selection is essential for the 
development of chalkbrood-resistant stock. 
 

4. Future research into the effect of suboptimal nutrition on chalkbrood outbreaks would greatly 
benefit beekeepers. Currently, the effect of pollen quality used by nurse bees for the 
production of brood food and the quality of this brood food on larval resistance to chalkbrood 
infection is not fully understood. Identifying key nutritional stressors may help beekeepers 
develop a targeted supplementary feeding regime to preventatively reduce chalkbrood 
outbreaks. 
 

5. Another environmental stress that needs to be considered is the effect of emerging extreme 
temperature fluctuations on chalkbrood behaviour. As climate change brings higher average 
temperatures, including prolonged periods of above 40 °C daily to the majority of Australian 
beekeeping regions, the impact of these extreme heat events on colony health requires further 
investigation. The hottest days traditionally occurred in January, but now also extend into 
February. Such extended periods of hotter weather may significantly limit forager numbers 
and brood care. These heat events may cause cascading adverse impacts on colony health in 
autumn, over wintering periods, and into the following spring when pollination services are 
required. Understanding the influence of climatic change heat events on colony health and 
chalkbrood development may influence and assist beekeepers to rethink holistic apiary 
operations.  
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Supplementary information 
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Figure 36: Concatenated and aligned sequences (scaffold 300 is 641 bp and EF1α is 519 bp) of A. apis reference 
strains from GenBank and those identified as a result of the genotyping survey, variable at 43 sites. 
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Figure 37: Level of hygienic behaviour based on the FKB strict test is not a predictor of chalkbrood infection: (A) 
liberal hygienic behaviour and chalkbrood infection; and (B) severity of chalkbrood infection and liberal hygienic 
behaviour. Percentages are out of 649 colonies.
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Figure 38: Chalkbrood presence in honey bee colonies is not influenced by level of liberal hygienic behaviour (FKB 
test) or nectar flow. 
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Table 17: Summary details of samples used to create A. apis phylogeny. Note: some samples have been cultured and genotyped several times, leaving more samples on this table than 
included in the phylogeny produced in chapter 1. 
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1 GER12 GER12W 1993 Global 
Reference A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

23 NZ2 NZ2B 1993 Global 
Reference A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

73 UK1 UK1B 1993 Global 
Reference F A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

74 UK5 UK5B 1993 Global 
Reference F A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

76 US1 US1B.0 1993 Global 
Reference A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

26 A1 A1B 1993 Original 
Incursion C A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

27 A3 A3W 1993 Original 
Incursion C A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

28 A7 A7W 1993 Original 
Incursion C A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

29 A8 A8B 1993 Original 
Incursion C A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

38 ACER1
3 ACER13B 2012 Cairns A. 

cerana C A. cerana 2 2 1 1 - - - 
 

- - - - - - - - 

39 ACER1
3 ACER13W 2012 Cairns A. 

cerana C A. cerana 2 2 1 1 - - - 
 

- - - - - - - - 

42 Mar01 MAR1B 2012 Cairns A. 
cerana C A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

13 NSW26 NSW26E 2014 CSIRO 
Survey A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 
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17 NSW7 NSW7E 2014 CSIRO 
Survey A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

18 NSW8 NSW8E 2014 CSIRO 
Survey A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

45 QLD15 QLD15W 2014 CSIRO 
Survey G A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

46 QLD5 QLD5W 2014 CSIRO 
Survey B A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

47 QLD7 QLD7W 2014 CSIRO 
Survey A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

48 QLD8 QLD8W 2014 CSIRO 
Survey B A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

51 SA18 SA18W 2014 CSIRO 
Survey A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

52 SA6 SA6E 2014 CSIRO 
Survey A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

53 SA7 SA7B 2014 CSIRO 
Survey A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

67 TAS11 TAS11W 2014 CSIRO 
Survey A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

69 TAS12 TAS12EW 2014 CSIRO 
Survey A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

70 TAS13 TAS13W 2014 CSIRO 
Survey A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

71 TAS14 TAS14B 2014 CSIRO 
Survey A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

93 VIC31 VIC31W 2014 CSIRO 
Survey A A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

94 VIC33 VIC33W 2014 CSIRO 
Survey G A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 
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96 VIC39 VIC39B 2014 CSIRO 
Survey B A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

10
0 VIC7 VIC7B 2014 CSIRO 

Survey B A. 
mellifera 1 1 1 1 - - - 

 
- - - - - - - - 

15 NSW5 NSW5B 2014 CSIRO 
Survey A A. 

mellifera 2 2 1 1 - - - 
 

- - - - - - - - 

16 NSW5 NSW5W 2014 CSIRO 
Survey A A. 

mellifera 2 2 1 1 - - - 
 

- - - - - - - - 

5 KI1 KI1EW 2015 CSIRO 
Survey F A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

88 23 23B1 2016 Preliminar
y Volatile  F A. 

mellifera 1 1 1 1 - - - 
 

- - - - - - - - 

82 15 15B2 2016 Preliminar
y Volatile  F A. 

mellifera 2 2 2 2 - - - 
 

- - - - - - - - 

83 15 15EW2 2016 Preliminar
y Volatile  A A. 

mellifera 2 2 2 2 - - - 
 

- - - - - - - - 

90 4D 4DEW1 2016 Preliminar
y Volatile  G A. 

mellifera 3 2 1 1 - - - 
 

- - - - - - - - 

91 4D 4DB2 2016 Preliminar
y Volatile  G A. 

mellifera 3 2 1 1 - - - 
 

- - - - - - - - 

92 4D 4DB1 2016 Preliminar
y Volatile  G A. 

mellifera 3 2 1 1 - - - 
 

- - - - - - - - 

84 21 21B2 2016 Preliminar
y Volatile  F A. 

mellifera 3 2 2 2 1 5 4 
 

0.13 2 1 3 - - - - 

86 21 21EW1 2016 Preliminar
y Volatile  F A. 

mellifera 3 2 2 2 1 5 4 
 

0.13 2 1 3 - - - - 

87 21 21EW2 2016 Preliminar
y Volatile  A A. 

mellifera 3 2 2 2 1 5 4 
 

0.13 2 1 3 - - - - 

10
8 10980 10980W1 2016 Townsville 

A. cerana A A. cerana 1 1 1 1 - - - 
 

- - - - - - - - 
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10
6 10718 10718W2 2016 Townsville 

A. cerana B A. cerana 2 2 1 1 - - - 
 

- - - - - - - - 

11
0 10718 10718B1 2016 Townsville 

A. cerana B A. cerana 2 2 1 1 - - - 
 

- - - - - - - - 

10
7 10928 10928EW 2016 Townsville 

A. cerana B A. 
mellifera 2 2 1 1 - - - 

 
- - - - - - - - 

10
9 10928 10928EW 2016 Townsville 

A. cerana B A. 
mellifera 2 2 1 1 - - - 

 
- - - - - - - - 

11
1 10792 10792B2 2016 Townsville 

A. cerana A A. 
mellifera 6 2 2 2 - - - 

 
- - - - - - - - 

11
2 10792 10792B3 2016 Townsville 

A. cerana B A. 
mellifera 6 2 2 2 - - - 

 
- - - - - - - - 

11
3 10792 10792B4 2016 Townsville 

A. cerana B A. 
mellifera 6 2 2 2 - - - 

 
- - - - - - - - 

11
4 10792 10792B5 2016 Townsville 

A. cerana A A. 
mellifera 6 2 2 2 - - - 

 
- - - - - - - - 

11
5 10792 10792B6 2016 Townsville 

A. cerana A A. 
mellifera 6 2 2 2 - - - 

 
- - - - - - - - 

11
6 10792 10792B7 2016 Townsville 

A. cerana A A. 
mellifera 6 2 2 2 - - - 

 
- - - - - - - - 

20
6 1339 1339W 2017 

CB 
hygienic 
colonies 

A A. 
mellifera 2 2 1 1 - - - 

 
- - - - - - - - 

20
9 1339 1339B1C 2017 

CB 
hygienic 
colonies 

A A. 
mellifera 2 2 1 1 - - - 

 
- - - - - - - - 

21
6 1136 1136B1A 2017 

CB 
hygienic 
colonies 

A A. 
mellifera 2 2 1 1 - - - 

 
- - - - - - - - 
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21
8 1136 1136B2 2017 

CB 
hygienic 
colonies 

A A. 
mellifera 2 2 1 1 - - - 

 
- - - - - - - - 

20
2 538 538B 2017 

CB 
hygienic 
colonies 

E A. 
mellifera 2 2 2 2 - - - 

 
- - - - - - - - 

20
4 538 538B1A 2017 

CB 
hygienic 
colonies 

B A. 
mellifera 2 2 2 2 - - - 

 
- - - - - - - - 

6 L1 L1W1 2016/1
7 

Australia 
Survey A A. 

mellifera 1 1 1 1 2 9 6 
 

0.25 1 2 3 1 1 1 2 

7 L3 L3B1 2016/1
7 

Australia 
Survey A A. 

mellifera 1 1 1 1 2 12 7 
 

1.00 1 1 3 1 1 1 2 

10 C72 C72BE2 2016/1
7 

Australia 
Survey A A. 

mellifera 1 1 1 1 1 18 8 
 

2.25 1 2 2 - - - - 

19 AS2 AS2W 2016/1
7 

Australia 
Survey G A. 

mellifera 1 1 1 1 1 36 15 
 

3.00 2 2 1 1 1 1 1 

20 AS3 AS3B 2016/1
7 

Australia 
Survey G A. 

mellifera 1 1 1 1 1 36 16 
 

4.00 2 2 1 1 1 1 1 

21 AS4 AS4B 2016/1
7 

Australia 
Survey G A. 

mellifera 1 1 1 1 2 13 6 
 

0.00 3 2 1 1 1 1 1 

34 G25C G25CEB 2016/1
7 

Australia 
Survey F A. 

mellifera 1 1 1 1 1 3 3 
 

0.13 1 1 1 1 1 1 2 

57 F1 F1W2 2016/1
7 

Australia 
Survey F A. 

mellifera 1 1 1 1 1 15 7 
 

1.50 1 2 3 1 1 2 2 

62 BW2 BW2W5 2016/1
7 

Australia 
Survey F A. 

mellifera 1 1 1 1 2 9 6 
 

2.00 1 1 1 1 2 1 1 

79 5 5W 2016/1
7 

Australia 
Survey A A. 

mellifera 1 1 1 1 1 5 5 
 

1.00 2 2 3 - - - - 
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10
1 B17 B17EW2 2016/1

7 
Australia 
Survey G A. 

mellifera 1 1 1 1 1 10 5 
 

0.10 2 1 1 2 1 1 1 

22
1 DAWC5 DAWC51B 2016/1

7 
Australia 
Survey B A. 

mellifera 1 1 1 1 1 10 6 
 

1.25 2 1 1 2 1 1 1 

22
4 BRI23 BRI23E3 2016/1

7 
Australia 
Survey A A. 

mellifera 1 1 1 1 8 6 4 
 

0.50 2 1 1 2 2 2 2 

23
9 ALRP4A ALRP4AW 2016/1

7 
Australia 
Survey A A. 

mellifera 1 1 1 1 2 16 9 
 

0.50 1 1 1 1 1 2 2 

24
2 ALRP5C ALRP5CW 2016/1

7 
Australia 
Survey A A. 

mellifera 1 1 1 1 1 11 6 
 

0.75 2 2 3 1 1 2 2 

24
8 DEW38 DEW38E5 2016/1

7 
Australia 
Survey A A. 

mellifera 1 1 1 1 1 18 8 
 

1.00 1 1 3 1 1 1 1 

25
8 WILW1 WILW1B2 2016/1

7 
Australia 
Survey G A. 

mellifera 1 1 1 1 2 18 4 
 

0.00 2 2 3 2 2 3 3 

25
4 LEIW2 LEIR1W2 2016/1

7 
Australia 
Survey G A. 

mellifera 1 1 1 1 1 6 3 
 

2.00 2 1 1 - - - - 

8 C18 C18B4 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 1 1 1 20 5 
 

1.13 1 1 1 - - - - 

9 C18 C18B4.1 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 1 1 1 18 8 
 

2.25 1 2 2 - - - - 

30 D139 D139B4 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 1 1 1 13 8 
 

1.13 1 2 3 - - - - 

31 D139 D139B3 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 1 1 1 13 8 
 

1.13 1 2 3 - - - - 

32 D150 D150B5 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 1 1 1 15 7 
 

1.75 1 2 3 - - - - 

33 D150 D150B2 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 1 1 1 15 7 
 

1.75 1 2 3 - - - - 

54 IS1 IS1EW1 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 1 1 1 13 6 
 

0.87 1 1 1 1 1 2 2 
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55 IS1 IS1EW2 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 1 1 1 13 6 
 

0.87 1 1 1 1 1 2 2 

60 B1 B1W5 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 1 1 1 16 8 
 

1.00 1 1 3 2 1 1 2 

61 B1 B1B3 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 1 1 1 16 8 
 

1.00 1 1 3 2 1 1 2 

64 LB2 LB2W4 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 1 1 - - - 
 

- - - - - - - - 

65 LB2 LB2W1 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 1 1 - - - 
 

- - - - - - - - 

22
9 HUGN2 HUGN2B2 2016/1

7 
Australia 
Survey A A. 

mellifera 2 2 1 1 1 5 3 
 

1.00 2 2 3 - - - - 

23
7 HUGN2 HUGN2E

W 
2016/1

7 
Australia 
Survey A A. 

mellifera 2 2 1 1 1 5 3 
 

1.00 2 2 3 - - - - 

23
0 CLID4 CLID4B3 2016/1

7 
Australia 
Survey B A. 

mellifera 2 2 1 1 1 9 6 
 

4.00 2 1 1 1 1 2 2 

23
2 CLID4 CLID4W1 2016/1

7 
Australia 
Survey B A. 

mellifera 2 2 1 1 1 9 6 
 

4.00 2 1 1 1 1 2 2 

26
2 WILW2 WILW2W

2 
2016/1

7 
Australia 
Survey G A. 

mellifera 2 2 1 1 2 18 4 
 

0.00 2 1 1 2 2 3 3 

24
7 WILW2 WILW2B4 2016/1

7 
Australia 
Survey G A. 

mellifera 2 2 1 1 2 18 4 
 

0.00 2 1 1 2 2 3 3 

26
0 VALSA1 VALSA1B 2016/1

7 
Australia 
Survey A A. 

mellifera 2 2 1 1 2 17 6 
 

2.88 1 1 3 1 1 3 2 

26
1 VALSA1 VALSA1W 2016/1

7 
Australia 
Survey A A. 

mellifera 2 2 1 1 2 17 6 
 

2.88 1 1 3 1 1 3 2 

35 MC11 MC11B3 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 2 2 1 5 4 
 

0.25 2 1 1 1 1 1 1 

36 MC11 MC11W1 2016/1
7 

Australia 
Survey F A. 

mellifera 2 2 2 2 1 5 4 
 

0.25 2 1 1 1 1 1 1 
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58 F2 F2W3 2016/1
7 

Australia 
Survey F A. 

mellifera 2 2 2 2 1 18 8 
 

1.00 1 2 1 1 1 2 2 

59 F2 F2W2 2016/1
7 

Australia 
Survey A A. 

mellifera 2 2 2 2 1 18 8 
 

1.00 1 2 1 1 1 2 2 

25
9 BINGF1 BINGF1W 2016/1

7 
Australia 
Survey G A. 

mellifera 2 2 2 2 2 30 9 
 

0.50 2 1 3 2 1 2 1 

22
8 BINGF1 BINGF1B 2016/1

7 
Australia 
Survey A A. 

mellifera 2 2 2 2 2 30 9 
 

0.50 2 1 3 2 1 2 1 

25
6 DEWT2 DEWT2E3 2016/1

7 
Australia 
Survey A A. 

mellifera 2 2 2 2 2 18 8 
 

1.00 1 1 1 1 1 1 1 

25
7 DEWT2 DEWT2W

1 
2016/1

7 
Australia 
Survey B A. 

mellifera 2 2 2 2 2 18 8 
 

1.00 1 1 1 1 1 1 1 

26
3 

ALRG2
B ALRG2BE 2016/1

7 
Australia 
Survey B A. 

mellifera 2 2 2 2 2 18 5 
 

1.50 1 1 1 2 2 2 2 

26
4 

ALRG2
B ALRG2BE 2016/1

7 
Australia 
Survey F A. 

mellifera 2 2 2 2 2 18 5 
 

1.50 1 1 1 2 2 2 2 

25
2 LEIB4 LEIB4W1 2016/1

7 
Australia 
Survey G A. 

mellifera 3 1 1 1 1 7 5 
 

3.00 1 1 1 - - - - 

25
0 LEIB4 LEIB4W4 2016/1

7 
Australia 
Survey G A. 

mellifera 3 2 1 1 1 7 5 
 

3.00 1 1 1 - - - - 

25
1 LEIB4 LEIB4E3 2016/1

7 
Australia 
Survey G A. 

mellifera 3 2 1 1 1 7 5 
 

3.00 1 1 1 - - - - 

26
5 DAWB DAWBE2 2016/1

7 
Australia 
Survey B A. 

mellifera 3 2 2 2 1 14 6 
 

1.65 2 1 1 2 1 1 1 

21
9 DAWB DAWBW4 2016/1

7 
Australia 
Survey A A. 

mellifera 3 2 2 2 1 14 6 
 

1.65 2 1 1 2 1 1 1 

22
2 DAWB DAWBB1 2016/1

7 
Australia 
Survey B A. 

mellifera 3 2 2 2 1 14 6 
 

1.65 2 1 1 2 1 1 1 

22
5 BRI71 BRI71 2016/1

7 
Australia 
Survey F A. 

mellifera 3 2 3 2 1 8 6 
 

0.50 0 2 1 2 2 2 2 
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22
6 BRI71 BRi71B3 2016/1

7 
Australia 
Survey B A. 

mellifera 3 2 3 2 1 8 6 
 

0.50 0 2 1 2 2 2 2 

22
7 BRI71 BRI71B4 2016/1

7 
Australia 
Survey A A. 

mellifera 3 2 3 2 1 8 6 
 

0.50 0 2 1 2 2 2 2 

23
1 LEIY1 LEIY1W4 2016/1

7 
Australia 
Survey G A. 

mellifera 4 2 1 1 1 8 4 
 

2.00 1 1 1 - - - - 

24
4 LEIY1 LEIY1B5 2016/1

7 
Australia 
Survey G A. 

mellifera 4 2 1 1 1 8 4 
 

2.00 1 1 1 - - - - 

24
5 LEIY1 LEIY1B1 2016/1

7 
Australia 
Survey G A. 

mellifera 4 2 1 1 1 8 4 
 

2.00 1 1 1 - - - - 

24
6 LEIY1 LEIY1W3 2016/1

7 
Australia 
Survey G A. 

mellifera 4 2 1 1 1 8 4 
 

2.00 1 1 1 - - - - 

  Note: Continuous variables unless indicated by * then refer to key for coding.             
  *KEY                     

    Multiple samples 1=no 
2=yes Larval food 0=unknow

n 
Mummie
s 1=low infection  Chalkbrood 

colour 1=white         
  Multiple strains    1=well fed    2=severe infection  2=black     
  Chalkbrood history    2=little         3=mix     
  Nectar now                    
  Pollen now                    
  Nectar 3-6 months                    

    Pollen 3-6 months                                      
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Table 18: Summary of logistic regression analysis for variables predicting chalkbrood infection (n=649). 

 Observed  Predicted    

   No 
Chalkbrood 

Chalkbrood Percentage 
correct 

  

 No Chalkbrood  497 0 100   
 Chalkbrood  152 0 0.0   
Overall Percentage    76.6   
Nagelkerke R2     0.000  
Variable B SE B Wald df P Odds Ratio 
HygStrict -0.045 0.322 0.019 1 0.890 0.956 
HygLiberal -0.028 0.251 0.013 1 0.910 0.972 
Constant -1.168 0.113 106.150 1 0.000 0.311 
Dependent variable: chalkbrood presence. Predictor variables: Strict and liberal tests of 
hygienic behaviour.   
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Glossary 
Amplicon – a piece of DNA or RNA that is the source and/or product of amplification or replication 

events. 

Apoidea – A major group within Hymenoptera that includes sphecoid wasps and bees. 

Ascomata – An ascocarp, or ascoma (plural: ascomata), is the fruiting body (sporocarp) of an 
ascomycete phylum fungus. It consists of very tightly interwoven hyphae, and may contain 
millions of asci, each of which typically contains four to eight ascospores. 

Ascospore – A spore contained in an ascus or that was produced inside an ascus. 

Biocontrol – (Or biological control) a method of controlling pests, such as insects, mites, weeds and 
plant diseases, using other organisms. 

Brood – Bee larvae or pupae. 

Brood cappings – The protective waxy seal that covers the cell of pupating honey bees. 

Brood food – Food fed to larval honey bees. 

Chalkbrood mummy – A desiccated honey bee larval cadaver that died as a result of chalkbrood 
disease caused by the fungus Ascosphaera apis. 

Chemotherapeutic treatments – A chemical used for the treatment of a condition. 

Eclosion – The act of emerging from the pupal case or hatching from the egg. 

Electrophoretically separated – The movement of suspended particles through a medium (such as 
paper or gel) under the action of an electromotive force applied to electrodes in contact with the 
suspension. 

Entomopathogenic fungi 0 – A fungus that attacks insects causing disease. 

Haplotype – A collection of specific alleles that are likely inherited together.  

Heterothallic – Having two or more morphologically similar haploid phases or types of which 
individuals from the same type are mutually sterile, but individuals from different types are 
cross-fertile. 

In vitro – Outside the living body and in an artificial environment, i.e. in a laboratory. 

In vivo – In the living body of a plant or animal, i.e. in the honey bee hive. 

Operculation – 5th instar honey bee larvae spinning a cacoon and transitioning from prepupal stage to 
completion of pupation.  

Semiochemical – A pheromone or other chemical that conveys a signal from one organism to another 
so as to modify the behaviour of the recipient organism. 

Sporulating – Produce or form a spore or spores.  

Volatile organic compounds – Organic chemicals that have a high vapour pressure at ordinary room 
temperature. 

 

 

https://www.merriam-webster.com/dictionary/electrodes
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