
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



Microbiota in the honey bee gut 

and their association  

with bee health 

A thesis presented in partial fulfilment of the  

requirements for the degree of 
 

 
 
 
 
 
 

Doctor of Philosophy (PhD) 
 

in 

Ecology 
 
 
 

at 

 

 
School of Agriculture and Environment 

 

 

Palmerston North, New Zealand 
 

 
 
 
 

 

Michelle Anne Taylor 
 

2020 



 

 

Copyright is owned by the Author of this thesis. Permission is given for a copy to be 

downloaded by an individual for the purpose of research and private study only. The 

thesis may not be reproduced elsewhere without the permission of the Author. 

 

 



Preface    |   III 

Preface 

In 1998 I stood in the middle of a field in Paradise, Montana, USA. I was dividing 

hundreds of honey bee colonies to increase the number of hives for Californian almond 

pollination. The scene was overwhelming; millions of European honey bees swirling 

overhead, the intense sound of their wings beating in my ears, and hive boxes strewn 

over the field. At the end of the day I witnessed a phenomenon that changed my life. 

The chaos around me settled back in to some resemblance of normal life. I was 

completely captivated by the ability of these individual bees to use visual cues, smell, 

sound and taste, to find their way back to their hives, reform their communities and 

function as eusocial insects, cooperatively caring for their brood with division of labour 

across castes. And who was at the centre of this organisation? A single bee, aptly 

named the queen. Since this Massey Scholarship experience, my fascination has 

developed into awe as I endeavour to understand how honey bees respond and adapt 

to external factors throughout the season, including availability of food resources, 

human management practices, and pests and disease. We rely on these incredible 

insects to enrich our world and since the worldwide spread of the parasitic mite Varroa 

destructor, bees now rely on us to aid their survival. Nothing functions in complete 

isolation and this dependence has led me to search for novel prospects that may ensure 

honey bees remain healthy. Through discussions with a remarkable colleague around 

the advancing area of human gut research, my research topic was conceived from the 

revelation that individual honey bees rely on communities, both external and internal, 

for survival. 
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Abstract 

European honey bees (Apis mellifera) are the most prevalent bee species globally. 

Honey bees play a key role in human welfare as their pollination services support both 

the ecological viability of wild and native plants, and the economic viability of numerous 

nut, fruit, and vegetable crops. A decline in unmanaged pollinators in both natural and 

managed ecosystems, has resulted in an increased reliance on honey bees. 

Despite economic globalisation and increased demand for food over the past several 

decades contributing to an increase in the total number of honey bee colonies 

worldwide, annual colony mortality is high and has been attributed to seasonal 

conditions, poor management practice, outbreaks of pest and disease, pesticide 

poisoning, and the cost of management. It has been globally hypothesised that the 

cause of unexplained ‘rapid’ and ‘incremental’ colony loss, may result from interactions 

with bee pathogens (such as Nosema spp.), environmental factors and beekeeping 

management. The social and foraging behaviour of bees ensures that the gut, with its 

bacterial residents, is the conduit for assimilating of nutrients, antibiotics and oral 

poison, as well as the ingress and potential reservoir for gut pathogens. 

Characterisation of the bacterial community within the honey bee gut may provide 

further insight as to how these factors may affect bee health. 

New Zealand honey bees have been largely bred in isolation from the rest of the world, 

and thus potentially developed their own gut microbiome in response to factors specific 

to New Zealand. These include sources of native floral nectars (e.g. mānuka and rātā), 

the prohibition of antibiotics for disease management, and the absence of some global 

honey bee gut pathogens. My research is the first to characterise the bacterial profiles 

and identify the relative abundance of core and less dominant bacteria in the gut of New 

Zealand honey bees.  

Diet and pathogens known to cause poor honey bee health were examined for their 

influence on gut bacteria. Bacterial phylotypes in the honey bee gut were identified by 

sequencing a fragment of the 16S rRNA gene. The problematic assignation of reliable 

taxonomic information for recently characterised honey bee gut bacteria was overcome 

by developing a customised 16S rRNA BLAST database that is compatible with QIIME2 

sequencing software. This database has now been made available for other users. The 

five dominant core honey bee gut bacteria identified internationally were present in all 

apiaries/regions within New Zealand. Eight phylotypes were only identified in colonies 

deemed ‘sick’ by beekeepers. Three phylotypes may potentially be used as indicators 

of poor bee health: the family Rhizobiaceae, and the genera Serratia and Acetobacter. 

Although each apiary was broadly similar in bacterial composition, the environmental 

conditions of each apiary appeared to influence the bacterial composition, in particular 

the available foraging sources.  
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In contrast to international reports, the microsporidian gut pathogen Nosema ceranae 

that shifted from the Asian honey bee Apis ceranae to the European honeybee in 2004 

and was identified in New Zealand around 2007, does not appear to have outcompeted 

Nosema apis. The latter was likely brought to New Zealand with the first bees in the 19th 

century. In my survey N. apis was identified in all sick apiaries whereas N. ceranae was 

only identified in one of the sick apiaries. 

Comparison of the gut bacteria in New Zealand bees with those from a pilot trial 

conducted in Connecticut, USA demonstrates that the dominant core bacteria are 

internationally widespread, and suggests that they have remained stable within an 

isolated population for over 60 years. This highlights the importance of the symbiotic 

relations that these gut bacteria have with honey bees. However, nine phylotypes were 

present only in the New Zealand samples, suggesting that some phylotypes may have 

adapted to New Zealand conditions or that dysbiosis may have occurred within New 

Zealand or elsewhere. This is the first example in the honey bee literature of DNA being 

analysed using different hypervariable regions. The variation between the number of 

amplicon sequence variants and their relative abundances highlight the importance of 

comparing data extracted using similar methodologies. 

I observed seasonal variation in the bacterial composition by examining five hives 

throughout a 12-month period. Gut bacteria in summer bees were the most diverse, 

autumn and winter bees had lesser diversity, and spring bees had the least diversity. 

This suggests that the increased bee population in spring may result in a cleansing of 

less prevalent bacteria for the year ahead. The relative abundance of G. apicola and S. 

alvi did alter within individual bees throughout the year suggesting that these species 

may alter their abundance in response to occurrences within the gut and this may 

ultimately influence bee health and metabolism. The relative abundance of 

Rhizobiaceae peaked in winter when the bees live longer and often have elevated 

pathogen infections. The relative abundance of Rhizobiaceae exceeded that of all 

dominant core phylotypes, except Lactobacillus spp. This supports my hypothesis that 

Rhizobiaceae may be a useful early indicator of poor bee health.  

Sucrose-rich diets, often fed to bees during periods of scarce food supply, were shown 

to increase the relative abundances of three less dominant core bacteria; Rhizobiaceae, 

Acetobacteraceae, and Lactobacillus kunkeei, and decreased the relative abundance 

of the core species Frischella perrara. In combination, these diets significantly altered 

the bacterial composition. Acetogenic bacteria from the Rhizobiaceae and 

Acetobacteraceae families increased two- to five-fold when bees were fed sucrose, 

suggesting that sucrose fuels the proliferation of specific low-abundance primary 

sucrose-feeders.  

The gut pathogen N. apis did not appear to disrupt the development of Gilliamella 

apicola, which normally forms the outer layer of the biofilm in the luminal surface of the 

honey bee ileum. A gut slurry inoculation from older worker bees increased abundance 
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of bacterial phylotypes in newly emerged workers (NEWs), thus supporting the limited 

literature that NEWs acquire gut bacteria from worker bees. This study also confirms 

that NEWs are not axenic when they emerge from their cells as their guts contain low 

levels of G. apicola, S. alvi, L. apis, L. mellis, Lactobacillus spp., Bifidobacterium spp., 

Serratia spp., Acetobacter spp., Rhizobiaceae, and Cyanobacteria. Finally, this 

research also identified a correlation between the lack of abundant bacteria in the honey 

bee gut with an increase in the opportunistic colonising bacteria Rhizobiaceae and 

Serratia. This is further evidence in support of my suggestion that the family 

Rhizobiaceae contains opportunistic bacteria and that the relative abundance of this 

family in honey bee guts may be a useful indicator of poor bee health. 

This work is thus the first study to examine gut bacteria in New Zealand honey bees 

and I have demonstrated that environmental factors and diet influence gut bacterial 

composition which may influence honey bee health and metabolism. 
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Glossary 

Anoxiated  An absence of oxygen reaching the tissues. Used to make the 

bees sleep temporarily. 

Axenic Bacteria free 

Bacterial 

community  

In the context of this PhD it describes all bacteria within the 

digestive tract of the honey bee from crop to rectum, unless 

specified otherwise. 

Bacteriome Specialized organ that hosts endosymbiotic bacteria whilst 

protecting the host. 

Bee bread  Pollen pellets collected by honey bees that are stored in the wax 

cells with some honey and glandular secretion. This is later eaten 

by newly emerging workers. 

Brood  Honey bee larvae (uncapped) and pupae (capped) growing 

inside the cells of the wax comb. 

Brood box One or two of the boxes at the base of the stack that contains 

nine or ten brood frames. 

Brood nest The central area of comb in the hive that is used to rear brood. It 

is therefore tended to by nurse bees. Normally it is located within 

the lower brood boxes.  

Colony  A group of honey bees that are led by a single queen and live in 

a single hive. 

Comb  The hexagonal wax cells that contain bee brood and honey. 

Cell Bacterial cell. 

Drone  A male honey bee that is produced from an unfertilized egg. 

Dysbiosis  An unhealthy shift in the composition of a bacterial community. 

Eclose  When the pupa emerges as an adult honey bee from the wax 

cell; the bee chews through the wax capping and climbs out of 

the cell. 

Eusocial  A social group of organisms with cohabitation of overlapping 

generations that cooperatively care for their brood and display 

division of labour across their reproductive castes. 

Frame A section of bee brood or honey that is edged by a wooden or 

plastic frame.  
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Greengenes A 16S rRNA gene database. 

Hive  The material components used to house a colony of honey bees. 

These normally consist of wooden boxes, each with nine wax 

frames, a floorboard and a lid. 

Hypopharyngeal 

gland 

Glands that are located in the head of the worker bee behind the 

eyes. These are fully developed when protein is consumed, 

normally > 5 days, and produce glandular secretion which the 

workers feed larvae. 

In vitro  In the context of this PhD it describes a trial conducted using the 

honey bee gut isolated from the abdomen. 

In vivo  In the context of this PhD it describes a trial conducted on living 

honey bees in a cage or colony. 

MALDI-TOF MS 

Biotyper 

MALDI Biotyper systems provide high-speed, high-confidence 

identification and taxonomical classification based on proteomic 

fingerprinting using high-throughput MALDI-TOF mass 

spectrometry. 

Microbiome In the context of this PhD, it is the genetic material of all the 

microbes such as bacteria, microsporidia, and viruses that live in 

the honey bee gut. 

NCBI National Center for Biotechnology Information. A 16S rRNA gene 

database. 

Nurse bee A young worker bee, approximately 13 days old, which feeds 

brood royal or worker jelly produced by their hypopharyngeal 

glands.  

Operational 

Taxonomic Unit 

Definition used to classify a group of closely related individuals. 

Overwintering Colonies during winter reduce egg laying and foraging. The bees 

require sufficient honey and pollen, and they cluster for warmth.  

pH A measure of hydrogen ion concentration to measure the acidity 

or alkalinity of a solution. 

Propolis The waxy resin collected by honey bees from newly formed 

leaves. The bees use this in their colonies to reduce gaps 

between the hive components. 

Queen The dominant female honey bee produced from a fertilized egg 

and fed royal jelly. She produces pheromones to control the 

colony. 

Queen excluder A selective barrier inside the beehive that allows worker bees but 

not the queen or drones to traverse the barrier. 
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Queen right The honey bee colony contains a laying queen. 

RDP Ribosomal Database Project. A 16S rRNA gene database. 

Royal jelly  The glandular secretion from the hypopharyngeal glands in the 

head of the nurse bee. This is fed to queens, workers and drones 

by nurse bees. 

SILVA A 16S rRNA gene database. 

Split  To make additional colonies from a parent colony, some sealed 

brood frames covered with bees and honey are removed and 

combined with a newly mated queen or a queen cell.  

Sterna Ventral abdominal plates on the honey bee. 

Super A box on the hive used to store honey. Normally positioned 

above the brood boxes and contains nine or ten frames of honey. 

Terga Dorsal abdominal plates on the honey bee. 

Wax cell The wax cell within which honey bees raise their brood or store 

hive products such as honey and pollen. 

Worker  A female honey bee that is produced from a fertilized egg. 
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Chapter 1 

1 Introduction: honey bees, their health and 
the bacteria associated with their digestive 
tracts 
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1.1 Global importance of Apis mellifera 

Globally there are likely to be more than 20,000 bee species (Michener 2007) but only 

eleven of these belong to the genus Apis, and only Apis are considered true honey bees 

(Michener 2007). Of these eleven, the eusocial European honey bee (Insecta, 

Hymenoptera, Apidae, Apis mellifera Linnaeus) is the most prevalent globally (Engel 

1999) and it plays a key role in human welfare. Not only are they one of the first insects 

that we learn to identify as children, but they are the global producers of honey and 

providers of pollination services. Their pollination services support both the ecological 

viability of some wild and native plants (Morse and Calderone 2000; Gallai et al. 2009; 

Potts et al. 2010a) and ensure the economic viability of numerous nut, fruit, and 

vegetable crops (McGregor 1976; Southwick and Southwick 1992; Free 1993; Morse 

and Calderone 2000; Gallai et al. 2009). Large-scale monoculture farming which 

reduces the natural habitat of pollinating insects (Klein et al. 2003; Klein et al. 2007) has 

contributed to the recent reduction of wild pollinators (Butchart et al. 2010; Rucker et al. 

2012; Ollerton 2017), such as native bees and wasps (Ollerton et al. 2014), flies 

(Biesmeijer et al. 2006), and moths (Fox 2013). In turn, our reliance on honey bees as 

pollinators for managed ecosystems has increased. The role of honey bees in 

pollinating natural ecosystems is not well elucidated. The term ‘managed ecosystem’ 

includes ‘direct’ crop pollination and ‘indirect’ pollination. The latter is where crops, such 

as carrots, can be grown from seed harvested from pollinated inflorescences. 

Of the 115 leading global food crops used directly for human consumption, 76% require 

pollination and more significantly, 35% of global food production relies on pollinators 

(Klein et al. 2007). Without insect pollinators, the yields of some fruit, seed, and nut 

crops decrease by more than 90% (Southwick and Southwick 1992). In 2005 the 

economic value of insect pollination was estimated to be worth €100 billion (Gallai et al. 

2009). Currently there is no global valuation for the economic impact of using honey 

bees as pollinators. However, in 2012 the agricultural industry in the United States of 

America (USA) estimated the value of direct crop pollination by honey bees to be $11.68 

billion, and indirect pollination of crops was estimated to be $5.39 billion for (Calderone 

2012).  

1.2 Global beekeeping trend 

Since 1961, the number of domesticated honey bee colonies have increased globally 

by 45% according to the 2008 Food and Agriculture Organization of the United Nations 

database (Aizen and Harder 2009). This increase is thought to be driven by economic 

globalisation and demand rather than by biological factors that improve colony health 

(Aizen and Harder 2009). This global increase has occurred despite the well-publicised 

colony losses that have resulted from seasonal conditions, management practices that 

cause malnutrition (Smart 2015; Frias et al. 2016), outbreaks of pest and disease (Dahle 



 

CHAPTER 1    |   3 

2010; Evans and Schwarz 2011; McMenamin and Genersch 2015), and pesticide 

poisoning (Babendreier et al. 2007; Dively et al. 2015). The upward global trend 

highlights how adept the beekeeping industry is at replacing these losses by 

propagating colonies annually through a process called colony ‘splitting’, where one 

colony is divided into two or more colonies. The global trend also conceals regional 

colony losses that occur because it is uneconomic to replace them, as well as 

unexplained rapid colony losses historically observed in parts of Europe and America 

(Biesmeijer et al. 2006; Cox-Foster et al. 2007; Currie et al. 2010). The effect of rapid 

loss may be experienced for several years. In contrast, the effect of incremental regional 

loss may be more permanent; during 1985 and 2005 the number of colonies reduced 

by 25% in central Europe, despite populations in Scandinavia and the Mediterranean 

increasing (Potts et al. 2010b). USA also observed a 59% reduction of colonies. This 

occurred incrementally between 1949 and 2007 (vanEngelsdorp et al. 2008). However, 

during this time, parasitic mites, in particular Varroa destructor (hereafter Varroa) 

contributed to this decline (Anderson and Trueman 2000). It is likely that the changes in 

beekeeping required to offset the increased costs to control Varroa, such as colony 

replacement and the chemical treatments, have played a part in the reduction of 

commercial beekeepers and therefore colonies in the USA.  

Unexplained rapid colony loss has also occurred in North America. During 2006–2007, 

29% of beekeepers reported colony losses of up to 85% (Stokstad 2007; vanEngelsdorp 

et al. 2008). The phenomenon was termed Colony Collapse Disorder (CCD) (Stokstad 

2007), but the cause is still ambiguous. There have been multiple hypotheses as to the 

cause of CCD such as pathogens, e.g. Israeli acute paralysis virus (IAPV) (Chen and 

Evans 2007), parasites, pesticides and immune system disorder (Stokstad 2007). It has 

also been suggested that the cause of widespread colony loss may be more 

complicated than a single factor, and may result from interactions between bee 

pathogens, environmental factors and beekeeping management (Neumann and 

Carreck 2010). It is therefore necessary to understand the components of these key 

factors and how they affect the health of honey bees with the intention of globally 

curtailing localised colony decline and rapid colony loss. 
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1.3 Beekeeping in New Zealand  

1.3.1 Industry dynamics 

The upward trend in the New Zealand (NZ) beekeeping industry is comparable to the 

global trend of increased honey bee colonies. However, the high value of mānuka 

(Leptospermum scoparium) honey, driven by international demand, has resulted in 

unprecedented industry growth, and illustrates well the economic globalisation 

discussed by Aizen and Harder (2009). Over the past five years the number of beehives 

and beekeepers in NZ has almost doubled to 881,185 and 8,552 respectively (Figure 

1.1 and 1.2) (New Zealand Government 2018), and for the years 2012–2017, the 

compound annual growth rate of export revenue for NZ honey was 22.19%. A further 

advantage of the NZ beekeeping industry is the pollination service that they provide for 

numerous domestic and export crops totalling approximately NZ$3B pa (New Zealand 

Government 2017).  

Until this year, the rapid growth of NZ’s beekeeping industry and the high honey prices 

have mitigated the annual colony mortality that is primarily caused by pests and 

pathogens, poor management, pesticide poisoning, or poor economics. In 2017 the 

annual colony loss recorded in NZ was 9.8% (86,356 colonies) (Brown and Robertson 

2018). The losses were variously attributed by beekeepers to problems with the queen 

(43.3%), Varroa (14.0%), starvation (10.1%), and predation by wasps (Vespulid spp.) 

(7.3%). However, to determine the cause of colony death post-mortem, sound 

beekeeping knowledge is required. As half of NZ beekeepers are new to the industry in 

the past five years, the accuracy of the percentage of colony losses assigned to each 

factor may be questionable. High colony mortality is regarded as a sign of poor colony 

management. Therefore, although the total number of dead colonies recorded may be 

reliable, the percentages may be skewed so that beekeepers can save face; 

beekeepers my favour factors that they have limited control over, such as queen 

problems and wasp predation. Beekeepers who participated in the survey represented 

30.9% of all NZ beekeepers. This survey represented 30.1% of the colonies managed 

by commercial beekeepers, and 33.8% of commercial beekeepers with > 400 colonies. 

Of these, a few commercial beekeepers from all North Island regions reported colony 

mortality of 30–40%. (Brown and Robertson 2018).  
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Figure 1.1 | Number of beehives present in New Zealand. 

Data were collected by AsureQuality Limited (New Zealand Government 2018). 

 

Figure 1.2| Number of beekeepers present in New Zealand. 

Data were collected by AsureQuality Limited (New Zealand Government 2018). 

To date, one of the biggest regional losses that the NZ beekeeping industry has 

experienced is the 16% (22,000) colony reduction in the upper North Island between 

2000 and 2004. This was caused by the introduction of Varroa which was detected in 

Auckland, April 2000 (Stevenson et al. 2005). The Varroa mite is an ectoparasite that 

feeds and reproduces on honey bees, increasing throughout the season to detrimental 

levels in autumn (Watanabe 1994; Winfree et al. 2007). However, the decline of the 

beekeeping industry was short-lived as industry growth was stimulated by the 

international demand for mānuka honey. 
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Fortunately, the NZ beekeeping industry as a whole has not experienced the rapid 

colony loss of > 30% p.a., as observed internationally (vanEngelsdorp et al. 2008; Currie 

et al. 2010). However, the estimated annual loss of 86,356 colonies from NZ is still a 

concern. For the individual beekeepers who have experienced large colony mortality, 

and for those that will, it is critical to understand the factors that influence colony survival 

and how to manage them. The management of colony health will therefore not only 

mitigate international colony loss, it will reduce the current NZ annual loss and ensure 

that the NZ beekeeping industry remains resilient and globally competitive. 

1.3.2 Colony management 

Honey bee colonies are typically housed in Langstroth hives consisting of one or more 

rectangular, wooden boxes (Figure 1.3) (Langstroth and Dadant 1922). Each box 

contains eight to ten wooden or plastic frames (Figure 1.4). Each frame is inserted with 

a wax foundation that is printed on both sides with a horizontal hexagonal pattern. The 

worker bees ‘draw out’ combs of wax cells on this pattern(Figure 1.5) using wax 

produced from glands on their abdomen (Kurstjens et al. 1985). The boxes are stacked 

vertically and contain either brood frames (brood box) or frames of honey (a super). The 

supers are normally positioned above one or two brood boxes.  

 

Figure 1.3 | A standard commercial hive.  

Two brood boxes at the base are separated from the honey super on top by a queen excluder. 
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Figure 1.4 | A single brood box containing nine frames of wax cells. 

Varroa control strips (Bayvarol®) are being inserted between two frames in this hive. 

 

 

Figure 1.5 | A wooden honey bee brood frame consisting of wax hexagonal cells. 

The sealed cells around the top and sides of the frame contain honey. Beneath this is a thin arch of pollen 

and in the centre of the frame is a large oval of wax-capped brood dispersed with some open larval cells. 

1.3.3 Nectar sources and native honeys 

Honey bees commonly consume carbohydrates from nectar, honey, sucrose, and invert 

sugar. In New Zealand, floral nectar is the main source of carbohydrates collected by 

honey bees. Honeys from native New Zealand plants including mānuka, rātā, and 

pōhutukawa are recognised internationally. Mānuka honey is produced from the nectar 

of the plant Leptospermum scoparium and is NZ’s largest native honey export earner 

(New Zealand Government 2018) as it is reknowned for its antibacterial activity. Thus, 

mānuka honey provides a valuable income for many New Zealand beekeepers.   
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A sucrose solution (≥ 40%) and honey with a 10 – 20% sucrose-equivalent 

concentration, have comparable antibacterial activity in vitro (Molan 1992a; Kwakman 

et al. 2010). The anti-bacterial action of honey with a sucrose-equivalent concentration 

ca. of 80% (v/v), is attributed to hydrogen peroxide produced by the enzyme glucose 

oxidase that the bees add to nectar (Molan 1992a). When hydrogen peroxide is 

accounted for, the additional antibacterial activity of mānuka honey (Willix et al. 1992; 

Kwakman et al. 2010) is attributed primarily to the chemical methylglyoxal (MG) with a 

concentration > 0.15mg/g. The precursor for MGO is Dihydroxyacetone (DHA) (Mavric 

et al. 2008; Adams et al. 2009; Atrott et al. 2012) and mānuka honey less than one year 

old has an MG concentration between 0.102 and 0.793 mg/g. After one year, or if the 

honey has been heated, this can increase to 1.541 mg/g (Majtan et al. 2012). In the 

presence of mānuka honey, resistant strains of bacteria including Bacillus subtilis, 

Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Enterococcus 

faeciumas, are unable to proliferate (Kwakman et al. 2008). Prior to this thesis, nothing 

was known about how this unusual honey might affect the microbiome of the honey bee. 

1.4 Indicators of colony health 

Healthy honey bee colonies look and behave differently to sick colonies. Beekeepers 

discern these key differences throughout the year and alter their management practices 

to reduce colony loss and maximise colony productivity. In particular, beekeepers 

observe colony development throughout each season, bee behaviour, the appearance 

of both the brood frames and adult bees, annual honey production, and pollen collection. 

The following section outlines the expected appearance and behaviour of healthy 

colonies. Deviations from these patterns indicate that the colony may be sick. 

1.4.1 Honey bee castes 

A healthy colony consists of three castes that vary in both phenotype and function: the 

queen (Figure 1.6), female workers (Figure 1.7), and male drones (Figure 1.8) (Graham 

1992). A young laying queen is central to the colonies long-term survival. The workers 

collect all of the food and water for the colony and tend to the brood. The drones ensure 

the survival of their species and their major role is to fertilise the queen’s eggs. Further 

detail regarding each of these castes is provided in Box 1.1: Honey bee biology. 
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Figure 1.6 | Honey bee queen. 

A blue age tag is glued to her thorax. Approximate length is 20 mm. 

 

Figure 1.7 | Worker honey bee. 

Approximate length is 18 mm. 
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Figure 1.8 | Drone honey bee. 

Approximate length is 23 mm. 

Box 1.1 | Honey bee biology 

Queen honey bee 

The queen honey bee is a fertilised female that grows from egg to adult in 16 days. 

She can live up to eight years, but on average will survive for four to six years. In 

commercial beekeeping operations the queens are replaced annually. The queen 

mates in flight with seven to 44 individual drones (Taber III 1954; Koeniger et al. 1979; 

Schlüns et al. 2005) during one to four mating flights that normally occur within the 

first week after emerging from her queen cell (weather dependant) (Roberts 1944). 

Occasionally two mated queens exist within a single colony, but normally there is just 

one. The queen lays between 175,000 and 200,000 eggs annually, each within a 

single wax cell (Figure 1.5). All fertilised eggs produce females (worker bees or a 

queen) and unfertilised eggs produce male drones (Haydak 1970; Graham 1992). 

Worker honey bees 

Worker honey bees make up the majority of a colony with typically more than 60,000 

bees in summer. They eclose from the egg as larvae at day 3, the cell is capped with 

wax at day 8.5, then they develop into pupae. On day 21 they chew through the wax 

cap and emerge from the cell as adult bees (Graham 1992). The emerging workers 

conduct age-related tasks: comb building, cell cleaning, tending brood, capping 

brood, attending the queen, receiving nectar, packing pollen, cleaning debris, corpse 

removal, ventilating the hive, guarding the entrance, and foraging (Winston 1991; 

Graham 1992). Peak foraging activity occurs at 15–32 days post eclosure (Harrison 
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1986). Throughout summer, worker longevity averages from 15 to 38 days, whereas 

workers during winter survive >140 days (Fukuda and Sekiguchi 1966; Graham 

1992). 

The worker bee larvae are supplied with a pool of jelly comprising vitamins, lipids, 

amino acids, and a family of proteins called Major Royal Jelly Proteins, thought to be 

crucial for reproductive maturation (Maleszka 2008). The jelly is secreted by the 

hypopharyngeal glands (HG) of nurse bees (young worker bees between 4 and 12 

days old (Johnson 2008)) and is also fed to queens, although for a longer duration 

and with a slightly different composition. The worker and queen phenotypes result 

from the diet fed during the larval stage. This was recently shown by silencing the 

expression of the enzyme DNA-methyltransferase (DNMT3) in the diet of larvae 

destined to become workers which resulted in the larvae developing into queens 

(Kucharski et al. 2008; Chittka and Chittka 2010; Mukherjee et al. 2015).  

Pollen consumption is highest in nurse bees and this develops their HG for the 

production of royal jelly. Once the workers commence foraging at two weeks of age, 

they consume mainly carbohydrates, consuming little or no pollen (Vasquez and 

Olofsson 2009; Brodschneider and Crailsheim 2010), suggesting they have limited 

requirements for protein. However, foragers require the amino acid proline that is 

found in pollen for metabolism during flight (Micheu et al. 2000). It is unknown whether 

pollen is the only source of proline. A review by Rortais et al. (2005) suggests that 

during the first three days of development, worker larvae consume ~ 30 mg of food 

(Nelson et al. 1924), followed by 120 mg over the next two days (Bishop 1961). Most 

of this food consumption contributes to growth as the larvae weigh on average 150 

mg after 5 days (Jay 1963). The review also identifies that sugar concentration of the 

jelly fed to the workers first 3 days of larval development is thought to be 18% sucrose 

and fructose, increasing to 45% in the last two days of development. However, these 

concentrations may need to be revised because Rortais et al. (2005) suggest this 

information was first published over a century ago by von Planta (1888) and later 

cited by Haydak (1968). 

Drone honey bees 

Drones are male bees produced by the queen from unfertilised eggs. There are 

normally between 300–3000 drones present per colony that are are produced in 

spring and autumn for the sole purpose of mating with queens. Drones grow from egg 

to adult in 24 days and are mature for mating at day 42. The average longevity of a 

drone is 21 to 32 days during summer. As the colony prepares for winter all drones 

are discarded from the colony by worker bees in autumn (Fukuda and Ohtani 1977). 
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1.4.2 Population size 

In temperate climates, such as NZ, a typical spring honey bee colony has a few 

thousand worker bees. This expands to > 60,000 bees over summer with the population 

size peaking in early autumn. The population then reduces throughout autumn and 

winter (Haydak 1970; Graham 1992), despite suitable winter conditions enabling 

workers to forage on available resources (Rinderer 1988).  

An atypical population at any time during the year is a key indicator that the colony is 

inhibited by one or more of the colony loss factors discussed previously. Population 

decline in spring is associated with excessive Varroa, Nosema infection (Mattila and 

Otis 2006), and viruses, such as deformed wing virus (DWV) (Highfield et al. 2009). 

Further information regarding these pests/diseases is available in Box 1.2: Major pests 

and diseases present in NZ honey bees. In Canada Varroa has been identified as the 

primary cause for population decline and mortality of overwintered colonies (> 85%) in 

spring and early summer (Guzmán-Novoa et al. 2010). This is likely because viral 

outbreaks are progressed by Varroa vectoring viruses that persist at low levels within 

bees (Tentcheva et al. 2004). This association has been demonstrated in NZ with 

autumn collapse occurring in colonies where both Kashmir Bee virus (KBV) and Varroa 

occur (Todd et al. 2007). Controlling Varroa is therefore imperative for colony production 

and survival. However, Varroa treatments applied in late autumn may fail to prevent 

colony loss during winter because adult bees infested as pupae, do not fully develop 

physiological features of long-lived wintering bees (Amdam et al. 2004). The absence 

of the queen that produces all of the brood obviously will cause population decline and 

colony mortality.  

NZ honey bees harbour just a subset of the pests and diseases that are present 

worldwide. This is presumably because NZ is geographically isolated and its border 

security has prohibited the importation of honey bees, hive ware and bee products since 

the 1950s (Stevenson et al. 2005). The four diseases/pests that negatively affect colony 

size are the parasitic mite Varroa, Paenibacillus larvae subspecies larvae, Nosema apis, 

and Nosema ceranae (for details see Box 1.2).  
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Box 1.2 | Major pests and diseases present in New Zealand honey bees 

Varroa destructor are parasitic mites that breed in the sealed wax cell of the honey 

bee pupae and parasitize the adult bees. Varroa infest brood to reproduce, feed on 

fat body tissue in the adult (Ramsey et al. 2019), and vector bee viruses, such as 

Deformed wing virus (DWV) and Sacbrood virus (SBV). Colonies must be treated in 

spring and autumn using synthetic treatments or the colonies die (Downey and 

Winston 2001; Goodwin and Taylor 2008). Resistance to these chemicals is 

developing (Goodwin et al. 2005). Damaged fat body cells and two morphologically 

distinct bacteria have been detected below the feeding site (Ramsey et al. 2019). The 

bacteria are currently uncharacterised so their association with Varroa or the honey 

bee is unknown. 

Paenibacillus larvae subspecies larvae (class Bacilli) are the causative agent of 

American foulbrood disease (AFB) in honey bee larvae/pupae (Alippi and Reynaldi 

2006). In NZ, colonies with a single clinical symptom of AFB must be destroyed by 

fire within seven days of identification, along with the hive ware (New Zealand 

Government 1998). Bee larvae are infected by consuming food contaminated with 

AFB spores. These germinate in the larval gut, penetrate the gut wall, and consume 

the pre-pupal or early pupal tissue (Bamrick 1967). 

Nosema spp. (two species) infect the epithelial cells of the honey bee midgut and 

reduce brood rearing, adult longevity, colony size, and honey production (Higes et al. 

2007; Botías et al. 2013; Huang and Solter 2013; Eiri et al. 2015). They are obligate 

intracellular single-cell spore-forming parasitic microsporidians that belong to the 

fungal phylum Microsporidia. Nosema apis was first introduced to NZ at least 100 

years ago (Zander 1909). Nosema ceranae was likely introduced to NZ between 2005 

and 2007 (Klee et al. 2007). Nosema ceranae causes increased food consumption 

(Martín-Hernández et al. 2011), then immune suppression (Antúnez et al. 2009), 

degeneration of the epithelial cells in the gut and then reduced lifespan. Ultimately, 

this results in decreased population size and reduced honey production (Higes et al. 

2007). 

Sacbrood Virus (SBV) is an infectious disease caused by the Morator aetatulas virus 

that affects honey bee larvae widespread virus that prevents larvae from pupating so 

that the unshed cuticle fills with fluid, forming a sac (Bailey et al. 1964). SBV does 

not cause symptoms in adult bees (Bailey 1969), but infected workers fly earlier and 

collect limited pollen (Bailey and Fernando 1972).  

Ascosphaera apis (Chalkbrood) is a fungus that mummifies honey bee pupae and 

appears either black or white. Chalkbrood is not normally lethal to the colony but it 

can cause a 5–37% reduction in honey yield (Heath 1982; Yacobson et al. 1991; 
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Zaghloul et al. 2005). The mummified pupae are removed from the cells by adult 

honey bees. Although Chalkbrood has significant effect on the honey bee immune 

system (Xu et al. 2019), the effect of this fungi on the gut bacteria in adult honey bees 

is unknown. 

Internationally, additional species cause population decline. These include 

Melissococcus plutonius (European foulbrood disease) (Bailey 1963), Acarapis woodi 

(Tracheal mites) (McMullan and Brown 2005), and Tropilaelaps clareae (Tropilaelaps 

mites). These are further described below in Box 1.3: International honey bee pests and 

diseases. The ‘honey bee pathosphere’ diagram by Evans and Schwarz (2011) provides 

a clear overview of the recognised parasites community that affects the health of honey 

bees.  

Box 1.3 | International honey bee pests and diseases 

Melissococcus plutonius (European foulbrood disease) is one of the two 

characterised bacteria that affect honey bee larvae. It is the infective agent of 

European foulbrood disease (EFB). EFB kills honey bee larvae but not necessarily 

the entire colony (Bailey 1963). EFB has not been detected, and is therefore likely 

absent from NZ. The spores of M. plutonius are transferred in honey, bees and hive 

ware. This is one of the reasons why the importation of international honey is illegal 

in NZ. 

Acarapis woodi (Tracheal mites) live in and cause scarring of the trachea of honey 

bees. Tracheal mites are lethal to colonies when initially introduced to a region. Once 

control treatments are introduced, colony death is sometimes observed when the 

colonies have overwintered in cold temperate climates (McMullan and Brown 2005). 

Tropilaelaps mites (Tropilaelaps clareae) are brood ectoparasites of honey bees 

native to Asia (Atwal and Goyal 1971). The primary host is Apis dorsata but 

Tropilaelaps mites were discovered on A. mellifera in the Philippines (Delfinado and 

Baker 1961). Tropilaelaps are particularly pathogenic in A. mellifera as they are 

similar to Varroa in that they infect brood, suck haemolymph and are likely to transmit 

viruses. 
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1.4.3 Bee behaviour 

The movement of bees in and out of the hive entrance is the initial indicator of a colonies 

health. No bees, bees staggering around or falling out of the hive the entrance, or bees 

that look wet or are crawling through the grass indicate the bees are diseased or have 

been poisoned. Additionally, if there is either excessive or limited movement in or out of 

the colony and the floorboard and entrance is covered with chewed wax, then it is likely 

that this weaker colony is being or has been ‘robbed out’ by a stronger honey bee 

colony, or wasps (Vespula spp). When the colony is opened, the low-pitched tone of the 

worker bees coupled with the bees conducting their jobs in an ordered fashion indicate 

that the queen is producing sufficient pheromones to control colony behaviour. A higher-

pitched tone from the worker bees and erratic worker behaviour indicates the queen is 

absent or failing (Gary 1992), or that the colony may be experiencing the effects of 

disease, pests, pesticide or malnutrition.  

Individual bees also show signs of disease; Nosema infection causes bees to tremble, 

have dilated abdomens, and produce faecal deposits on the combs (Bailey 1967). Sick 

or dead bees can also be seen outside the colony, and the colony has decreased brood 

production, predominantly in spring. Viral infections such as DWV and Acute Bee 

Paralysis Virus respectively cause wing deformities or paralysis. 

1.4.4 Appearance of the wax frames 

Spotty brood-patterns on the frame indicate that the colony may be affected by one or 

more pests, brood diseases or viral infections (Boxes 1.2: Major pests and diseases 

present in NZ honey bees, and 1.3: International honey bee pests and diseases); The 

brood cells can appear uncapped or sunken, and may contain mummified larvae, 

discoloured or c-shaped larvae or pupae, or sac-like pupae. Defecation on the frames 

may also indicate disease. In NZ, the appearance of the wax frames can be used to 

identify the following pests and disease. These are listed in order of annually attributed 

colony losses; the Varroa mite (Spivak and Gilliam 1998; Goodwin and Taylor 2008), 

the pathogenic larval/pupal bacterium P. larvae subspecies larvae, two microsporidia 

(Nosema apis and Nosema ceranae) that infect the midgut epithelial cells of adult honey 

bees, the virus Sacbrood (Morator aetatulas), and the fungus Chalkbrood (Ascosphaera 

apis).  

Honey bee larvae are supplied with a pool of royal jelly secreted by the hypopharyngeal 

glands (HG) (Figure 1.9) of nurse bees (Terra and Ferreira 1994). The development of 

the HG requires pollen (protein) that the nurse bees consume (DeGrandi-Hoffman et al. 

2010). If the colonies experience malnutrition, the larval diet is compromised, the larvae 

or pupae are often cannibalised (Webster et al. 1987), and brood rearing is reduced 

(Keller et al. 2005; Mattila and Otis 2007; DeGrandi-Hoffman et al. 2010). The brood-
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pattern therefore appears spotty, as the cells are cleared for new eggs to be laid. 

Malnutrition also causes bees to forage earlier (Toth et al. 2005). This reduces the 

length that bees perform other age-related tasks and reduces adult longevity (Rueppell 

et al. 2007; Woyciechowski and Moroń 2009), ultimately reducing the size of the colony. 

 

Figure 1.9 | Hypopharyngeal gland. 

This hypopharyngeal gland was removed from behind the compound eye of a worker honey bee. The white 

oval acini are each attached to an axial collecting duct. 

1.5 Assessing bee health 

Measures more specific than those outlined above can be used to assess colony 

development and bee health, such as worker survival, worker weight, the lifespan of 

workers, growth and development of fat bodies (Maurizio 1954; Wahl and Ulm 1983; 

Schmidt et al. 1987), and brood rearing success (Herbert et al. 1970; Wahl and Ulm 

1983). The suitability of protein sources for worker bee development can be compared 

by measuring the size of the acini on the HG in worker bees on day eight (de Groot 

1953; Standifer 1967). HG are undeveloped in newly emerging workers (NEWs), absent 

in drones, and rudimentary in queens. The glands synthesise brood-proteins which 

nurse bees feed to developing larvae. If the workers have consumed pollen, the HG are 

fully developed and physiologically functional in nurse bees by the 5th or 6th day post-

eclosure (Standifer 1967; Knecht and Kaatz 1990). However, complete development of 

the HG does not indicate that the secretion produced is nutritious for larvae (Standifer 

1967). 
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1.6 Gut bacteria associated with bee health 

With annual NZ colony loss at 9.8% and international colony losses even higher, a 

rapidly developing field of scientific research proving to be fundamental to animal health 

is the microbiome in the digestive tract. This includes microsporidia, other micro-

eukaryotes and in particular, the bacteria proliferating in the digestive tract (Guarner 

2005). Bacterial communities within insect digestive tracts are predominantly composed 

of commensal bacteria that likely aid host nutrition, digestion, reproduction and/or 

protection against enteric pathogens and toxins (Dillon and Dillon 2004; Engel and 

Moran 2013b). The composition of bacterial communities can be influenced by 

numerous factors. Examples of this occur in the fruit fly, Drosophila, as gut bacteria are 

influenced in part by the composition of bacteria in the environment (Corby-Harris et al. 

2007), and in turn these are regulated by Drosophila genes (Ryu et al. 2008). The 

composition and function of gut bacteria are also affected by host diet in crickets (Santo 

Domingo et al. 1998), termites (Warnecke et al. 2007) and gypsy moths (Broderick et 

al. 2004). The bacterial communities differ within the gut compartments of termites 

(Schmitt-Wagner et al. 2003). This also occurs in honey bees, suggesting that pH, 

digestive enzymes, and/or redox conditions may influence bacterial composition 

(Babendreier et al. 2007). 

When I commenced this PhD in 2014, the literature regarding the honey bee gut 

microbiome was limited to the recognised pathogens that affect bee health including 

fungi (Nosema apis, Nosema ceranae, Ascosphaera apis, and Aspergillus spp.), 

protozoans (Crithidia mellificae, Malpighamoeba mellificae, and Gregarines), and 

bacteria (Melissococcus plutonius, Paenibacillus larvae, Paenibacillus alvei, 

Spiroplasma apis, Spiroplasma melliferum, Pseudomonas aeruginosa, Achromobacter 

euridice, Enterococcus faecalis, and Brevibacillus laterosporus) (Evans and Schwarz 

2011). Less well known were the innate bacteria that were considered a small stable 

community that were either pathogenic or specific to sections within the honey bee gut 

(Babendreier et al. 2007; Martinson et al. 2011; Moran et al. 2012). The effect of bacteria 

on other insects, coupled with preliminary research on bumble bees (Bombus spp.) that 

suggested gut bacteria prevent infection of the parasite Crithidia bombi (Koch and 

Schmid-Hempel 2011b), validated the exploration of bacterial communities within the 

honey bee gut. Over the past five years this knowledge base has significantly increased. 

The following summarises the relevant key foundations for bacteria in the honey bee 

gut. 
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1.6.1 Culture-based identification of bacteria 

Historically, identification and classification of bacteria in the digestive tract (gut) of the 

adult honey bee was conducted using culture-based methodologies. The limitations of 

culture-based technology meant that bacteria were cultured if they were amenable to 

the culturing conditions provided or if their culture conditions were known. The 

information collected from culture-based studies tends to focus on cell structure, cellular 

metabolism or components within the cell such as DNA, fatty acids, and/or pigments. 

Culturing initially suggested that the gut was 70% Gram-negative bacteria, including 

various members of the phylum Bacteroidetes: class Flavobacteria (Tysset and Durand 

1968) (translated by Snowdon and Cliver (1996)), and the phylum Proteobacteria: 

including the class β-proteobacteria, and various genera in the class γ-proteobacteria: 

Citrobacter, Enterobacter, Erwinia, Klebsiella, Proteus, Pseudomonas, and the species 

Escherichia coli. The remaining bacteria were 29% Gram-positive bacteria from the 

phyla Firmicutes and Actinobacteria, and 1% yeast-like microbes. The phylum 

Firmicutes included Bacillus, Lactobacillus and Streptococcus from the class Bacilli, and 

Clostridium from the class Clostridia. The phylum Actinobacteria was represented by 

species of Bifidobacterium and Corynebacterium within the class Actinobacteria 

(Snowdon and Cliver 1996; Gilliam 1997).  

Culture-based studies using various agar media incubated in both aerobic and 

anaerobic conditions suggest that the bacterial community consists predominantly of 

anaerobic bacteria (108–109 viable cells per gram of intestine) as opposed to aerobic 

bacteria (104–105 cells/g) (Rada et al. 1997).  

In contrast, molecular studies identified that the honey bee gut was dominated by 

facultative aerobic or aero-tolerant bacteria (Mohr and Tebbe 2006; Ahn et al. 2012), 

and estimated that the average number of bacterial cells in 1-day-old bees increased 

from 1.1 x 105 to a more stabilised level in 16-day-old bees of between 5 x 108 and  

2.2 x 109 bacterial cells (Powell et al. 2014). At this time the discrepancy in the microbial 

counts between culture-based and molecular studies was because the growing 

conditions were understood for only some of the core gut bacteria, and  without these 

only a small subset, approximately 0.1–1%, of bacteria from an environment, will grow 

in situ (Staley and Konopka 1985). In the case of the honey bee gut, culture-based 

techniques were unable to simultaneously simulate all of the growth conditions required 

by each bacterium, including O2, H2, pH, and redox gradients (Brune 1998). Thus, only 

bacteria that grew in the provided conditions were observed, not necessarily the full 

complement of bacterial species present in the environment (Gilliam and Valentine 

1976; Gilliam et al. 1990; Gilliam 1997). Additionally, culture-based methodology 

creates ambiguity among and within species as most bacteria lack distinct structures, 

and many experience lateral gene transfer between unrelated species, thus blurring the 

boundaries among the phenotypes of taxa (Boucher et al. 2003). 

https://en.wikipedia.org/wiki/Cell_metabolism
https://en.wikipedia.org/wiki/Cell_metabolism
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/Fatty_acid
https://www.google.com/search?rlz=1C1GCEU_enNZ821NZ821&q=Betaproteobacteria&stick=H4sIAAAAAAAAAONgVuLSz9U3MC1IsSjJAQD2zszuDgAAAA&sa=X&ved=2ahUKEwjovPrpzavfAhWIdn0KHXMCCz4QmxMoATAYegQIBRAK
https://en.wikipedia.org/wiki/Lateral_gene_transfer
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Although culture-based methods are unable to determine species abundance in relation 

to each other or study interactions at a community level, they are still relevant as they 

enable species-specific research to be conducted. This includes identification, 

classification, and inoculation trials using axenic (without bacteria) bee guts, and to 

improve understanding of individual bacteria present in the honey bee gut (Gilliam 1997; 

Olofsson and Vásquez 2008; Killer et al. 2009; Koch and Schmid-Hempel 2011b; Engel 

et al. 2012; Engel et al. 2013b; Kwong and Moran 2013).  

1.6.2 Molecular identification of bacteria  

The 2006 rapid colony loss experienced in the USA highlighted the dearth of information 

regarding honey bees and their gut microbiota. This prompted research using culture-

independent methods to understand the association of honey bees with both symbiotic 

and pathogenic microbes (Cox-Foster et al. 2007; Evans et al. 2009; Runckel et al. 

2011). 

Technological advancement has enabled the use of molecular methods to more 

accurately identify and place bacterial species into clades. These methods typically 

utilise a region of DNA present in all bacteria called the 16S ribosomal RNA (16S rRNA) 

gene. This gene codes for the RNA component of the 30S subunit of the bacterial 

ribosome (Egert et al. 2003; Jeyaprakash et al. 2003). It is ideal for prokaryotic species 

identification as it tends to be highly specific to bacterial and archaeal species and tends 

to remain conserved within species (Olsen et al. 1994).  

A variety of molecular techniques have been used to identify and classify bacteria in the 

honey bee digestive tract based on the 16S rRNA gene including Sanger sequencing 

(Sanger et al. 1977; Jeyaprakash et al. 2003; Mohr and Tebbe 2006; Babendreier et al. 

2007; Cox-Foster et al. 2007; Olofsson and Vásquez 2008; Martinson et al. 2011; 

Disayathanoowat et al. 2012), terminal restriction fragment length polymorphism (T-

RFLP) (Babendreier et al. 2007; Disayathanoowat et al. 2012), single-strand 

conformation polymorphism (SSCP) (Mohr and Tebbe 2006), gene clone library 

analysis (Martinson et al. 2011), and more recently, pyrosequencing and other next-

generation sequencing (NGS) techniques (Ahn et al. 2012; Moran et al. 2012). These 

NGS technologies, which began to emerge in 2004 with the first Roche 454 machines 

and 2005 with the Solexa Genome Analyzer, have been increasingly employed for 

microbiome research because they generate numerous short sequencing reads from 

across millions of fragments from the same sample. As advancement in technology 

continues to reduce the number of reads with errors, molecular identification is now 

considered more accurate and reliable than culturing (Ross et al. 2013). The 

identification of numerous unique amplicon sequence variants (ASVs) identified in a 

single sequencing run, provides a much more detailed picture of the gut microbiome. 

However, the diversity of NGS approaches used to characterise the gut microbial 
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assemblage often precludes direct comparisons; the sampling methods vary, DNA 

extraction methods vary, and any one of the nine hypervariable regions of the 16S rRNA 

genes may be analysed (Mattila et al. 2012). 

International data from the sequencing of 16S rRNA gene amplicons from the guts of 

individual worker bees suggests that 99% of the bacterial community in the honey bee 

gut can be classified by eight to ten distinct species/phylotypes. However, this may not 

be a complete picture worldwide as the bacterial community in New Zealand bees has 

not been studied.  

Molecular nomenclature in the literature uses both ‘species’ and ‘phylotype’ 

interchangeably to distinguish a group of closely related strains that have ≥ 97% 

sequence identity or exact ASV in their 16S rRNA gene amplicons (Babendreier et al. 

2007; Cox-Foster et al. 2007; Martinson et al. 2011; Moran et al. 2012; Sabree et al. 

2012; Engel and Moran 2013a). Hereafter, the term ‘phylotype’ will be used to identify 

the most specific taxonomic rank that can be identified for each bacterium in the honey 

bee gut; some phylotypes correspond to known species, others to species complexes 

where unidentified species cluster within a genus, while others can only be classified to 

family, order, class or phyla.  
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1.7 Movement of nutrients through the digestive tract 

Before describing the eight to ten core bacterial phylotypes present in the honey bee 

digestive tract, the bee diet and the process of nutrient consumption need to be 

summarised. This provides context for the colonisation of the gut compartments within 

the digestive tract and how these bacteria may interact. From here on, the term ‘bacterial 

community’ refers to all bacteria within the digestive tract of the honey bee from crop to 

rectum, unless specified otherwise. 

The adult honey bee diet consists of protein, carbohydrates and water (Graham 1992). 

Pollen is the natural protein source that bees collect from flowers using the scopae of 

their hind legs to transfer it to their colony. Nectar is the predominant source of 

carbohydrate but during periods of dearth, bees feed on their stored honey or alternative 

carbohydrate sources such as dry sucrose, sucrose solution, invert sugar or high-

fructose corn syrup (DeGrandi-Hoffman et al. 2010). For further details see Box 1.4: 

The honey bee diet and the production of honey. 

 

Box 1.4 | The honey bee diet and the production of honey 

Some beekeepers supplement pollen with pollen patties made from ingredients such 

as crude protein, fat, ash, granulated or liquid sucrose, fondant sugar (sucrose and 

dry fructose), and tap water (Graham 1992). Natural carbohydrates are collected from 

flowers in the form of nectar. Nectar predominantly consists of sucrose, its 

monosaccharide components glucose and fructose, water and pollen grains (Wykes 

1952; Baker 1982). Although total sugar concentrations in nectar range from 4 to  

> 70% (w/w), depending on plant species and environmental conditions (Wykes 

1952; Percival 1961; Nicolson 1998), bee-pollinated flowers tend to produce nectar 

with > 35% sugar (Baker 1982). Within the hive, bees reduce the nectar’s moisture 

content to about 17% (range 13–24%) (White et al. 1962) before they cap the honey-

containing cells (Haydak 1970; Nicolson and Human 2008). This results in honey with 

a concentrated mix of sugar consisting of about 69% monosaccharides 

(approximately 38% fructose and 31% glucose) (Doner 1977), and < 15% 

disaccharide (sucrose) (White et al. 1962). Nectar is temporarily stored in the honey 

bee crop, which is essentially an inflatable bag that mixes nutritional resources 

collected from the external environment, hive stores, and from other bees. Sources 

of carbohydrate are utilised by the bee for energy and the surplus is stored in the wax 

cells and dehydrated to form honey. 
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From here on the term ‘gut’ will be used to identify the entire digestive tract of the honey 

bee. The gut consists of six main compartments that are located within the abdomen 

(Figure 1.10): crop, proventriculus, midgut/ventriculus, a short region called the pylorus, 

the ileum, and the rectum. The term hindgut refers to both the ileum and the rectum. 

 

Figure 1.10 | Dissected honey bee digestive tract. 

The head and thorax of the honey bee would be attached to the left of the crop. The main bacteria associated 

with the hindgut are listed. 

The type of bacteria within the crop are limited to those usually found in nectar or the 

surrounding environment. They are rarely found in the rest of the gut and normally grow 

in aerobic conditions (Wang et al. 2015). It was initially thought that digestion did not 

occur in the crop, as host proteolytic enzymes were not detected (Graham 1992). 

However, with the identification of Bacillus spp. in the crop, it has been suggested that 

microbial metabolites may be produced to assist digestion or aid storage (Lee et al. 

2015; Saraiva et al. 2015). However, it is more likely that Bacillus are present from 

external sources, such as the nectar, as the pH of the gut (5.5–6.5) (Muszynska and 

Leznicka 1992) may not support the growth of Bacillus spp. which typically require pH 

conditions > 6 (Gordon et al. 1973). 

The nutrient flow from the crop into the midgut (ventriculus) is regulated by the lips and 

hairs of the proventriculus, a flexible pipe that compresses the pollen grains into a bolus 

and pushes it through the sphincter muscle of the stomodeal valve (Bailey 1952; Barker 

and Lehner 1972). In the midgut the bolus is covered by a peritrophic membrane to form 

a compartment of digestion (Moritz and Crailsheim 1987) that contains immobilised 

aminopeptidases (Peters and Kalnins 1985). The majority of digestion and absorption 

occurs here (Peng et al. 1985). Energy from digestion is stored in the form of glycogen 
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and triglycerides by the fat body (Arrese and Soulages 2010) and within 2 min of 

consumption, the fat body breaks down glycogen to glucose which is then converted to 

trehalose (Gmeinbauer and Crailsheim 1993), a non-reducing disaccharide available as 

an energy source in the haemolymph (Wegener et al. 2003). The midgut substrate, 

known as the peritrophic membrane, is an unstable chitinous material that sheds 

continuously so limited bacteria are found in this region (Engel and Moran 2013b). The 

pylorus is where the boluses accumulate and the Malpighian tubules excrete 

electrolytes and nitrogenous waste. Bacteria such as Snodgrassella alvi (β-

proteobacteria), Gilliamella apicola (γ-proteobacteria), and Frischella perrara (γ-

proteobacteria) thrive on this waste (Bradley 1985). From this point on, > 99% of the 

bacterial cells reside. The boluses pass into the hindgut. The first compartment of the 

hindgut is the ileum that is dominated by S. alvi and G. apicola and also contains 

Lactobacillus mellis and L. mellifer. The rectum is the final compartment and is 

dominated by Lactobacillus and Bifidobacterium. The rectum of worker bees, at least 

when purging flights are possible, have a pH value below 5.5, whereas toward the end 

of winter and the boluses accumulate, the pH value ranges from 5.6 to 6.5 (Muszynska 

and Leznicka 1992). It is from here that the solid wastes are excreted (Winston 1991; 

Graham 1992). The pollen mass passes through the midgut within 1–3 hours (Bailey 

1952; Barker and Lehner 1972) but normally stays in the rectum until the honey bee 

flies out of the colony and defecates. 

Due to the specific functions that occur within the compartments of the digestive tract, 

it is likely that the bacteria within each are specialised to these conditions. Terminal 

restriction fragment length polymorphism analysis (T-RFLP) was used to show clear 

differences between the bacterial communities of the midgut, ileum, and rectum, where 

28% of the total variance was explained by differences between the midgut and the 

hindgut (Babendreier et al. 2007). Deep sequencing of 16S rRNA genes identified that 

the crop and midgut contain < 5% of the relative abundance of the core bacterial 

community, whereas the ileum and rectum combined contain > 95% (Martinson et al. 

2012); the average number of bacterial gene copies observed in the pylorus was 1.14 

x 109, the ileum contained ~2.83 x 108, and the rectum contained ~3.70 x 108 (Engel et 

al. 2015).  
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1.8 Core bacteria 

The predominant phyla are Proteobacteria (Engel et al. 2013b; Kwong and Moran 2013; 

Kešnerová et al. 2016), Firmicutes (Babendreier et al. 2007; Martinson et al. 2011) and 

Actinobacteria (Engel et al. 2012; Martinson et al. 2012; Moran et al. 2012; Sabree et 

al. 2012; Engel and Moran 2013a). As knowledge and functional understanding of the 

core bacteria present in the honey bee gut continue to evolve, taxonomic affiliations of 

these bacteria have been reassigned; taxonomy of strains identified and published prior 

to 1980 (Tysset and Durand 1968; Gilliam and Valentine 1976) have been updated and 

the identification and culturing of new strains have led to several re-classifications 

(Engel et al. 2012; Engel et al. 2013b; Wu et al. 2013). To clarify the currently used 

classifications, the historical nomenclature of the dominant core phylotypes and the less 

prevalent/inconsistently present phylotypes within the honey bee gut, are listed in Table 

1.1. 
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Table 1.1 | Core phylotypes in the digestive tract of adult honey bees. 

Phylum Class Order Family Genus & species Previous nomenclature (Moran 2015) 

Proteobacteria γ–proteobacteria Orbales Orbaceae 
*Gilliamella apicola 

(Kwong and Moran 2013) 
Gamma1, γ–proteobacteria-1, Pasteurellaceae, Orbaceae 

Proteobacteria β-proteobacteria Neisseriales Neisseriaceae 
*Snodgrassella alvi 

(Kwong and Moran 2013) 
Beta, β-proteobacteria, Neisseriales 

Actinobacteria  Bifidobacteriales* Bifidobacteriaceae 
*Bifidobacterium asteroides 

(Jeyaprakash et al. 2003), (Bottacini et al. 2012) 
Bifido 

Firmicutes Bacilli Lactobacillales Lactobacillaceae 

*Lactobacillus spp. 

(Ahn et al. 2012), (Sabree et al. 2012) 

   Lactobacillus mellis 

   (Olofsson et al. 2014) 

   Lactobacillus mellifer 

   (Olofsson et al. 2014) 

Lactobacillus Firm-4 

Firmicutes Bacilli Lactobacillales Lactobacillaceae 

*Lactobacillus Firm-5: 

   Lactobacillus apis 

   (Killer et al. 2014) 

   Lactobacillus helsingborgensis 

   (Olofsson et al. 2014) 

   Lactobacillus kimbladii 

   (Olofsson et al. 2014) 

   Lactobacillus melliventris 

   (Olofsson et al. 2014) 

*Lactobacillus Firm-5, strain 1 F1 

Firmicutes Bacilli Lactobacillales Lactobacillaceae 
Lactobacillus kunkeei 

(Neveling et al. 2012) 
Fructophilic lactic acid bacteria 

Proteobacteria γ-proteobacteria Orbales Orbaceae 
Frischella perrara 

(Engel et al. 2013b) 
Gamma-2, Orbales 

Proteobacteria α-proteobacteria Rhizobiales Bartonellaceae 
Bartonella apis 

(Ahn et al. 2012) 
Alpha1, Bartonellaceae, Rhizobiales 

Proteobacteria α-proteobacteria Rhodospirillales Acetobacteraceae 
Bombella apis  

(Yun et al. 2017) 

Acetobacteraceae, Alpha-2.2, Parasaccharibacter apium 
(Corby-Harris et al. 2014b) 

Proteobacteria α-proteobacteria Rhodospirillales Acetobacteraceae 
Gluconobacter–related spp. group 

(Corby-Harris et al. 2014b) 
Alpha 2.1 

The currently used nomenclature is in boldface. * indicates the dominant core bacterial phylotypes. 
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Of the eight to ten core phylotypes, five are considered dominant core bacteria as they 

are present in most adult honey bee workers, and are rarely found outside of the honey 

bee gut: Gilliamella apicola; Snodgrassella alvi; Lactobacillus Firm-4; Lactobacillus apis 

(previously known as Lactobacillus Firm-5); and Bifidobacterium asteroides 

(Babendreier et al. 2007; Martinson et al. 2011; Bottacini et al. 2012; Kwong and Moran 

2013). These five are observed in Bombus spp. and other Apis spp. (Ahn et al. 2012; 

Koch et al. 2013; Lim et al. 2015), but microbial transplantation experiments indicate 

that most strains are specific to their host and are unable to proliferate in other Apis spp. 

(Kwong et al. 2014; Kwong and Moran 2015). An additional four core phylotypes are 

less prevalent and more variable: Frischella perrara (Engel et al. 2013b), Bartonella apis 

(class α-proteobacteria) (Kešnerová et al. 2016), and a Gluconobacter-related species 

group (class α-proteobacteria) that contains Alpha 2.1, which in the following chapters 

of this thesis is referred to as Acetobacteraceae, and a species within the Alpha 2.2 

group, Parasaccharibacter apium (Corby-Harris et al. 2014a). Although P. apium has 

recently been published as Bombella apis (Yun et al 2017), I continue to use P. apium 

throughout this thesis to prevent confusion between Bartonella apis and Bombella apis. 

These core bacteria are reviewed in detail in section 1.7: Core Bacteria. Additional 

bacteria associated with the crop, specifically Lactobacillus kunkeei (class Bacilli) is 

reviewed in lesser detail (Corby-Harris et al. 2014a).  

Studies of the relative abundance of the core gut phylotypes and the sequencing 

methods utilised to obtain these data have been reviewed by both Sabree et al. (2012) 

and Corby-Harris et al. (2014a). The information was compiled from research of Apis 

mellifera populations in South Africa (Jeyaprakash et al. 2003), Germany (Mohr and 

Tebbe 2006), Switzerland (Babendreier et al. 2007), Australia (Cox-Foster et al. 2007), 

Sweden (Olofsson and Vásquez 2008), United Sates of America (Cox-Foster et al. 

2007; Vasquez and Olofsson 2009; Martinson et al. 2011; Mattila et al. 2012; Moran et 

al. 2012), and Thailand (Disayathanoowat et al. 2012). Two additional phylotypes: 

Gamma-3 and Gamma-4, were initially identified as part of the dominant gut bacteria 

(Moran et al. 2012) but as they are rare, infrequently observed and have not been further 

classified, they will be discussed as additional bacteria. 

None of the initial studies mentioned above identified all nine core phylotypes in a single 

colony or from a single location. Two publications identified all of the dominant 

phylotypes but these samples were collected from more than one location: Cox-Foster 

(2007) analysed bees from Australia, USA and Hawaii, and Moran et al (2012) analysed 

bees from Arizona (AZ) and Maryland (MD), USA. G. apicola and Lactobacillus Firm-5 

phylotypes were present in all of the above-listed studies. The South African populations 

did not identify F. perrara or Lactobacillus Firm-4 (Jeyaprakash et al. 2003). Bartonella 

apis, F. perrara and Lactobacillus Firm-4 were not discussed in the German study (Mohr 

and Tebbe 2006). B. apis, Alpha-2 and S. alvi were not discussed in the Swedish study 

(Olofsson and Vásquez 2008) or in the study from Arizona, USA where F. perrara was 

also not identified (Vásquez et al. 2009). B. apis and Alpha-2 were not identified in the 
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reanalysis of data from Massachusetts, USA, by Mattila et al. (2012). B. asteroides was 

absent from the Swiss study and B. apis, Alpha-2, F. perrara and Lactobacillus Firm-4 

were absent in the Thai study. G. apicola and F. perrara were the most frequent and 

abundant bacteria detected in Switzerland (Babendreier et al. 2007).  

It is likely that the differences between the phylotypes present and the relative 

abundance observed in these studies are associated with both methodology; age of 

bees sampled, DNA extraction methods, DNA sequence methods, and sequence 

analysis, as well as which phylotypes were reported.  

Table 1.2 summarises the methodology used in several studies that helped structure 

this PhD as they provided context for expected presence and potential relative 

abundance of dominant core bacteria for the analysis in Chapters 3–5. 
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Table 1.2 | Summary of key methods used to conduct research on the bacterial phylotypes in the digestive tract of honey bees (Apis mellifera).  
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Location AZ, USA Suwon, Korea AZ, USA 
AZ & MD, 
USA 

AZ, USA AZ, USA 
CT USA & 
Switzerland 

IL, USA Sussex, UK 

Bee type/age 

(days) 
W  W 9–30  ~16 

Honey, 
nectar, bee 
bread, W 

PF 5–29 F, N F 

Gut Section E M, H C, M, I, RM M–RM E  C M–H H M–H 

Sample type 

(number of bees) 
P (80) Ind (30) Ind (18) Ind (40)  P (10) Ind (21–140) Ind (3) & P (4) P (3) 

DNA extraction method 
LI, DNeasy kit 

(QI), & P/C 

FastDNA SPIN Kit 
for Soil (MPB) 

LI, DNeasy kit 
(QI), or PC 

B, PCI 
FG Genomic 
DNA 
Purification Kit 

B, LI, FG 
Genomic DNA 
Purification Kit 

CTAB/phenol 
extraction 

MB PowerSoil 
DNA isolation 
kit 

ZR DNA 
MiniPrep kit 

Phylotype identity method 
UBP, qPCR: 
27F & 1391R 

P454 
Custom primer 
pairs (100–250 
base pairs), qPCR 

P454 DNA Analyzer P454 qPCR P454 
Illumina 
MiSeq 

Region of DNA analysed  V1-9F/V3–541R  V6–V8 V1V2 V1V2  V1–V3 V4 

Gene sequence database Greengenes BLAST NA Greengenes RDP Silva  BLAST 
Greengenes 
& Silva 

Total reads NA 
M: 3626 

H: 5135 
NA 329,550 1723 1,616,883  4,402,282 11,636,723 

Gilliamella apicola Abundant 
M: 48.9 

H: 5.1 
M: dominant (47) 11.9 31.5 

S 5.8, A 12.1 

C: 6 
 4th abundant ~ 22–65 

Snodgrassella alvi Abundant 30.5 I: dominant (42) 9.1 8.2 
S 13.8, A 14.5 

C: 5 
 2nd abundant ~10–35 

Lactobacillus spp. 

Firm-4 
Abundant 

M: 17 

H: 84.2 
NS 23.2 17.5 

S 5.5 

A 2.5 
 3rd abundant ~2–12 

Lactobacillus spp.  

Firm-5 
Dominant 17–84.2 

C: 69 

R: 81 
45.4 34 

S 69.6 

A 55.4 
 

Dominant 

F: 30.4, N: 49.4 
~5–35 
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C: 8 

Bifidobacterium 

(B. asteroides) 
Abundant 1.6–3.9 NS 5.4 5.7 

S 1.2 

A 1.2 
 0  

Frischella perrara 0 
M: 30.5 

H: 2.9 
NS 2.0 2.1 

S 0.0006 

A 0.0005 

24-80% 
infected with 
> 25% 
infection on 
day 29 

Present ~5–65 

Bartonella apis NS 0 NS 1.0 
Low 
abundance 

NS  Present  

Gluconobacter–related 
species group (Alpha 2.1) 

NS NS NS NS 1 
S 2.0 

A 8.5 
 Present ~2–20 

Parasaccharibacter apium 0 3 NS 1.0 
Low 
abundance 

C: dominant (42)  NS ~< 1 

The relative abundance for each phylotypes is listed as a percentage. Some phylotypes were not applicable (NA), were not detected (0), or were not specified (NS). The samples may have been collected in 
spring (S) or autumn (A). USA locations: Arizona (AZ), Connecticut (CT), Illinois (IL), Maryland (MD). Bee type/age: queen (Q), larvae (L), nurse bee (N), worker bee (W), forager (F), and pollen forager (PF). 
Gut section: entire gut (E), crop (C), midgut (M), hindgut (H), ileum (I), rectum (RM), and whole abdomen (A). Sample type: pooled (P) and individual bees (ind). DNA extraction method: Lysozyme incubation 
(LI), Cetyltrimethylammonium bromide (CTAB), bead beating (B), phenol/chloroform/isoamyl alcohol (PCI), Phenol/chloroform (PC), Gentra PureGene Kit, Qiagen Inc. (QI), MoBio (MB), MP Biomedicals 
(MPB), Fermentas GeneJet (FG), ZymoResearch (ZR). Phylotype identity method: Universal bacterial primers (UBP), qPCR Light Cycler (qPCR), and Pyrotags 454 (P454). Region of DNA analysed: 
hypervariable region (V), forward primer (F), and reverse primer (R). Amplicon taxonomy databases: Basic Local Alignment Search Tool (BLAST), Ribosomal Database Project (RDP). 
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1.8.1 Dominant core bacteria 

Despite early studies indicating a wide range in relative abundance for the majority of 

the dominant core bacterial species, the relative abundance in later studies, where the 

bacteria in the entire gut is sequenced using molecular methods, suggests less variation 

(Table 1.2). Additional details for these, including their location in the gut, are 

summarised below. 

1.8.1.1 Gilliamella apicola 

Gilliamella apicola (class γ-proteobacteria) is one of the most abundant bacterial 

species in the honey bee gut (Jones et al. 2018b). They are facultative anaerobes with 

a Gram-negative cell wall structure. They are highly diverse in both Apis spp. and 

Bombus spp. (Ludvigsen et al. 2018). Within individual bees there are multiple strains 

of G. apicola, with type strain wkb1 being the first Gilliamella species to be isolated and 

described from honey bees (Moran et al. 2012; Kwong and Moran 2013; Zheng et al. 

2016). At the time of writing, the genomes of more than 48 of the 100-plus strains listed 

on the National Center for Biotechnology Information (NCBI) database, had been 

sequenced (Ludvigsen et al. 2017).  

G. apicola forms a thick biofilm-like layer in the luminal ileum along the epithelium, 

growing over a basal layer of S. alvi (Martinson et al. 2012); (Kwong et al. 2014). Both 

G. apicola and S. alvi appear to partition resources in the ileum so they may cooperate 

for nutrients (Kwong et al. 2014), whereas G. apicola and F. perrara may compete for 

resources as they both colonise the ileum and appear to gain energy from anaerobic 

fermentation of carbohydrates (Engel et al. 2013b). G. apicola produces enzymes that 

may aid pollen digestion (Engel et al. 2012). 

Molecular sequencing of the relative abundance of G. apicola within the gut of 16-day-

old bees identified a range between 0.6%–30% (Moran et al. 2012). When the DNA was 

extracted from pooled honey bee guts, this increased to 65% (Jones et al. 2018b). 

In vitro, G. apicola, grows optimally in microaerophilic conditions forming smooth, white, 

round colonies, with an approximate diameter of 2.5 mm after 2 days’ growth at 37°C 

and 5% CO2. They also form filaments > 10 µm long (Kwong and Moran 2013). The 

susceptibility of G. apicola to 12 antibiotics was assessed using disc diffusion assays. 

G. apicola was susceptible to oxytetracycline and tylosin (Kwong and Moran 2013), both 

of which are used internationally to control P. larvae subspecies larvae.  

1.8.1.2 Snodgrassella alvi 

Snodgrassella alvi (class β-proteobacteria) are rod-shaped, Gram-negative bacteria 

that are ~1.0 µm long and 0.4 µm wide (Kwong and Moran 2013). They are present in 

the gut of both Apis and Bombus spp. (Martinson et al. 2011; Ahn et al. 2012; Martinson 
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et al. 2012; Moran et al. 2012; Sabree et al. 2012; Koch et al. 2013; Ludvigsen et al. 

2018). Within the honey bee, S. alvi is located in the luminal ileum and forms a thick 

biofilm-like layer along the epithelium, which is then overlaid by G. apicola (Martinson 

et al. 2012). Within individual bees there are multiple strains of Snodgrassella (Moran 

et al. 2012) and the S. alvi type strain wkB2T is present and abundant in every honey 

bee (Martinson et al 2012).  

In vitro, this strain grows well at 37°C in microaerophilic conditions (CO2-enriched) with 

pH 6.0–6.5 on blood agar (tryptic soy agar (TSA) infused with 5% sheep blood), TSA, 

heart infusion agar (HIA), lysogeny broth agar (LBA), and brain heart infusion agar (BHI) 

(Kwong and Moran 2013). The colonies are smooth, white and round, with an 

approximate diameter of 1 mm after 2 days. They test positive for urease, nitrate 

reductase and catalase activity (Kwong and Moran 2013). Susceptibility of S. alvi to 12 

antibiotics was assessed using disc diffusion assays and was susceptible to the same 

two as G. apicola: oxytetracycline and tylosin (Kwong and Moran 2013).  

S. alvi may cooperate with G. apicola for nutrients as they both appear to partition 

resources in the ileum (Kwong et al. 2014). Using molecular sequencing, the relative 

abundance of S. alvi is 6.7% from pooled guts (Sabree et al. 2012), and ranges between 

0.6–39% when the DNA were extracted from 16-day-old bees (Moran et al. 2012).  

1.8.1.3 Lactic acid bacteria 

Lactobacillus spp. are one of the most important lactic acid bacteria (LAB) in humans, 

insects and other animals with > 175 species (Hammes and Hertel 2006). They are 

often found in food and fermentation processes where they are generally considered 

beneficial and produce acid metabolites, such as lactate and acetate, that exclude 

competing organisms, many of which are pathogens (Jack et al. 1995). In humans and 

animals they modulate their host’s immune response and produce antimicrobial 

metabolites that protect their host (Servin 2004; Ventura et al. 2009). 

LAB are present in the honey bee crop and midgut, and contribute to the dominant 

fermentative bacteria in the hindgut (Martinson et al. 2012; Anderson et al. 2013). 

Thirteen species of LAB from Lactobacillus and Bifidobacterium were identified by 

culturing the crops of bees from Sweden and the USA (Olofsson and Vásquez 2008). 

Of these, 11 were also found in pollen and bee bread (eight of the 11 species in pollen 

and nine in bee bread), which is pollen that has been collected by bees and had 

glandular secretions added before storing in the wax cells (Vásquez et al. 2009). These 

13 LAB are not specific to the crop since a subset of LAB are present in the mid and 

hindgut (Corby-Harris et al. 2014a).  

Lactobacillus spp. (Firm-4), Lactobacillus apis (Firm-5) and Bifidobacterium dominate 

the rectum (Martinson et al. 2012; Anderson et al. 2013). This may occur because they 

are facultative anaerobes that are acid tolerant (Muszynska and Leznicka 1992), and 
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unlike other bacteria, they may be more metabolically versatile, able to metabolise the 

pollen walls and nitrogenous wastes that are stored in the rectum before excretion 

(Winston 1991; Graham 1992). 

In vitro, Lactobacillus spp. at 37°C form small, round, opaque, white colonies on BHI 

agar after one day or on De Man, Rogosa and Sharpe (MRS) agar after 48–72 h. The 

colonies are both catalase- and nitrate-negative, the pH values for the growth of specific 

strains are similar, 3.8 ± 0.5, but the concentration of lactic acid generated by each 

strain is specific (Audisio et al. 2011). 

Lactobacillus Firm–4 

Lactobacillus Firm–4 (class Bacilli) include L. mellis and L. mellifer. It is a group of 

predominantly unclassified Lactobacillus species that are acid-tolerant, Gram-positive 

bacteria that are capable of fermenting sugars. They are present in the lumen but more 

abundant in the rectum (Martinson et al. 2012; Powell et al. 2014).  

Using molecular sequencing, the relative abundance of Lactobacillus Firm-4 ranges 

between 2.0 and 23.2%, the lower abundance when the DNA was extracted from the 

mid through hindgut of individual forager bees from Sussex, UK (Jones et al. 2018b), 

and the higher abundance when DNA was extracted from bees outside the brood nest, 

approximately 16 day old bees, from the USA (Moran et al. 2012).  

Lactobacillus Firm–5 

Lactobacillus Firm–5 (class Bacilli) includes L. apis, L. melliventris, L. kimbladii, L. 

kullabergensis, and L. helsinborgensis (Bonilla-Rosso and Engel 2018). The early 

composition of the adult honey bee gut is dominated by L. apis (Anderson et al. 2016), 

as are the mouthparts, the HG, and the rectum (Maes et al. 2016). Further 

characterisation of the species grouped within Firm–5 of the genus Lactobacillus is 

expected. This is because nine unique ASVs have already been identified from the V1 

– V3 hypervariable of the 16S rRNA gene (Kapheim et al. 2015) using BLAST (Altschul 

et al. 1997). The relative abundance of L. apis ranges between ~5% when the DNA is 

extracted from mid through hindguts (Jones et al. 2018b) and 69.6% in pollen forager 

DNA (Corby-Harris et al. 2014a). 

Bifidobacterium spp. 

Bifidobacteria (class: Actinobacteria) are Gram-positive, anaerobic, branched or 

pleomorphic rod-shaped, non-spore-forming bacteria that adhere to the epithelial cell 

wall in the digestive tracts of humans and other animals (Biavati et al. 2000). Similar to 

other LAB, Bifidobacteria break down carbohydrates to produce both acetate and 

lactate (Kandler 1983). Bifidobacteria also modulate the immune system and strengthen 

the epithelial barrier in honey bees so they either compete directly with pathogens or 

they produce bacteriocins (toxins) to kill the pathogens and prevent damage (Vásquez 

https://en.wikipedia.org/wiki/Gram-positive
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et al. 2012). Species of Bifidobacterium dominate the rectum alongside Lactobacillus 

Firm–4 and Firm–5 (Martinson et al. 2012; Anderson et al. 2013). These include B. 

coryneforme, B. asteroides, and B. indicum (Biavati and Mattarelli 2006; Bottacini et al. 

2012). B. asteroides stimulate the production of hormones required for bee development 

(Kešnerová et al. 2017).  

The relative abundance of Bifidobacterium spp. ranges between 1.2% in the DNA of 

pollen foragers (Corby-Harris et al. 2014a) and 5.4% when the DNA was extracted from 

a sample of pooled honey bee guts (Moran et al. 2012; Sabree et al. 2012). 

1.8.2 Less prevalent core bacteria 

1.8.2.1 Frischella perrara 

Frischella perrara is a Gram-negative bacterium that is closely related to G. apicola. It 

specifically colonises the pylorus (~7.29 x 107 cells/g) and the ileum (~7.67 x 106 

cells/g), and its presence is negatively correlated with bee survival and development 

(Engel et al. 2015; Maes et al. 2016). F. perrara uses energy from anaerobic 

fermentation of carbohydrates (Engel et al. 2013b), suggesting it may compete directly 

with G. apicola for resources (Martinson et al. 2012; Powell et al. 2014). Scab formation 

on the luminal surface of the epithelium in the bee pylorus, 0.5 mm behind the 

attachment of the Malpighian tubules at the start of the ileum, occurs after exposure to 

F. perrara (Engel et al. 2015). The scabs were first described in 1946 and appear as an 

incomplete yellow/brown/black band on the gut perimeter (Engel et al. 2015). These are 

similar to melanisation that occurs as part of the insect immune system (Cerenius et al. 

2008). Melanisation in insects is observed in wound healing, encapsulation of parasites 

and causes oxidative stress (Nappi and Christensen 2005). 

A study of bees from the USA and Switzerland observed bees with scabs ranged 

between 24% and 82% and correlated with abundance of F. perrara in foraging honey 

bees (Engel et al. 2015). Engel et al. (2015) found scabs were not obvious in NEWs but 

were present in 20% of 5-day-old bees and 70% of 7-day-old bees. The percentage of 

bees with scabs remained constant thereafter until day 29. The same study showed F. 

perrara was the dominant bacterium in the pylorus (> 50%) in 2- to 7-day-old bees, 

which then declined over time to < 25% and thereafter G. apicola and S. alvi dominated 

the bacterial community in the pylorus (Engel et al. 2015). F. perrara is widely distributed 

throughout Europe, North America and Asia (Cox-Foster et al. 2007; Ahn et al. 2012; 

Moran et al. 2012) but is less prevalent than G. apicola or S. alvi (Moran et al. 2012; 

Sabree et al. 2012; Corby-Harris et al. 2014a) and is sometimes absent, as shown when 

DNA was extracted from both pooled guts and entire 16-day-old honey bees from 

Arizona, USA (Martinson et al. 2011). Up to 65% relative abundance was observed 

when the DNA was extracted from individual honey bees (Martinson et al. 2012; Jones 
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et al. 2018b). However, the presence of this bacterium is variable and < 25% is more 

common (Martinson et al. 2012; Moran et al. 2012; Engel et al. 2015). 

1.8.2.2 Bartonella apis 

Bartonella apis are occasionally observed in the honey bee gut. They are rod-shaped 

bacteria approximately 1.2–1.8 μm. Bartonella adapt to limited carbohydrates by 

deriving carbon and energy from the catabolism of amino acids rather than glucose 

(Chenoweth et al. 2004). 

In vitro, bacterial colonies form under microaerophilic conditions at 35–37°C on solid 

media with defibrinated sheep blood, although the growth of some strains is inhibited 

by aerobic conditions. The strain PEB0122T is positive for catalase, cytochrome-c 

oxidase, urease and nitrate reductase (Kešnerová et al. 2016).  

The relative abundance of B. apis ranges between 0% when the DNA was extracted 

from a sample of pooled honey bee guts (Sabree et al. 2012), and 1% in the DNA 

extracted from 16-day-old bees (Moran et al. 2012). 

1.8.2.3 Gluconobacter-related species group (Alpha 2) 

The family Acetobacteraceae contains the Alpha 2 group which comprises numerous 

strains (Corby-Harris et al. 2014b). Alpha 2.1 are gut specialists whereas members of 

Alpha 2.2 grow in external environments such as nectar, bee bread, honey and the 

larval gut (Anderson et al. 2013). Nine groups of Acetobacteraceae Alpha 2.2 bacteria 

were isolated from first-instar honey bee larvae (Corby-Harris et al. 2014b). From these, 

44 bacterial isolates were successfully cultured and all grew well over a 48 h period in 

slightly acidic SDA medium and 5% CO2 (Corby-Harris et al. 2014b). 

Parasaccharibacter apium has recently been classified within this Alpha 2.2 group. It is 

a generalist bacterium which is acid resistant and osmotolerant (Corby-Harris et al. 

2014b). It is ubiquitously present and abundant in the queen gut, the HG of worker bees 

which produce royal jelly, the royal jelly itself, developing larvae, and occasionally in the 

worker crop and in stored pollen (Corby-Harris et al. 2014b). P. apium are negligible in 

the worker mid and hindguts (Corby-Harris et al. 2014b), and in low numbers among 

castes sampled in spring and late summer (Babendreier et al. 2007), bees from colonies 

at different locations (Mattila et al. 2012; Moran et al. 2012), and among bee populations 

in different countries (Jeyaprakash et al. 2003; Babendreier et al. 2007; Olofsson and 

Vásquez 2008). This was confirmed using both culture and pyrosequencing techniques 

(Corby-Harris et al. 2014b).  
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1.8.3 Additional bacteria 

Lactobacillus kunkeei 

Lactobacillus kunkeei are rarely found in the bee gut but are considered mutualistic 

symbionts of honey bees (Rangberg et al. 2012 ). They are present in honey, bee-

collected pollen, royal jelly and this species is the dominant LAB in bee bread (Anderson 

et al. 2013; Asama et al. 2015). They are acid-resistant, fructophilic bacteria that 

produce lactate, acetate and ethanol (Neveling et al. 2012). These traits enable them to 

grow in the crop in the presence of nectar and honey, both of which have an average 

pH level of 3.9 (ranges from 3.4 to 6.1) (Snowdon and Cliver 1996).  

1.9 Honey bee acquisition of gut bacteria 

The social behaviour of honey bees is important for the acquisition of gut bacteria as 

NEWs are thought to contain a limited bacterial community in their gut when they eclose 

(Martinson et al. 2012). Transmission, propagation and longevity of gut bacteria are 

facilitated by the social behaviour of bees and the management practices of beekeepers 

who swap wax frames with bees between colonies and move colonies to other regions 

for pollination (Gilliam 1971; Powell et al. 2014).  

The bacterial community is thought to be acquired through exposure to hive surfaces, 

nurse bees, and hindgut material transferred via proctodaeal (anus to mouth) 

trophallaxis; trophallaxis is the social transfer of food or faeces from one adult bee to 

another which generates a common stomach that enables all bees within a colony to 

obtain knowledge of the nutritional status of sister workers (Crailsheim 1991), and to 

acquire gut bacteria. Without these exposure routes, bees lack a substantial gut 

community even after eight days (Powell et al. 2014). Both honey bee and bumble bee 

workers raised in isolation after pupal emergence have been shown to lack specific gut 

microbiota (Gilliam 1971; Koch and Schmid-Hempel 2011a; Martinson et al. 2012), with 

potentially detrimental consequences such as higher parasite susceptibility (Koch and 

Schmid-Hempel 2011a; Koch and Schmid‐Hempel 2012). The dominant Gram-negative 

species S. alvi, G. apicola, and F. perrara require the presence of nurse bees or 

exposure to hindgut material through proctodaeal trophallaxis, whereas the transfer of 

some Gram-positive species is aided by exposure to hive surfaces (Powell et al. 2014). 

However, the bees in the Powell et al. (2014) study were removed from the cells before 

they chewed through the wax cell-cap, which they must do in a colony. It is therefore 

unclear whether the initial colonisation of the gut in a colony is determined by the gut 

composition of the nurse bees and the hive environment, or whether chewing through 

the wax cell-cap provides the initial seed-bacteria required to develop the bacterial 

composition. 
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Within the first 2 days post-eclosure, the ileum colonises before the rectum with non-

core and core γ-proteobacteria and fungi (Gilliam 1971; Powell et al. 2014). Within 4 to 

6 days post-eclosure, full species colonisation occurs rapidly with total bacterial counts 

of 1.1x108 16S rRNA gene copies. These are dominated by the core bacteria, S. alvi, 

G. apicola, and F. perrara (Powell et al. 2014). The gut of adult honey bee workers, 9 

to 30 days post-eclosure, contains a large bacterial community consisting of β-

proteobacteria, Firmicutes and γ-proteobacteria. This community is known as BFG and 

specifically includes S. alvi, L. apis, and G. apicola, respectively (Martinson et al. 2012). 

Powell et al. (2014) and Martinson et al. (2012) characterised BFG throughout the life-

cycle of the honey bee, and also among compartments within the digestive tract. BFG 

were almost non-existent in the crop and midgut, with almost 95% of the BFG being 

located in the hindgut (Martinson et al. 2012). NEWs in contact with only material from 

hive frames and NEWs that had access to only hindgut material from nurse bees both 

had significantly more bacteria after eight days than NEWs that had simultaneous 

contact with entire nurse bees and frames, or those that only contacted the heads of 

nurse bees, allowing stomodeal (oral) trophallaxis (Powell et al. 2014). This supports 

the theory that stomodeal trophallaxis may cause suppression of environmental bacteria 

(Vásquez et al. 2012). It is unknown what part of stomodeal trophallaxis inhibits the 

bacteria. It may be enzymes or bacteria within the crop that affect the bacteria or it may 

be the propolis, the antibacterial waxy resin that bees collect from leaf buds that they 

mould with their mouthparts to use as a glue for their hive (Grange and Davey 1990).  

The digestive tracts of honey bee larvae, NEWs (Disayathanoowat et al. 2012), and 

their major protein source (bee bread), all contain minimal bacterial phylotypes 

(Martinson et al. 2012). Only 7% of the gut bacteria in adult Africanised honey bees (a 

hybrid of A. mellifera and the African honey bee, Apis mellifera subspecies scutellata) 

overlap with bacteria found in bee bread (Saraiva et al. 2015). This suggests that protein 

in the diet is not a common source of bacteria for NEWs but there is no understanding 

as to whether carbohydrate sources have any effect on the bacterial composition. 

However, the mouthparts and HG may act as reservoirs for both hive and gut-

associated bacteria, and this may also harbour strain variability (Maes et al. 2016). 

Engel and Moran (2013a) hypothesised that the initial colonisation of the honey bee gut 

may prime the immune system to protect bees from enteric pathogens. They also 

hypothesised that bacterial functions related to nutrient absorption may influence the 

social behaviour of bees. The reasoning was because bacterial metabolism of the diet 

may increase nutrient availability, therefore increasing insulin signalling which is 

involved in regulating division of labour in bees (Ament et al. 2008). It has since been 

shown that initial gut colonisation affects immune gene expression (Kwong et al. 2017). 
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1.10 Importance of bacteria in the honey bee gut 

The importance of the honey bee gut is becoming more apparent as we obtain 

understanding of how bacterial phylotypes within the honey bee gut function, their 

influence on the bee, how these phylotypes interact, and what they are influenced by. 

In contrast with the human gut, the simplicity of the honey bee bacterial community 

(Martinson et al. 2011) provides opportunities to understand the processes that regulate 

the specialised gut communities and how these communtiies effect host biology (Zheng 

et al. 2018). Specifically, the bee gut is a powerful model system for the human gut as 

bees can be raised with limited bacteria (Powell et al. 2014), enabling the effect of 

specific bacteria on the host to be studied in isolation. Additionally, the bacterial 

communities are similar in that there is a high concentration of microbiota in the distal 

part of the gut, some bacteria are host-specific, and the bacteria is socially transmitted 

among individuals 

Experimental studies using individual phylotypes or entire bacterial communities are 

best designed by assimilating prior knowledge and identifying the research gaps. 

Sections 1.10 – 1.12 provide a brief overview of what is currently known about the 

bacterial community in the honey bee gut and highlights some knowledge gaps (KG) 

that I used to form the principal objectives for this thesis. 

1.10.1 Bacterial variation among Apis species 

Apis species have different gut bacterial compositions. In contrast to the significant 

variation observed among the bacterial community in pooled mid- and pooled hindguts 

of 30 adult A. mellifera, the bacterial community in the pooled midgut of 40 Apis ceranae 

bees, the closely related Asian (Eastern) honey bee, was similar to the pooled hindgut 

samples (Ahn et al. 2012). This study also showed that the bacterial community in A. 

cerana was less diverse than that in A. mellifera (Ahn et al. 2012). Unfortunately, this 

Korean study only analysed bees from one colony of each species. However, they two 

colonies were located in the same apiary, therefore mitigating the effect of 

environmental factors. In contrast to the Ahn et al. (2012) study, Disayathanoowat et al. 

(2012) found that the midgut bacterial communities of A. cerana differed significantly 

between three apiaries in Northern Thailand, but those of A. mellifera did not. However, 

because the midgut of A. mellifera contains < 5% of the entire bacterial community, this 

lack of variation is unlikely to accurately represent what occurs in the bacterial 

community of the hindgut, let alone the entire bee gut (Ahn et al. 2012; Disayathanoowat 

et al. 2012). The Korean study also showed that the proportion of Proteobacteria in 20 

larval bee guts (77.4–97.1%) was be larger than that in adults (13.3–81.1%). These 

studies show that the developmental stage of the bee, gut compartment, and bee 

species are all factors that alter the relative abundance of bacterial groups in the mid 

and hindguts of A. mellifera (Ahn et al. 2012). 
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Prior to publishing Chapter 6 of this thesis (Taylor et al. 2019), the bacterial composition 

in the gut of New Zealand honey bees was unidentified. As there are no longitudinal 

studies comparing gut bacteria over time, the physical isolation of honey bee colonies 

in New Zealand since the 1950s (Stevenson et al. 2005) may be the only way to 

determine whether bacterial selection may have occured over time. This lack of 

knowledge therefore precludes the statements that the guts of honey bees worldwide 

contain only eight to ten phylotypes. 

Knowledge gap 1: No NZ data 

It is unclear whether both community composition and relative abundance observed 

in these studies were the expected variation between different populations (NZ 

included), or whether they were a response to external biotic and / or abiotic factors 

associated with the apiary.   

 

Cox-Foster et al. (2007) conducted a metagenomic study on bees from USA, Hawaii 

and Australia, which identified all genetic material in the samples. The graphs indicate 

that Lactobacillus spp. was absent, and G. apicola was more abundant in colonies with 

Colony Collapse Disorder (CCD) compared with healthy colonies. Recently, 

Lactobacillus spp. and Leuconostoc spp. (Lactobacillales, Firmicutes) have been 

associated with healthier colonies, whereas bacteria from the genus Arsenophonus (γ-

proteobacteria) are associated with poor health (Budge et al. 2016). It is therefore 

possible that some bacteria may be useful indicators of colony health. This change in 

bacterial abundance suggests that gut dysbiosis (an unhealthy microbial imbalance) 

may have occurred, so that normal dominating bacteria are replaced with 

underrepresented species (Joossens et al. 2011).  

Knowledge gap 2: The affect of external factors 

Although bacterial species are associated with poor health, it is unknown whether 

bacterial composition in the gut alters bee health or whether the composition of gut 

microbiota alters in response to external factors, which in turn may enable pathogenic 

bacteria to proliferate.  

 

Colonies headed by queens inseminated with semen from multiple drones are on 

average less impacted by the larval gut bacterium P. larvae subspecies larvae and have 

larger bee populations than those headed by queens inseminated with semen from a 

single drone (Seeley and Tarpy 2007). A study of colonies from Massachusetts, USA, 

headed by queens inseminated with semen from either a single drone or 15 drones, 

identified a novel bacterium within the Oenococcus, Leuconostoc and Weissella clade 
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(Lactobacillales, Firmicutes) and showed strain variation within core species of bacteria 

(Mattila et al. 2012). It was proposed that healthy colonies with diverse gut bacterial 

communities were correlated with the genetic sources carried by the queen bee (Mattila 

et al. 2012). However, reanalysis of these sequence data indicated that the novel 

bacteria and the proposed correlation were unsubstantiated (Sabree et al. 2012).  

Knowledge gap 3: Variation in subdominant species 

Although strain variation within core gut species has been observed, it has not been 

identified for sub dominant core species. It is also unknown whether genetic variation 

in the queen is associated with bacterial colonisation in worker bees. 

 

1.10.2 Variation in relative abundance 

The studies listed in Table 1.2 provide insight into the variation between the 

presence/absence of phylotypes as well as variation in relative abundance of individual 

phylotypes. These data cannot be easily compared as different DNA extraction methods 

and PCR primers have been used. A comparison of five methods used to extract 

bacterial DNA from human faecal samples showed that DNA extraction techniques can 

favour either Gram-positive or Gram-negative organisms (McOrist et al. 2002). They 

recommend that a DNA extraction technique should be carefully selected based on the 

specimen type. Additionally, method choice affects alpha-diversity and consistency of 

community composition (Hermans et al. 2018). Therefore, the relative abundance of 

phylotypes identified by Moran et al. (2012) using the bead-beating method that 

effectively releases the DNA from Gram-positive organisms (those within the 

Lactobacillus Firm–4 and Firm–5 clusters. In 2012 the species within these clusters 

were not individually identified), should not be compared with those from the RNA 

analysed by Cox-Foster et al. (2007) (G. apicola was the most abundant phylotype). As 

the foundation of bacterial phylotypes in the honey bee gut is reasonably established 

and the technology to analyse sequences is more reliable, moving forward the 

consistency between trial designs and analysis should be sought as this would enable 

more accurate comparison of the relative abundance within the body of literature.  

Additional studies provide some evidence that subtle differences in community 

composition may be related to season (Ludvigsen et al. 2015), diet (Maes et al. 2016); 

(Jones et al. 2018b), host age (Martinson et al. 2012; Tarpy et al. 2015), caste (Kapheim 

et al. 2015), geography (Ludvigsen et al. 2017), pathogens (Sabaté et al. 2009; Audisio 

and Benítez-Ahrendts 2011; Killer et al. 2014), and the health status of the bee (Cox-

Foster et al. 2007). Why these studies may have observed these variations is discussed 

in further detail in the following chapters of this thesis. For now, relative abundance has 
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been observed to vary between bees and colonies (Moran et al. 2012). From 40 

individual honey bees – five bees each from four colonies in both AZ and MD, USA – 

11 unique ASVs accounted for 98.5% of the bacterial reads. There was no significant 

difference in ASV richness or evenness between the apiaries, but on an individual level, 

every bee contained seven of the eight dominant phylotypes present, and the relative 

abundance of each phylotype varied between bees and colonies (Moran et al. 2012). At 

a colony level, the composition of bacterial communities was significantly different, 

especially at the AZ apiary. G. apicola and S. alvi were present in every bee, but their 

abundance ranged from 0.6–30% and 0.6–39%, respectively. Indicator-species 

analysis identified G. apicola and L. apis to be prominent in the MD samples, whereas 

two Enterobacteriaceae, Gamma-3 and Gamma-4, were prominent in the AZ samples. 

The phylotypes Alpha 2, Bifidobacterium and F. perrara were found in low abundance 

in most bees but the presence of Gamma-3, Gamma-4, and B. apis were variable 

across individuals.  

Knowledge gap 4: Comparative analysis between NZ and international bees 

Composition and relative abundance of some bacterial species in the honey bee gut 

vary within bacterial communities. The cause of this variation is unclear. Varying 

methodology precludes comparison among some studies. Comparative analysis 

between NZ bees and international bees would provide context within the world 

domain. 

1.11 Functions of the dominant honey bee gut bacteria 

1.11.1 Potential functions identified through metagenomic 

sequencing and other methods 

An initial picture of the potential functions of the dominant honey bee gut bacteria was 

first ascertained through sequencing the honey bee metagenome. This identified all 

DNA within the samples, including that of the bacteria. The honey bee metagenome 

was used to reconstruct metabolic pathways to predict their possible functions based 

on other species (Koch and Schmid-Hempel 2011a; Engel et al. 2012). Initially, they 

were compared to the genes and their associated functions from the microbiota of five 

mammals and four other insects. The bacterial species were grouped by common genes 

or functions in these other animals (Clusters of Orthologous Groups (COG)) and the 

majority of functions were related to assisting nutrient utilisation by the host, assisting 

host immunity, and pathogen defence (Markowitz and Kyrpides 2007). Additional 

research suggests that the dominant gut bacteria may also play key roles in worker and 
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larval health, hive hygiene, and food storage (Anderson et al. 2013; Corby-Harris et al. 

2014b; Engel et al. 2016).  

Functions related to biofilm formation and host interaction were predicted to correspond 

with both γ-proteobacteria: G. apicola and F. perrara, and β-proteobacterium: S. alvi 

(Engel and Moran 2013a). Both Gilliamella and Snodgrassella spp. are significantly 

enriched in the functions of ‘intracellular trafficking, secretion, vesicular transport and 

cell motility’ (Engel et al. 2012). Snodgrassella also has enriched genes that encode 

RTX (repeats-in-toxin) exoproteins which assist in host cell interaction and can act as 

bacteriocins that inhibit competing bacteria. As both G. apicola and S. alvi are 

microaerophilic, they may play a role in modulating the gut environment by maintaining 

anaerobic conditions in the gut lumen. They do this by consuming the available oxygen, 

as has been observed of bacteria in the termite gut (Brune et al. 1995). Both bacteria 

also form biofilm-like aggregations on the lining of the ileum (Martinson et al. 2012), and 

this, coupled with the observation that strains of these two species dominate the ileum 

of Bombus spp. (Martinson et al. 2012) and protect the bees from the intestinal 

trypanosomatid pathogen Crithidia bombi (Koch and Schmid-Hempel 2011a; Cariveau 

et al. 2014), suggests the Gilliamella-Snodgrassella biofilm may function as a protective 

layer against protozoa in honey bees.  

To support the above predictions made from analysis of the gut metagenome, Lee et 

al. (2015) pioneered the study of the honey bee gut metatranscriptome: the total RNA 

extracted from multiple honey bee guts within a sample was transcribed to its cDNA and 

subjected to Illumina sequencing to identify active microbial members and infer 

community metabolic functions (Lee et al. 2015). The dominant focus identified from the 

transcriptome was carbohydrate metabolism (Lee et al. 2015). Three major bacterial 

classes were found to be active in the gut: γ-proteobacteria; Actinobacteria; and Bacilli. 

γ-proteobacteria and Actinobacteria were predicted to synthesise all essential and non-

essential amino acids, whereas Bacilli were predicted to uptake amino acids derived 

from diet or synthesised by other microbiota (Lee et al. 2015). Lee et al. (2015) also 

predict that these classes assist in the degradation of complex molecules such as 

polysaccharides (glucose) and polypeptides, and the resulting fermentation that 

produces metabolites, such as short-chain fatty acids and alcohol. In support of this, 

bacterial isolates from the Gilliamella genus have been shown to have the potential to 

digest pectin, a polysaccharide found in pollen tubes (Engel et al. 2012). 
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1.11.2 Functions identified through in vitro studies and 

other methods 

1.11.2.1 Pollen digestion 

Pollen digestion may require the supply of enzymes to break down the pollen walls. For 

example, cellulase and hemicellulase, which are normally associated with degrading 

plant cell walls, or pectinase.Some Gilliamella strains contain genes that are involved in 

pectin degradation (Engel and Moran 2013b) and in vitro culturing of these bacteria 

confirm this activity (Engel et al. 2012). Bacillus spp. are not members of the dominant 

gut bacteria as they are likely to originate in nectar but some Bacillus produce the 

enzyme amylase, which assists honey bees to digest carbohydrates (Welker and 

Campbell 1967). In vitro, increasing the number of Bacillus spp. in nectar, after isolating 

it from nectar and the crop, resulted in increased amylase values (Wang et al. 2015).  

1.11.2.2 Carbohydrate utilisation 

The phylogenetic groups γ-proteobacteria, Firmicutes and Bifidobacterium are 

associated with several carbohydrate-related functions, the most abundant category 

being ‘carbohydrate metabolism and transport’ (Engel et al. 2012). These functions 

include several components of the phosphotransferase systems (PTS) which are 

responsible for the import of sugars from the environment (Engel et al. 2012), and the 

‘arabinose efflux permease’ function (Engel et al. 2012) which is a sugar-transport 

system that assists with the import/export of antimicrobial, amino acid and sugar 

compounds, including the mannose family of phosphotransferase (Law et al. 2008). 

Mannose is toxic to NEWs and, like several other monosaccharides found in nectar 

including xylose, arabinose, and rhamnose, it reduces adult honey bee longevity (Barker 

and Lehner 1974). However, in vitro, some strains of G. apicola utilise mannose, xylose, 

arabinose, and rhamnose as their sole energy source (Zheng et al. 2016). Mannose 

utilisation requires the gene that encodes for mannose-6-phosphate isomerise. This 

observation suggests some G. apicola strains may enable the detoxification of some 

nectar components or enable the digestion of complex carbohydrates in pollen such as 

pectin. Pectin, which is normally indigestible by bees, is in the cell wall of pollen and 

pollen is the sole source of protein for honey bees (Engel et al. 2012; Zheng et al. 2016). 

Although the breakdown required for nutrient absorption is not fully understood, the 

phylogenetic cluster of G. apicola correlated with genes coding for pectin-degrading 

enzymes (Engel and Moran 2013a). As with mannose, not all G. apicola isolates are 

able to degrade pectin, suggesting isolates have functional differences (Engel et al. 

2012; Engel et al. 2013b).  
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1.11.2.3 Immune response 

The immune system of insects consists of cellular (cell to cell), and humoral 

(extracellular) immune responses that are regulated by immunity-related genes 

(Hoffmann 2003). The humoral response occurs when antibodies produced by β-cells 

destroy extracellular microorganisms and prevent the spread of intracellular infection. 

Immune mechanisms have been linked with changes in the gut microbiota of Drosophila 

melanogaster (Zaidman-Rémy et al. 2006). They also occur in honey bees that are 

infected with the bacterium Escherichia coli, as native, beneficial gut bacteria induce 

immune responses that increase bee longevity (Kwong et al. 2017). The honey bee 

immune system is also activated by the scabbing that forms in the pylorus by F. perrara 

(Engel et al. 2015). In vitro, four honey bee genes that encode the antimicrobial peptides 

abaecin, apidaecin, hymenoptaecin, and defensin, show inhibitory activity against 

bacteria (Casteels-Josson et al. 1994; Evans and Lopez 2004). Two of these 

antimicrobial peptides also up-regulate after natural exposure of honey bees to P. larvae 

subspecies larvae (Evans and Lopez 2004).  

Reviews of insect microbiome to manage insect-related problems (Hamdi et al. 2011; 

Crotti et al. 2012) reveal that Bifidobacteria and Lactobacillus modulate the immune 

system and strengthen the epithelial barrier by secreting antimicrobial compounds, such 

as bacteriocins, that either inhibit pathogen contact, and/or directly compete with 

microorganisms such as pathogenic bacteria and fungi (Mitsuoka 1992; Gilliam 1993; 

Reynaldi et al. 2003; Reynaldi et al. 2004; Biavati and Mattarelli 2006). They show that 

species of Lactobacillus that adhere to the cell wall of the intestine are implicated in 

vitamin production, regulation of healthy gut microflora, and the enhancement of the 

immune system. This supports the potential for gut bacteria in honey bees to be 

biological control agents. Preliminary studies of Bacillus suggest that bacteriocin-like 

compounds in B. cereus and B. licheniformis, and enzymatic activity in B. laterosporus 

and B. megaterium may inhibit the pathogenic bacterium P. larvae subspecies larvae 

(Alippi and Reynaldi 2006).  

1.11.2.4 Protection against pathogens 

The theory that native gut bacteria have mutualistic interactions with their honey bee 

host is supported by the early establishment of S. alvi that potentially excludes P. apium 

and F. perrara from the ileum (Maes et al. 2016), especially since F. perrara is directly 

associated with scabbing in the honey bee gut (Engel et al. 2015). The consumption of 

pollen diets stored in the frames for more than 14 days by caged bees showed that S. 

alvi were positively correlated with bee survival and development, whereas F. perrara 

and P. apium were negatively correlated (Maes et al. 2016).  

More specifically, the consumption of aged diet was associated with an increase of 

Bifidobacterium and Lactobacillus Firm-4 in the rectum, an increase of P. apium in the 

mouthparts, and an increase of Bifidobacterium, F. perrara, and P. apium in the HG 



44   |    CHAPTER 1 

(Maes et al. 2016). P. apium is normally associated with larval feeding and present in 

larval jelly (Corby-Harris et al. 2014b), so the increased prevalence of P. apium in the 

HG, ileum and rectum of adult honey bees fed aged diet suggests that it acts 

opportunistically in unhealthy adults. This replacement of normal dominating bacteria 

with underrepresented species, previously referred to as dysbiosis, has been linked to 

specific diseases in vertebrates, such as Crohn’s disease in humans (Joossens et al. 

2011), and invertebrates (Mukherjee et al. 2015; Anderson and Ricigliano 2017). 

Dysbiosis in adult honey bees is further likely as the study by Maes et al. (2016) also 

showed that the presence of certain Bifidobacterium and Lactobacillus strains in the 

rectum were associated with the reduced infection level of the honey bee pathogen 

Nosema (species not identified), despite no change in brood production, food stores or 

foraging rates (Corby-Harris et al. 2016). 

Mutualistic interactions between bacteria and the honey bee are also supported by 

inhibition of P. larvae subspecies larvae by native gut bacteria, as shown by several in 

vitro studies. Audisio et al. (2011) showed that the acidity produced by Lactobacillus 

johnsonii inhibits the growth of P. l. larvae, and Killer et al. (2014) showed that two 

strains of Lactobacillus apis inhibited both P. larvae subspecies larvae and 

Melissococcus plutonius (Firmicutes), the infective bacteria that cause European 

foulbrood (EFB) disease in honey bees (Killer et al. 2014). Three B. subtilis strains, 

isolated from both honey and gut samples, produce natural surfactin, which is a 

biosurfactant and an antibiotic with antitumoral and antiviral action that inhibits the 

vegetative cells of P. larvae subspecies larvae (Sabaté et al. 2009). P. larvae 

subspecies larvae grown on agar plates has also been shown to be inhibited by  

L. kunkeei, three phylotypes related to B. asteroides, one related to B. coryneforme and 

six phylotypes related to Lactobacillus. These phylotypes individually displayed different 

inhibition levels and when a combination of all LAB were fed to honey bee larvae in the 

laboratory that were previously infected with P. larvae subspecies larvae, total inhibition 

was observed (Forsgren et al. 2010).  

 

Knowledge gap 5: The affect of diet on gut bacteria 

These studies suggest that diet may influence the health of the honey bee colony by 

altering the presence of pathogen-inhibiting bacteria, and also that bacteria 

associated with the honey bee gut has the potential to prophylactically control honey 

bee pathogens. 
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1.11.2.5 Foraging behaviour 

Bacteria in floral nectar are occasionally identified in the honey bee crop, such as Asaia 

astilbis (α-proteobacteria), Erwinia tasmaniensis (γ-proteobacteria), and L. kunkeei 

(Good et al. 2014). When given the choice, honey bees avoid consuming synthetic 

nectar inoculated with 200 cells per µl of these three bacteria. Bees apparently avoided 

the nectar because of the chemical changes that the three bacterial species generated 

in the nectar. However, it is difficult to determine whether the bees would naturally 

choose to avoid nectar containing these bacteria as the natural concentration in floral 

nectar is less than that tested (30 bacterial colony forming units per µl) (Good et al. 

2014). For each day of experimentation, the pH level reduced in the nectars containing 

each of the three bacteria but not the control nectar. The glucose and fructose 

concentrations increased in the A. astilbis treatment, suggesting that they metabolised 

the sucrose to glucose and fructose. However, as the metabolites were not measured, 

it is difficult to speculate whether acidity or spoilage caused this avoidance.  

Knowledge gap 6: Affect of nectar chemistry on foraging behaviour 

Bees avoid nectar inoculated with bacteria that are not native to the honey bee gut. 

Thus bacteria in nectar may alter nectar chemistry that ultimately influences bee 

foraging behaviour and may possibly affect the efficacy of A. mellifera as pollinators. 

How foraging behaviour may be influenced is unsubstantiated but I suggest that this 

may also occur with any other source of carbohydrate.  

 

1.11.2.6 Honey bee physiology 

The metabolism of honey bee gut microbiota was found to affect honey bee growth, 

hormonal signalling, behaviour and chemical conditions within the honey bee gut 

(Zheng et al. 2017); in comparison to germ-free bees, the gut microbiota in bees fed 

hindgut homogenates from nurse bees increased the weight of both the gut and the 

entire bee, and potential mechanisms include modulation of vitellogenin, insulin 

signalling and the gustatory response within the bee. Zheng et al. (2017) also identified 

an oxygen gradient within the intestine and found this to be formed by the bacteria 

adjacent to the gut wall. The metabolism of the bacteria in this study was found to 

produce short chain fatty acids (SCFA), which reduced gut pH and redox potential, 

therefore altering the environment within each gut compartment. Wu et al. (2017) 

suggest that these microbial metabolic pathways assist with the degradation of ingested 

polysaccharides in pollen, and the metabolites then contribute to host nutrition. 

Specifically, B. asteroides has been found to stimulate the production of host hormones 

such as Juvenile hormone III (Kešnerová et al. 2017) which regulate the pace of the 

developmental maturation from young nurse bees to older forager bees (Robinson et 

al. 1989).  
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1.12 Factors that affect gut bacteria 

1.12.1 Chemicals 

Chemicals are used within the hive for the purpose of controlling pests. In NZ, 

fluvalinate, flumethrin, amitraz, thymol, oxalic acid and formic acid are used to control 

V. destructor. Overseas, oxytetracycline is used to control P. l. larvae. Chemical 

properties are also introduced to the hive environment when the bees return with 

contaminated nectar, pollen, or water (Taylor et al. 2007), or propolis that contains 

natural antibacterial properties. Bees exposed to antibiotics have perturbed gut bacteria 

and increased mortality (Raymann et al. (2018a). It is unknown whether gut bacteria is 

affected by the antibacterial properties in mānuka nectar.  

A review of several older studies show that bees fed pollen containing the endotoxin 

(Cry1Ab) from the soil bacterium Bacillus thuringiensis (Bt) had no negative effects on 

bees (Malone and Pham-Delègue 2001). The diversity of adult honey bee gut bacteria 

was also unaffected in both NEWs and free-flying bees when fed either maize pollen 

containing Cry1Ab from Bt or non Bt-maize pollen, suggesting that the effect of Bt-pollen 

on honey bee gut bacteria is limited (Babendreier et al. 2007). These endotoxins are 

powerful biopesticides that effect the digestion process of numerous flies and moth 

larvae as Bt-toxin forms pores in intestinal epithelial cells that disrupt intestinal function.  

1.12.2 Pests and diseases 

In vitro, both P. larvae subspecies larvae and N. ceranae are inhibited by honey bee gut 

bacteria. Previously discussed in section 1.11.2.4: Protection against pathogens, P. 

larvae subspecies larvae growth is inhibited by L. johnsonii (Audisio and Benítez-

Ahrendts 2011), and two strains of Lactobacillus apis (Killer et al. 2014). Reduced levels 

of N. ceranae occur when bee food is supplemented with species of Lactobacillus and 

Bifidobacterium (Baffoni et al. 2016). This suggests that bacteria can be utilised or 

harnessed to enhance honey bee health, also referred to as Microbial Resource 

Management (MRM) (Verstraete 2007; Hamdi et al. 2011; Crotti et al. 2012). It is 

anticipated that MRM could be used to both indicate colony health (Budge et al. 2016) 

and help to reduce the effects of honey bee related pests and diseases that currently 

do not have long-term solutions. Thus, ultimately mitigating colony loss worldwide. 

Specifically, NZ honey bee diseases that do not have long-term solutions include 

Varroa, N. apis, and N. ceranae.  
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1.12.3 Effect of diet on gut bacteria 

Ludvigsen et al. (2015) showed that the bacterial composition in the midgut/pyloric 

section was seasonally altered by diet and the surrounding environment. As previously 

explained, the crop and midgut regions represent < 5% of the entire bacterial community 

(Martinson et al. 2012). Therefore studies on the entire gut are required. Aged pollen 

diets have been shown to cause gut dysbiosis and this dysbiosis is correlated with 

increased Nosema disease (Maes et al. 2016).  

1.12.3.1 Carbohydrate and pollen requirements 

Honey bee larvae and NEWs feed on food stores within the hive (Beetsma 1985), and 

adult bees adapt their brood-care and foraging behaviour in response to the 

carbohydrate and protein needs of the hive (Schmickl and Crailsheim 2004). Larvae are 

fed HG secretions that are essential for growth and development (de Groot 1953; 

Standifer 1967; Haydak 1970; Brodschneider and Crailsheim 2010), optimising worker 

longevity (DeGrandi-Hoffman et al. 2010), pathogen resistance (Ritz and Gardner 2006; 

Rowley and Powell 2007), and ultimately the productivity of the colony (Kleinschmidt 

and Kondos 1976). The surrounding environment of the colony therefore impacts on 

colony welfare since the quality of the HG secretions depends on quality pollen sources 

in the landscape. In the prairie region of North Dakota, the annual proportion of colony 

survival is positively correlated with both the area of uncultivated land surrounding the 

apiaries and the mean amount of pollen collected per day over summer (Smart 2015). 

The proportion and quantity of protein, amino acids, vitamins, minerals, trace elements, 

enzymes, fatty acids, and carbohydrates in pollen varies between plant species. Pollen 

composition is also altered by environmental factors, collection methods, and storage 

conditions (Crailsheim 1990; Day et al. 1990; Roulston and Cane 2000; Human and 

Nicolson 2006). Some pollens contain distinctive fatty acid profiles dominated by one or 

more fatty acids (Manning 2001). This suggests that not all pollen is nutritionally equal 

(Crailsheim 1990), not all pollen is able to be digested by bees, and not all sugars in the 

pollen, as well as nectar, can be utilised equally (Haydak 1970; Wheeler and Robinson 

2014). 

The potential physiological functions of dominant bacteria within the honey bee gut and 

the fermentative processes identified by metatranscriptome sequencing (Lee et al. 

2015) highlight the need for a deeper understanding of the functions of specific bacteria. 

Practically, this may enable the pollination industries that utilise honey bees for 

pollination to better manage the pollinators. Currently, some hive, orchard and crop 

management techniques employed to increase crop production alter the natural 

foraging behaviour of honey bee colonies for up to six weeks. Some of the management 

techniques currently employed that reduce food sources are caging crops, cutting the 

sward beneath the crop, and the establishment of large monoculture crops. Six weeks 
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are equivalent to two complete brood cycles (42 days), meaning that new larvae and 

NEWs that are produced during this time may consume only a single pollen source for 

their entire life. In the case of kiwifruit pollination, the pollen is nutritionally poor (Jay and 

Jay 1993), and may therefore affect honey bee health and subsequently hive production 

throughout the remainder of the season.  

1.12.3.2 Carbohydrate types 

The compostion of carbohydrate sources consumed by bees vary. For example, 

mānuka honey contains 80% monosaccharides and only about 10% disaccharides, 

which includes sucrose (Weston and Brocklebank 1999). Sucrose and honey are both 

carbohydrate sources that kill bacteria in vitro when in sufficient concentration (Molan 

1992b, a). Both are also used effectively to heal mammalian wounds and ulcers (Willix 

et al. 1992; Molan 2006; Emsen 2007; Visavadia et al. 2008). However, not all 

carbohydrates are utilised by bees and/or their gut microbial residents (Haydak 1970; 

Wheeler and Robinson 2014). Although, the effect of sucrose or honey on honey bee 

gut bacteria is unknown, bees fed honey, have hundreds of active genes compared with 

those fed either high fructose corn syrup (HFCS) or sucrose (Wheeler and Robinson 

2014). It is possible that this gene activity may regulate gut bacteria, as observed in 

Drosophila where their genes, in part, regulate gut bacteria (Ryu et al. 2008). This 

suggests that the structure of the carbohydrates in the treatments may differentially 

effect bee health. In comparison with sucrose, honey with a carbohydrate concentration 

ca. 80% (w/v), is recognised to have additional antibacterial activity due to hydrogen 

peroxide (H2O2) (Molan 1992a). Mānuka honey displays even greater antibacterial 

activity (Willix et al. 1992; Kwakman et al. 2010) due to the active ingredient 

methylglyoxal (MGO) (Mavric et al. 2008).  

Synergistic effects between pathogens have also been observed in bees fed different 

diets. DWV increases when bees inoculated with N. ceranae receive a restricted pollen 

diet. This synergistic effect was both dosage- and nutrition-dependent (Zheng et al. 

2015). Numbers of DWV in caged workers also increased with bee age, and were 

highest in those fed sugar syrup and lowest in bees fed pollen (DeGrandi-Hoffman et 

al. 2010). 

Knowledge gap 7: The affect of carbohydrate type on gut bacteria 

It is unknown whether the composition of carbohydrate consumed by bees influences 

the gut bacteria. Further research on the interaction between gut bacteria, diet and 

bee health is required to determine whether supplementary food sources should be 

modified so that both the bees and their gut bacteria receive suitable nutrients. 

Specifically, identifying whether the differences in the types of food supplied, such as 
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mono- or disaccharide carbohydrates, or the effect of different floral protein sources, 

alters the bacterial composition.  

It us unknown whether the unique floral resources in NZ, including mānuka with its 

antibacterial properties, and the regular pollination of monoculture crops alters the 

gut bacterial composition, or affects nutrient utilisation by gut bacteria. Both which 

may affect honey bee foraging behaviour and bee health.  
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1.13 Thesis objectives 

The studies discussed above show that bacteria in the honey bee gut play numerous 

roles in digestion, protection against pathogens, foraging behaviour, and host 

physiology. Since this PhD commenced five years ago, the extent of knowledge 

regarding these roles, the interactions between bacterial species, and the influence of 

external factors on the dominant bacteria have increased considerably. As we seek to 

understand whether honey bee gut bacteria can be manipulated to enhance honey bee 

health using MRM, the assimilation of species-specific knowledge, particularly 

regarding the less dominant bacteria, will be integral.  

The seven knowledge gaps (KG) identified in this chapter helped determine the principal 

objectives of this PhD thesis. Prior to the publication of Chapter 6, the bacteria in the 

gut of NZ honey bees remained uncharacterised. This PhD focuses on characterising 

the bacteria in the gut of NZ honey bees and identifies how some external factors 

influence the relative abundance of core honey bee gut bacteria. The response of less 

dominant gut bacteria were also a focus, specifically in regard to their potential as 

health-indicators for honey bee colonies.  

The international isolation of NZ honey bees provides an opportunity to compare the 

composition of gut bacteria in bees relating to those that were introduced decades ago, 

with the bacterial profiles that are currently observed internationally. To provide 

international context for the bacterial profiles identified in the NZ honey bee gut, the data 

were compared with data from a small study conducted in Connecticut, United States 

of America (USA). The influence of NZ-specific, seasonal changes to honey bee gut 

bacteria was characterised throughout the year and the relative abundance of both 

dominant and sub donminat phylotypes was identified. After characterising the bacteria, 

two further lines of enquiry were established. The first determined the effect of 

carbohydrate consumption by the bee on their gut bacteria. The second identified the 

interaction between honey bee gut pathogens and the core bacteria G. apicola. 

Measurable criteria such as bee longevity, adult weight, and HG development (see 

section 1.4.2: Assessing bee health), in combination with the relative abundance of 

bacteria present in the honey bee gut, were used to assess the two lines of enquiry and 

correlate them with the concept of ‘bee health’ (Engel et al. 2016).  
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The principal objectives of this PhD thesis were:  

 Establish a temperate-climate dataset that identified the bacterial community within 

the gut of NZ honey bees and variation associated with factors external to the bee 

(KG 1, 2, 4, 7).  

 Determine whether colonies deemed ‘sick’ by beekeepers display gut microbial 

dysbiosis that could be used as an indicator of colony health, or whether this ‘sick’ 

descriptor is associated with the gut pathogens N. apis or N. ceranae (KG 1, 2, 4, 

5, 6, 7). 

 Compare the bacterial composition of NZ honey bees with that from a honey bee 

population in Connecticut, USA (KG 1, 2, 4, 7). 

 Establish a small temperate-climate dataset to determine the stability of gut 

bacteria throughout a 12 month period (KG 1, 4, 5).  

 Determine whether natural and processed carbohydrate sources fed to bees, 

including the antibacterial properties of mānuka honey, alter the relative 

abundance of core gut bacteria (KG 5, 6, 7). 

 Determine whether the gut pathogen N. apis, influences the development of G. 

apicola, the bacterium associated with the top layer of the biofilm in the honey bee 

ileum (KG 2, 4, 5). 

The ultimate intention for this PhD was to substantiate the usefulness of gut bacterial 

studies for researching the health of honey bees, and other pollinators, within NZ. If 

these studies suggest that gut bacteria can be used to indicate the status of bee health 

or appear to contribute to poor bee health, further studies will be established to 

understand whether gut bacteria can be manipulated to enhance the health of honey 

bee colonies. 
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Chapter 2 

2 General methods 

 

 

Methodology is required to explain how the honey bee colonies were maintained for use 

in the studies and some methods were used in several chapters. Although these methods 

are interesting, they add bulk to the research narrative of each chapter. Hence, to facilitate 

the flow of each chapter, the colony management details and the details of the repeatedly 

used methods are presented in this General Methods chapter and only the salient points 

are included in each research chapter. 
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2.1 Colony management 

All honey bees within New Zealand (NZ), and all honey bees studied in this PhD thesis 

are European honey bees, Apis mellifera ligustica (Malone et al. 1995). The colonies 

used in Chapters 1 to 7 were managed in response to the weather conditions; colonies 

were fed supplementary carbohydrates (50% sucrose solution) in spring and autumn 

when required, and additional honey supers were added to each hive once the 

populations had expanded sufficiently in spring. This reduced the likelihood of the 

colonies swarming as it provided more space, and it also created room for honey 

collection. 

Varroa destructor was controlled in all hives using the synthetic pyrethroid Bayvarol® 

(Bayer New Zealand Ltd, Auckland, NZ) during spring and autumn each year. Four 

strips were placed in each brood box (Chapter 1: Figure 1.4) for eight weeks and each 

strip contained 3.6 mg of the active ingredient flumethrin.  

2.2 Worker bee preparation for cage trials 

In order to test the effects of carbohydrate diets and gut pathogens on the honey bee 

microbiome, standard methods for maintaining adult honey bees in cages under in vitro 

conditions (Williams et al. 2013) were modified. These modifications enabled the 

isolation of newly emerged worker bees as they eclosed (emerged out of their wax cell), 

so that they could be maintained in vitro, separate from the colony where they would 

otherwise become inoculated with gut microbes (Powell et al. 2014). On other 

occasions, the NEWs were required to be hive-inoculated and their age was important 

for the trial. The modifications enabled the NEWs to be marked before being released 

back in to the parent colony. 

2.2.1 Identifying newly emerged workers and inoculating 

them with gut bacteria from their parent colony 

Capped frames of ready-to-emerge honey bee worker brood (18–20 days old, black-

eyed pupae) were selected from a colony at Plant and Food Research (PFR) located in 

Hamilton, NZ. As the average temperature of the brood nest in summer is 35.5°C 

(Fahrenholz et al. 1989), the frames were incubated at 33–35°C and 65% relative 

humidity (RH). Within 24 hours (h) of emerging through the wax capping of their cells, 

the NEWs were marked on their thorax with coloured nail polish (MIKI, Platinum 

Pharmacy, NZ), caged with approximately 150–300 marked bees and slow-released 

back in to the parent colony. This enabled the NEWs to fly, defecate and develop a full 

complement of bacteria in their digestive tracts (Powell et al. 2014). This was required 
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for Chapter 6: The effect of carbohydrate sources, and Chapter 7: The effect of Nosema 

apis spores on Gilliamella apicola. The cages (L100 x H105 x W40 mm) were 

constructed from metal mesh on one side and removable glass on the other that was 

held in place by a single-use rubber band (Figure 2.1). The bees in each cage were fed 

and/or treated using an inverted glass bottle feeder that had two small holes in the lid 

(Figure 2.1). Whilst the bees were confined to cages during the treatment application in 

Chapter 7, the base of each cage was layered with absorbent, leak-proof liners 

(babyU™ disposable change mats, Nice Pak Products Pty Ltd., Victoria, Australia) and 

these were removed as required. 

 

 

Figure 2.1 | Metal cage with an inverted feeder and absorbent liner. 

 

The slow release of the bees back to the parent colony occurred throughout a 24–48 h 

period by plugging the hole used for the inverted feeder with grass and pressing the 

side of the cage (glass removed) in to a frame of honey. The bees both inside and 

outside the cage then chewed the wax away from the cage and removed the grass 

which enabled the NEWs to escape (Figure 2.2). The slow release was necessary as 

NEWs that were not slow-released were found crawling on the grass out the front of the 

colony, unable to access food and due to their requirement for food for growth, these 

bees were unlikely to survive. 
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Figure 2.2 | Newly emerged worker bees marked with nail polish on their thorax on a wax 

frame containing honey brood and pollen. 

The bees in Chapter 6: The effect of carbohydrate sources were assessed in 

transparent plastic queen cages (75 x 30 x 15 mm) (Figure 2.3). Inverted glass bottles 

with two small holes in the lid were used to feed the bees. These were secured on top 

with a single-use rubber band. 

 

Figure 2.3 | Worker honey bees in plastic cages fed with sucrose solution using a gravity 

feeder. 
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2.3 Pollen irradiation 

All pollen fed to bees for Chapter 6: The effect of carbohydrate sources, and Chapter 7: 

The effect of Nosema apis spores on Gilliamella apicola was collected in 2014 by honey 

bees located in an apple orchard in Napier, NZ, using pollen traps fitted to the front of 

the hives. The pollen was frozen at -20°C until gamma-irradiated (27kGy) by Schering-

Plough Animal Health Limited (Wellington, NZ). It was then stored at -70°C in 100 g 

bottles until required. Although pollen frozen for one year does not affect the 

development of the HG or ovaries in worker honey bees (Pernal and Currie 2000), it is 

unknown how long pollen can be stored. 

2.4 Dissecting the digestive tract from the honey bee 
abdomen 

The collection and handling of bee samples prior to dissection was specific to each trial, 

therefore this section covers the basic dissection details and specific details are outlined 

within each chapter. The bacteriome of the entire digestive tract, crop to rectum, of 

individual and pooled honey bees was studied by aseptically dissecting each honey bee 

abdomen. This was aided by a dissecting microscope (6.5x to 50x magnification) (Stemi 

2000-C, Zeiss) and a cold light source (KL1500 LCD Zeiss) (Figure 2.4a–h). Each bee 

preserved in 95% ethanol at -70°C was placed in a clean petri dish for 2–5 minutes 

(min) to thaw the bee and evaporate the alcohol (Figure 2.4a). Two forceps rinsed for  

> 5 s, wiped with clean wipes and and further dowsed with alcohol were used to 

separate the exoskeleton of the honey bee abdomen along both sides (Figure 2.4b–e). 

When the correct tension was used to grasp the stinger end of the abdominal terga 

(dorsal plates) and sterna (ventral plates), the sides of the exoskeleton separated like 

domes on a shirt (Figure 2.4d). To extract the digestive tract, the top of the crop was 

grasped by the forceps and slowly separated from the thorax. Still attached to the rest 

of the gut, the entire gut was lifted out of the abdomen cavity, and the end of the rectum 

was then cut from the stinger (Figure 2.4f–g). If the sample consisted of a single honey 

bee gut (as used in Chapter 7) or five pooled bee guts (as used in Chapter 6), the guts 

were placed directly into a ZR BashingBead™ Lysis Tube containing 750 µl lysis 

solution (Catalogue D6010, Zymo Research Corporation (ZR), California, USA). 

However, if the samples consisted of twenty pooled bee guts (as used in Chapters  

3–5) then all of the digestive tracts were placed into a single DNase-free 1.5 ml 

microcentrifuge tube on ice (Figure 2.4h). This was then macerated and a subsample 

was removed, placed into the ZR lysis solution, and immediately frozen at -70°C until 

the DNA was extracted (Section 2.5). To mitigate DNA contaminants, the dissection 

dish for each sample was new or cleaned using fresh alcohol rubs. Additionally, on 

removal of each gut from the abdominal cavity, the gut was transferred directly to the 

Lysis tube, without touching any external surface.  
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Figure 2.4a | A thawing honey bee covered in ethanol in a petri dish in 

the light of a dissecting microscope. 

 

Figure 2.4b | Forceps attached to the terga of a honey bee abdomen. 

 

Figure 2.4c | The sterna being separated from the terga of a honey bee 

abdomen.  
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Figure 2.4d | The lateral membranes between the terga and sterna have 

been separated and the severed connection appears dome-like.  

 

Figure 2.4e | The sterna have been folded back to reveal the complete 

and compact honey bee digestive tract. 

 

Figure 2.4f | The complete honey bee digestive tract is stretched with 

the crop tucked in to the first terga and sterna on the left. 
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Figure 2.4g | A stretched honey bee digestive tract with the crop on 

the left and the stinger on the right.  

 

Figure 2.4h | A DNase-free 1.5 ml microcentrifuge tube containing 

numerous extracted honey bee digestive tracts (crop to rectum). 
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2.5 Extracting bacterial DNA from the honey bee 
digestive tract 

The 16S rRNA amplicon sequencing is conducted on either the entire honey bee gut 

(Martinson et al. 2011; Moran et al. 2012) or on specific gut sections (Corby-Harris et 

al. 2014a; Engel et al. 2015; Jones et al. 2018a). Throughout this thesis, all sequencing 

of 16S rRNA gene fragments was conducted on the entire gut for three reasons; the 

first was the prohibitive cost of sequencing the three main gut sections individually per 

bee. The second and more important reason is that the core bacteria are linked to 

specific gut sections (Martinson et al. 2012; Powell et al. 2014), meaning that 

sequencing of the entire gut would create a more complete picture, as the bacteria could 

be linked to the gut sections post analysis. The third was that cutting the sections may 

have resulted in contamination of the sections or loss of bacteria from the sections as 

they were processed. 

The DNA was extracted from each gut sample using the Zymo Research Quick-DNA™ 

Fecal/soil Microbe Miniprep kits (Catalogue D6010, Zymo Research Corporation (ZR), 

California, USA). For each individual gut sample, the entire gut was placed in one ZR 

BashingBead™ Lysis Tube containing 750 µl of lysis solution. Based on a sample of 11 

individually extracted NZ bee guts, the weight of a gut ranged from 20–37 mg and the 

mean was 26.3 mg. For each pooled sample, the guts were macerated by pipetting the 

material up and down, and then grinding the material with a pipette tip for 30 seconds 

(s). A 150 mg gut subsample (28% of the mean total weight of a pooled sample of 20 

bee guts (526 mg)) was transferred to a ZR BashingBead™ Lysis Tube containing 750 

µl lysis solution. Bead-beating methodology was used as it effectively disrupts the cell 

walls to release the cell contents, including the DNA from Gram-positive organisms such 

as Lactobacillus and Bifidobacterium. For consistency it was also the method used in 

two of the early Next Generation Sequencing (NGS)-based surveys of honey bee gut 

microbiome (Mattila et al. 2012; Moran et al. 2012).  

The samples were homogenised with a high-throughput cell disrupter, FastPrep®-24 

(MP Biomedicals, Seven Hills, Australia), at 6 m/s for 40 s. The FastPrep®-24 was used 

for Chapters 3–7. 6m/sec for 40 s was tentatively selected as other groups within PFR 

Research used this speed to extract bacterial DNA. As the DNA was suitably extracted 

from the honey bee gut using this speed, as determined by the preliminary analysis of 

the DNA using PCR (Section 2.6.1), 6 m/s for 40 s was used for all FastPrep® 

homogenisation. When the FastPrep®-24 (MP Biomedicals, Seven Hills, Australia) was 

undergoing maintenance, a Biospec Minibead Beater-96 (BioSpec Products, 

Oklahoma, USA), which oscillated at 2400 strokes/min, was used for the “sick” samples 

from Chapter 3. The oscillation meant that the samples were processed at a lower 

velocity than those in the FastPrep®-24, but this was accounted for by homogenising 
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the samples at 3640 rcf for 4 min. The remainder of the recommended ZR protocol was 

followed:  

1. 500 µl of beta-mercaptoethanol was added to 100 ml of Fecal DNA Binding Buffer. 

2. The base of the Zymo-Spin™ IV-HRC Spin Filter, was snapped off, the filter was 

inserted in to a collection tube (CT), and centrifuged for 3 min at exactly 8,000 x g. 

This was set aside for step 11. 

3. The ZR BashingBead™ Lysis Tube containing the gut sample(s) was centrifuged 

for 1 min at ≥ 10,000 x g. 

4. 400 µl of supernatant was transferred to a Zymo-Spin™ IV Spin Filter, in a CT, and 

centrifuged for 1 min at ~ 7,000 x g. 

5. 1,200 µl of Fecal DNA Binding Buffer was added to the filtrate in the CT.  

6. Transfer 800 µl from the CT, to a Zymo-Spin™ IIC Column in a second CT. 

Centrifuge for 1 min at 10,000 x g. 

7. The flow through from the second CT was discarded and step 4 was repeated. 

8. 200 µl of DNA Pre-Wash Buffer was added to the Zymo-Spin™ IIC Column in a 

new CT, and centrifuged for 1 min at 10,000 x g. 

9. 500 µl of DNA Wash Buffer was added to the Zymo-Spin™ IIC Column in a new 

CT, and centrifuged for 1 min at 10,000 x g. 

10. The Zymo-Spin™ IIC Column was transferred to a clean 1.5 ml microcentrifuge 

tube and 100 µl of DNA Elution Buffer was added directly to the column. This was 

centrifuged at 10,000 x g for 30 s to elute the DNA. 

11. The eluted DNA in step 11 was transferred to the prepared Zymo-Spin™ IV-HRC 

Spin Filter in a clean 1.5 ml microcentrifuge tube. This was centrifuged for 1 min at 

exactly 8,000 x g. 

The eluted DNA was transferred to 0.2 ml Sapphire qPCR 8-tube strips with optical flat 

caps (Reference 608281, Lot 16372) (Greiner bio-one, Germany), and stored as 1 x 50 

µl and 1 x < 50 µl aliquots at -70°C. These were used for downstream applications, such 

as DNA analysis using a NanoDrop™ 2000c spectrophotometer (ThermoFisher 

Scientific, NZ), Qubit™ 2.0 Fluorometer with a dsDNA HS Assay Kit (ThermoFisher 

Scientific, NZ), and Next Generation sequencing through the Massey Genome Service 

(MGS; Massey University, Palmerston North, NZ).  
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2.6 Assessing DNA quality and quantity 

The purity and quality of the DNA extracted from the bee gut samples were assessed 

using electrophoresis gels, and a NanoDrop™ full-spectrum UV-Vis spectrophotometer 

(ThermoFisher Scientific, Auckland, NZ). The quantity of DNA was assessed using a 

Qubit™ 2.0 Fluorometer (ThermoFisher Scientific, NZ) 

2.6.1 Confirming that bacterial DNA was extracted from 

the honey bee gut  

Gel electrophoresis was used in the first instance to determine the success of the DNA 

extraction from the honey bee gut samples using the Zymo Research Quick-DNA™ 

Fecal/soil Microbe Miniprep kits. It was also used to confirm the quality of the DNA of 

these initial samples prior to extracting the DNA from for the remaining trials, and to 

assess the effect of thawing on the DNA.   

A 1% (w/v) agarose gel was prepared by mixing 0.5 g of Le Agarose powder (A4718 

Merck, Darmstadt, Germany) plus 50 ml of 1 x Tris-acetate (TAE) buffer l(40 mM Tris 

base, 20 mM acetic acid, and 1 mM sodium salt of ethylenediaminetetraacetic acid 

(EDTA), pH 8.3). This mix was microwaved until dissolved (approximately 60 s), then 

cooled until the bottle was able to be touched. This was mixed with 2.5 µl of Redsafe™ 

Nucleic Acid Staining Solution (20,000 x), (#21141, Intron Biotechnology, Gyeonggi-do, 

Korea). The gel was then cast, cooled until opaque (10 min) and once set, the cast was 

placed in a tank and covered with 1 x TAE buffer. The DNA was loaded into the wells, 

which were positioned near the anode (black wire) to allow the negatively charged DNA 

to run toward the cathode (red wire).  

A 5 µl DNA sample was pipetted onto Parafilm™ (Bemis Company, Inc., WI, United 

States of America) and mixed with 5 µl of 5 x loading dye (2 g of Bromophenol Blue was 

mixed with 2 ml Xylene Cyanol, 25 ml Ficoll®–400, and water added up to 100 ml. This 

was diluted to 5 x using dw). Each gel well was loaded with 5 µl of the DNA-dye sample. 

New tips were used for each sample. A well loaded with 5 µl of a 1 kb DNA ladder was 

included to confirm the size of DNA fragments. The gel was run at 89 V for 30 min and 

removed for visualisation with FireReader V10 (UVITEC, Cambridge, England), a high-

end, Geldoc system.  

.  
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Figure 2.5 | Visualisation of the quality of bacterial DNA that was extracted from honey bee 

digestive tracts.  

Electrophoresis in an agarose gel, as above, were used to determine the quality of extracted DNA. For 

example, the DNA bands were bright and clean and were closer to the loading wells around the 10 kb band 

of the DNA ladder. This suggests that the DNA was intact without obvious signs of degradation or shearing. 

The empty wells were blank controls. The smearing in the wells in the middle and to the right were attributed 

to DNA samples that thawed during transit. To mitigate this degradation, the freeze thawing of all samples 

was limited or at least kept the same for every trial. This picture indicates that the methodology used to extract 

and store the DNA from the honey bee gut was suitable for qPCR amplification and sequencing a fragment 

of the 16S rRNA gene.  

2.6.2 Analysis of DNA quality 

A NanoDrop™ full-spectrum UV-Vis 2000c spectrophotometer (ThermoFisher 

Scientific, NZ) was used to assess the purity and quality of the DNA extracted from the 

bee gut samples prior to sequencing a fragment of the 16S rRNA gene by Massey 

Genome Services (MGS) (Palmerston North, NZ).  

A 1 µl sample of extracted DNA from the second aliquot for each gut sample was 

pipetted on to a measurement pedestal and the nucleic acid concentration and the 

A260/A280 ratio were used to determine whether the DNA samples were suitable for 

further DNA quantification or whether they required re-extraction. Elution buffer from the 

Zymo kit (CAT No: D3004–4–10, Lot No: ZRC179 191) and PCR grade water were the 

controls used to ‘blank’ the Nanodrop™ below 0.3 ng/µl. To certify that the NanoDrop™ 

was reading in the correct range, a control solution containing 1.58 x 1011 copies/µl of 

glyceraldehyde 3–phosphate dehydrogenase (GAPDH), which is a stably expressed 

kiwifruit reference gene (Genebank sequence FG499278) synthesized by Life 

Technologies (Auckland, NZ), was used as it consistently read between 11.9–13.9 

ng/µl.  
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2.6.3 Analysis of DNA quantity 

A dsDNA HS Assay Kit and a Qubit™ 2.0 Fluorometer (ThermoFisher Scientific, NZ) 

were used to determine the quantity of DNA present in each aliquot prior to the first 

samples from Chapter 3 being sent for sequencing of a fragment of the 16S rRNA gene. 

Once the process was determined all further samples were analysed using Qubit™ by 

MGS. 

The working solution was prepared using the following methodology where n = the 

number of samples plus two DNA standards (S1 and S2), plus one extra to account for 

pipetting errors (e.g. Testing 4 samples means n = 7). n x 1 µl of dye plus n x 199 µl of 

the kit buffer were mixed thoroughly using a vortex mixer. Standards 1 and 2 were 

prepared by mixing 190 µl of the working solution and 10 µl of the either of the supplied 

DNA standards. DNA samples were prepared by mixing 198 µl of working solution with 

2 µl of DNA. The standards were measured in the Qubit™ Fluorometer followed by the 

samples. The raw reads were then converted to account for the DNA being diluted. 

2.7 DNA Identification using quantitative polymerase 
chain reaction 

The bacteria in the DNA samples were identified generically or specifically using real-

time quantitative polymerase chain reaction (qPCR) (Rotor Gene 6000, The Bosch 

Institute, Sydney, Australia). This was conducted using primers that identified specific 

bacteria or pathogens, such as Gilliamella apicola and N. apis, or universal primers that 

identified the amount of all bacteria.  

DNA samples extracted in Chapter 7 were analysed using universal primers, as were 

the samples in the pilot trial used to determine whether bees should be inoculated by 

individually feeding each bee or by group feeding with Nosema spp. or bacteria (see 

section 7.8.1). The DNA samples from the trials in Chapters 3 and 7 were analysed 

specifically for N. apis and N. ceranae using hydrolysis probe assays (TaqMan®) 

(dnature, Gisborne, NZ).  

2.7.1 Primers 

Universal bacterial primers were purchased (Life Technologies New Zealand Limited, 

NZ) in a freeze dried form; Forward primer TCCTACGGGAGGCAGCAGT (89.1 nmol), 

reverse primer GGACTACCAGGGTATCTAATCCTGTT (47.1 nmol), as were G. apicola 

primers ((Ludvigsen et al. 2015) (Life Technologies New Zealand Limited, NZ) in a 

freeze dried form; forward primer GTATCTAATAGGTGCATCAATT (95.8 nmol), 

reverse primer TCCTCTACAATACTCTAGTT (94.7 nmol). The primer stocks were 
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reconstituted to 100 µM. Each tube was centrifuged for 30 s at 15000 g to collect the 

primer in the base of the tube. Depending on the number of moles in the tube, a specific 

volume of 10 mMol Tris buffer was added to generate 100 µM stocks; the forward primer 

for the Universal eukaryote (89.1 nmol) required 891 µl of 10 mMol Tris buffer and the 

reverse primer (47.1 nmol) required 471 µl of 10 mMol Tris buffer. The forward primer 

for G. apicola (95.8 nmol) required 958 µl of 10 mMol Tris buffer and the reverse primer 

(94.7 nmol) required 947 µl of 10 mMol Tris buffer. These were rehydrated for 2 min 

and vortexed for 15 s. Working primer solutions (10 µM) were prepared from 180 µl 

PCR grade water and 20 µl of 100 µM primer, then stored at -70°C. 

2.7.2 Master Mix 

Each PCR tube contained 5 µl of a DNA double-strand-specific dye called LightCycler® 

480 SYBR Green l Master (Roche Diagnostics, Auckland, NZ), 3.6 µl PCR grade water, 

0.2 µl forward primer, 0.2 µl reverse primer, and 1 µl of DNA sample previously diluted 

10-fold. 

2.7.3 qPCR cycling conditions 

To amplify the DNA to identify the bacteria, the following qPCR cycling conditions for 

the Rotor Gene 6000 real-time qPCR machine were used (Table 2.1); 95°C for 5 min, 

40 cycles of two-step PCR at 95°C for 3 s, and 60°C for 20 s. All runs were conducted 

using the automatically assigned Rotor Gene gain settings of 7.33, 8 or 8.33. The 

threshold was generated automatically using the Rotor Gene 6000 series software. 

 

Table 2.1 | Cycling conditions utilised in each qPCR run to analyse the number of copies 
of bacteria present in each sample. 

 Temp (°C) Time (h:mm:ss) Acquisition 

Pre-incubation 95 0:5:00 Off 

Amplification 

(40 cycles) 

95 

60 

72 

0:0:30 

0:0:20 

0:1:00 

Off 

Off 

On 

Melt-curve 

(1°C per step) 

High 95°C 

Low 60°C 
  

Three technical replicates of each DNA sample, the no template controls (NTC) ie just 

buffer, and the E. coli standards (1.56 x 107 copies/µl) were included in each qPCR run. 

To identify the samples within each a spreadsheet (Supplementary material 2.10.1) was 

established and used to populate a qPCR run sheet for each qPCR run (Supplementary 

material 2.10.2), except the first run that established the standard curve for each 

bacteria.  
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2.7.4 Standardisation of the qPCR runs 

A standard curve was used to standardise the number of gene copies in each qPCR 

run. A known concentration for each bacterium discussed below was determined by 

growing 50 µl of bacteria overnight in 5 ml Tryptic Soy Broth (TSB). The bacterial cells 

were dyed blue to assist with identification by mixing 10 µl of the bacteria/TSB 

suspension with 10 µl of Trypan blue (CAS no: 72-57-1, Sigma-Aldrich, NZ). A 1/10 

dilution was made (20 µL bacterial suspension plus 180 µL distilled water (DW)) and 

this was vortexed thoroughly to mix and suspend the cells evenly. If the cells were too 

numerous to count, further serial dilutions were conducted to give a concentration of  

10-7 cells. 

The bacterial cells were counted using a haemocytometer (1/400 mm 2 x 1/10 mm deep, 

Improved Neubauer, USA). Ten µl was pipetted under the coverslip and five of the 4 x 

4 squares were counted (Figure 2.6) to calculate the mean. The concentration of the 

original culture was determined using the following calculation; Concentration (cells/ml) 

= mean number of cells per square x dilution factor x 25 x 10,000. The dilution factor is 

10 for 1/10 dilution or 20 if Trypan blue was used. The 25 accounts for the 25 squares 

in the middle square identified by the green circle. 10,000 is the correction factor specific 

to the haemocytometer volume within the middle square (depth under coverslip is 1 

mm). Thus, if approximately 200 cells are counted, then the count in the tube was 20 x 

107 cells/ml. 

 

Figure 2.6 | The bacteria in the red 4 x 4 squares on the haemocytometer grid were counted.  

The pellet was centrifuged at 1310 rcf for 5 min. The supernatant was then removed 

and 100 µl of DW or lysis solution was added to make the pellet 1 x 109 cells/ml. The 

DNA was extracted from 50 µl using the Zymo Research Quick-DNA™ Fecal/soil 

Microbe Miniprep kit, as described in section 2.5. 
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The NanoDrop™ was used to determine the concentration of DNA/µl. The 260/280 ratio 

was used to identify the proportion of protein absorption to the DNA where > 1.6 was 

acceptable.  

A 9–point standard curve (1 x 109 DNA copies/µl to 1.53 x 104 DNA copies/µl) was 

established from the known DNA concentration using a 4-fold dilution series (10 µl of 

DNA plus 30 µl of PCR water) (Table 2.4). The DNA was expected to double every cycle 

and if so then a concentration from the standard curve was then selected to standardise 

all subsequent qPCR runs. 

Table 2.4 | Dilution series used to establish a standard curve for each bacterium.  

Dilution Step Counts (copies/µl) 

1 1.00 x 109 

2 2.50 x 108 

3 6.25 x 107 

4 1.56 x 107 

5 3.91 x 106 

6 9.77 x 105 

7 2.44 x 105 

8 6.10 x 104 

9 1.53 x 104 

Each concentration was 10 µl of DNA from the dilution step above plus 30 µl of PCR water. 
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2.7.4.1 Standard curve for universal bacteria primers 

DNA extracted from Escherichia coli Nissle (PFR, Palmerston North) was used as the 

control to confirm the universal bacteria primers were positively identifying bacteria. The 

E.coli DNA was extracted using a ZR Fecal DNA Miniprep™ kit on 8 April 2016 from E. 

coli cells, and the concentration was determined using a haemocytometer (Cantwell 

1970). A dilution series was established and based on the quantitation analysis and the 

standard curve, the E.coli dilution-point 1.56 x 107 copies/µl was included to check 

between run variations (Figure 2.7). All DNA samples were diluted 10-fold for the qPCR 

run and accounted for in analysis. 

 

Figure 2.7 | Quantitation analysis and standard curve for the bacterium Escherichia coli 

produced using an R6000 qPCR. 

 

2.7.4.2 Standard curves for Gilliamella apicola  

To confirm visual identify of Gilliamella apicola isolated from NZ honey bees, an 

international strain of freeze dried G. apicola (ATCC® BAA-2448™) was purchased for 

comparison from the American Type Culture Collection (ATCC) (In Vitro Technologies 

NZ Pty. Ltd, Auckland, NZ). Both cultures were grown on Tryptic Soy Agar (TSA) plates 

with 5% sheep blood (Fort Richard Laboratories, Auckland, NZ),  in a Level 2 Physical 

Containment laboratory at PFR, Hamilton, NZ. The growth and DNA extraction methods 

are discussed in further detail in Chapter 7. 
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Gilliamella apicola supplied by ATCC 

The melt curve for the ATCC G. apicola showed that the majority of the DNA product 

fluoresced at the temperature peak of 85.5°C. A slight shoulder was also observed at 

79–80°C (Figure 2.8). 

 

 

 

Figure 2.8 | Quantitation analysis and standard curve for the bacterium Gilliamella apicola 

produced using an R6000 qPCR.  
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Gilliamella apicola from New Zealand 

The melt curve for the NZ G. apicola showed that there was much less DNA in the 

samples but that it was still present. The majority of the DNA product fluoresced at the 

same temperature peak of 85.5°C as the ATCC strain and that the slight shoulder was 

also present at 79–80°C (Figure 2.9). The NZ G. apicola DNA will be sequenced further 

at the conclusion of this PhD research to confirm its identity, i.e. sequencing all nine 

hypervariable regions (V1–V9) of the 16S rRNA gene, or sequencing the whole 

genome. Its likely identity is confirmed in Chapter 7 as Next Generation Sequencing 

(NGS) of the 16S rRNA gene fragments in the honey bee gut supports the qPCR melt 

curves.  

 

 

 

Figure 2.9 | Quantitation analysis and standard curve for the bacterium Gilliamella apicola 

produced using an R6000 qPCR.  
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2.7.4.3 Standard curves for Nosema apis and Nosema 

ceranae 

To confirm visual identity of Nosema apis and Nosema ceranae isolated from NZ honey 

bees, as well as provide controls for the hydrolysis probe assays used to identify 

Nosema spp. ((TaqMan®, dnature, Gisborne, NZ) section 2.7.5), standard curves were 

produced for both. The forward primer sequence (5' - 3' direction) used to identify N. 

apis was CCATTGCCGGATAAGAGAGT and the reverse sequence was 

CACGCATTGCTGCATCATTGAC (Chen et al. 2008). The forward primer sequence (5' 

- 3' direction) used to identify N. ceranae was CGGATAAAAGAGTCCGTTACC and the 

reverse sequence was TGAGCAGGGTTCTAGGGAT (Chen et al. 2008). 

The standard curves for N. apis (Figure 2.10) and N. ceranae (Figure 2.11) both had R2 

values of 0.98. 

 

Figure 2.10 | Nosema apis standard curve produced using an R6000 qPCR. 
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Figure 2.11 | Nosema ceranae standard curve produced using an R6000 qPCR. 

 

2.7.5 Hydrolysis probe assays 

Nosema apis and Nosema ceranae were detected using hydrolysis probe assays 

(TaqMan®) (dnature, Gisborne, NZ) by amplifying the products of N. apis and N. ceranae 

specifically. TaqMan® assays do not require a melting curve. No cross-reaction with 

other Nosema species has previously been reported. A reaction cocktail was prepared 

by briefly vortexing and pulse centrifugation of the 2 x Mastermix provided by dnature, 

then combining 5 µl of the 2 x Mastermix, 2.5 µl water, and 0.5 µl 20 x primer probe mix. 

8 µl was added to the base of each well and 2 µl of DNA template was added to the 

middle left hand-side of the well, to separate it from the reaction cocktail. The tubes 

were sealed and the qPCR was run using a Rotor Gene 6000 (The Bosch Institute, 

Sydney, Australia). The protocol recommended by dnature (Gisborne, NZ) for a 

RotorGene using LightCycler 480 was followed; pre- incubation at 95°C for 3 min, 45 

cycles of amplification at 95°C for 10 s and 60°C for 25 s. A melt curve was not required. 

An assay cut-off (Cq) < 37 was deemed positive by dnature for both Nosema spp.  
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2.8 DNA sequencing 

DNA sequencing determines the order of nucleotides within a DNA molecule, and 

specifies the order of the four bases – adenine, guanine, cytosine, and thymine – in a 

strand of DNA. The development of rapid DNA sequencing methods include Next 

Generation Sequencing (NGS) technology. NGS is where fluorescently labelled 

deoxyribonucleotide triphosphates (dNTPs) are incorporated into strands of DNA 

template during sequential cycles of DNA synthesis. At this point, the nucleotides are 

individually identified by fluorophore excitation. This reaction is catalysed by DNA 

polymerase and, unlike older technology that sequence a single DNA fragment, this 

process is conducted in parallel across millions of DNA fragments (Illumina 2017). To 

investigate the bacterial identity of the DNA in the digestive tract of the honey bees, a 

fragment of the 16S rRNA gene was sequenced.  

2.8.1 16S rRNA gene processing 

The frozen DNA aliquots were sent on ice by overnight courier to Massey Genome 

Service (MGS) (Massey University, Palmerston North, NZ) for 16S rRNA gene 

sequencing of the V3V4 hypervariable region (Kozich et al. 2013) on an Illumina MiSeq 

platform (Illumina Inc., California, USA). This region was selected for two reasons. The 

first was that the length of the 16S rRNA sequence can affect the accuracy of the 

taxonomic designations (Dinsdale et al. 2008). For example, when short read 

alignments of Bacteroides spp. from the honey bee gut were compared with distinct 16S 

rRNA hypervariable regions (V1V2, V3V4, V5V6, and V7 to V9), the total number of 

Bacteroides spp. reads were 5, 0, 2, and 1 respectively (Lee et al. 2015). Lee et al. 

(2015) conclude that the relative proportions of bacteria are similar across the V1 to V6 

regions but not the V7 to V9 regions. The second reason was that the regions V4, V5, 

V7 and V8 are considered least useful for genus or species differentiation, and that the 

V3 region most suitably distinguishes all bacteria to the genus level. The exception is 

the family Enterobacteriaceae (Chakravorty et al. 2007). Hence the inclusion of the V4 

region. It is also possible that bacterial reads from any of the hypervariable regions, 

including V3V4, may not reflect the actual abundance of less prevalent bacteria. 

However, their relative proportions, rather than the number of reads, are important. 

Hence, the V3V4 region has been sequenced for all further DNA studies. 

Each DNA sample was submitted as a 20 µl aliquot in 96-well plates with each well 

corresponding to the specified sample name in the sample submission spreadsheet. To 

ensure sequencing produced > 80K reads per run, a maximum of 100 samples were 

included per run. The sick samples in Chapter 3, the healthy samples in Chapter 3, and 

the samples from Chapter 7 were submitted separately. To enable the sequencing of 

as many samples as possible within the budget, samples from Chapters 4 and 5 were 

submitted on the same 96-well plate. 

https://ipfs.io/ipfs/QmXoypizjW3WknFiJnKLwHCnL72vedxjQkDDP1mXWo6uco/wiki/Nucleotides.html
https://ipfs.io/ipfs/QmXoypizjW3WknFiJnKLwHCnL72vedxjQkDDP1mXWo6uco/wiki/DNA.html
https://ipfs.io/ipfs/QmXoypizjW3WknFiJnKLwHCnL72vedxjQkDDP1mXWo6uco/wiki/Adenine.html
https://ipfs.io/ipfs/QmXoypizjW3WknFiJnKLwHCnL72vedxjQkDDP1mXWo6uco/wiki/Guanine.html
https://ipfs.io/ipfs/QmXoypizjW3WknFiJnKLwHCnL72vedxjQkDDP1mXWo6uco/wiki/Cytosine.html
https://ipfs.io/ipfs/QmXoypizjW3WknFiJnKLwHCnL72vedxjQkDDP1mXWo6uco/wiki/Thymine.html


 

CHAPTER 2    |   75 

To identify the concentration of DNA in each sample, MGS conducted Qubit™ 2.0 

Fluorometer analysis using a dsDNA HS Assay Kit for 12 samples per plate. A PCR 

reaction was then performed using the primers 16Sf_V3 (5' - 3' direction) – 

CCTACGGGAGGCAGCAG; and 16Sf_V4 (5' - 3' direction) – 

GTGCCAGCMGCCGCGGTAA with adaptors (Kozich et al. 2013). The PCR products 

(c. 420-440 base pairs) were purified to generate a library and their concentrations were 

analysed using Qubit™. The products were pooled in equimolar concentrations and the 

concentration and size were confirmed with both Qubit™ and LabChip (PerkinElmer, 

Waltham, MA, USA) analysis, respectively. The latter was conducted using the HT DNA 

High Sensitivity Reagent Kit (PECLS760672) and the HT DNA 1K/12K/HI Sensitivity 

Assay LabChip (PE760517). The PCR products were sequenced with a 250-base 

paired end run on an Illumina MiSeq™ platform (Illumina Inc.) with version 2 chemistry. 

Illumina PhiX Control v3 (FC-110-3001) was included as the sequencing control. The 

sequences from Chapter 6 are available in the National Center for Biotechnology 

Information’s (NCBI’s) Sequence Read Archive under the project code PRJNA531038: 

Honey bee gut metagenome. 

2.8.2 Gene sequence processing and characterisation of 

microbial communities 

The Illumina de-multiplexed fastq sequence data were processed and trimmed using 

ea-utils to a 0.01 probability of error, an equivalent Phred score of Q20 (Aronesty 2011), 

then further processed using the Quantitative Insights Into Microbial Ecology 2 (QIIME 

2) analysis suite, version 2018.2 (Caporaso et al. 2010) 

(https://github.com/PlantandFoodResearch/bioinf_Apis_metabarcoding). The quality of 

all available sequences for all samples was checked using both FastQC and MultiQC. 

The reads were run through DADA2 methodology in QIIME2 (Callahan et al. 2016) to 

filter and trim the paired-end sequences, dereplicate them, and filter chimeras to 

produce exact amplicon sequence variants (ASVs). A stringency level at the taxonomic 

level of species was set. The statistics for each dataset where the fragment of the 16S 

rRNA gene was sequenced are listed in Supplementary material 2.10.3 and the 16S 

rRNA sequence counts for each honey bee sample associated with Chapters 3–5 and 

chapter 6–7 are in Supplementary material 2.10.4 and 2.10.5 respectively. 

The honey bee microbiome is a relatively new area of research, with new bacterial 

strains being identified and reclassified frequently. Initial sequencing analysis for the NZ 

survey data (Chapter 3) in 2015 indicated that some sequences were incorrectly 

assigned to old nomenclature, or absent in both the Greengenes and SILVA taxonomy 

reference databases. Differences between taxonomies occur between the four major 

reference taxonomies (SILVA, RDP, Greengenes and NCBI) because the size and 

structure of each varies (Balvočiūtė and Huson 2017).  

https://github.com/PlantandFoodResearch/bioinf_Apis_metabarcoding
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To ensure taxonomic classification of honey bee gut bacteria was current and consistent 

within this PhD, all analyses were conducted using the 16S RefSeq rRNA BLAST (Basic 

Local Alignment Search Tool) database, which was downloaded in August 2018 from 

NCBI (ftp://ftp.ncbi.nlm.nih.gov/blast/db/). This was customised using Perl script written 

by Associate Professor Patrick Biggs to make a QIIME 2 compatible reference dataset 

without intervening taxonomic classifications, such as suborders and tribes 

(https://github.com/pjbiggs/16SrRNA_taxonomy). 

2.8.3 Customised 16S rRNA BLAST database 

The NCBI taxonomy classifies some species with additional groups, suborders and 

tribes. This offsets all subsequent taxonomic assignments by one. For example 

Streptomyces klenkii, is a member of the Actinobacteria phylum, but the full NCBI 

taxonomy also places it in the Terrabacteria taxon, which is located between the levels 

kingdom and phylum. This rearrangement prevents the analysis of some species within 

the six traditional taxonomic levels; phyla through species. To realign the taxonomy, 

additional groups, suborders and tribes were removed using a customised 16S rRNA 

BLAST database. This was established by downloading the 16S rRNA RefSeq 

database from the NCBI server in August 2018 (ftp://ftp.ncbi.nlm.nih.gov/blast/db/) and 

converting it back to a FASTA format file using the BLAST+ tool blastdbcmd (the 2016 

version was used so as to retain the GI identifier in the header by the use of the “%f” 

flag). The header in the FASTA sequence file (“16SMicrobial.fasta”) was linked to the 

GenBank GI accession IDs in the taxonomic file (“16S_id_to_tax.map”) using the shell 

script “id_to_tax_mapmaker.sh” (https://github.com/mtruglio/QIIME_utilities).  

The subsequent output mapping file contained two columns, the first being the GI 

accession ID, and the second being the taxonomy. The data structure of the full 

taxonomy (including the intermediate taxonomic classifications groups, suborders and 

tribes) was a character string, delimited by semicolons, and it was this string that was 

parsed using a customised Perl script (https://github.com/pjbiggs/16SrRNA_taxonomy) 

and stored in a MySQL database (version 5.7.18). The groups, suborders and tribes 

were removed using a repetitive three step process whereby the first step was Simple 

taxonomy, where names were correctly classified between phyla through subspecies 

(L1-L9). The second step, Complex taxonomy, removed specific taxonomic names. The 

third step removed ‘Group’ names. At the end of the three steps, the process was 

repeated with the initial step resetting the group names for levels L3–L9, where L3 

specifies the third taxonomic level of Class, and L7–L9 retained the taxonomic level of 

species when suborders and tribes had been present in the levels above. This three 

step process was conducted one at a time as some ‘groups’ changed their location as 

they were moved back through the taxonomy; each taxonomic string was split into an 

array with a variable number of elements. This was loaded into a table within MySQL 

ftp://ftp.ncbi.nlm.nih.gov/blast/db/
https://github.com/pjbiggs/16SrRNA_taxonomy
ftp://ftp.ncbi.nlm.nih.gov/blast/db/
https://github.com/mtruglio/QIIME_utilities
https://github.com/pjbiggs/16SrRNA_taxonomy
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and the taxonomy was analysed as a group at the L2 level. Archaea were analysed first, 

and then bacteria. Whilst these subsets were manually curated to work out the most 

parsimonious taxonomic situation, the building of a new taxonomic table was done 

through a MySQL script that processed the taxonomy if required and moved the curated 

data into a new table. The resulting curated table was used to generate a new taxonomy 

file that could still be used with the FASTA file as the entries in it were the same.  

From the customised dataset a biological observation matrix (BIOM) was created that 

contained the ASVs identified from the sequencing of each sample associated with the 

assigned taxonomy. Any ASVs that were unable to be identified taxonomically to 

species level in the customised dataset were assigned to the closest identifiable 

taxonomic level.  

2.9 Statistical analysis 

2.9.1 Bacterial diversity 

For each set of sequenced data, phylogenetic diversity was measured within a sample 

(alpha (α)-diversity), and between samples (beta (β)-diversity) using the web-based tool 

MicrobiomeAnalyst (Kuczynski et al. 2012; Dhariwal et al. 2017). To reduce estimation 

errors that result from the different number of sequences per sample, the data were 

rarefied to the number of sequences in the smallest sample, such as 52880 in the 

carbohydrate trial (Chapter 6). 

The α-diversity and β-diversity in each sample were based on unfiltered data counts. 

To reduce estimation errors that result from the different number of sequences per 

sample, each dataset was rarefied to the number of sequences in the smallest sample. 

The data were relativised using total sum but were not transformed.  

Two measures of α-diversity were calculated at the feature level using Kruskal-Wallis 

pairwise comparisons. The first was a measure of richness, where the measures 

Observed ASVs and Chao1 analysed the number of unique species in the community 

by treating the abundant and rare species equally. The second measure of α-diversity 

was evenness. The Simpson and Shannon measures both accounted for richness and 

abundance, although the Simpson measure gives more weight to more abundant 

species in a sample, and the Shannon method gives more weight to rare species. 

Beta-diversity was calculated by generating a distance matrix for every pair of samples 

with two distance/dissimilarity methods: Bray-Curtis dissimilarity, and Jaccard Index. 

These compared the number of phylotypes between the two communities without 

accounting for phylogenetic diversity. For each experimental factor, these distance 

methods were displayed as 3-D Principal Coordinate Analysis (PCoA) plots. A 
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permutational MANOVA (PERMANOVA) was used to compare the variation between 

the samples. 

The α-diversity and β-diversity measures are specific to each dataset and these details 

are presented in each section.  

2.9.2 R analysis 

Data analysis was conducted in R (version 3.5.1) (R Core Team 2018). Sequences with 

a minimum total read composition of <0.01% prevalence were filtered from the dataset. 

This low threshold ensured the inclusion of the majority of less abundant bacteria in the 

analysis. As each analysis required its own methods to normalise the data and 

graphically display the results the methods are described in each chapter. 
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2.10 Supplementary material 

2.10.1 | Spreadsheet used to populate each qPCR run 

 

Sample Treatment Trial Treatment Primer

qPCR 

well Rotor Gene descriptor

1 A25 Axenic Hive +8 Universal 1 Universal_A25

2 A26 Axenic Hive +8 Universal 2 Universal_A25

3 A27 Axenic Hive +8 Universal 3 Universal_A25

4 A28 Axenic Hive +8 Universal 4 Universal_A26

5 A29 Axenic OnComb0days Universal 5 Universal_A26

6 A30 Axenic OnComb0days Universal 6 Universal_A26

7 A31 Axenic Pollen Universal 7 Universal_A27

8 A32 Axenic WaxCapping Universal 8 Universal_A27

9 A33 Axenic Sucrose Universal 9 Universal_A27

10 A34 Axenic <2hrs on  frame+8 Universal 10 Universal_A28

11 A35 Axenic <2hrs on  frame+8 Universal 11 Universal_A28

12 A36 Axenic <2hrs on  frame+8 Universal 12 Universal_A28

13 A37 Axenic <2hrs on  frame+8 Universal 13 Universal_A29

14 A38 Axenic <2hrs on  frame+8 Universal 14 Universal_A29

15 A39 Axenic <2hrs on  frame+8 Universal 15 Universal_A29

16 A40 Axenic <2hrs on  frame+8 Universal 16 Universal_A30

17 A41 Axenic <2hrs on  frame+8 Universal 17 Universal_A30

18 A42 Axenic OnComb0days Universal 18 Universal_A30

19 A43 Axenic Pre + 9 Universal 19 Universal_A31

20 A44 Axenic Pre + 9 Universal 20 Universal_A31

21 A45 Axenic Pre + 9 Universal 21 Universal_A31

22 A46 Axenic CapEaten8days Universal 22 Universal_A32

23 STD 1.56X10^7 Axenic STD Universal 23 Universal_A32

24 NTC Axenic NTC Universal 24 Universal_A32

25 Universal_A33

26 Universal_A33

27 Universal_A33

28 Universal_A34

29 Universal_A34

30 Universal_A34

31 Universal_A35

32 Universal_A35

33 Universal_A35

34 Universal_A36

35 Universal_A36

36 Universal_A36

37 Universal_A37

38 Universal_A37

39 Universal_A37

40 Universal_A38

41 Universal_A38

42 Universal_A38

43 Universal_A39

44 Universal_A39

45 Universal_A39

46 Universal_A40

47 Universal_A40

48 Universal_A40

49 Universal_A41

50 Universal_A41

51 Universal_A41

52 Universal_A42

53 Universal_A42

54 Universal_A42

55 Universal_A43

56 Universal_A43

57 Universal_A43

58 Universal_A44

59 Universal_A44

60 Universal_A44

61 Universal_A45

62 Universal_A45

63 Universal_A45

64 Universal_A46

65 Universal_A46

66 None

67 Universal_STD 1.56X10^7

68 Universal_STD 1.56X10^7

69 Universal_STD 1.56X10^7

70 Universal_NTC

71 Universal_NTC

72 Universal_NTC



80   |    CHAPTER 2 

2.10.2 | qPCR run sheet established for each run to identify the sample within each well 

 

2.10.3 | Statistics for the 16S rRNA gene amplicons sequenced for each honey bee gut dataset 

Chapter Title Number of 

samples 

Number of 

features 

Total 

frequency 

Minimum 

frequency 

1st quartile Median 

frequency 

3rd quartile Maximum 

frequency 

Mean 

frequency 

3 NZ sick & healthy 

honey bees 

94 5,325 3,121,484 8,239 20,582 25,692 29,146 203,063 33,207 

4 V4 NZ & USA 94 1,063 7,977,316 21,586 71,658 89,044 101,621 148,889 84,865 

5 NZ Season 20 489 1706354 47,190 80,795 88,785 93,294 108,558 85,318 

6 Carbohydrate diet 55 337 5,127,987 58,220 77,373 92,710 108,108 143,085 93,236 

7 G. apicola vs N. apis 149 2,156 6,197,573 12,950 31,611 39,018 50,245 144,277 41,594 
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2.10.4 | 16S rRNA sequence counts for each honey bee sample 

associated with Chapters 3–5: identification of bacteria in NZ 

honey bees 

 Chapter 3: 

NZ sick & healthy 

Chapter 4: 

V4 NZ & USA 

Chapter 5: 

NZ Season 

Sample 
Sample 
name 

Sequence 
count 

Sample 
name 

Sequence 
count 

Sample 
name 

Sequence 
count 

1 HB26 116246 N23_S55 148,889 J1 108,558 

2 HB36 114931 N22_S54 138,100 S2 102,501 

3 NL26 110216 N34_S60 135,635 J4 101,789 

4 C36 107044 W34_S24 130,147 D5 94,465 

5 WN36 91117 HB22_S30 127,530 J2 93,484 

6 O36 91002 HB23_S31 127,374 D4 93,231 

7 W16 81898 N32_S58 126,277 J3 93,032 

8 N36 71789 C34_S72 114,986 S5 91,169 

9 N26 63237 HB34_S36 114,541 D3 90,858 

10 HB16 42066 O24_S84 114,415 M1 89,983 

11 N23 38366 W23_S19 111,412 D1 87,586 

12 N34 37638 N11_S49 110,993 M4 87,408 

13 HB23 37018 W33_S23 110,569 J5 86,261 

14 N22 35769 HB14_S28 109,659 M2 85,517 

15 HB22 34307 C23_S67 107,902 S4 82,996 

16 W34 33973 HB11_S25 105,873 D2 74,192 

17 W23 33361 N24_S56 105,580 M5 73,389 

18 N32 33045 C22_S66 105,181 S3 63,682 

19 C22 32574 W21_S17 104,412 S1 59,063 

20 O24 31237 N21R_S53 103,827 M3 47,190 

21 HB34 29636 N33_S59 103,598   

22 O21 29249 O21_S77 102,795   

23 C34 29157 NL34_S12 102,624   

24 HB14 29111 HB32_S34 102,392   

25 W33 28868 C11_S61 99,306   

26 C23 28469 W11R_S13 99,099   

27 N24 28125 W12_S14 98,641   

28 W12 28096 N13R_S51 97,793   

29 N11 27966 W14_S16 97,663   

30 HB11 27908 NL33R_S11 97,564   

31 C21 27889 NL12B_S1 97,338   

32 NL34 27874 NL22_S6 96,689   

33 W21 27803 C21_S65 96,499   

34 HB32 27555 W22_S18 96,159   

35 C24 27525 HB13R_S27 94,823   

36 N33 27241 HB33R_S35 94,779   

37 WN21 27195 W32_S22 94,429   
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 Chapter 3: 

NZ sick & healthy 

Chapter 4: 

V4 NZ & USA 

Chapter 5: 

NZ Season 

Sample 
Sample 
name 

Sequence 
count 

Sample 
name 

Sequence 
count 

Sample 
name 

Sequence 
count 

38 WN32 27052 W24_S20 94,047   

39 O22 27022 C24_S68 93,657   

40 O23 26941 O23_S79 91,957   

41 N13R 26616 C33_S71 91,542   

42 WN23 26462 C32_S70 91,263   

43 NL12B 26287 C14_S64 91,109   

44 N21R 26058 HB12_S26 90,972   

45 W14 26044 WN32_S46 90,746   

46 O34 25869 C13_S63 89,869   

47 W24 25515 NL24_S8 89,680   

48 NL22 25508 NL21B_S5 88,407   

49 NL33R 25135 O22_S78 87,653   

50 W11R 25043 N12_S50 87,283   

51 C32 24892 WN21_S41 87,192   

52 C13 24712 HB21R_S29 85,236   

53 HB13R 24641 O11_S73 84,164   

54 NL24 24576 O34_S83 84,046   

55 WN11R 24331 WN22_S42 83,949   

56 C14 24178 NL14B_S3 83,380   

57 W22 24027 HB24_S32 82,618   

58 HB12 23712 N14_S52 82,337   

59 WN22 23688 WN23_S43 81,034   

60 C11 23500 WN11R_S37 80,882   

61 W32 23473 W13R_S15 80,230   

62 NL21B 23449 NL23_S7 78,158   

63 N12 22734 O33_S82 77,529   

64 C12 22415 C12_S62 77,036   

65 C33 21995 W31_S21 76,278   

66 HB33R 21733 NL32_S10 75,492   

67 O11 21599 NL1580_S4 74,408   

68 O31 21108 O13_S75 72,926   

69 W31 20949 WN24_S44 72,574   

70 N31 20459 O31_S80 71,679   

71 HB24 20349 N31_S57 71,651   

72 HB21R 20140 O12R_S74 69,860   

73 N14 20053 NL13B_S2 67,838   

74 O33 19744 HB31R_S33 66,381   

75 NL1580 19461 WN34_S48 61,771   

76 NL14B 19254 WN33_S47 60,572   

77 NL23 19006 NL31_S9 60,133   

78 NL32 18871 WN14_S40 54,555   

79 HB31R 18733 C31_S69 53,946   

80 O12R 18461 WN13_S39 50,773   

81 NL31 18243 1.60E+04 49,317   
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 Chapter 3: 

NZ sick & healthy 

Chapter 4: 

V4 NZ & USA 

Chapter 5: 

NZ Season 

Sample 
Sample 
name 

Sequence 
count 

Sample 
name 

Sequence 
count 

Sample 
name 

Sequence 
count 

82 WN33 18201 O32_S81 49,100   

83 O13 18035 WN12_S38 48,572   

84 NL13B 17846 16P3 48,006   

85 WN24 17837 1.60E+06 47,012   

86 W13R 16901 WN31_S45 45,547   

87 WN34 16057 16P1 43,001   

88 WN14 15799 16P2 39,723   

89 WN12 15605 16P5 37,776   

90 O32 15098 1.60E+05 34,806   

91 C31 14212 16P4 34,390   

92 WN31 14052 1.60E+03 33,738   

93 WN13 8239 O14_S76 32,436   

94 O14  1.60E+02 21,586   
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2.10.5 | 16S rRNA sequence counts associated with Chapters 6 

and 7: effects of external factors on gut bacteria 

 
Chapter 6: 

Carbohydrate sources 

Chapter 7: 

G. apicola vs N. apis 

Sample 
Sample 
name 

Sequence 
count 

Sample 
name 

Sequence 
count 

1 H5 143,085 GN2-4 144,277 

2 IS3 132,700 GN2-5 90,753 

3 SI9 131,287 GN3-1 88,023 

4 MGO1 128,433 G3-4 86,718 

5 MH15-1 123,080 GN2-3 72,745 

6 MH17-8 117,134 GN4-1 69,958 

7 H1 114,742 GN7-2 68,631 

8 MH15-6 114,430 G3-3 67,438 

9 SI4 113,983 GN7-3 67,188 

10 MH15-2 110,972 N2-4 66,152 

11 MH17-4 109,872 G1-2 65,956 

12 MH15-3 109,858 B4-3 64,633 

13 DHA6 109,684 GN1-4 64,567 

14 SI6 108,725 N5-1 62,918 

15 SI1 107,491 GN5-1 61,789 

16 IS2 104,037 GN7-1 61,474 

17 DHA3 103,263 G3-5 60,335 

18 DHA5 102,117 B4-5 60,100 

19 H2 99,618 B5-2 58,041 

20 IS9 98,652 N4-4 56,397 

21 SI3 98,650 G2-5 56,149 

22 MGO9 98,421 G7-2 56,086 

23 DHA7 97,043 GN3-4 54,818 

24 H4 95,403 G5-2 54,588 

25 MGO2 94,923 B1-1 54,438 

26 MGO6 94,764 C7-4 54,330 

27 MH15-7 93,838 GN3-5 54,188 

28 SI2 92,710 N5-3 53,865 

29 SI7 91,295 GN4-2 53,655 

30 DHA4 90,075 G2-4 53,534 

31 IS4 89,800 GN5-5 52,524 

32 MH17-6 88,708 B6-3 51,548 

33 MGO8 88,225 N5-2 51,495 

34 MGO3 86,967 GN3-2 51,253 

35 SI8 86,641 B1-3 50,681 

36 SI5 86,221 G1-1 50,566 

37 DHA9 86,008 GN5-2 50,363 

38 DHA2 84,815 C7-2 50,245 

39 MH15-8 79,232 N1-4 49,499 

40 IS1 78,133 GN2-2 48,991 
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Chapter 6: 

Carbohydrate sources 

Chapter 7: 

G. apicola vs N. apis 

Sample 
Sample 
name 

Sequence 
count 

Sample 
name 

Sequence 
count 

41 MH17-2 77,878 GN4-4 47,931 

42 IS7 76,868 B5-1 47,494 

43 DHA1 76,460 G1-3 47,263 

44 MGO7 76,260 B6-2 46,987 

45 MGO4 76,254 G5-3 46,467 

46 DHA8 73,862 GN1-2 46,157 

47 IS6 72,506 B2-1 46,005 

48 MH17-9 67,233 GN5-3 45,779 

49 IS8 66,459 G1-5 45,430 

50 MH17-3 66,010 C7-1 45,286 

51 MH15-4 65,861 N4-5 44,373 

52 MH17-7 64,059 Comp1 44,005 

53 H3 63,977 B6-5 43,893 

54 MH17-1 61,045 B2-3 43,838 

55 MH15-9 58,220 GN4-3 43,698 

56   B6-1 43,314 

57   G1-4 42,989 

58   N6-1 42,665 

59   G2-2 42,134 

60   N4-1 42,109 

61   B5-4 42,084 

62   GN1-1 42,026 

63   B3-5 41,773 

64   G7-5 41,635 

65   G5-4 40,636 

66   GN3-3 40,396 

67   B3-3 40,336 

68   N5-4 40,148 

69   B2-5 39,902 

70   G2-1 39,741 

71   N2-1 39,626 

72   B5-5 39,610 

73   GN5-4 39,412 

74   GN7-5 39,388 

75   B1-2 39,018 

76   N6-5 38,908 

77   N5-5 38,759 

78   B1-5 38,626 

79   B1-4 38,395 

80   N1-3 38,352 

81   B4-4 38,153 

82   G5-5 38,055 

83   C6-5 38,051 

84   G3-2 38,042 

85   B6-4 38,036 
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Chapter 6: 

Carbohydrate sources 

Chapter 7: 

G. apicola vs N. apis 

Sample 
Sample 
name 

Sequence 
count 

Sample 
name 

Sequence 
count 

86   N6-4 37,438 

87   B5-3 37,268 

88   G7-1 36,833 

89   C4-1 36,248 

90   GN2-1 36,011 

91   C7-5 35,992 

92   N2-3 35,847 

93   B2-6 35,717 

94   N4-3 35,532 

95   G5-1 35,352 

96   C4-4 35,319 

97   GN1-3 35,172 

98   N3-1 35,138 

99   Comp2 35,062 

100   N6-2 34,776 

101   GN4-5 34,555 

102   B2-2 33,630 

103   N6-3 33,223 

104   B3-2 32,721 

105   C5-4 32,600 

106   B4-1 32,402 

107   N1-2 31,978 

108   C5-1 31,890 

109   B3-4 31,785 

110   C7-3 31,633 

111   C1-1 31,628 

112   G2-3 31,611 

113   C4-3 31,456 

114   N1-1 31,287 

115   B3-1 30,993 

116   Beegut 29,881 

117   C5-5 29,874 

118   C6-4 29,242 

119   N3-3 28,952 

120   C2-3 28,426 

121   GN1-5 28,309 

122   N2-5 27,848 

123   N4-2 27,800 

124   B4-2 27,565 

125   N3-5 26,762 

126   C2-2 26,207 

127   N1-5 25,859 

128   C6-1 25,339 

129   C1-2 25,152 

130   C5-2 24,481 
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Chapter 6: 

Carbohydrate sources 

Chapter 7: 

G. apicola vs N. apis 

Sample 
Sample 
name 

Sequence 
count 

Sample 
name 

Sequence 
count 

131   G7-3 24,422 

132   C2-5 24,353 

133   C6-2 23,817 

134   C4-2 23,109 

135   N3-4 22,991 

136   G7-4 22,825 

137   C2-4 21,853 

138   G3-1 21,036 

139   C5-3 20,711 

140   C1-3 20,687 

141   G20 20,428 

142   C2-1 19,835 

143   C1-5 19,180 

144   GN7-4 19,165 

145   N2-2 18,106 

146   N3-2 17,684 

147   C4-5 16,931 

148   C6-3 16,862 

149   C1-4 12,950 
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2.10.6 | Quantitation report for the standard curve production of 

Nosema apis and Nosema ceranae 

 

Experiment Information 

Run Name Nosema ceranae 2016-09-28 (2) 

Run Start 28/09/2016 12:29:54 pm 

Run Finish 28/09/2016 1:34:56 pm 

Operator James 

Run On Software Version Rotor-Gene 1.7.87 

Run Signature The Run Signature is valid 

Gain Green 5.33 

Gain Yellow 10. 

 

Quantitation Information 

Threshold 0.00136 

Left Threshold 18.530 

Standard Curve Imported Yes 

Standard Curve (1) conc= 10^(-0.217*CT + 11.419) 

Standard Curve (2) CT = -4.600*log(conc) + 52.526 

Reaction efficiency (*) 0.64968 (* = 10^(-1/m) - 1)  

Start normalising from cycle 1 

Noise Slope Correction No 

No Template Control Threshold 0%  

Reaction Efficiency Threshold Disabled  

Normalisation Method Standard 

Digital Filter Light 
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Profile 

Cycle Cycle Point 

Hold at 95°C, 3 min 
 

Cycling (37 repeats)  Step 1 at 95°c, hold 10 s 

 
Step 2 at 60°C, hold 25 s, acquiring to 

Cycling A([Green][1][1],[Yellow][2][2]) 

Melt (72-95°C) , hold 0 s on the 1st step, hold 

5 s on next steps, 

MeltA([Green][1][1],[Yellow][2][2]) 

 

 

 

Raw data for Cycling A. Green 

 

 

Quantitation data for Cycling A. Green 
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Standard Curve 

 

 

 

No. Colour Name Type Ct Given Conc 

(copies/reaction) 

Calc Conc 

(copies/reaction) 

58 
 

NC 10-6 Standard 20.63 6.80E+06 8.60E+06 

59 
 

NC 10-6 Standard 20.58 6.80E+06 8.80E+06 

60 
 

NC 10-6 Standard 22.08 6.80E+06 4.16E+06 

67 
 

Michelle - NC Unknown 
   

68 
 

Michelle - NC Unknown 28.87 
 

1.39E+05 

69 
 

Michelle - NC Unknown 
   

70 
 

NTC NTC 
   

71 
 

NTC NTC 
   

72 
 

NTC NTC 
   

 

Legend: 

NEG (NTC) - Sample cancelled due to NTC Threshold. NEG (R. Eff) - 

Sample cancelled as efficiency less than reaction efficiency threshold. 

 

 

This report generated by Rotor-Gene 6000 Series Software 1.7 (Build 87) 

Copyright 2000-2006 Corbett Research, a Division of Corbett Life Science. All rights reserved. 

ISO 9001:2000 (Reg. No. QEC21313)  
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Chapter 3 

3 Analysis of honey bee gut microbial profiles 
across NZ, and a comparison between 
healthy and sick bee colonies 
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3.1 Abstract  

The bacterial profiles in the guts of New Zealand honey bees were identified from 94 

colonies located in 21 apiaries across seven regions. Ten of these colonies were 

deemed ‘sick’ by beekeepers. Environmental measures were scored for each apiary 

including the terrain surrounding the apiaries, classification of the pollen and nectar 

sources available throughout the year, the length of time the colonies were located at 

the apiary, and the age of the queen bee. These were assessed collectively with the 

taxonomic classification of bacterial phylotypes identified using 16S rRNA gene 

sequencing. The bacterial composition in bees foraging from native plants or mānuka 

specifically, were found to be distinct from those foraging on exotic floral sources. 

Twenty-seven bacterial phylotypes were identified including the five dominant core 

phylotypes present in bees internationally. Rhizobiaceae was present in 100% of the 

sick colonies but only 27.5% of the healthy colonies from the same apiaries. Eight 

phylotypes were present only in the sick colonies, two of which may be potential 

indicators of poor bee health: Serratia and Acetobacter. This study also identified that 

the gut pathogen Nosema apis was associated with all sick colonies but Nosema 

ceranae, which was recently introduced to New Zealand, was only present in a single 

colony from the Nelson region, indicating that N. ceranae is currently not widespread in 

New Zealand honey bees.  

3.2 Introduction 

Individual honey bee (Apis mellifera L) colony mortality is often attributed to a single 

factor including a pest or pathogen (Watanabe 1994; Winfree et al. 2007), pesticide 

poisoning (Naug 2009), or poor hive management such as poor disease control, or lack 

of food resource (Smart 2015). In contrast, it is difficult to attribute widespread regional 

colony loss to a single cause, as observed with the 2007/2008 Colony Collapse Disorder 

in the United States of America (VanEngelsdorp et al. 2009). It is therefore suggested 

that widespread colony mortality is more likely to result from multiple factors including 

bee pathogens, colony management, and environmental factors (Naug 2009; Currie et 

al. 2010; Neumann and Carreck 2010; Smart 2015). However, the interdependencies 

between these factors and their effects on colony loss are not well understood. One 

variable in the honey bee ecosystem that may provide further insight as to how these 

factors may be linked and how they may effect bee health, is the bacterial community 

within the honey bee digestive tract (gut). The social and foraging behaviour of bees 

implies that the gut not only harbours bacteria (Powell et al. 2014) but is the conduit for 

nutrient sources, antibiotics and poison, and the ingress for gut pathogens like Nosema 

spp., (the spore-forming unicellular fungi from the phylum microsporidia).   
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The initial body of literature regarding bacteria sequenced from the honey bee gut was 

primarily from North America and Europe and the data were predominantly collected 

from a limited number of healthy colonies in one or two apiaries (Mohr and Tebbe 2006; 

Babendreier et al. 2007; Cox-Foster et al. 2007; Olofsson and Vásquez 2008; Vasquez 

and Olofsson 2009; Martinson et al. 2011; Mattila et al. 2012). These restricted apiary 

datasets have helped identify the five dominant core bacterial phylotypes: two 

Proteobacteria (Gilliamella apicola and Snodgrassella alvi (Kwong and Moran 2013)), 

two species clusters of Firmicutes (Lactobacillus Firm-4; Lactobacillus Firm-5 

(Babendreier et al. 2007; Martinson et al. 2011)); and an Actinobacteria species cluster 

(Bifidobacterium (Bottacini et al. 2012)). They have also identified other less consistently 

present or abundant phylotypes including Frischella perrara (Engel et al. 2013b), 

Bartonella apis (Kešnerová et al. 2016), Parasaccharibacter apium (Corby-Harris et al. 

2014b), and a Gluconobacter-related species group designated Alpha2.1 (Martinson et 

al. 2011). Studies such as the comparison between the gut bacterial community profiles 

from two apiaries in Arizona and Maryland (total 40 bees) indicate that bacterial 

communities, although predominantly similar, do differ among apiaries, colonies, and 

individual bees (Moran et al. 2012). Individual community members are influenced by 

landscape exposure (Jones et al. 2018b), and are shaped by the interaction with the 

broader gut community (Kwong et al. 2014). Additionally, antibiotics have been shown 

to reduce the diversity of the core bacterium G. apicola (Raymann et al. 2018a), and 

sucrose-rich diets have been shown to increase the relative abundances of sub-

dominant core bacteria (Rhizobiaceae, Acetobacteraceae, and Lactobacillus kunkeei) 

and decrease the relative abundance of F. perrara (Taylor et al. 2019). Similarly, 

colonies deemed ‘sick’ (i.e. with a slow population build up in spring) have been 

observed with less bacterial phylotypes than colonies deemed healthy (Ribière et al. 

2019). Therefore, it should not be presumed that the literature typifies the bacterial 

profile within the digestive tract of honey bees worldwide, and specifically from countries 

that are geographically isolated, or from colonies that are deemed sick. 

New Zealand (NZ) honey bees have been largely bred in isolation, and thus potentially 

developed their own gut microbiome. Initially, undocumented strains of honey bees 

were introduced from England (1839 and 1842) and Australia (1842) (Hopkins 1926). 

Italian honey bees were introduced from California in 1880, and further importations 

occurred in 1883 from Italy, Switzerland, Syria, Israel, Cyprus, along with the 

introduction of Carniolan bees (Hopkins 1926). In 1960 the importation of live bees, hive 

ware, and bee products to NZ were prohibited (Stevenson et al. 2005). Since then the 

only importation of genetic stock was Carniolan semen during 2005 and 2007. This 

introduction is a likely source of the gut pathogen Nosema ceranae as prior to this N. 

ceranae was not identified in NZ bees (Klee et al. 2007; Huang et al. 2008; Botías et al. 

2012).  
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It is therefore possible that the gut bacteria within bees imported to NZ may have since 

evolved separately so that the bacterial profiles appear distinct from the current 

phylotypes described internationally. If this has occurred then the role of dysbiosis within 

NZ or international bees also needs to be elucidated. Factors specific to NZ that may 

influence bacterial composition include the floral nectars native to NZ (e.g. mānuka and 

rātā), the availability and variation among nectar sources throughout the year, the 

prohibition of antibiotics for disease management (American Foulbrood) (New Zealand 

Government 1998), and the absence of some honey bee gut pathogens (e.g. European 

foul brood, and the recently introduced Nosema ceranae (Botías et al. 2012). 

Understanding the profiles of gut bacteria in NZ honeybees is particularly relevant for 

the Canadian beekeeping industry as for the past few decades they have annually 

imported between 5,000 and 40,000 one-kilogram packages of NZ honey bees to 

bolster the Canadian beekeeping industry in spring (New Zealand Government 2018).  

Identifying differences in bacterial profiles among studies is often rendered difficult by 

the disparate methodology of individual studies. Widespread patterns of bacterial 

profiles within honey bee populations across entire land masses may therefore provide 

additional information regarding the effect of external factors on gut bacterial profiles 

and in turn may elucidate the identification of bacteria that could be used as indicators 

of colony health. 

We hypothesise that the honey bee gut bacterial community will vary when the hosts 

have evolved as an isolated population. Our first objective was to identify the variation 

in bacterial communities in terms of phylotypes and relative abundances within the guts 

of honey bees located in seven geographically different regions throughout NZ. The 

second objective determined whether the surrounding environment of the apiaries, as 

scored by the associated beekeepers, correlated with differences between bacterial 

compositions. The third objective was to compare the bacterial composition in the gut 

of honey bees from colonies deemed by beekeepers as ‘healthy’ and ‘sick’; a colony 

was defined as ‘sick’ when the bee population had a comparatively slow development 

in spring, as often attributed to two common honey bee gut microsporidia Nosema apis 

Zander (Zander 1909), and Nosema ceranae Fries (Fries et al. 1996; Ribière et al. 

2019).  
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3.3 Materials and methods 

3.3.1 Honey bee sampling 

Honey bees were collected from five colonies from three apiaries from each of seven 

geographically and environmentally divergent regions within New Zealand: Northland 

(NL), Waikato (W), Hawkes Bay (HB), Whanganui (WN), Nelson (N), Christchurch (C) 

and Otago (O) (Figure 3.1). All samples were collected between the 6th and 23rd October 

2014 (late spring). The 21 apiaries ranged in latitude from 45.854°S to 37.698°S, 

longitude from 168.930°E to 173.015°E, and altitude from 0m to 3706m. The colonies 

had almost all been located at these apiaries, and therefore feeding on the local floral 

sources, for at least one year. The exception was a single apiary in Otago (O1) where 

the colonies were introduced six weeks prior to bee collection. Each apiary was 

managed by a different commercial beekeeper according to their own management 

techniques.  

 

Figure 3.1 | Locations of the 21 apiaries throughout New Zealand from which adult honey 

bees were sampled from five hives in October 2014.  

Bees were sampled from the frames surrounding the brood-nest. Four of the colonies 

from each apiary were deemed healthy by the beekeepers (total 84 colonies) and one 

colony from each was deemed sick. However, the details regarding some of the 

samples were insufficient so only ten sick colony samples were included in the analysis: 
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one sample from each of the three Hawkes Bay apiaries (HB16, HB26, HB36), one 

sample from each of the other six regions (NL26, W16, WN36, N26, C36, O36), and a 

second sample from the Nelson region (N36). The bee samples were immediately 

stored in 95% ethanol on ice and sent by overnight courier to The New Zealand Institute 

for Plant and Food Research Limited (PFR), Hamilton, NZ. On arrival, these samples 

were stored at -70°C.  

Metadata were collected regarding the surrounding environment and hive management: 

apiary location, altitude, the number of spring pollens and nectars, the types of spring 

pollens and nectars, the type of winter pollen the presence of native bush, the presence 

of mānuka, the duration that the hives had been at the apiary, and the age of the queen 

bee.  
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3.3.2 DNA extraction, amplification, and sequencing of 

the 16S rRNA gene 

DNA was extracted from the honey bee guts and processed as below for analysis of the 

gut bacterial community. For each of the 94 samples, 20 bees were thawed for 3 min 

and then the digestive tracts (crop to rectum) were aseptically dissected and pooled in 

a single DNase- and RNase-free 1.5 ml microcentrifuge tube on ice. Each pooled 

sample was macerated by pipetting the material up and down, grinding it with a pipette 

tip for 30 s and then 150 mg (28% of the pooled sample) was transferred to a ZR 

BashingBead™ Lysis Tube containing 750 µl lysis solution. The samples were 

homogenised at 6 m/s for 40 s using a FastPrep®–24 (MP Biomedicals, Seven Hills, 

Australia), and the DNA was extracted using the Zymo Research Quick-DNA™ 

Fecal/soil Microbe Miniprep kit (Zymo Research Corporation (ZR), California, USA) and 

the recommended protocol. The eluted DNA samples were stored at –70°C then 

overnight couriered on ice to Massey Genome Service (Palmerston North, NZ) for 16S 

rRNA gene sequencing of the V3V4 hypervariable region (Kozich et al. 2013). 

A dsDNA HS Assay Kit (12 samples per plate) was used to evaluate the DNA 

concentration in each sample with Qubit™ 2.0 Fluorometer (ThermoFisher Scientific, 

NZ) analysis. A PCR reaction was performed using primers with adaptors:  

16Sf_V3 (5' - 3' direction) – CCTACGGGAGGCAGCAG and, 

16Sf_V4 (5' - 3' direction) – GTGCCAGCMGCCGCGGTAA (Kozich et al. 2013).  

A library was generated from the purified PCR products (c. 420-440 base pairs) and 

their concentrations were analysed using Qubit™. The products were pooled in 

equimolar concentrations and the concentration and size were confirmed by analysis 

with Qubit™ and LabChip (PerkinElmer, Waltham, MA, USA). The PCR products were 

sequenced with a 250-base paired end run on an Illumina MiSeq™ platform (Illumina 

Inc.) with version 2 chemistry. Illumina PhiX Control v3 (FC-110-3001) was the control. 

The resulting sequences were used for analysis of bacterial composition and were also 

deposited in the National Center for Biotechnology Information’s (NCBI’s) Sequence 

Read Archive (PRJ TBC). 

The healthy samples were dissected, their DNA was extracted, and the samples were 

sequenced in March 2015 whereas the sick samples were processed and sequenced 

in September 2017. 
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3.3.3 Gene sequence processing and characterisation of 

microbial communities 

From here on, the dataset of the healthy NZ honey bee samples is referred to as 

‘healthy’ and the dataset of the sick and healthy NZ honey bee samples is referred to 

as the ‘combined’ dataset. 

The Illumina de-multiplexed fastq sequence data were processed and trimmed using 

ea-utils with a 0.01 probability of error and an equivalent Phred score of Q20 (Aronesty 

2011). Further processing was conducted with Quantitative Insights Into Microbial 

Ecology 2 (QIIME 2) analysis suite, version 2018.2 (Caporaso et al. 2010) 

(https://github.com/PlantandFoodResearch/bioinf_Apis_metabarcoding). To produce 

exact amplicon sequence variants (ASVs) the paired-end sequences were filtered, 

trimmed, dereplicated, and the chimeras were filtered using DADA2 methodology 

(Callahan et al. 2016). The majority of less abundant bacteria were included in the 

analysis by filtering out sequences with a minimum total read composition < 0.01% 

prevalence. A total of 3,121,484 paired reads were detected across the 21 apiaries. 

These were identified as 625 ASVs, with a minimum of 8,239 frequencies and a 

maximum of 203,063 frequencies. 

To ensure current taxonomic classification of honey bee gut bacteria was being used, 

the customised QIIME 2 compatible reference dataset 

(https://github.com/pjbiggs/16SrRNA_taxonomy) (Taylor et al. 2019) was used to create 

a biological observation matrix (BIOM) that contained the ASVs. The nucleotides within 

the sequence regions from the sick colonies were 100% homologous to those from the 

healthy colonies except they were truncated by approximately 40 nucleotides 

(Supplementary material Figure 3.8.1).  

The α–diversity for the feature levels health and apiary were calculated using 

MicrobiomeAnalyst (Kuczynski et al. 2012; Dhariwal et al. 2017) with the metrics 

Observed ASVs (simple richness), Chao1, Shannon, and Simpson. β–diversity was 

determined for the experimental factors health and apiary using the Bray-Curtis 

dissimilarity method. 3D plots of Principal Coordinates Analysis (PCoA) were used to 

present β–diversity for the metadata (11 external factors). 

3.3.4 Analysis of Nosema spp. 

The presence of the gut pathogens N. apis and N. ceranae were identified in the sick 

colonies using qPCR (Rotor-Gene 6000, QIAGEN, Venlo, The Netherlands) and 

hydrolysis probe assays (TaqMan®) (dnature, Gisborne, NZ); 5 µl of 2X Mastermix was 

combined with 2.5 µl water and 0.5 µl 20X primer probe mix. 8 µl of this was added to 

https://github.com/PlantandFoodResearch/bioinf_Apis_metabarcoding
https://github.com/pjbiggs/16SrRNA_taxonomy
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each well as was 2 µl of DNA template and the qPCR run was conducted using the 

recommended protocol (dnature, Gisborne, NZ). An assay cut-off of Cq < 37 cycles was 

deemed positive. Each qPCR run contained three technical replicates of DNA sample, 

no-template controls, and N. apis DNA standard. The N. apis standard was extracted 

from a N. apis spore suspension (3.085 x 108 spores/ml) prepared from ten bees from 

each of three colonies; thirty abdomens were crushed in 30 ml of sterile deionised water 

then mixed thoroughly with a sterile 18G needle. The suspension was filtered through 

a 70 µm sterile Falcon cell strainer to remove bee guts, then centrifuged at 5000 g for 

five minutes. The supernatant was removed and the spores were washed in 500 µl 

sterile water. The wash was repeated twice to produce a Nosema suspension which 

should have had approximately 85% purity according to Fries et al. (2013). The purified 

spores were re-suspended in 4 ml of sterile water and the spore concentration was 

determined using a haemocytometer (1/400 mm 2 x 1/10 mm deep, Improved 

Neubauer, USA) (Cantwell 1970); number of spores / ml = (average total number spores 

counted / 80) x 4x107 = 506 spores x 500,000 = 253,000,000. DNA was extracted from 

two 150 µl aliquots of this suspension using a Zymo Research Fecal DNA Miniprep kit 

(Catalog No D6010, Zymo Research, Irvine, CA, USA). As N. ceranae was recently 

introduced to NZ (Klee et al. 2007), the sick colonies were analysed for N. ceranae using 

a N. ceranae – specific TaqMan® (dnature, Gisborne, NZ). The N. apis standard also 

served as a negative control to confirm the absence of cross-reaction between Nosema 

species.  

3.3.5 Statistical analyses 

Bacterial diversity computed in QIIME2 was measured within a sample (α–diversity), 

and between samples (β–diversity) using MicrobiomeAnalyst (Kuczynski et al. 2012; 

Dhariwal et al. 2017). Data counts were unfiltered but the dataset was rarefied to its 

minimum library size of 8016. The significance in α–diversity metrics were calculated at 

the feature levels health and apiary using Mann-Whitney/Kruskal-Wallis pairwise 

comparisons. A permutational multivariate analysis of variance (PERMANOVA) 

(Anderson 2001) of the Bray-Curtis dissimilarity measures was used to determine the 

significance in β–diversity of colony health and apiary identity.  

Further statistical analysis was conducted in R (version 3.5.1) (R Core Team 2018). 

Sequences with a minimum total read composition of < 0.01% prevalence were filtered 

from the dataset. This low threshold ensured the inclusion of the majority of less 

abundant bacteria in the analysis. To investigate the differences in the number of 

phylotypes among regions and apiaries, Poisson generalised linear models were used 

with the number of phylotypes as the response, and region or apiary as a fixed effect. 

To explore the relationship between phylotypes and apiaries, of which apiary is a factor 

of region, the data were visually explored using heat maps, where the response was 
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the sum of the total number of bacterial reads for each phylotype. The interaction of the 

phylotypes in relation to apiary was further explored using nonmetric multidimensional 

scale (NMDS) plots where the dissimilarity matrix was calculated using the Bray-Curtis 

dissimilarity method. The change in relative abundance (proportion of total bacterial 

abundance) of phylotypes from sick and healthy colonies within apiaries was explored 

using a simple linear model (lm) in the R package lme4 (Bates et al. 2014). The function 

‘predictmeans’ was used to plot predicted means to enable comparison between 

apiaries for each phylotype and an ANOVA was used to determine significant 

differences among apiaries.  
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3.4 Results 

The DNA of the 84 healthy NZ honey bee samples contained 2,070,941 paired reads 

and the DNA of the 10 sick NZ bee samples contained 1,050,543 paired reads, totalling 

3,121,484 paired reads. The reads were filtered to remove < 0.01% prevalence, so the 

total number of paired reads analysed in all 94 samples was 3,021,057.  

3.4.1 Number of amplicon sequence variants and 

phylotypes 

The paired reads from the healthy and sick honey bee samples represented 625 ASVs 

(Table 3.1). The ASVs within the samples from the healthy colonies were classified as 

19 unique phylotypes, excluding the unclassified phylotypes which are referred to simply 

as Bacteria and depending on the apiary, 15 to 24 phylotypes were present (Table 3.1).  

Table 3.1 │The number of unique ASVs and the number of associated bacterial phylotypes 
within the digestive tract of healthy and sick New Zealand honey bees.  

Apiary ASVs (Healthy) ASVs (Combined) Phylotypes (Healthy) Phylotypes (Combined) 

NL1 339 339 18 18 

NL2 359 436 18 24 

NL3 342 342 16 16 

W1 374 449 14 18 

W2 352 352 15 15 

W3 405 405 19 19 

WN1 340 340 17 17 

WN2 326 326 16 16 

WN3 330 413 16 22 

HB1 368 433 18 24 

HB2 358 446 17 23 

HB3 362 439 15 22 

N1 357 357 16 16 

N2 342 408 14 20 

N3 336 413 17 23 

C1 320 320 17 17 

C2 363 363 16 16 

C3 363 440 17 22 

O1 307 307 14 14 

O2 314 314 15 15 

O3 306 376 15 21 

Total 625 625 20 28 

Healthy = Healthy dataset. Combined = Sick and healthy dataset. Bee samples were collected from 21 

apiaries located in seven regions: Northland (NL), Waikato (W), Hawkes Bay (HB), Whanganui (WN), Nelson 

(N), Canterbury (C), and Otago (O). Apiaries that include sick bees are shaded in grey. Variation between the 

number of ASVs in the healthy and combined datasets are in bold typeface.  
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Eleven phylotypes within the gut of NZ honey bees were identified as unique species: 

Bifidobacterium coryneforme, Lactobacillus kunkeei, Lactobacillus mellifer, 

Lactobacillus mellis, Ensifer adhaerens, Snodgrassella alvi, Frischella perrara, 

Gilliamella apicola, Escherichia coli, Spiroplasma apis, and Spiroplasma mirum. The 

remaining eight were identified to the taxonomic levels of phylum (Cyanobacteria and 

Proteobacteria), class (Clostridiales), family (Acetobacteraceae, Rhizobiaceae, and 

Enterobacteriaceae), or genera (Lactobacillus and Pseudomonas). These included the 

internationally identified dominant core species G. apicola, S. alvi, the genus 

Bifidobacterium, and species from the Lactobacillus Firm–4 cluster (L. mellis, L. 

mellifera, and L. kunkeei). Bifidobacterium coryneforme was present but the 

internationally identified species Bifidobacterium asteroides was absent. None of the 

species from the Lactobacillus Firm–5 cluster were found. 
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Table 3.2 │ Number of unique ASVs associated with each bacterial phylotype identified 
from the healthy and combined datasets from New Zealand honey bees.  

Bacterial phylotype Healthy ASVs Combined ASVs 

Actinobacteria (P)   

Bifidobacterium coryneforme* 20 24 

Bacteroidetes (P)   

Flavobacteriaceae (F)   

Chryseobacterium spp. – 1 

Cyanobacteria (P) 59 66 

Firmicutes (P)   

Bacillaceae (F)   

Bacillus pumilus – 1 

Lactobacillaceae (F)   

Lactobacillus spp. * 126 160 

Lactobacillus kunkeei 7 8 

Lactobacillus mellifera 8 9 

Lactobacillus mellis 12 17 

Clostridiales (O) 11 12 

Lachnospiraceae (F)   

Lachnoclostridium spp. – 1 

Proteobacteria (P) 13 13 

Alpha–proteobacteria (C)   

Acetobacteraceae (F) 26 32 

Acetobacter spp. – 1 

Rhizobiales (O)   

Rhizobiaceae (F) 6 7 

Ensifer adhaerens 11 12 

Beta–proteobacteria (C)   

Neisseriaceae (F)   

Snodgrassella alvi * 48 63 

Gamma–proteobacteria (C)   

Pseudomonas spp. 6 8 

Yersiniaceae (F)   

Serratia spp. – 1 

Orbaceae (F)   

Frischella perrara ** 23 29 

Gilliamella apicola * 90 112 

Enterobacteriaceae (F) 4 12 

Providencia spp. – 1 

Cronobacter sakazakii – 2 

Escherichia coli 4 5 

Citrobacter freundii–complex – 1 

Tenericutes (P)   

Spiroplasma apis 10 12 

Spiroplasma mirum 6 6 

Bacteria (Domain) 9 9 

Total (including the domain Bacteria)  20 28 

Healthy = dataset of healthy colonies. Combined = dataset of sick and healthy colonies. Phylum (P), class 

(C), order (O), family (F), genus (spp.). * indicates core gut bacteria. To aid taxonomic identification higher 

taxonomic levels without ASVs are shown in bold typeface.  

https://en.wikipedia.org/wiki/Lactobacillaceae
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The genus Lactobacillus contained the most ASVs (126). The relative abundance of 

ASVs from Lactobacillus species associated with cluster Firm–4 (L. mellis (12 ASVs), 

L. mellifera (8 ASVs), and L. kunkeei (7 ASVs)) were present in 50% of the healthy 

colonies from 17 apiaries and ranged from 0.005–10.4% of all reads. L. apis, L. 

melliventris, and L. helsinborgensis from the Lactobacillus cluster Firm–5 were all 

present but all were below the 0.01% relative abundance threshold, whereas L. 

kimbladii, and L. kullabergensis, were not detected. Of the subdominant core bacteria, 

the species Frischella perrara was present (23 ASVs) but Bartonella apis was not 

identified although six ASVs from the same family Rhizobiaceae were identified. The 

Gluconobacter–related species group, to which Parasaccharibacter apium belongs, 

were also not identified but 26 ASVs from the family Acetobacteraceae were present.  

The sick samples contained eight more phylotypes than the healthy samples: three in 

the family Enterobacteraceae (Providencia spp., Citrobacter freundii–complex, and 

Cronobacter sakazakii), and one from each of the families Acetobacteraceae 

(Acetobacter spp.), Bacillaceae (Bacillus pumilus), Flavobactericeae 

(Chryseobacterium), Lachnospiraceae (Lachnoclostridium spp.), and Yersiniaceae 

(Serratia spp.) (Table 3.2). With the exception of Serratia spp. (10.4%) and C. sakazakii 

(7.8%), these phylotypes were less prevalent and their relative abundances were much 

lower (≤ 2.2%) than the core bacteria. The honey bee gut bacterium Paenibacillus larvae 

subspecies larvae (Bacteroidetes), the causative agent of American foulbrood disease 

that is normally identified in larvae or squashed adult bee samples, was absent from all 

94 samples. 

The Poisson generalised linear model provided no evidence that the number of 

phylotypes differed among the 84 healthy colonies (P > 0.8) but with the addition of the 

sick colonies a significant difference was observed among the 94 colonies (P < 0.01) 

(Supplementary material Table 3.8.1).  

The total number of reads for each phylotype present in the gut of healthy and sick 

honey colonies shows that the phylotypes Lactobacillus spp. and G. apicola were the 

most prevalent but that the relative abundance of both varied among apiaries (Figure 

3.2). In contrast the total number of reads for Spiroplasma mirum, S. apis, Serratia, 

Rhizobiaceae, Pseudomonas, Providencia, L. kunkeei, Lachnoclostridium, Escherichia 

coli, Enterobacteriaceae, Ensifer adhaerens, Cronobacter sakazakii, Citrobacter 

freundii–complex, Chryseobacterium, Bacillus. pumilus, Acetobacter, and the 

unclassified Bacteria, were below the R-analysis 0.01% inclusion threshold in some 

apiaries (Figure 3.2). 

https://en.wikipedia.org/wiki/Yersiniaceae
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Figure 3.2│ Heatmap of the sum of the total number of reads for each bacterial phylotype 

in the digestive tract of honey bees from 21 apiaries throughout New Zealand.  

The data from the healthy and sick colonies within each apiary were combined. All italicised phylotypes without 

a species name indicate the genus e.g. Lactobacillus indicates members of the genus Lactobacillus but which 

were genetically distinct from the named species in this genus e.g. L. mellis. Blank spaces indicate the relative 

abundance was < 0.01%. Apiary locations: Northland (NL1–3), Waikato (W1–3), Hawkes Bay (HB1–3), 

Whanganui (WN1–3), Nelson (N1–3), Canterbury (C1–3), Otago (O1–3). 

3.4.2 Relative abundance 

The mean relative abundance of the top eight abundant phylotypes in the healthy 

colonies included the dominant core phylotypes; Lactobacillus spp. which was the most 

abundant (31–46.7%), followed by G. apicola (17.5–2.5%) and S. alvi (4.5–12.6%), and 

B. coryneforme (2.0–7.3%) was sixth most abundant (Table 3.3). A similar pattern of 

abundance was observed in most apiaries to that of apiary C1 where the relative 

abundance of Lactobacillus spp. was double that of G. apicola, 7–fold that of S. alvi, 

and 11–fold that of Bifidobacterium. The subdominant core bacteria represented < 10% 

of the bacterial profiles, where the relative abundance of Lactobacillus spp. was 7–fold 

higher than F. perrara, 11–fold higher than L. mellis, and 17–fold higher than 

Acetobacteraceae. The relative abundance of the remaining 13 phylotypes contributed 

< 5% of the bacterial profile. The exceptions to this pattern were Cyanobacteria in apiary 

W3 (9.8%) which was 2–fold higher than in apiary WN3 (4.6%), Rhizobiaceae in apiary 

WN2 (5.6%) which was 4–fold higher than in apiary WN3 (1.4%), and S. apis in apiary 

C3 (9.6%) which was 2–fold higher than in apiary WN1 (4.5%) (Table 3.3).  
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Table 3.3 │ Mean relative percent abundance of phylotypes in the digestive tract of healthy honey bees from 21 New Zealand apiaries. 

Phylotype NL1 NL2 NL3 W1 W2 W3 WN1 WN2 WN3 HB1 HB2 HB3 N1 N2 N3 C1 C2 C3 O1 O2 O3 

Lactobacillus spp. 43.1 41.1 39.3 39.2 35.5 31.0 35.4 32.7 42.2 33.1 35.5 41.1 31.0 39.8 43.2 46.7 40.4 39.8 40.7 30.7 39.5 

Gilliamella apicola 23.9 17.5 27.7 26.6 31.2 24.4 22.9 24.8 24.3 19.6 26.0 24.3 23.4 29.3 22.3 22.5 32.7 22.5 26.1 31.2 25.4 

Snodgrassella alvi 7.4 12.6 4.8 7.5 7.1 5.2 8.3 8.8 4.5 9.4 9.5 10.0 12.9 9.0 5.2 6.6 6.5 9.2 10.5 8.3 7.8 

Frischella perrara 4.0 6.5 6.7 2.9 3.5 5.9 6.7 6.0 5.2 6.5 5.4 3.6 3.5 2.6 3.5 6.4 5.2 4.3 6.1 3.9 5.4 

Lactobacillus mellis 3.1 2.9 5.4 5.0 2.5 4.5 5.0 3.6 4.0 3.6 3.2 2.5 9.7 3.3 5.5 4.1 2.4 4.1 1.8 6.1 3.3 

Bifidobacterium 

coryneforme 
3.8 5.0 3.0 3.1 5.4 3.9 3.2 2.6 4.9 3.3 5.3 7.3 2.9 2.0 4.1 4.0 3.0 5.3 3.8 2.8 4.3 

Acetobacteraceae 3.3 2.5 4.2 4.5 2.5 4.3 2.4 2.6 1.6 1.8 1.4 1.8 3.1 4.2 3.7 2.7 2.4 2.6 1.5 5.2 3.0 

Cyanobacteria 1.8 0.9 2.8 1.7 3.3 9.8 1.7 2.0 4.6 2.9 4.6 1.5 1.7 2.8 3.6 3.3 3.1 1.2  3.9 3.6 3.2 

Lactobacillus mellifer 0.9 1.2 1.0 0.6 1.1 1.2 1.1 0.8 0.6 0.9 0.8 0.8 0.7 0.3 0.4 0.6 0.6 0.9 1.1 0.8 0.6 

Pseudomonas spp. 3.9 0.2 0.0 1.3 6.0 0.3 2.4 0.4 0.1 0.8 0.1 0.0 3.5 < 0.0 0.3 1.8 0.2 < < 0.0 

Ensifer adhaerens 1.2 0.6 0.6 0.7 0.3 0.1 0.9 0.4 0.1 0.4 0.3 0.3 1.6 0.2 0.3 0.2 0.3 0.3 0.2 < 0.2 

Rhizobiaceae 0.4 1.9e 0.1 0.3 < 0.6 1.1 5.6 1.4 1.3 0.3 0.5 0.4 0.0 0.1 0.4 0.2 0.6 < 1.4 0.8 

Enterobacteriaceae 0.7 0.6 0.5 0.0 < < < < 0.1 0.8 0.0 0.4 < 0.2 1.5 < < 0.1 < < 1.8 

Lactobacillus kunkeei 0.8 0.2 < < 0.7 1.3 0.3 1.7 0.8 0.8 < 0.1 0.5 1.1 0.4 0.4 0.3 0.2 0.6 3.1 0.0 

Clostridiales 0.1 0.3b 0.1 0.4 0.5 0.1 0.3 0.4 0.1 0.3 1.2 0.2 0.0 0.4 0.3 0.2 0.2 0.1 0.3 0.1 0.2 

Bacteria < < 0.1 < < 0.9 0.9 0.3 0.3 0.7 0.3 0.5 0.2 0.1 0.4 0.6 0.8 0.2 0.2 0.2 0.4 

Escherichia coli 0.2 0.1 < < < 0.4 < < 0.0 0.4 0.0 0.0 < 0.4 0.2 0.5 < 0.1 < 0.6 0.9 

Proteobacteria 0.4 0.3 0.3 0.9 1.2 1.7 1.0 0.6 1.1 1.4 2.1 1.4 0.2 0.2 0.5 0.4 0.5 0.4 1.2 0.3 1.2 

Spiroplasma apis < < < 0.6 < 0.1 4.5 < < 0.5 0.8 < < 3.4 < < < 9.6 < < < 

Spiroplasma mirum 0.3 0.4 < < 0.2 0.3 < < 0.3 1.9 0.8 < < < < < < < < < < 

The means were back-transformed and recorded to one decimal place. Relative abundance < 0.01% (<). Apiary locations: Northland (NL1–3), Waikato (W1–3), Hawkes Bay (HB1–3), Whanganui (WN1–3), Nelson 

(N1–3), Canterbury (C1–3), Otago (O1–3). The maximum relative abundance of each phylotype is in bold typeface.
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3.4.3 Phylotypes in the anecdotally sick colonies 

The eight phylotypes associated only with the sick colonies all had a high number of 

reads in at least one of the 10 colonies (Supplementary material Table 3.8.2). The mean 

relative abundance (MRA) of these eight phylotypes ranged from < 0.01–10.4% (Table 

3.4). Lachnoclostridium spp. and Serratia spp. were identified in nine of the sick colonies 

(NL26, W16, WN36, HB16, HB26, HB36, N3, C3, and O3. MRA 2.2% and 10.4%, 

respectively), Acetobacter spp. was present in six colonies (MRA 1.8%), 

Chryseobacterium spp., B. pumilus, and C. freundii-complex were in three colonies 

(MRA 0.1%, 0.5% and 0.1%, respectively), C. sakazakii was present in two sick colonies 

(NL26 and N26, MRA 7.8%), and Providencia spp. was present in one colony (MRA 

0.5%) (Table 3.4). In contrast to the other apiaries with a sick colony, HB1 had 

significantly higher MRA of Acetobacter spp. (1.8%), Lachnoclostridium spp. (2.2%), 

Serratia spp. (10.4%), and B. pumilus (0.5%). The total relative abundance of these 

phylotypes (~15%) in HB1 is offset by the lowest percentage of Lactobacillus spp. 

(33.1%). The 7.8% C. sakazakii in apiary NL2 was offset by a lesser relative abundance 

of G. apicola (17.5%) and Cyanobacteria (0.9%). The relative abundance of L. kunkeei 

in eight of the sick colonies ranged from < 0.01 to 2.85%. 

Rhizobiaceae was also identified in all ten of the sick colonies (0.1 to 22.4%) but only 

11 (27.5%) of the 40 healthy colonies associated with the same apiaries (0.1 to 23.9%) 

(Supplementary material Table 3.8.3). The healthy colonies from the 11 apiaries without 

sick hives were excluded from this count to reduce potential bias resulting from 

beekeepers that may not have been able to identify a sick colony. The number of 

Rhizobiaceae reads ranged from 35 to 13,370. The number of reads in healthy colonies 

never exceeded the number in the sick samples from the same apiary. Thirty-four 

(40.4%) of the 84 samples from colonies deemed healthy contained Rhizobiaceae. The 

healthy colony WN2 had the highest relative abundance of Rhizobiaceae (23.9%). The 

rest of the healthy colonies contained less than that observed in six of the ten sick 

samples. The relative abundance of Rhizobiaceae was high in four apiaries without sick 

colonies (NL2, WN3, N3, and O3) and was below the 0.01% inclusion threshold in two 

apiaries (W2 and O1).  
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Table 3.4 │ Mean relative percent abundance of the phylotypes in sick colonies from ten 
NZ apiaries. 

 NL2 W1 WN3 HB1 HB2 HB3 N2 N3 C3 O3 

Lactobacillus spp. 41.1a 39.2a 42.2a 33.1a 35.5a 41.1a 39.8a 43.2a 39.8a 39.5a 

Gilliamella apicola 17.5a 26.6a 24.3a 19.6a 26.0a 24.3a 29.3a 22.3a 22.5a 25.4a 

Snodgrassella alvi 12.6a 7.5a 4.5a 9.4a 9.5a 10.0a 9.0a 5.2a 9.2a 7.8a 

Lactobacillus mellis 2.9a 5.0a 4.0a 3.6a 3.2a 2.5a 3.3a 5.5a 4.1a 3.3a 

Frischella perrara 6.5a 2.9a 5.2a 6.5a 5.4a 3.6a 2.6a 3.5a 4.3a 5.4a 

Bifidobacterium 

coryneforme 
5.0a 3.1a 4.9a 3.3a 5.3a 7.3a 2.0a 4.1a 5.3a 4.3a 

Acetobacteraceae 2.5a 4.5a 1.6a 1.8a 1.4a 1.8a 4.2a 3.7a 2.6a 3.0a 

Lactobacillus 

mellifer 
1.2a 0.6a 0.6a 0.9a 0.8a 0.8a 0.3a 0.4a 0.9a 0.6a 

Cyanobacteria 0.9a 1.7ab 4.6bc 2.9abc 4.6bc 1.5ab 2.8abc 3.6abc 1.2ab 3.2abc 

Rhizobiaceae 1.9de 0.3abcde 1.4cde 1.3cde 0.3abcde 0.5abcd 0.0a 0.1ab 0.6abcde 
0.8abcd

e 

Enterobacteriaceae 0.6bc 0.0ab 0.1abc 0.8c 0.0a 0.4abc 0.2abc 1.5bc 0.1aabc 1.8c 

Pseudomonas spp. 0.2abcde 1.3efg 0.1abcd 0.8defg 0.1abc 0.0ab < 0.0ab 0.2abcd 0.0a 

Ensifer adhaerens 0.6abc 0.7abc 0.1a 0.4abc 0.3abc 0.3ab 0.2abc 0.3abc 0.3ab 0.2ab 

Lactobacillus 

kunkeei 
0.2bc < 0.8bcdef 0.8bcdef < 0.1b 1.1cdef 0.4bcde 0.2bcd 0.0a 

Clostridiales 0.3ab 0.4ab 0.1ab 0.3ab 1.2b 0.2ab 0.4ab 0.3ab 0.1a 0.2ab 

Escherichia coli 0.1ab < 0.0ab 0.4abc 0.0a 0.0ab 0.4abc 0.2abc 0.1abc 0.9c 

Proteobacteria 0.3ab 0.9ab 1.1ab 1.4ab 2.1b 1.4ab 0.2a 0.5ab 0.4ab 1.2ab 

Spiroplasma apis < 0.6ab < 0.5ab 0.8abc < 3.4bc < 9.6c < 

Spiroplasma mirum 0.4a < 0.3a 1.9a 0.8a < < < < < 

Acetobacter spp. 0.0a < 0.0a 1.8b < 0.0a < 0.0a 0.1ab < 

Chryseobacterium 

spp. 
0.1a < < < 0.1a < < 0.0a < < 

Lachnoclostridium 

spp. 
0.1ab 0.0a 0.0a 2.2b 0.0a 0.1a < 0.0a 0.0a 0.0a 

Providencia spp. < < < < < < < < < 0.5a 

Serratia spp. 0.2a 0.1a 0.2a 10.4b 0.0a 0.2a < 0.0a 0.2a 0.1a 

Bacillus pumilus < < < 0.5b 0.0a < < 0.0a < < 

Citrobacter freundii-

complex 
0.1a < < < < 0.1a 0.0a < < < 

Cronobacter 

sakazakii 
7.8a < < < < < 0.5a < < < 

Bacteria < < 0.3a 0.7a 0.3a 0.5a 0.1a 0.4a 0.2a 0.4a 

The means were back-transformed (1 d.p). < indicates < 0.01% relative abundance. Apiary locations: 
Northland (NL2–3), Waikato (W1), Hawkes Bay (HB1–3), Whanganui (WN3), Nelson (N2–3), Canterbury 
(C3), Otago (O3). The eight phylotypes present only in the sick colonies are shaded in light grey. The 
significant differences among apiaries are identified by superscript letters (a–g) and shaded in a darker grey. 

A linear model indicated significant differences in the relative abundance of unique 

phylotypes among apiaries both with and without the sick colonies (P < 0.01) 

(Supplementary material Tables 3.8.4 and 3.8.5). These differences in mean relative 
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abundance of phylotypes among apiaries from healthy colonies are further supported 

by a least significant difference (LSD) > 2.70% (Supplementary material Figure 3.8.2). 

These differences were observed for all dominant core bacteria: Lactobacillus spp., G. 

apicola, S. alvi, B. coryneforme and L. mellis (Firm–4). Apiary N1 had significantly more 

S. alvi and L. mellis than most other apiaries, whereas apiary C1 had significantly more 

Lactobacillus spp. Significant differences were also observed among the apiaries for the 

less prevalent bacteria including Acetobacteraceae, Cyanobacteria (high in apiary W3), 

F. perrara (high in apiary WN1), Rhizobiaceae, and S. apis. Apiary WN1 had 

significantly more Rhizobiaceae. 

Similar to the healthy colonies, the inclusion of the sick colonies meant that all core 

bacteria and some of the less prevalent bacteria differed among apiaries (LSD of > 

2.98%) (Figure 3.3); Apiary C3 had 1.4–fold more S. alvi, and 1.5 to 3–fold more 

Rhizobiaceae than its healthy counterparts in apiaries C1 and C2. In contrast the sick 

apiary WN3 had 14–fold less Rhizobiaceae than the healthy apiary WN2.  
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Figure 3.3 | Mean relative abundance of phylotypes in the digestive tract of healthy and sick colonies sampled throughout NZ.  
Predicted mean LSD average = 2.70%. Inclusion of data required > 0.01% prevalence.  
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3.4.4 Diversity analysis 

The inclusion of the ten anecdotally sick colonies (NL26, W16, WN36, HB16, HB26, 

HB36, N26, N36, C36, and O36) significantly (P < 0.001) influenced four α-diversity 

metrics as the bacterial communities clustered based on health; high diversity metrics 

were observed in the healthy colonies and low diversity metrics were observed in the 

ten sick colonies (Table 3.5, Figure 3.4). With apiary as the experimental factor, there 

was no significant difference in α-diversity (P > 0.1) (Supplementary material Figure 

3.8.3, Table 3.8.6).  

 

Table 3.5 | Alpha -diversity in bacterial communities from 
healthy and sick NZ honey bee colonies. 

Diversity measure Kruskal-Wallis statistic P – value 

Chao1 27.688 < 0.001 

Observed ASVs 27.605 < 0.001 

Shannon 23.326 < 0.001 

Simpson 18.418 < 0.001 

 

    

Figure 3.4 │ Alpha–diversity for bacterial phylotypes from 21 apiaries throughout NZ. 

The inclusion of sick colonies in the β–diversity analysis also had a significant (P < 

0.001, R2 = 0.47) influence on the metrics as colony health within the apiaries explained 

57.4% of the variation (Table 3.6, Figure 3.5). 
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Table 3.6 | Beta–diversity using health as the experimental factor for the combined dataset. 

Diversity 

measure 
P – value F – value R2 

PC% 

Axis 1 

 

Axis 2 

 

Axis 3 

Bray-Curtis 

dissimilarity 

< 0.001 81.222 0.47 47.1 5.5 4.8 

A non-parametric multivariate statistical test (PERMANOVA) was used to compare the affect of colony health 

on bacterial diversity. 

 

 

Figure 3.5 │ Beta–diversity for honey bee gut bacterial phylotypes from 21 apiaries 

throughout NZ with colonies deemed healthy or sick. 

The apiaries were located in seven NZ regions: Northland, Waikato, Hawkes Bay, Whanganui, Nelson, 

Canterbury, Otago. Health was the experimental factor and Bray–Curtis dissimilarity was used to conduct the 

PERMANOVA where P < 0.001, R2 = 0.29. 

Despite differences in relative abundance among phylotypes in different apiaries, the 

NMDS analysis suggests only a slight shift in the composition of bacteris was associated 

with apiary (Figure 3.6). The more obvious shift was between the bacterial composition 

in apiaries containing only healthy colonies versus those with both healthy and sick 

colonies; the gut bacterial profile in the healthy apiaries WN1 and O1 were displaced 

from those in the sick apiaries HB2 and NL2 along axis one of the ordination. These 

sick colonies converged with a strong representation of Chryseobacterium spp. and C. 

freundii complex. The phylotypes Rhizobiaceae, Enterobacteriaceae, 

Lachnoclostridium spp., B. pumilus, and E. adhaerens strongly diverged from 

Proteobacteria, and Cyanobacteria that tended towards the opposite direction on axis 

two, and thus seemed to be less affected by treatment. 
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Figure 3.6 | NMDS of relative abundance of phylotypes in the digestive tract of healthy and sick colonies throughout NZ. 

The 21 apiaries were located in Northland (NL), Waikato (W), Hawkes Bay (HB), Whanganui (WN), Nelson (N), Canterbury (C), and Otago (O). 
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3.4.5 Survey factors associated with bacterial 

communities in healthy colonies 

The association of the 11 survey factors with the gut microbiome from healthy colonies 

were all significant (P < 0.01) (Table 3.7). Despite the factors each explaining 29% 

(Bray-Curtis) of the observed variation among the samples, only apiary (R2 = 0.43) 

appeared to have a moderate effect on the bacterial communities as the R–squared 

values of the remaining factors were low (≤ 0.02) suggesting their effect was only slight 

(Table 3.7). 

Table 3.7 | Beta-diversity using Bray-Curtis Index to calculate 
differences in bacterial communities for healthy colonies with 
varying experimental factors. 

Experimental factor P - value F - value R2 

Apiary < 0.001 2.362 0.429 

Altitude < 0.004 1.519 0.054 

Queen age < 0.012 1.800 0.022 

Distance from coast < 0.001 2.593 0.060 

Native bush < 0.001 4.015 0.047 

Mānuka < 0.001 2.755 0.033 

Number of spring pollens < 0.001 1.766 0.062 

Number of spring nectars < 0.001 1.954 0.068 

Spring pollen type < 0.005 1.648 0.058 

Spring nectar type < 0.001 2.542 0.165 

Winter pollen < 0.009 1.511 0.054 

PERMANOVA was used to compare groups. 

Factors associated with apiary location for the healthy colonies revealed no obvious 

clustering of bacterial communities from colonies located at different altitudes above 

sea level (Supplementary material Figure 3.8.4). However, the bacterial communities 

for apiaries located > 30 km from the coast were clustered slightly separate from those 

0 to 10 km from the coast (Supplementary material Figure 3.8.4). 
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3.4.6 Food resources associated with bacterial 

communities in healthy colonies 

The microbiome in healthy apiaries with access to native bush or mānuka were 

clustered away from apiaries without these food sources (Figure 3.7A-B). The 

microbiome in bees feeding on spring willow and dandelion nectar were separated from 

those feeding on honeydew and native bush (Figure 3.7C). The number of spring 

nectars and spring pollens in the environment, and the types of both spring and winter 

pollens did not appear to influence microbiome among apiaries (Supplementary material 

Figures 3.8.5A-D). 

 

A | Native bush 
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B | Mānuka 

  

C | Spring nectar type 

Figure 3.7 │ Beta–diversity associated with the experimental factors for the bacterial 

phylotypes in healthy NZ honey bees throughout NZ. 

Bray-Curtis was the dissimilarity measure and the experimental factors were native bush, mānuka, and the 

type of spring nectars.  
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3.4.7 Nosema apis and Nosema ceranae analysis 

The ten anecdotally sick samples all contained between 2.46 x 107 and 6.29 x 1011 gene 

copies/µl of N. apis (Table 3.8), indicating its widespread presence throughout NZ. Only 

one of the sick colonies (N26) contained copies of N. ceranae (17,462 gene copies/µl), 

suggesting that it is less prevalent in NZ than N. apis. Healthy colonies were not 

assessed for Nosema spp. so there is no context for the scale of these results.   

Table 3.8 | qPCR copies of Nosema apis and Nosema ceranae in the DNA 
from the digestive tract of sick NZ honey bees. 

Hive 
Nosema apis gene 

(copies/µl) 

Nosema ceranae 

(copies/µl) 

C36 1.24 x 1011 0 

HB16 4.14 x 109 0 

HB26 6.29 x 1011 0 

HB36 2.46 x 107 0 

N26 4.19 x 1011 1.75 x 104 

N36 4.22 x 1011 0 

NL26  4.22 x 1011 0 

O36 2.64 x 108 0 

W16 7.74 x 107 0 

WN36 3.32 x 107 0 
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3.5 Discussion 

This study is the first comprehensive analysis of the bacterial diversity and relative 

abundance of individual phylotypes in the digestive tract of adult New Zealand honey 

bees. Bees from this geographically isolated population were collected from 94 colonies 

across 21 apiaries from seven regions (Northland, Waikato, Whanganui, Hawkes Bay, 

Nelson, Christchurch and Otago) and differences were observed between colonies 

deemed sick and those deemed healthy, and associations with apiary-specific factors 

were determined. This information is particularly relevant because of NZ’s unique flora 

that sustains these bees as well as the annual exportation of tonnes of live NZ bees to 

Canada (New Zealand Government 2018). As newly emerged workers acquire their gut 

communities from both nurse bees and nurse bee faecal material (Powell et al. 2014) it 

is likely that NZ bees influence the Canadian bee gut microbiome.  

Number of amplicon sequence variants and phylotypes 

The internationally recognised core bacterial phylotypes (Kwong and Moran 2013), were 

present within the gut of NZ honey bees, except for phylotypes within the Lactobacillus 

Firm–5 cluster. It is unlikely that they were absent or classified in the genus Lactobacillus 

as Chapter 4 identified L. apis, L. melliventris, and L. helsingborgensis using the same 

customised 16S rRNA BLAST database that was used in this analysis. It is more likely 

that the large number of reads analysed may mean that the relative abundance of these 

species were below the 0.01% inclusion threshold used in this analysis. Indeed, 

populations of L. apis have been shown to vary from 5% to 69.6% (Corby-Harris et al. 

2014a; Jones et al. 2018b).  

The eight additional phylotypes in the gut of sick NZ honey bees differed between the 

ten colonies, either because some phylotypes were below the inclusion threshold in 

some colonies, or the abundance of some phylotypes were much larger. There are three 

possible explanations for the additional eight phylotypes present in the sick colonies: 

sampling methodology, the methodology used to classify phylotypes, and actual 

phylotype differences. The healthy samples were processed two years prior to the sick 

samples, however, both were processed using the same methodologies during the gut 

extractions, DNA extractions, and 16S rRNA sequencing. Additionally, prior to gut 

extraction the sick samples were stored in ethanol at -70°C. As the sick samples had 

more phylotypes than the healthy samples, DNA degradation does not explain the 

increase. Thus, methodology is unlikely to explain the difference. Four of the eight 

additional sick phylotypes were classified further on the taxonomic hierarchy than the 

healthy samples. For example, Acetobacter spp., Providencia spp., C. sakazakii, and 

C. freundii–complex, were present in the sick samples whereas the healthy samples 

only had the broader families Acetobacteraceae and Enterobacteriaceae present. As 

the sequences in the healthy samples had approximately 40 more nucleotides, it was 

expected that the phylotypes in the healthy samples would be identified more 
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specifically. This was not the case as they were only classified to the taxonomic level of 

family. The other four additional phylotypes in the sick colony samples (Serratia spp., 

Bacillus pumilus, Lachnoclostridium spp., and Chryseobacterium spp.), were not 

classified more broadly in the healthy samples and as all paired-end reads were 

processed using DADA2 methodology in QIIME 2, exact ASVs were produced. 

Therefore, if these additional phylotypes had been present in the healthy dataset then 

they would have been identified, even if only at a broader classification due to sequence 

trimming. Therefore, the additional phylotypes in the sick dataset are most likely to be 

additional bacteria in the digestive tract of honey bees from sick colonies. 

The relative abundance of the dominant phylotypes and some of the less dominant 

phylotypes that were either outliers (Cyanobacteria, Acetobacteraceae, Rhizobiaceae, 

F. perrara, and L. kunkeei), or undetected in some apiaries (Pseudomonas spp., E. 

adhaerens, Rhizobiaceae, Enterobacteriaceae, L. kunkeei, E. coli, S. apis, and S. 

mirum) differed among the 21 apiaries indicating that bacterial profiles in the honey bee 

gut vary. 

Dominant core bacteria 

The decreasing order of the relative abundance of the dominant core bacteria in NZ 

honey bees is similar to that observed internationally (Martinson et al. 2012; Moran et 

al. 2012; Jones et al. 2018b) where Lactobacillus spp. were the most abundant, followed 

by G. apicola, S. alvi, and Bifidobacterium spp. As phylotype identification becomes 

more accurate at the species-level with technology development, the relative 

abundance of species within Lactobacillus Firm–4 and Firm–5 clusters will be further 

identified, hopefully providing a better understanding of the importance of these species 

to bee health. The customised 16S rRNA BLAST database was employed rather than 

the taxonomic classifications SILVA, RDP, Greengenes or NCBI as some of the recently 

characterised honey bee gut bacteria were absent. This highlights the importance for 

keeping the databases updated and the need for further species characterisation so 

that species-specific information can be assimilated to understand their association with 

the honey bee host as well as their potential effect on bee health. Further classification 

of genera, in particular the genus Lactobacillus, through epidemiological and host 

experiments is recommended to ascertain their importance for bee health, particularly 

when the gut is compromised by external factors such as the honey bee diet (Taylor et 

al. 2019) or gut pathogens (Maes et al. 2016). 

Subdominant core bacteria 

The relative abundance of the subdominant core phylotypes are often lower than the 

dominant phylotypes or can be below the inclusion threshold (Corby-Harris et al. 2014a; 

Kešnerová et al. 2016). Therefore, slight changes in the relative abundance of dominant 

bacteria significantly affects the relative abundance of subdominant bacteria. Thus, 

comparative analysis of the relative abundance of subdominant core bacteria among 
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studies may be less reliable. This extensive study shows that both the dominant and 

subdominant gut bacteria vary between apiaries and therefore colonies. 

The only internationally recognised subdominant core bacteria in the healthy NZ 

colonies were F. perrara and Acetobacteraceae. F. perrara abundance peaks in bees 

aged 2–7 days (> 50%) then declines to < 25% with age (Engel et al. 2015). The 

observed range of F. perrara relative abundance throughout NZ colonies (fifth most 

abundant with a range of 1.1 to 14.5%) suggests that the bees sampled were 

consistently older and this gives confidence that the NZ bees contained the full 

complement of gut bacteria (Powell et al. 2014). In comparison, the relative abundance 

of F. perrara was 4.5–fold more in honey bees from Sussex, UK, where F. perrara was 

the third most abundant phylotype, ranging from c. 2 to 65% in one apiary and 2 to 38% 

in a second apiary (Jones et al. 2018b). The relative abundance suggests that the age 

of the Sussex bees may have been younger or more varied. The relative abundance of 

F. perrara may therefore be a useful way to identify the age of honey bees previously 

undetermined. The presence of F. perrara causes scabbing in the epithelial surface of 

the pylorus of microbiota-free bees (Engel et al. 2015). This scabbing is similar to the 

innate immune response observed in other insects, where melanisation aids the 

hardening of damaged tissue (Nappi and Christensen 2005). The association between 

F. perrara and the honey bee immune response suggests that the variation in relative 

abundance of gut bacteria between colonies in this NZ study could be associated with 

the bees immune response or external factors that challenge the bacterial community, 

such as bacteria, gut pathogens, or food sources.  

There was no significant difference among the 21 apiaries for the family 

Acetobacteraceae, which includes P. apium and the Gluconobacter–related species 

group that both predominantly inhabit the crop and brood-feeding tissues of worker bees 

(Corby-Harris et al. 2014b). However, as the samples were derived from the entire gut, 

the specific gut locations of the bacteria were not confirmed. The relative abundance 

ranged from fourth highest in apiary N2 to ninth highest in apiary HB2.  

The presence of Rhizobiaceae in 19 of the 21 apiaries indicates that Rhizobiaceae is 

widespread. Rhizobiaceae was identified in all ten of the sick colonies but only 27.5% 

of the healthy colonies from the same apiaries. The cause of variation in relative 

abundance is unknown. However, as these colonies were deemed ‘sick’ by beekeepers 

due to delayed spring development, the presence of N. apis may explain this delayed 

start. Rhizobiaceae may therefore be responding to the increase in N. apis which may 

mean it could be utilised as a specific indicator of N. apis, or a broader indicator species 

of poor colony health. Although the number of reads in the healthy samples did not 

exceed the number observed in the sick samples in the same apiary, 40.4% of the 84 

healthy colonies harboured Rhizobiaceae. If Rhizobiaceae does indicate poor health 

then these results suggest that judgement of sick colonies varies among beekeepers. It 
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also suggests that these visual symptoms may occur after the gut composition has 

altered. An increase in Rhizobiaceae may therefore be a response to an impaired gut 

or the cause of an impaired gut, although the latter is less likely as anecdotal 

observations suggest Rhizobiaceae is present in colonies that are still considered 

healthy. 

The family Rhizobiaceae has three genera found in honey bees, Rhizobium, Shinella, 

and Ensifer. Only Ensifer adhaerens was identified in NZ honey bees. These genera 

contain pathogenic, symbiotic and saprophytic species which cannot be identified using 

physiological or biochemical traits (Ferreira et al. 2011). These potential interactions 

indicate that an increase in Rhizobiaceae abundance in honey bees may occur in 

response to beneficial or deleterious plant interactions, or a compromised immune 

system. Host-challenge trials with Rhizobiaceae and potential pathogens, such as 

Nosema, may elucidate the role of Rhizobiaceae in bee health and determine whether 

Rhizobiaceae could be used as an indicator species for poor bee health. 

Phylotypes present only in the sick colonies 

The genus Serratia is not part of the core microbiome (Moran et al. 2012). Serratia 

marcescens has been isolated from diseased larvae (El Sanousi et al. 1987), and the 

gut and haemolymph of honey bee workers (Raymann et al. 2018b). Based on the 

analysis from four honey bee colonies (one each located in Texas (n = 26 bees), Florida 

(n = 11), Tennessee (n = 21), and Utah (n = 9)), S. marcescens is considered a 

widespread opportunistic pathogen of adult honey bees (Raymann et al. 2018b). In this 

USA study S. marcescens was present in 22–100% of the bees at a relative abundance 

of 0.7–9.32%. When this isolate is sprayed on sealed and unsealed brood, it causes 

larval mortality (El Sanousi et al. 1987), and when administered orally or injected into 

the haemocoel, it can cause worker bee mortality without elevating the expression of 

antimicrobial peptides and phenoloxidase genes that encode the melanizing enzyme, 

phenoloxidase (Raymann et al. 2018b). This suggests S. marcescens can evade the 

honey bee immune system. The presence of Serratia spp. in nine of the ten sick NZ 

colonies (< 0.01–10.4%) from the seven regions, and in none of the 84 healthy samples, 

provides further support of this widespread opportunistic behaviour, at a relatively low 

abundance. The lack of identification in the 84 healthy colonies is contrary to most 

opportunistic pathogens that are usually present in low numbers within their host without 

causing disease (Sikorowski and Lawrence 1994; Maciel-Vergara et al. 2018). This 

suggests Serratia spp. may be present in the healthy samples of the combined dataset 

but below the inclusion threshold of < 0.01%, or that they inhabit non-host environments 

but are taken up by the honey bee host in a process currently undetermined, or that 

Serratia spp. may exploit both the honey bee gut and non-host environments. As 

Serratia spp. are present in both diseased larvae and sick honey bees, it may be hosted 

in the crop or hypopharyngeal glands, both of which are used by nurse bees to feed 

developing brood. 
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Opportunistic pathogens become pathogenic only in susceptible hosts, such as those 

with weakened immunity or altered microbiome composition (Brown et al. 2012). 

Exposure to the antibiotic tetracycline severely alters honey bee gut microbiome 

composition, increases bee mortality in the hive and in the lab, and leads to increased 

susceptibility to S. marcescens (Raymann et al. 2017). Tetracycline is often used 

internationally to control AFB. This bacterium resides in the larval and pupal gut and 

causes mortality (White 1906). Serratia marcescens shows high resistance to 

tetracycline, so internationally it is likely to have a selective advantage during a 

treatment course of antibiotics (Raymann et al. 2017). In NZ, It is illegal to use 

tetracycline for AFB control (New Zealand Government 1998); so tetracycline regime 

does not explain the observed increase of S. marcescens in the sick colonies. A more 

likely explanation is the presence of other honey bee gut pathogens that initially weaken 

the immune system and with whom S. marcescens either coexist, or compete. The 

honey bee gut pathogen Nosema spp., is a potential candidate.  

The consumption of aged pollen appears to systemically affect honey bees, causing 

dysbiosis in the ileum, rectum, mouthparts and hypopharyngeal glands. This diet-related 

dysbiosis is also associated with the establishment of Nosema spp., in low abundance 

(Maes et al. 2016). Nosema spp. infect the midgut epithelial cells in honey bees which 

alter the conditions in the gut and this may aid the proliferation of S. marcescens. 

Serratia marcescens efficiently degrades chitin (Tews et al. 1996), a long-chain polymer 

of N-acetylglucosamine derived from glucose that is a primary component of fungal cell 

walls, and insect exoskeletons. It is therefore possible that the proteins, including 

chitinases, that are secreted by S. marcescens may potentially degrade increasing 

populations of other organisms (Tao et al. 2006), such as the microsporidia N. apis and 

N. ceranae.  

In support of this fungal-bacterial or interkingdom association, all the sick colonies 

contained N. apis, including N26 that did not have Serratia spp., and N. ceranae was 

only present in colony N26. This suggests that S. marcescens and N. ceranae may not 

coexist or some form of competition may occur. However, as N. ceranae was only 

recently established in NZ (Murray and Lester 2015), the lack of interaction should not 

be interpreted without further research. Especially since mixed infections of Nosema 

spp. are more virulent than a single species infection (Milbrath et al. 2015), and because 

N. ceranae appears to have replaced N. apis worldwide, direct competition does not 

appear to be responsible (Klee et al. 2007). Host-challenge experiments with the three 

pathogens would identify whether potential competition is antagonism or synergism. In 

vitro trials that identify the effects of S. marcescens metabolites on the proliferation of 

both Nosema species would also help identify the role of these bacteria on honey bee 

health and whether the excretions from these bacteria could be used to control other 

bee pathogens, such as Nosema. This idea has potential as the supernatant and 

collected proteins from bacterial cultures of S. marcescens isolated from the gut of the 
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Chinese honey bee Apis cerana (Fabricius, 1793), indicate miticidal effects as 100% 

Varroa mortality occurred within five days after treatment (Tu et al. 2010).  

The genus Lachnoclostridium was present at low abundance (≤ 2.2%) in nine of the 

ten sick colonies. This genus is not common in the current honey bee literature but lead 

exposure is reported to reduce Lachnoclostridium in mice (Zhai et al. 2017). As honey 

bees forage, they inadvertently collect lead from the environment and this can 

accumulate in apiary products (Cozmuta et al. 2012). Potential sources of lead in the 

honey bee environment include water containing lead-based paint, or their hives. 

Historically, lead-based paint was used to seal the outside of the boxes, this is no longer 

common practise. However, as the sick colonies increased in Lachnoclostridium, it is 

unlikely that the healthy colonies would all have acquired access to a source of lead 

that suppressed these bacteria (Cozmuta et al. 2012). The most probable explanation 

is that these bacteria are low- abundance opportunistic bacteria that have increased in 

response to a compromised microbiome resulting from infection with another gut 

pathogen. Further epidemiological research of this bacteria would determine whether 

Lachnoclostridium could be used as an indicator of bee health.  

The family Acetobacteraceae was present in all ten sick colonies and is known to adapt 

to sugar-rich environments, although very few of the species are able to completely 

oxidise ethanol, sugars and polyalcohols (Kersters et al. 2006). The genus Acetobacter 

is frequently associated with honey bees (Lambert et al. 1981; Mohr and Tebbe 2006; 

Babendreier et al. 2007; Crotti et al. 2010; Martinson et al. 2011). However, in this 

combined dataset the Acetobacter genus was present in only six of the sick colonies 

(MMRA 1.8%) and below the 0.01% inclusion threshold in the healthy colonies, 

suggesting that it may behave opportunistically, increasing in relative abundance when 

the honey bee gut is compromised.  

Chryseobacterium spp. was only present in three of the sick colonies. 

Chryseobacterium indoltheticum has been identified in floral nectar from Amygdalus 

communis (almond), and Citrus paradisi (grapefruit) (Fridman et al. 2012), both of which 

are grown in NZ. In contrast, Chryseobacterium gleum is present in the Asian honey 

bee (Apis cerana) and the giant honey bee (Apis dorsata Fabricius) (Kwong and Moran 

2016b), both of which are absent in NZ. Therefore, it is possible that Chryseobacterium 

spp. may have been present in the nectar foraged on by these three sick colonies. 

Although the significance of why Chryseobacterium spp. was not observed in the other 

colonies is unknown. 

Bacillus pumilus sporulates under favourable conditions. It is present in numerous 

environs, including poultry yards where it efficiently degrades feathers (Reddy et al. 

2017), and it has been isolated from corbicula pollen of honey bees, and this was 

considered non-pathogenic (Gilliam 1997). B. pumilus was present in three of the sick 
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colonies, Foraging behaviour of sick bees differs to that of healthy bees in that they 

conduct fewer but longer foraging flights (Alaux et al. 2014). Thus the bees may 

potentially forage further afield than their healthy counterparts. The usefulness of B. 

pumilus as an indicator of bee health would require studies to determine its effect on 

honey bees, its favourable growth conditions, and its route of transmission.  

Three of the phylotypes in the sick colonies are part of the Gram–negative family 

Enterobacteriaceae. The first, Cronobacter sakazakii, a non-spore forming bacterium 

was present in two colonies. This species was previously known as Enterobacter 

sakazakii and is considered an opportunistic pathogen that is often food-borne and 

mainly associated with infections in human infants, but does also occur in children, 

adults (Lai 2001), fruit flies (Kuzina et al. 2001), and medicinal Syrian spices and plants 

(Belal et al. 2013). This suggests the reservoir of this species is environmental, primarily 

associated with plants (Belal et al. 2013). As the abundance of C. sakazakii was 

elevated in the sick NL2 colony, it suggests that the condition in the gut of the honey 

bees was favourable to this opportunistic pathogen and supports the beekeeper’s 

anecdotal categorisation of sick. What caused this elevated abundance in this colony is 

unable to be determined from the metadata collected. 

The second phylotype within Enterobacteriaceae is Citrobacter freundii-complex. It 

was present in three sick colonies at very low abundance and is considered pathogenic 

to a wide spectrum of animals and humans (Svetlana et al. 2003; Chuang et al. 2006). 

Citrobacter spp. is rarely associated with bees but has been observed in healthy 

colonies in France (Tysset and Durand 1968), and is associated with bee septicaemia 

(Lyapunov et al. 2008). Citrobacter gillenii, isolated from the honey bee gut, indicates 

signs of antibiotic resistance (Hleba et al. 2014). This suggests that Citrobacter spp. 

may proliferate in an altered honey bee gut microbiome caused by antibiotics. However, 

as the use of antibiotics is illegal in NZ honey bee colonies (New Zealand Government 

1998), and as the abundance of this species was < 0.01% in this dataset, the relative 

abundance of C. freundii-complex is likely to remain low in NZ honey bees, requiring 

further international studies to understand their role in the gut. 

Providencia spp. was the third phylotype within Enterobacteriaceae that was present 

in only one apiary (MMRA 0.5%). Providencia spp. has been identified in the gut of A. 

m. jemenitica from Saudi Arabia (Khan et al. 2017). Both species are rarely mentioned 

and this may be because until recently the focus has been the dominant core bacteria, 

as the focus widens the less prevalent phylotypes within the gut of honey bees will start 

to be researched individually. 

The presence of the opportunistic pathogens Serratia spp., Lachnoclostridium spp., 

Acetobacter spp., and B. pumilus in the HB1 apiary may be due to compromised gut 

conditions. Pesticides are known to cause gut dysbiosis (Kakumanu et al. 2016) and as 
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apiary HB1 was bordered by agricultural crops, it may be possible that this one sick 

colony was affected by pesticide use but had not recovered at the time of sample 

collection. As none of the other colonies were affected, this colony may have been first 

compromised by another pathogen that caused the colony size to dwindle throughout 

winter and spring, inhibiting the colony from recovering from pesticide poisoning 

(Goulson et al. 2015). The higher relative abundance of these less prevalent bacteria 

appeared to be offset by a reduction in the relative abundance of G. apicola and 

Lactobacillus spp. respectively (the abundances of these core bacteria were low in 

comparison with the other nine apiaries).  

In contrast to the increase in the numbers of bacterial phylotypes identified in the sick 

colonies, a smaller study on the honey bee gut from eight colonies in Ireland observed 

a reduction in the number of bacterial phylotypes in four colonies deemed ‘non-thriving’. 

Four phylotypes were only associated with the four thriving colonies: The family 

Orbaceae, the genera Apibacter and Aurantimonas, and the species L. kunkeei. The 

latter three were present in both gut and whole bee samples (Ribière et al. 2019). Both 

Apibacter and Aurantimonas were absent from the NZ colonies. 

The beekeepers that supplied bees for analysis, have managed colonies between five 

to > 45 years. It was therefore expected that their identification of slow colony 

development in spring was reliable. L. kunkeei was present in 50% of the heathy NZ 

colonies across 17 apiaries, with a widespread abundance (0.005–10.4%), and eight of 

the ten sick colonies with a lesser spread of abundance (0.004–2.9%). The prevalence 

of L. kunkeei in healthy colonies suggests that L. kunkeei may not be a useful health 

indicator for NZ bees, or in contrast, its presence precedes the visual symptoms that 

beekeepers use to determine a sick colony, thus making it a useful indicator of poor 

colony health.  

L. kunkeei is a fructophilic acid-resistant bacterium (fructose is the preferred carbon 

source (Endo et al. 2012)) that produces lactate, acetate and ethanol (Neveling et al. 

2012). It is the most abundant bacterium in bee bread, and is present in floral nectar 

and honey, where the predominant substrates are the monosaccharides glucose and 

fructose, and the disaccharide sucrose (Wykes 1952; White et al. 1962; Chalcoff et al. 

2005), bee-collected pollen, royal jelly, and the crop of adult honey bees (Anderson et 

al. 2013; Asama et al. 2015). Honey bees challenged with N. ceranae and inoculated 

with L. kunkeei have fewer spores of N. ceranae, and larvae inoculated with L. kunkeei 

have reduced larval mortality caused by P. larvae subspecies larvae (Arredondo et al. 

2018). It is therefore possible that this bacterium is associated with activities such as 

food collection and larval provision behaviour, both of which increase in spring with 

thriving colonies. As there was no apparent correlation with the Nosema spp., and 

Varroa had been treated in early spring, L. kunkeei may be a better indicator of foraging 

behaviour rather than pathogen infection.  
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Effect of pathogens on colony health 

The absence of P. larvae subspecies larvae DNA from all gut samples indicates that 

Paenibacilli was not the reason the colonies were deemed sick. 

Nosema infections were seen in all ten sick colonies spread throughout the seven 

regions, as the pathogen N. apis was present. In contrast, N. ceranae was only present 

in one sick colony located in Nelson. As these colonies were deemed ‘sick’ by 

beekeepers due to delayed spring development, the presence of the widespread 

microsporidia N. apis in all colonies may explain this delayed start as N. apis infection 

is partially characterised by decreased brood production, predominantly in spring 

(Mattila and Otis 2006). However, because only the ten sick colonies were analysed for 

N. apis, it may be that N. apis was also present in the other 84 colonies. From this small 

sample size, N. apis appears widespread throughout NZ compared with N. ceranae. 

However, further studies are required to detail their distribution throughout NZ. Our 

study is the first documentation of the recently introduced (2005 – 2007) pathogen N. 

ceranae in Nelson, NZ. The foraging behaviour of bees infected with N. ceranae differs 

to their healthy counterparts in that the duration of their flights are longer and they spend 

a larger proportion of each day in the field (Alaux et al. 2014). This suggests that not 

only may Nosema-infected bees forage on resources further afield but that other gut 

pathogens and or bacteria may also affect bee behaviour. However, this requires further 

study. 

Effect of environmental factors on the bacterial profile  

Anecdotal categorisation of healthy and sick honey bee colonies identified differences 

associated with gut bacteria. However, despite all the categorised hive and 

environmental factors in this study explaining some variation between the phylotypes, 

only apiary had a moderate effect on the bacterial communities. Therefore, in this 

instance anecdotal categorisation of external factors was unable to identify a single 

factor that primarily influenced the gut bacterial community. It was also unable to 

determine whether the differences between the healthy and sick colonies was caused 

by specific environmental conditions associated with the apiaries, external 

bacteria/pathogens associated with the hive and surrounding environment, or altered 

conditions within the honey bee gut. The variation in bacterial relative abundance 

among the 21 widespread NZ apiaries suggests that environmental factors at the 

apiaries may have had some influence but these factors were not correctly identified. 

As colonies collect nectar from numerous sources within a season it was anticipated 

that general categorisation of native bush and garden sourced may have provided 

sufficient information. However, greater understanding may have been gleaned by 

further classification of specific nectar sources as the bacterial profile in healthy colonies 

feeding on mānuka (a subset of native bush) did vary from those feeding on native bush. 

This suggests that the nectar sources consumed by colonies may alter their bacterial 
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profiles. This is corroborated by the study where the consumption of mānuka honey, as 

opposed to sucrose, increased the relative abundance of F. perrara and reduced the 

relative abundance of Rhizobiaceae, Acetobacteraceae and L. kunkeei (Taylor et al. 

2019). Bacterial profiles have also been observed to vary between environmental 

landscapes (Jones et al. 2018b) and as the bacterial profiles of apiaries by the coast 

varied from those further inland, this is further evidence that nectar source may alter gut 

bacterial profiles of honey bees. 

3.6 Conclusion 

The presence of the five dominant core phylotypes in all 94 NZ colonies corroborates 

the current evidence that five dominant core phylotypes consistently reside in the gut of 

honey bees worldwide. The variation among phylotypes and their associated apiaries 

appear to be influenced only slightly by the surrounding environment, such as floral 

resources e.g. native bush versus introduced species. The additional eight phylotypes 

present in the sick samples, coupled with the variation in relative abundance of the 

subdominant phylotypes was far more striking and supports the growing body of 

literature suggesting that external factors associated with bee health may influence the 

honey bee gut microbiome. Three phylotypes have potential to be used as indicators of 

poor bee health: the genera Serratia and Acetobacter, and the family Rhizobiaceae. 

Rhizobiaceae is a promising indicator of colony health as it was present in 100% of the 

sick colonies but only 27.5% of the healthy colonies. 

This is the first report of the presence of both N. apis and N. ceranae in NZ honey bee 

colonies since the introduction of N. ceranae and to date the newly introduced N. 

ceranae does not appear to have outcompeted N. apis in NZ. 

The customised 16S rRNA BLAST database was employed rather than the taxonomic 

classifications SILVA, RDP, Greengenes or NCBI as some of the recently characterised 

honey bee gut bacteria were absent. This highlights the importance of keeping the 

databases updated and the need for further species characterisation so that species-

specific information can be assimilated to understand their association with the honey 

bee host as well as their potential effect on bee health. Further classification of genera, 

in particular the genus Lactobacillus, through epidemiological and host experiments is 

recommended to ascertain their importance for bee health, particularly when the gut is 

compromised by external factors such as the honey bee diet (Chapter 6) or gut 

pathogens (Chapter 7). 
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3.7 Where to next 

To determine whether the bacterial composition in the isolated NZ honey bee population 

is comparable with the bacterial composition in international honey bee populations, the 

healthy NZ dataset will be compared with a dataset from Connecticut, USA that was 

extracted using similar methodology. 
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3.8 Supplementary material 

Using Geneious 10.0.9 (Geneious) the sick ASV ID 2042 with measures of zero had 

415 nucleotides, whereas the healthy ASV ID 4399, with measures between 180 and 

1342, had 455 nucleotides (Figure 3.8.1). The ASV sequences of Snodgrassella alvi, 

Frischella perrara, L. mellis, L. mellifer, and L. kunkeei were also assessed using 

Geneious 10.0.9 and displayed the same pattern. 

 

A | Sick Gilliamella apicola sequence # 2042. 

 

B | Healthy Gilliamella apicola sequence # 4399. 

Figure 3.8.1 │ Comparison of the base pairs between different sequences of several 

phylotypes using Geneious 10.0.9. 

The two sequences of Gilliamella apicola are highlighted in purple A | Sick sequences. B | Healthy sequences. 
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Figure 3.8.2 │ Predicted means for relative abundance of phylotypes in the digestive tract of healthy honey bees from 21 apiaries throughout New Zealand.  

Inclusion required > 0.01% prevalence. Predicted mean LSD average = 2.70%.The apiaries were located in seven regions: Northland (NL), Waikato (W), Hawkes Bay (HB), Whanganui (WN), Nelson (N), 

Canterbury (C), Otago (O). LSD average = 2.98%. 
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Figure 3.8.3 │ Alpha–diversity measures for bacterial phylotypes from healthy and sick conies from 21 

apiaries throughout NZ.  

Apiary was the experimental factor. The apiaries were located in seven regions: Northland (NL), Waikato (W), Hawkes Bay 

(HB), Whanganui (WN), Nelson (N), Canterbury (C), Otago (O). 
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A | Altitude (m) 

  

B | Distance from the coast (km) 

Figure 3.8.4 │ Beta–diversity of the experimental factors associated with hive management 

for the bacterial phylotypes in healthy honey bees throughout NZ. 

The β–diversity distance measure was Bray-Curtis dissimilarity (BC).  
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A | Number of spring nectars 

 

B | Number of spring pollens 
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C | Spring pollen type 

  

D | Winter pollen type 

Figure 3.8.5 │ Beta–diversity associated with the experimental factors for the bacterial phylotypes in 

healthy NZ honey bees throughout NZ. 

Factors associated with apiary location for the healthy colonies. 

  



 

CHAPTER 3    |   135 

Table 3.8.1 │ ANOVA table associated with the interaction of the number of 
phylotypes in the digestive tract of healthy and sick New Zealand honey bees.  

Calculated using a Poisson generalised linear model. Significant difference is in bold typeface. 

Treatment Chi squared DF P – value 

Region 3.1736 6 0.787 

Apiary 8.377 20 0.989 

Colony 16.178 4 0.003 

 

 

Table 3.8.2 │ Number of reads for the less prevalent bacteria in the digestive tracts of sick New Zealand 
honey bees and the associated number of copies identified for Nosema spp.  
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NL26 

7604, 

1239 

(0.5) 

46 

(0.04) 
0 135 133 78 0 220 2.85 x 1010 0 

W16 0 0 0 0 0 44 0 114 7.74 x 109 0 

WN36 0 
46 

(0.04) 
0 0 0 29 0 158 3.32 x 107 0 

HB16 0 
1061 

(1.8) 

326 

(0.55) 
0 0 1307 0 6179 4.14 x 109 0 

HB26 0 0 
15 

(0.007) 
200 0 16 0 53 6.29 x 1011 0 

HB36 0 
50 

(0.04) 
0 0 154 66 0 262 2.46 x 107 0 

N26 
381 

(7.8) 
0 0 0 26 0 0 0 4.19 x 1011 1.75 x 104 

N36 0 
14 

(0.02) 

11 

(0.01) 
14 0 4 0 18 4.22 x 1011 0 

C36 0 
81 

(0.1) 
0 0 0 52 0 191 1.24 x 1011 0 

O36 0 0 0 0 0 26 419 86 2.64 x 108 0 

The mean maximum relative abundance of the phylotype is in parenthesis. 
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Table 3.8.3 │ Number of counts for each Rhizobiaceae read observed in the digestive tracts of New Zealand honey bees sampled from 21 apiaries. 

Apiary H1 H2 H3 H4 S1 

% of healthy 

colonies (H1–H4) 

containing 

Rhizobiaceae 

NL1 21 (0.1) 0 18, 34 (0.3) 55, 58, 62, 68, 68, 91 (2.3)   

NL2 0 0 72, 79, 89, 97, 104, 123 (3.2) 26, 31, 37, 41, 41, 53 (1.0) 2665 (2.3) 50 

NL3 0 0 0 21 (0.1)   

W1 0 0 0 0 309 (0.3) 0 

W2 0 0 0 0   

W3 37, 44, 48 (0.6) 13, 14, 16, 30, 40 (0.5) 41, 52, 55, 61, 77, 83 (1.3) 29, 30, 32 (0.3)   

WN1 124, 127, 138, 139, 145, 174 (3.6) 36, 39, 43, 45, 46, 47 (1.7) 42 (0.3) 18, 22, 22, 25, 26, 27 (0.9)   

WN2 251, 324, 340, 353, 368, 389 (7.5) 0 812, 985, 1013, 1060, 1119, 1198 (23.9) 14, 23, 30, 32, 33, 37 (1.0)   

WN3  0 18, 24, 24, 28, 33, 34 (0.6) 206, 218, 234, 248, 249, 260 (7.9) 0 613 (0.6) 50 

HB1 26, 35, 38 (0.4) 29, 29 (0.3) 0 0 13370 (22.4) 50 

HB2 0 0 0 0 687 (0.3) 0 

HB3 0 0 13, 34, 43 (0.4) 17, 34, 64 (0.4) 996 (0.9) 50 

N1 0 17, 17, 26 (0.4) 0 11, 36, 46 (0.5)   

N2 0 0 0 0 35 (0.1) 25 

N3 0 0 44 (0.2) 0 81 (0.1) 25 

C1 17, 23, 45 (0.4) 0 0 37, 49 (0.4)   

C2 0 34, 43 (0.2) 33 (0.1) 36 (0.1)   

C3 0 0 0 0 634 (0.6) 0 

O1 0 0 0 0   

O2 24, 34, 35, 38, 41, 50 (0.8) 0 0 112, 115, 131, 147, 151, 165 (2.6)   

O3 0 159, 160, 160, 171, 187, 201 (7.1) 10, 33 (0.2) 0 293 (0.3) 50 

Healthy colonies (H1-H4). Sick colonies (S1). The apiaries shaded in grey include sick colonies. The percent relative abundance of Rhizobiaceae are in bold typeface and in parenthesis.
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Differences among sick and healthy honey bee samples with apiary 
as the experimental factor 
 

Table 3.8.4 │ ANOVA table (Type II tests) for the relative abundance of phylotypes in the 
digestive tract of healthy and sick New Zealand honey bees. 

Response Sums of squares DF F – value P – value 

Apiary 0 20 0.0 1 

Phylotype 184639 27 1479 2x10-16 

Apiary : Phylotype 5123 540 2.05 2x10-16 

Residuals 9447 2044   

Calculated using a linear model. Significant differences are in bold typeface. 

 

Table 3.8.5 │ ANOVA table (Type II tests) for the relative abundance of 
phylotypes in the digestive tract of healthy New Zealand honey bees.  

Response Sums of squares DF F – value P – value 

Apiary 0 20 2.12 1 

Phylotype 167571 27 1640.48 2x10-16 

Apiary : Phylotype 4647 540 2.27 2x10-16 

Residuals 6674 1764   

Calculated using a linear model. Significant differences are in bold typeface. 

 

Table 3.8.6 | Alpha–diversity of bacterial profiles in honey bees from healthy 
colonies using apiary as the experimental factor. 

Diversity measure P – value Mann-Whitney/Kruskal-Wallis statistic 

Chao1 0.11699 27.688 

Observed ASVs 0.11907 27.605 

Shannon 0.27308 23.326 

Simpson 0.5599 18.418 

Apiary was the experimental factor.  
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Chapter 4 

4 Comparison between bacteria in the 
digestive tract of New Zealand honey bees 
and a population from Connecticut, United 
States of America 
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4.1 Abstract  

NZ honey bees have been isolated from international bees since 1960, and the last 

documented importation of honey bees from the United States of America occurred in 

1880, thus creating a model system for studying adaptation of bacterial populations 

within the honey bee as a host. This study compares the bacterial composition of NZ 

honey bees from seven regions with the bacterial composition in honey bees from 

Connecticut, USA. The intermingled presence of the dominant core bacteria in all 84 

NZ colonies and the two USA colonies not only corroborates the theory that these 

dominant core bacteria are internationally widespread, but that they have remained 

stable within an isolated population for over 60 years. The latter highlights the 

importance of the symbiotic relations that these gut bacteria have with honey bees and 

provides an opportunity to exploit the bee as a model for human health. Sequence data 

from the V4 hypervariable region of the 16S rRNA gene from the NZ and USA population 

were merged in a single dataset and bioinformatic analysis was conducted to enable as 

direct a comparison as possible of both the presence of phylotypes and their relative 

abundance between the two countries. Thirty phylotypes were identified, of which 19 

were present in both the NZ and USA samples, including the five dominant core 

phylotypes. The NZ colonies had 28 phylotypes and the USA samples had 21 

phylotypes. The genera Shewanella and Halomonas were only present in the USA 

samples whereas nine phylotypes were only present in the NZ samples: the order 

Clostridiales, the family Rhizobiaceae, the genera Bartonella, Escherichia, 

Pseudomonas, and Spiroplasma, and the species Obesumbacterium proteus, 

Spiroplasma apis, and Raoultella planticola. 

4.2 Introduction 

The five dominant core phylotypes identified in the gut of honey bees (Apis mellifera) 

include two dominant core species in the phylum Proteobacteria; Gilliamella apicola and 

Snodgrassella alvi (Kwong and Moran 2013), two clusters of species from the phylum 

Firmicutes; Lactobacillus Firm–4, and Lactobacillus Firm–5 (Babendreier et al. 2007; 

Martinson et al. 2011), and the species cluster in the phylum Actinobacteria; 

Bifidobacterium (Bottacini et al. 2012; Moran et al. 2012). The subdominant core 

phylotypes include Frischella perrara (Engel et al. 2013b), Bartonella apis (Kešnerová 

et al. 2016), and Acetobacteraceae (Parasaccharibacter apium) (Corby-Harris et al. 

2014b), and a Gluconobacter–related species group designated Alpha 2.1 (Martinson 

et al. 2011)).  

As this field of research is still developing, the detection and abundance of these 

phylotypes are reported inconsistently within the literature: some studies, such as those 

conducted in South Africa (Jeyaprakash et al. 2003), Japan (Yoshiyama and Kimura 

2009), Korea (Ahn et al. 2012), and Saudi Arabia (Khan et al. 2017), use broad 
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terminology, such as phyla, to identify some of these five phylotypes. Initially this was 

because the phylotypes were not well characterised, or culture-methodology was used 

to characterise specific phylotypes, or more recently a broad structural diversity of 

different regions, or A. mellifera subspecies, were the focus. The five dominant core 

bacterial phylotypes identified specifically within bees from the USA (Moran 2015; 

Raymann et al. 2017) and Europe (Jones et al. 2018a), are also present in the gut of 

NZ honey bees (Chapter 3). However, the presence and relative abundance of the less 

prevalent phylotypes in the NZ samples appear to differ from those in the literature as 

Bartonella apis and the Gluconobacter-related species were not identified. 

The consistency of the dominant core bacteria across at least three continents suggests 

that these bacteria and their symbiotic relationships are important for the function of the 

bee. This is supported as the metabolism and hormone signalling of dominant core 

bacteria promote bee weight gain (Zheng et al. 2017), and also because lactobacilli are 

responsible for the majority of metabolic output (Kešnerová et al. 2017).  

The relative abundance of bacterial phylotypes is rarely compared between studies 

because of the taxonomic biases introduced by differences in methodology; sampling 

protocols (Hermans et al. 2018), the hypervariable regions sequenced, or the 

bioinformatics and analysis pipelines that are employed (Pollock et al. 2018). Numerous 

examples include studies that only sample the crop (Corby-Harris et al. 2014a), or mid 

to hindgut sections (Jones et al. 2018a), or just the hindgut (Kapheim et al. 2015). Other 

studies focus on different castes, such as the queen (Tarpy et al. 2015), or larvae 

(Anderson et al. 2013). In relation to DNA extraction, different methods are biased 

toward Gram-positive or Gram-negative microorganisms, where the identification of the 

former is enhanced through a bead-beating step that breaks down the much thicker cell 

wall, thus enhancing the lysis of diverse Gram-positive microorganisms (de Boer et al. 

2010). The use of different chemicals (cetyltrimethylammonium bromide/phenol (Engel 

et al. 2015) and phenol/chloroform/isoamyl alcohol (Moran et al. 2012)) to extract DNA 

from the honey bee gut also causes variation. Extraction kits (manufactured by Qiagen 

or ZymoResearch) may also include a bead-beating step to extract honey bee gut 

bacteria for 16S rRNA gene sequencing (Moran et al. 2012). Differences may also arise 

from sequencing different 16S rRNA hypervariable regions such as V1V2 (Sabree et al. 

2012), V4 (Jones et al. 2018a), and V6 to V8 (Moran et al. 2012); the relative proportions 

of bacteria are similar between the V1 to V6 regions, but the V7 to V9 regions favour 

the identification of Firmicutes sequences but identify fewer Proteobacteria sequences 

(Lee et al. 2015). The V4, V5, V7 and V8 regions are less useful for identifying bacterial 

genus or species differentiation in the honey bee, whereas the V3 region suitably 

identifies all bacteria to the genus level (Lee et al. 2015), and effectively identifies 

Lactobacillus spp. (McFrederick et al. 2013). Therefore, metaanalysis combining data 

from many studies might have too many unknowns, and thus compromise the reliability 

of determining potential differences in bacteria among samples. A comparative analysis 
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between honey bee gut samples from different continents that were collected and 

processed similarly, was therefore of interest. 

The NZ honey bee population has evolved in isolation from international bee 

communities since 1960 with the implementation of strict border control of honey bees 

and hiveware (Stevenson et al. 2005). Unknown subspecies of honey bees were first 

introduced to NZ from England in 1839, with subsequent introductions from England 

and Australia in 1842 (Hopkins 1926). Italian honey bees (Apis mellifera ligustica) were 

introduced from California in 1880 and Italy in 1883 (Hopkins 1926). Honey bee colonies 

naturally multiply through a process called splitting; the parent colony raises a second 

queen but before she emerges the initial queen and a large portion of the worker bees 

leave the colony in search for a new space to establish new comb and brood. As the 

bee populations increase, NEWs acquire gut bacteria from their nest mates and from 

the surfaces of the hive ware (Powell et al. 2014). This suggests the > 850,000 colonies 

within NZ (New Zealand Government 2018), are somewhat related to those initial 

introductions, as are the current gut bacteria.   

It is therefore possible that the unique environments of Europe, North America, and NZ, 

may affect the evolution of the bacterial community in the honey bee gut. Specific factors 

may play a role: 1) floral resources native to each country, for example NZ mānuka has 

antibacterial properties. 2) In NZ it is illegal to use antibiotics in honey bee colonies 

(New Zealand 1998), whereas in Europe and the USA it is legal to use antibiotics to 

control gut pathogens. Antibiotics decrease both bacterial diversity (Raymann et al. 

2017) and genetic diversity of the core gut bacteria (Raymann et al. 2018a). Both of 

these factors may therefore cause an increase in the relative abundance of phylotypes 

in the gut community that adversely affect bee physiology/health. This is termed 

dysbiosis (Sartor 2008; Hamdi et al. 2011). Diet-related gut dysbiosis in honey bees 

also correlates with impaired bee development, increased mortality and Nosema 

disease (Maes et al. 2016).  

Open source access to V4 sequences from the gut of USA honey bees, identified by 

Powell et al. (2014), presents an opportunity to directly compare honey bee gut bacteria 

from a dataset produced in Connecticut, USA with bacteria in the guts of NZ honey 

bees. This study is the first attempt at understanding the relatedness of the gut bacterial 

phylotypes present in the ‘closed’ NZ honey bee population with a honey bee population 

from Connecticut, USA. This was achieved by comparing bacterial composition and the 

relative abundance of core and less prevalent gut bacterial phylotypes using the 

sequences obtained from the V4 hypervariable region of the 16S rRNA gene. Phylotype 

differences between these two populations may provide insight into the stability of the 

core and less prevalent bacterial phylotypes throughout decades. 
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4.3 Materials and methods 

4.3.1 Sample collection and processing, DNA extraction 

and amplification, and sequencing of 16S rRNA 

gene amplicons 

New Zealand samples 

The NZ honey bee samples were the same ‘healthy’ samples used in Chapter 3. The 

sampling methodology, DNA extraction and 16S rRNA gene sequencing were all 

conducted as described in Chapter 3. Briefly, 84 samples of ‘healthy’ honey bees were 

collected from the outside frames of each brood nest (bees were 3–11 days old (Moore 

et al. 1987)) between 6 and 23 October 2014 (late spring). The guts of 20 bees were 

pooled for each of four colonies located in three apiaries from seven regions across NZ: 

Northland (NL), Waikato (W), Hawkes Bay (HB), Whanganui (WN), Nelson (N), 

Christchurch (C), and Otago (O).  

The DNA was extracted from the gut samples using a Zymo Research Quick-DNA™ 

Fecal/soil Microbe Miniprep kit (Zymo Research Corporation (ZR), California, USA) and 

then the V3V4 hypervariable regions of the 16S rRNA genes were sequenced by 

Massey Genome Service (MGS) (Massey University, Palmerston North, NZ). From 

here on these samples are referred to as NZ samples. 

USA samples collected by Powell et al. (2014) 

The V4 sequence files produced by Powell et al. (2014) from the Department of Ecology 

and Evolutionary Biology, Yale University, New Haven, Connecticut, USA, for two 

colonies were acquired in discussion with the first author and through the Sequence 

Read Archive (http://www.ncbi.nlm.nih.gov/sra), BioProject identifier (ID) 

PRJNA225925.  

These USA sequences were obtained by extracting the DNA from five bees aged 16 

days old, from two colonies (total of 10 bees) located in West Haven, Connecticut, USA 

(Powell et al. 2014). The gut was extracted by thawing each bee for 5–10 min and 

dissecting the ileum and rectum separately using sterile conditions (Powell et al. 2014). 

Powell et al. (2014) extracted the DNA from the two gut sections using the methodology 

outlined in Table 4.1. The differences between the DNA extraction methodologies for 

the NZ and USA samples are also listed in Table 4.1. From here on, these samples are 

referred to as USA samples. 
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Table 4.1 │ Comparison of the methods used to extract bacterial DNA from the guts of 
honey bees from New Zealand and United Sates of America. 

 NZ USA 

Collection date Spring (October) 2014 Autumn (October) 2012 

Hives assessed 84 2 

Samples / hive 1 5 

Bees per sample 20 1 

Apiaries 21 throughout NZ 1 in Connecticut, USA 

Bee age > 10 days 16 days 

Gut section Crop to rectum Ileum and rectum 

DNA extraction 

Zymo Research Quick-DNA™ 

Fecal/soil Microbe Miniprep kit (Zymo 

Research Corporation (ZR), California, 

USA). 

Cetyltrimethylammonium bromide 

Bead beating 

6 m/s for 40 s using a FastPrep®–24 

(MP Biomedicals, Seven Hills, 

Australia). 

Multisample bead beater (BioSpec 

Products), full speed (2 min), ice (1 min), 

bead-beaten (2 min).  

Incubation None 56°C overnight 

Nanodrop 2000c 2000 

Sequencing 

laboratory 

New Zealand Genomics Limited 

(Illumina, Palmerston North, NZ). 

Yale Center for Genomic Analysis (Illumina, 

San Diego, CA, USA). 

Hypervariable 

region 
V3V4 computationally trimmed to V4 V4 

Sequencing 
Illumina MiSeq 2 x 250 bp sequencing 

(MGS, NZ)  

Illumina MiSeq 2 X 250 bp sequencing 

(Illumina, San Diego, CA, USA). 

Range of 

average reads 
32,436–148,889 21,586–49,317 

BioProject 

identifier 
To be submitted PRJNA225925 
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4.3.1.1 Trimming the V3 and V4 reads for comparative 

analysis 

The V3 reads and some of the V4 reads from the NZ sequences were computationally 

trimmed using Perl code written by Associate Professor Patrick Biggs 

(https://github.com/pjbiggs/misc_metagenomics). Figure 4.1 is a schematic diagram of 

where the NZ V3V4 sequences were trimmed in relation to the USA V4 sequences.  

 

Figure 4.1 │ Schematic of how the V3V4 reads of the gut bacteria in New Zealand honey 

bee samples were trimmed to V4 reads.  

The red arrows indicate the NZ reads and the dark blue arrows indicate the USA reads. Hypervariable regions 

are labelled with a V. The light blue section indicates the initial reads and the dark blue section indicates the 

trimmed reads.  

The trimmed NZ reads were then combined with the USA reads and analaysed in one 

batch. Visual interpretation indicated that the ASVs of NZ phylotypes differed to those 

of the USA phylotypes. To determine if this was a trimming issue, or different 

phylotypes, the ASVs associated with some of the core phylotypes were compared 

using Geneious 10.0.9 (https://www.geneious.com). It was found that the process of 

trimming the V3V4 NZ sequences to V4 sequences, resulted in the V4 NZ sequences 

having two additional nucleotides than the V4 USA sequences. A proportional 

transformation was used in Geneious 10.0.9 to construct a rooted-tree phylogram of the 

16S rRNA V4 gene sequences of gut bacteria isolated from the honey bees in 21 NZ 

apiaries and the single apiary in Connecticut, USA.  

4.3.2 Characterisation of microbial communities  

The differences in ASVs for the same phylotypes between the NZ and USA ASVs were 

compared using Geneious 10.0.9 (Geneious).The unique ASV ID codes from the 

taxonomy table (for example OTUID: 2b19b72920ddfe62baeb66e339ca1b3d), and two 

to 15 of the associated nucleotide sequences (FASTA files) for the dominant core 

phylotypes and some subdominant phylotypes, from both the NZ and USA samples 

https://github.com/pjbiggs/misc_metagenomics
https://www.geneious.com/
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were loaded into Geneious 10.0.9. All unclassified ASVs were included in the phylotype 

‘Bacteria’. 

The dataset was analysed using the QIIME2 analysis suite, version 2018.2 (Caporaso 

et al. 2010) (Chapter 2: General Methods 2.8.2 Gene sequence processing and 

characterisation of microbial communities). The customised 16S rRNA BLAST 

database was used for gene sequence taxonomic classification (Chapter 2: General 

Methods 2.8.3). From this database a biological observation matrix (BIOM) was created 

that contained both the amplicon sequence variants (ASVs) identified from the 

sequencing of each sample and the associated taxonomic classifications. All ASVs that 

were unable to be assigned taxonomically to species were assigned to the closest 

identifiable taxonomic level (if not species then genus, if not genus then family etc.). 

The phylotypes in the NZ samples were represented by ASVs that differed to those in 

the USA samples. The sequences were analysed using Geneious 10.0.9 (Geneious). 

4.3.3 Statistical analyses 

Phylogenetic diversity was measured within a sample (α-diversity), and between 

samples (β-diversity) using the web-based tool MicrobiomeAnalyst (Kuczynski et al. 

2012; Dhariwal et al. 2017). The filters in MicrobiomeAnalyst were set so the data counts 

were unfiltered. The dataset was rarefied to its minimum library size (21514) and the 

data were relativised using total sum but were not transformed.  

Alpha-diversity was calculated at the feature level using Kruskal-Wallis pairwise 

comparisons of four diversity measures: Observed ASVs, Chao1, Shannon, and 

Simpson.  

Beta-diversity for the taxonomic level feature was calculated using the distance methods 

Bray-Curtis dissimilarity (that uses abundance of each ASV) and Jaccard Index 

(presence/absence), and the differences between the samples were compared using a 

permutational multivariate analysis of variance (PERMANOVA) (Anderson 2001). Beta-

diversity was displayed as 3-D PCoA plots. 

Further data analysis was conducted in R (version 3.5.1) (R Core Team 2018). For all 

analyses, sequences with a minimum total read composition of < 0.01% prevalence 

were filtered from the dataset. This low threshold ensured the inclusion of most of the 

less abundant bacteria in the analysis. The V4 dataset contained 7,919,954 paired-end 

reads.  

To investigate the differences in the number of phylotypes between apiaries, Poisson 

generalised linear models were used with the number of phylotypes as the response, 

and region or apiaries as a fixed effect. To explore the relationship between phylotypes 

and apiaries, the data were visually explored using heat maps, where the response was 

the mean read composition per replicate. The interaction of the relative abundance of 
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phylotypes was explored using a linear model (lm) in the R package lme4 (Bates et al. 

2014). The assumptions were checked via standard residual plots. The function 

‘predictmeans’ was used to plot predicted means to enable comparison between 

apiaries for each phylotype and significant differences was calculated using an average 

LSD. An ANOVA was used to determine significant differences among apiaries. The 

interaction of the relative of phylotypes in relation to apiary was further explored using 

a nonmetric multidimensional scale (NMDS) plot where the dissimilarity matrix was 

calculated using the Bray-Curtis dissimilarity method.   



148   |    CHAPTER 4 

4.4 Results 

The ASVs associated with the core phylotypes between the NZ and USA samples 

differed in overall sequence length. This occurred because the sequences were trimmed 

at slightly different nucleotide positions (further details are outlined in Supplementary 

material 4.1 and 4.2).  

4.4.1 Number of amplicon sequence variants and 

phylotypes 

A total of 7,977,316 paired-end reads were detected in the 94 V4 samples (84 NZ 

samples and 10 USA samples). This was filtered to 7,919,954 by removing reads with 

< 0.01% prevalence. The reads were identified as 150 unique ASVs and the number of 

V4 phylotypes in the NZ samples ranged from 23 to 28, whereas the number of 

phylotypes in the USA samples was 17 (Table 4.2).  

Table 4.2 │ Number of unique ASVs from the V4 hypervariable region and the associated 
range of bacterial phylotypes within the digestive tract of honey bees from NZ and USA.  

Apiary Number of ASVs Number of phylotypes 
Range of phylotypes 

within region 

NL1 78 28 24–28 

NL2 78 28  

NL3 68 24  

W1 74 25 25–28 

W2 71 26  

W3 88 28  

HB1 80 28 25–28 

HB2 74 28  

HB3 71 25  

WN1 65 25 23–25 

WN2 55 23  

WN3 70 25  

N1 65 24 23–26 

N2 74 23  

N3 74 26  

C1 66 25 25–27 

C2 75 27  

C3 67 26  

O1 62 23 23–24 

O2 66 23  

O3 58 24  

USA 22 17 17 

Apiary locations: Northland (NL1–3), Waikato (W1–3), Hawkes Bay (HB1–3), Whanganui (WN1–3), Nelson 
(N1–3), Canterbury (C1–3), Otago (O1–3), Connecticut, USA (USA). 
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The results from the Poisson generalised linear model suggest that there was no 

significant difference in the number of unique phylotypes among the NZ apiaries (P > 

0.96, Chi-squared = 11.26, df = 21). 

The ASVs were classified as 30 unique phylotypes (excluding the phylotype Bacteria). 

Of these, 28 were present in the NZ samples and 20 were present in the USA samples 

(Table 4.3). Nineteen phylotypes were present in both the NZ and USA samples. A 

simplified version of a rooted–tree phylogram suggests 14 major phylotype groupings 

(Figure 4.3); one family (Oscillatoriaceae) and one species (Limnoraphis robusta) in the 

phylum Cyanobacteria, four phylotypes in the phylum Proteobacteria (S. alvi, 

Enterobacteriaceae, F. perrara, and G. apicola), three in the phylum Proteobacteria 

(Rhizobiales (including Bartonella), Acetobacteraceae (including Gluconacetobacter, 

Pseudomonas, and Acetobacter) as well as a group of unclassified bacteria from this 

phylum), and one in each of the phyla Bacteroidetes (Flavobacteriaceae), Tenericutes 

(Spiroplasma spp.), Actinobacteria (Bifidobacterium spp.), and Firmicutes 

(Lactobacillus spp.).  

  

https://www.google.com/search?rlz=1C1VFKB_enNZ668NZ705&sxsrf=ALeKk02nVqjYBErwysDzFNdP8A-IQIdLDA:1599138010360&q=Flavobacteriaceae+phylum&spell=1&sa=X&ved=2ahUKEwjSq7eohc3rAhXBQ30KHVMxCxkQkeECKAB6BAgSECg
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Figure 4.3 │ A partial rooted-tree phylogram for the bacteria isolated from the gut of NZ 

and USA honey bees identified using the V4 hypervariable region of the 16S rRNA genes.  

The branches were determined using proportional transformation. The USA sequences have a USA prefix. 

Phylotype labels: Enterobacteriaceae (f_Enterobac_), Flavobacteriaceae (f_Flavobact_), Oscillatoriaceae 

(f_Oscillato), Halomonas spp. (Halomonas_), L. robusta (s_Limno_robu), S. alvi (ss_Snodg_alvi), Shewanella 

spp. (Shewanell_), F. perrara (s_Frisc_perr), G. apicola (s_Gilli_apic), Rhizobiales (Rhizobial_), 

Acetobacteraceae (Acetobact_), Bacteria (Bacteria), Bifidobacterium asteroides (s_Bifid_aste), Lactobacillus 

spp. (g_Lactobaci), L. apis (s_Lacto_a), L. melliventris. (s_Lacto_me), Lactobacillus helsingborgensis 

(s_Lacto_h).  

The complete rooted-tree phylogram indicates that most NZ and USA phylotypes are 

intermingled and closely connected phylogenetically (Figure 4.4). The first exception 

was one NZ Enterobacteriaceae ASV (f_Enterobac_) (a proteobacteria) labelled in 

peach that was positioned on a branch to the left of the plot that differed from the rest 

of the Enterobacteriaceae ASVs (peach coloured labels). The second was the genus 

Halomonas (a proteobacteria) as it was positioned separately from the rest of the 

proteobacteria labelled in pink and peach (S. alvi, Enterobacteriaceae, F. perrara, and 

G. apicola). The USA genus Shewanella was positioned within the cluster of NZ and 

USA ASVs for Enterobacteriaceae and the NZ ASV Serratia spp. The 27 unclassified 

bacterial ASVs (Bacteria labelled in dark green) were only present in the NZ samples. 

Three of these were closely associated but separated from all other taxonomic groups. 
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These unclassified NZ bacteria suggest that these ASVs have not been characterised 

to date. The other 24 unidentified phylotypes were positioned on a branch within the 

class α-proteobacteria. The genus Lactobacillus contained the most ASVs and was 

closely positioned with the genera Bifidobacteria and Spiroplasma.  

 

Figure 4.4 │ A complete rooted-tree phylogram for the bacteria isolated from the gut of NZ 

and USA honey bees identified using the V4 hypervariable region of the 16S rRNA genes.  

Branches were determined using proportional transformation. The USA sequences have a USA prefix. 

Phylotype labels: L. robusta (s_Limno_robu), S. alvi (ss_Snodg_alvi), Shewanella spp. (Shewanell_), 

Enterobacteriaceae (f_Enterobac_), F. perrara (s_Frisc_perr), G. apicola (s_Gilli_apic), Acetobacteraceae 

(f_Acetobact), Oscillatoriaceae (f_Oscillato), Gluconoacetobacter (g_Gluconace), Bacteria (Bacteria), B. 

asteroides (s_Bifid_aste), B. coryneforme (s_Bifid_cory), Lactobacillus spp. (g_Lactobaci), L. apis 

(s_Lacto_apis), L. melliventris. (s_Lacto_mell), Lactobacillus helsingborgensis (s_Lacto_hels).  
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A total of 36 phylotypes were identified across the V4 dataset and the V3V4 combined 

NZ dataset analysed in Chapter 3: Bacteria in the digestive tract of NZ honey bees. 

Thirty were identified in the V4 dataset compared with 19 in the V3V4 dataset. Six 

phylotypes in the V3V4 dataset were not identified in the V4 dataset: Cyanobacteria, 

Proteobacteria, L. kunkeei, E. adhaerens, E. coli, and S. mirum. Seventeen phylotypes 

in the V4 dataset were not identified in the V3V4 combined dataset (Table 4.3): the 

phylum Firmicutes, the orders Rhizobiales and Oscillatoriales, the family 

Flavobacteriaceae, the six genera Gluconacetobacter, Bartonella, Halomonas, 

Shewanella, Escherichia and Spiroplasma, and the seven species Bifidobacterium 

asteroides, L. robusta, L. apis, L. helsingborgensis, L. melliventris, O. proteus, and R. 

planticola.  

Further analysis of these additional 17 phylotypes shows that the two genera, 

Halomonas and Shewanella were not identified in the NZ samples, and their relative 

abundance in the USA samples was low, despite the sum of the number of reads being 

high. Nine of the 17 phylotypes were not identified in the USA samples: the order 

Clostridiales, the family Rhizobiaceae, the genera Bartonella, Escherichia, 

Pseudomonas, and Spiroplasma, and the species O. proteus, S. apis, and R. planticola 

(Table 4.3). The other six phylotypes were present in both the NZ and USA samples. 

Table 4.3 │ Number of unique V4 ASVs associated with each phylotype in the V3V4 and V4 
datasets.  

Bacterial phylotype 
V3V4 ASVs in 

NZ samples 

V4 ASVs in NZ 

samples 

V4 ASVs in USA 

samples 

Actinobacteria (P)    

Bifidobacterium coryneforme * 20 2 2 

Bifidobacterium asteroides – 3 3 

Bacteroidetes (P)    

Flavobacteriaceae (F) – 1 1 

Cyanobacteria (P) 59   

Oscillatoriales (O) – 4 4 

Limnoraphis robusta – 17 17 

Firmicutes (P) – 1 1 

Lactobacillaceae (F) 

Lactobacillus spp. * 

 

126 

 

7 

 

7 

Lactobacillus apis – 4 4 

Lactobacillus helsingborgensis – 4 4 

Lactobacillus kunkeei 7   

Lactobacillus mellifer 8 2 2 

Lactobacillus mellis 12 11 11 

Lactobacillus melliventris – 5 5 

Clostridiales (O) 11 1 – 

Proteobacteria (P) 13   

https://en.wikipedia.org/wiki/Lactobacillaceae
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Bacterial phylotype 
V3V4 ASVs in 

NZ samples 

V4 ASVs in NZ 

samples 

V4 ASVs in USA 

samples 

Alpha – proteobacteria (C)    

Acetobacteraceae (F) 26 7 7 

Gluconacetobacter spp. ** – 3 3 

Rhizobiales (O) – 3 3 

Bartonellaceae (F) 

Bartonella spp.  

 

– 

 

2 

 

– 

Rhizobiaceae (F) 6 1 – 

Ensifer adhaerens 11   

Beta – proteobacteria (C)    

Neisseriaceae (F) 

Snodgrassella alvi * 

 

48 

 

12 

 

12 

Gamma – proteobacteria (C)    

Halomonas spp. – – 1 

Pseudomonas spp. 6 2 – 

Shewanella spp. – – 1 

Orbaceae (F)    

Frischella perrara ** 23 9 9 

Gilliamella apicola * 90 12 12 

Enterobacteriaceae (F) 4 6 6 

Escherichia spp. – 1 – 

Escherichia coli 4   

Obesumbacterium proteus – 1 – 

Raoultella planticola – 1 – 

Tenericutes (P)    

Spiroplasma spp. – 1 – 

Spiroplasma apis 10 3 – 

Spiroplasma mirum 6   

Bacteria (Domain) 9 22 – 

Total number of phylotypes  

(including the domain Bacteria)  
20 29 21 

The V3V4 dataset was 16S rRNA V3V4 sequence data from the gut of NZ honey bees, and the V4 dataset 
was V4 sequences from both NZ and USA honey bees. Bacterial phylotypes present in only the NZ V4 
samples are shaded in light grey and the phylotypes present only in the USA V4 samples are shaded in darker 
grey. Phylum (P), class (C), order (O), family (F), genus (spp.).  
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The heatmap of the means of the number of reads sequenced for each of the apiaries 

indicate 15 phylotypes were present in all of the NZ and USA apiaries (Figure 4.6). The 

phylotypes L. apis and G. apicola were the most abundant and apiary N2 had the most 

reads. The USA apiary had more S. alvi and Gluconacetobacter spp. reads than the NZ 

apiaries. In contrast 18 of the phylotypes were < 0.01% inclusion filter in some apiaries: 

the phylum Firmicutes, the class Clostridia, the orders Oscillatoriales and Rhizobiales, 

the families Rhizobiaceae and Flavobacteriaceae, the genera Bartonella, 

Pseudomonas, Spiroplasma, Shewanella, Halomonas, Gluconacetobacter, and 

Escherichia, and the species Spiroplasma apis, Raoultella planticola, 

Obesumbacterium proteus, and L. robusta. Rhizobiales and Gluconacetobacter spp. 

were detected in all apiaries except O2. Firmicutes, Bartonella spp., and L. robusta were 

detected in all apiaries except the USA apiary. Rhizobiaceae was detected in 34 of the 

NZ colonies from 18 apiaries, but neither of the USA colonies, although, high mean 

values of Rhizobiales were detected in both USA colonies: USA1 (21873), and USA 2 

(5328).  

 

 

Figure 4.6│ Mean number of bacterial reads for each phylotype in the digestive tract of 

honey bees from 21 New Zealand apiaries and one USA apiary.  

White spaces indicate prevalence < 0.01%. All italicised single phylotypes indicate the genus group for 

unidentified species e.g. Lactobacillus is the genus. Apiary locations: Northland (NL1–3), Waikato (W1–3), 

Hawkes Bay (HB1–3), Whanganui (WN1–3), Nelson (N1–3), Canterbury (C1–3), Otago (O1–3), Connecticut, 

USA (USA).  
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4.4.2 Relative abundance 

The results from the linear models suggest significant differences in the relative percent 

abundance of unique phylotypes among apiaries (P < 0.001) (Table 4.5).  

 

Table 4.5 │ ANOVA table associated with the interaction of phylotypes in the digestive tract 
of honey bees from New Zealand and the USA.  

Treatment Sum of squares DF F value P value 

Apiary 0 21 0 1 

Phylotype 84654 30 741 < 2.2X10-16 

Apiary : Phylotype 6283 630 2.6 < 2.2X10-16 

Residual 7551 1984   

Calculated using linear model for samples with abundance > 0.01%. Significant differences are bolded. 

These differences are further supported by the predicted means plot (Figure 4.7) where 

a least significant difference (LSD) of > 2.76% suggests a significant difference between 

the mean relative abundance of phylotypes among apiaries. Differences among apiaries 

were observed for all dominant core bacteria: Lactobacillus spp. including the species 

L. mellis within Firm–4 and L. apis, L. melliventris, and L. helsingborgensis within Firm–

5, G. apicola, S. alvi and B. asteroides. The NZ phylotype B. coryneforme was not 

significantly different. Significant differences were also observed in the less prevalent 

bacteria: Acetobacteraceae, F. perrara, L. robusta, Rhizobiaceae, Rhizobiales, and S. 

apis. The USA apiary had significantly more Acetobacteraceae, Rhizobiales, and S. alvi 

and significantly less G. apicola and L. mellis than all other apiaries. The V4 sequences 

also identified that apiary N1 had significantly more L. mellis. 
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Figure 4.7 │ Predicted means of the relative abundance of phylotypes in the digestive tract of honey bees from 21 NZ apiaries and one USA apiary.  

Inclusion required > 0.01% prevalence. Predicted mean LSD average = 2.76%. Apiary locations: Northland (NL1–3), Waikato (W1–3), Hawkes Bay (HB1–3), Whanganui (WN1–3), Nelson 

(N1–3), Canterbury (C1–3), Otago (O1–3), Connecticut, USA (USA). The USA data are identified by an *. 

* 

* 

* 

* 

* 

* * 

* 

* 
* 
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Comparison between the relative abundance of the phylotypes in the NZ apiaries 

revealed G. apicola was the most abundant (21.90–34.86%), followed by L. apis 

(4.92–14.88%) in all except three apiaries (NL2, HB1, and N1), then S. alvi (4.89–

21.85%), L. mellis (5.00–21.67%), and L. melliventris (4.60–15.79%) (Table 4.6). The 

relative abundance of the two other phylotypes recognised as dominant core 

phylotypes (Moran 2015) in the genera Lactobacillus (3.69–8.51%) and Bartonella, 

which includes B. asteroides (1.23–4.58%) and B. coryneforme (0.11–0.81%), were 

sixth, eleventh and seventeenth, respectively.  

In contrast, the top five abundant phylotypes in the USA apiary, were S. alvi (21.71%) 

followed by G. apicola (16.38%), Acetobacteraceae (8.01%), F. perrara (7.87%), and 

L. apis (7.11%) (Table 4.6). The dominant core phylotypes in the genera Lactobacillus 

(4.44%) and Bartonella (B. asteroides (5.54%), and B. coryneforme (1.17%)), were 

eighth, sixth and thirteenth, respectively. 

The relative abundance of the eight phylotypes listed first in Table 4.6 did not differ 

significantly among the 22 apiaries. However, the descending order of relative 

abundance for these phylotypes differed between the NZ and the USA apiaries. The NZ 

apiaries had 2- to 4-fold more G. apicola than L. apis, compared to the USA apiary. 

However, S. alvi varied as it was similar in abundance to L. apis in the NZ apiaries, but 

3-fold more than L. apis and 1.3-fold more than G. apicola in the USA apiary. 

The relative abundance of the phylotypes in Table 4.6 from Acetobacteraceae 

onwards, except the Clostridiales and B. asteroides, did vary significantly among 

apiaries. The NZ apiaries were significantly different from the USA apiary for the 

phylotypes Acetobacteraceae, B. coryneforme, and the genera Halomonas and 

Shewanella, which were not identified in the NZ colonies. Among the USA samples, 

four phylotypes were present but their abundance was below the 0.01% inclusion filter: 

the phyla Firmicutes (1 ASV), the order Oscillatoriales (4 ASVs), the family 

Flavobacteriaceae (1 ASV), and the species L. robusta (17 ASVs). Hence, only 18 USA 

phylotypes were included in the V4 relative abundance table (Table 4.6). 
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Table 4.6 │ Relative abundance of the V4 phylotypes in the New Zealand and USA samples.  

 NL1 NL2 NL3 W1 W2 W3 WN1 WN2 WN3 HB1 HB2 HB3 N1 N2 N3 C1 C2 C3 O1 O2 O3 USA 

Gilliamella apicola 24.30 21.90 26.33 27.39 29.49 26.74 22.75 28.88 26.81 28.44 28.42 28.72 23.88 31.64 29.29 27.06 34.86 28.03 26.13 29.41 29.33 16.38 

Lactobacillus apis 11.07 7.60 8.35 11.22 10.92 7.55 9.39 11.87 11.07 9.58 10.98 13.33 4.92 13.35 11.08 13.49 14.47 14.88 12.19 9.01 14.78 7.11 

Snodgrassella alvi 10.11 13.31 5.67 9.09 9.02 6.10 8.98 8.99 4.48 10.84 10.45 11.56 12.37 10.28 5.03 7.68 7.84 10.21 11.14 8.45 8.66 21.71 

Lactobacillus mellis 8.21 7.69 13.37 9.36 9.05 9.69 11.97 7.85 8.52 8.28 7.30 8.14 21.67 8.10 9.92 8.23 5.00 8.48 5.87 16.02 7.54 2.83 

Lactobacillus melliventris 11.26 12.53 8.55 10.68 5.70 5.31 8.01 4.62 14.58 7.13 9.26 8.15 9.72 6.84 8.59 9.00 10.59 8.08 15.79 4.60 6.84 4.61 

Lactobacillus spp. 5.08 6.54 4.37 8.51 6.49 5.00 6.47 5.74 4.53 5.44 4.55 4.67 5.27 6.40 4.57 7.63 6.64 6.17 5.08 6.68 3.69 4.44 

Lactobacillus 

helsingborgensis 
5.73 5.26 9.18 1.72 5.40 5.29 3.80 4.67 8.48 4.22 3.02 3.74 1.93 4.90 8.82 5.02 3.54 1.87 3.45 4.61 4.33 3.27 

Acetobacteraceae 2.26 2.12 2.52 3.85 1.85 2.79 2.03 2.23 1.40 1.36 1.22 1.20 2.22 3.03 2.31 2.28 2.09 1.76 0.59 3.92 2.84 8.01 

Bifidobacterium asteroides 2.81 2.67 2.24 1.24 4.58 3.00 2.05 1.59 2.68 2.07 3.18 4.42 2.36 1.23 2.68 2.92 2.22 2.41 2.70 2.19 2.80 5.54 

Bifidobacterium 

coryneforme 
0.24 0.36 0.24 0.49 0.16 0.25 0.46 0.41 0.26 0.53 0.56 0.36 0.16 0.17 0.11 0.34 0.37 0.81 0.52 0.27 0.42 1.17 

Frischella perrara 4.40 7.83 6.85 3.12 3.70 6.21 7.19 6.39 6.00 10.31 6.75 4.35 3.62 3.00 3.95 8.07 5.80 5.40 6.51 4.67 6.08 7.87 

Limnoraphis robusta 2.00 1.79 2.66 2.94 3.53 11.30 1.28 1.74 4.94 3.57 6.52 3.43 1.16 4.75 1.74 2.60 2.90 2.47 2.72 2.88 3.40 < 

Enterobacteriaceae 0.85 0.91 0.37 0.07 0.17 0.02 0.07 0.28 0.11 0.44 0.31 1.73 0.47 0.03 0.06 0.35 0.05 0.03 0.08 0.09 0.78 1.51 

Pseudomonas spp. 4.47 1.37 0.01 2.19 5.43 0.13 2.35 0.26 0.11 0.24 0.07 < 3.21 < < 0.06 1.77 0.37 < < < < 

Rhizobiaceae 0.36 0.49 0.14 < < 0.37 0.69 1.57 0.59 0.18 < 0.19 0.34 < 0.05 0.19 0.07 0.02 0.03 0.47 0.92 < 

Lactobacillus mellifer 0.39 0.44 0.69 0.13 0.71 0.83 0.47 0.45 0.23 0.50 0.42 0.50 0.44 0.20 0.25 0.31 0.39 0.43 0.50 0.54 0.38 0.91 

Bartonella spp. 0.48 0.48 0.20 0.27 0.09 0.19 0.55 0.26 0.15 0.15 0.09 0.09 0.74 0.08 0.06 0.07 0.10 0.05 0.06 0.02 0.05 < 

Raoultella planticola 0.43 0.27 < < < 0.07 < < < < 0.22 0.11 < < 0.04 < < < < < < < 
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 NL1 NL2 NL3 W1 W2 W3 WN1 WN2 WN3 HB1 HB2 HB3 N1 N2 N3 C1 C2 C3 O1 O2 O3 USA 

Gluconacetobacter spp. 0.65 0.10 0.95 0.41 0.94 0.45 0.15 0.59 0.16 0.20 0.14 0.86 0.34 0.29 0.40 0.09 0.20 0.23 0.10 < 0.33 1.86 

Oscillatoriales 0.13 0.46 0.25 0.03 0.06 0.24 0.06 < 0.06 0.04 0.06 0.04 0.05 0.01 0.02 < 0.03 0.04 0.02 0.02 < < 

Clostridiales 0.10 0.02 < 0.04 0.04 0.02 < 0.06 0.04 0.03 0.12 0.04 < 0.05 0.02 0.02 0.02 < 0.02 < 0.02 < 

Escherichia 0.05 0.05 < < 0.02 0.2 0.04 < < 0.04 0.2 < < < 0.07 0.60 0.02 0.04 0.04 0.48 0.97 < 

Firmicutes 0.05 0.09 0.02 0.28 0.17 0.07 0.13 0.12 0.11 0.09 0.20 0.15 0.01 0.09 0.06 0.06 0.06 0.03 0.06 0.04 0.06 < 

Flavobacteriaceae 1.95 0.04 < 0.02 0.04 0.05 0.97 < 0.18 0.01 0.02 0.08 0.10 < 0.03 < 0.02 0.25 0.02 0.06 < 0.03 

Obesumbacterium proteus 0.94 0.01 0.06 0.29 0.08 0.04 0.08 0.29 0.34 0.09 0.04 0.02 < 0.13 0.28 < 0.03 1.23 < < 0.04 < 

Rhizobiales 0.02 0.01 < 0.02 0.01 0.03 0.07 0.01 0.02 0.07 0.08 0.02 < 0.06 0.06 5.61 0.03 0.03 0.03 0.08a 0.11 0.03 

Spiroplasma spp. 0.11 0.22 < < 0.09 0.13 < < 0.12 1.43 0.55 < < < < < < < < < < < 

Spiroplasma apis < < < 0.43 < 0.01 7.20 < < 0.31 0.79 < < < < < < 10.14 < < < < 

Halomonas < < < < < < < < < < < < < < < < < < < < < 1.04 

Shewanella < < < < < < < < < < < < < < < < < < < < < 0.34 

Bacteria 1.19 0.87 1.76 0.63 1.92 3.44 0.41 0.33 0.75 1.47 1.86 1.22 0.04 0.45 3.18 0.24 0.59 0.41 0.89 0.60 0.53 < 

Relative abundance < 0.01% (<).The phylotypes present only in NZ samples are shaded in light grey and phylotypes only present in USA samples are shaded in darker grey. The p values were generated 

using ANOVA. 
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4.4.3 Diversity analysis 

The α-diversity of the relative abundance within each sample indicated that the richness 

of the USA samples was less than the NZ samples and that location significantly 

influenced richness (Chao1, Observed ASVS), even when evenness was accounted for 

(Shannon and Simpson) (P < 0.001) (Table 4.4, Figure 4.5).  

Table 4.4 | Alpha-diversity of the V4 samples using location as the experimental factor. 

Diversity measure P value Kruskal-Wallis statistic 

Chao1 2.3177x10-7 43.818 

Observed ASVs 2.855x10-8 48.49 

Shannon 8.1031x10-7 40.998 

Simpson 7.9198x10-6 35.796 

 

 
 

 

 

Figure 4.5 │ Alpha-diversity measures of honey bee gut bacterial phylotypes from NZ and 

USA samples. 

Location was the experimental factor. Each NZ dot represents data from 20 pooled bees, whereas each USA 

dot represents an individual bee.  
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Apiary significantly influenced microbiome diversity between the samples (β-diversity) 

(P < 0.001, R2 ranged between 0.435 and 0.303 depending on distance method) (Table 

4.7), as observed in the 2D PCoA plot where 40.7% of the variation is explained by 

apiary with the USA apiary separated completely from the NZ apiaries (Figure 4.8). The 

3-D PCoA visualisations of the Bray-Curtis and Jaccard distance measures suggest that 

apiary location explains 47.1% or 31.5% of the community variation, respectively. The 

USA samples were positioned on the far left of the PCoA plot completely separate from 

the NZ samples on the right (Figure 4.9). Bacterial communities within the NZ apiaries 

also appeared to differ as the Napier samples clustered on the left of the PC3 axis but 

lower on the PC2 axis, whereas the Northland samples clustered higher on the PC2 

axis and to the right of the PC3 axis. 

 

Table 4.7 | Beta-diversity using location as the experimental factor.  

Distance method P value F value R2 PC% Axis 1 PC% Axis 2 PC% Axis 3 

Bray-Curtis < 0.001 9.4 0.4 31.2 9.5 6.4 

Jaccard < 0.001 5.3 0.3 18.6 7.6 5.3 

A non-parametric multivariate statistical test (PERMANOVA) was used to compare the affect of apiary on 

bacterial diversity. 

 

 

Figure 4.8 │ Beta-diversity for bacterial phylotypes within the gut of honey bees located in 

NZ and the USA.  

The PCoA plot used apiary location was the experimental factor and the distance measure was calculated 

using Bray-Curtis dissimilarity. The colonies were located in eight regions: Northland (NL), Waikato (W), 

Hawkes Bay (HB), Whanganui (WN), Nelson (N), Canterbury (C), Otago (O), and United States of America 

(USA).  

* * * * * * * * 

* 
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A | Bray-Curtis Dissimilarity 

 

B | Jaccard Index 

 

Figure 4.9 │ Beta-diversity for bacterial phylotypes from the V4 NZ and Powell colonies. 

The β–diversity distance measures were: A | Bray-Curtis dissimilarity, and B | Jaccard Index.  
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4.5 Discussion 

The intermingled presence of the dominant core bacteria in all 84 NZ colonies and the 

two USA colonies in Connecticut, USA not only corroborates the theory that these 

dominant core bacteria are internationally widespread, but that they have remained 

stable within an isolated population for over 60 years.  

Number of amplicon sequence variants and phylotypes 

The richness in the USA samples was less than the NZ samples. This is probably 

because the number of USA samples was small with just one apiary sampled and just 

five bees from each of two hives. The five internationally recognised dominant core 

bacterial phylotypes were present in both the NZ and USA samples: G. apicola, S. alvi, 

Lactobacillus species, and genus Bifidobacterium. However, the customised 16S rRNA 

BLAST database used in this study specifically identified five individual species normally 

grouped within Lactobacillus spp., as well as classifying the core phylotype 

Bifidobacterium to the species B. asteroides and B. coryneforme. As research in this 

field continues, I expect to see an increase in data specific to bacterial phylotypes. A 

possible hypothesis for why the V4 dataset had more phylotypes than the V3V4 dataset 

is because the V3 hypervariable region is able to identify more bacteria to the genus 

level, including the numerous species within the genus Lactobacillus (McFrederick et 

al. 2013); the proportion of the highly abundant phylotypes in the V3V4 region may have 

dwarfed the numerous but less abundant phylotypes (as identified in the V4 dataset) so 

that they were below the 0.01% inclusion threshold in the V3V4 dataset.  

Dominant core bacteria 

The number of unique phylotypes did not vary among the apiaries, but the relative 

abundance of unique phylotypes did differ among regions and apiaries. These 

differences were significant among the dominant core and subdominant phylotypes. 

The eight most abundant phylotypes were present in all 84 NZ colonies and the two 

USA colonies, and their relative abundance differed significantly among the 22 

apiaries. The decreasing order of relative abundance of the bacteria in the NZ bee gut 

samples where G. apicola was the most abundant followed by L. apis differed from 

the order in the USA samples where S. alvi was the most abundant, followed by G. 

apicola. These data support the growing body of  evidence that the five dominant core 

phylotypes present in the honey bee gut are prevalent worldwide and that they have 

symbiotic relationships with honey bees (Moran 2015; Anderson and Ricigliano 2017). 

Currently, these phylotypes are broadly classified in the literature. As sequencing 

technology continues to develop, coupled with species characterisation research, 

phylotype classification will become more specific and the symbiotic relationship of each 

bacterium with bees and bee health will be further recognised.  
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The variation among the descending order of relative abundance for these phylotypes 

varied between the NZ and the USA apiaries. S. alvi was the dominant bacterium in the 

USA apiary, whereas it was the second or third abundant in the NZ apiaries. This 

suggests the gut environment may differ between these populations. Further evidence 

is that the family Acetobacteraceae is third most abundant in the USA samples but tenth 

in the NZ samples. The differences may have arisen from the time of year that the 

samples were collected (Ludvigsen et al. 2015), which in this case was spring for the 

NZ bees and autumn for the USA bees (Powell et al. 2014), or the age of the bees that 

were sampled (Martinson et al. 2012). As there was no significant difference in the 

relative abundance of F. perrara between the NZ and USA samples (3–10.31%) and 

the abundance was < 25%, this indicates the sample bees were not NEWs and 

potentially older than seven days (Engel et al. 2015). External factors may also have 

influenced the bacterial composition as they entered the gut, such as diet, pathogens 

(Maes et al. 2016), or antibiotics (Raymann et al. 2018a), all of which cause dysbiosis 

and often lead to reduced host function (Anderson and Ricigliano 2017).  

The biofilm in the honey bee ileum, the section between the midgut and the rectum, 

creates an interface between the bee tissue and the environment, i.e. exposure to 

ingested diet, antibiotics, etc. The core bacterium S. alvi is layered on the bee 

epithelium, overlaid by G. apicola, and species within the genus Lactobacillus also 

feature within this biofilm (Anderson et al. 2016). S. alvi is associated with protecting 

bees from from opportunists (Maes et al. 2016), stimulation of adult bee immune 

response (Kwong et al. 2017), and is displaced by F. perrara, G. apicola, and hive 

opportunists P. apium and L. kunkeei (Anderson and Ricigliano 2017). This 

displacement is correlated with reduced biofilm function and disruption of bee tissue by 

F. perrara (Engel et al. 2015), and strongly associated with bee development and early 

mortality (Maes et al. 2016). Analysis of genome-wide libraries indicates that S. alvi 

contains 2,226 protein-coding genes that enable extracellular interactions to form 

biofilm, for metabolic processes that uptake nutrients, and for stress responses that 

repair DNA. Of these, 519 are necessary for colonisation and an additional 399 are 

beneficial for gut colonisation but not essential (Powell et al. 2016).  

The variation in the dominance of S. alvi observed between the NZ and USA populations 

may therefore indicate that the biofilm has been compromised, possibly by competition 

with other bacteria such as F. perrara or gut pathogens such as Nosema spp. 

Experimental trials where axenic honey bees are treated with bacteria and challenged 

with gut pathogens within the laboratory and the hive would assist with the 

understanding of these interactions (Chapter 7).  
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Subdominant core bacteria 

The occurrence of some phylotypes only present in either the NZ bees or the USA bees, 

despite there being distantly related phylotypes in the other population, suggests that 

the phylotypes may have diverged over time. As the last recorded import of USA bees 

into NZ was in 1880 (Hopkins 1926), and live bee imports into NZ ceased in 1960 

(Stevenson et al. 2005), there are at least 60 years over which this divergence may 

have occurred. A clear example of differences between the two populations is observed 

in the order Rhizobiales where the distantly related families Rhizobiaceae and 

Bartonellaceae (specifically Bartonella spp.) are present only in the NZ samples. 

Although Spiroplasma spp. are only observed in the NZ samples, Spiroplasma apis and 

Spiroplasma melliferum have been identified in previous international studies (Evans 

and Schwarz 2011). 

Whether genetic dysbiosis may have occurred between these two populations, and 

whether this can be attributed to environmental selection pressure is currently unknown 

as a longitudinal study of the microbiome and associated metadata have not been 

conducted. However, open-access storage of sequences in NCBI may provide future 

opportunities to determine whether external factors cause genetic dysbiosis.  

Less prevalent bacteria 

The relative abundance of the subdominant and less prevalent phylotypes also varied 

significantly among apiaries. Nine phylotypes (Clostridiales, Rhizobiaceae, 

Bartonella, Escherichia, Pseudomonas, and Spiroplasma, O. proteus, S. mirum, and 

R. planticola) were only present in the NZ samples, and two genera, Halomonas and 

Shewanella (both γ-proteobacteria), were only present in the USA samples.  

The rooted phylogram intermingles the dominant core phylotypes in the NZ and USA 

samples, as well as the subdominant and less prevalent phylotypes. Neither of the 

genera Halomonas and Shewanella were identified in the NZ V4 samples. However, 

the more broadly associated phylum, Proteobacteria, was present in the NZ ASVs. 

The USA genus Halomonas was positioned separately to all other bacteria in the rooted 

phylogenetic tree, suggesting this genus may not be related to any within the NZ 

samples analysed. In contrast the USA genus Shewanella was positioned within the 

cluster of NZ and USA ASVs for Enterobacteriaceae, and this cluster also included the 

NZ ASV Serratia spp. The latter was not identified in the USA samples, suggesting 

either that the database entry was mislabelled or that NZ species within this family may 

be related but didn’t match the published sequences for this genus sufficiently. This 

separation may indicate that the NZ honey bees contain Serratia spp. (within the family 

Enterobacteriaceae) that diverged from the USA family Enterobacteriaceae as a result 

of environmental selection pressure over the past six decades; the duration that NZ 

honey bees have been isolated from international bee populations (Stevenson et al. 

2005). However, more likely explanations are that the abundance of Shewanella spp. 
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may have been below the 0.01% inclusion filter in the NZ samples, or that the 

presence of Shewanella spp. were contamination. In any case NZ bees may provide 

an interesting model to study selection pressures within related bacterial clusters.  

The genera Halomonas and Shewanella were identified in ‘blank’ water samples in a 

study of the developing microbiome throughout the queen rearing process in North 

Carolina, USA (Tarpy et al. 2015). These genera are salt tolerant bacteria that are 

common in molecular biology reagents. Therefore, they are likely to be contaminants 

introduced during the DNA extraction process and hence removed from the analysis 

as they were considered contaminants. However, the family Halomonadaceae is 

present in bee bread that adult bees feed to larvae (Anderson et al. 2013), and 

although the genus Halomonas was not identified in extracted gut samples, it was 

identified in samples from entire bee bodies from four thriving and non-thriving 

colonies in Ireland (Ribière et al. 2019). Shewanella profunda has recently been 

identified in the honey bee gut and classified using high-throughput mass 

spectrometry (MALDI-TOF MS Biotyper) (Gasper et al. 2017). The NZ and USA V4 

samples were from extracted gut samples, so the presence of the genera Halomonas 

and Shewanella in the USA samples may be because these were associated with the 

honey bee microbiome or they were sample contaminants. However, as the literature 

associated with this genus, and other less prevalent gut bacteria, is currently limited, 

this cannot be confirmed. The effect and importance of these less prevalent bacteria 

should be further verified using epidemiological and host-challenge studies. 

The V3 region was trimmed from the NZ sequences to align with the USA sequences. 

However, the NZ sequences were two nucleotides longer, despite best efforts to 

prevent this. As the reads were run through DADA2 methodology using QIIME2, exact 

ASVs were produced. Therefore, the additional two nucleotides may have provided 

additional information that enabled the eight phylotypes only present in the NZ V4 

samples to be classified more specifically. For example, the order Clostr idiales in the 

NZ samples may only have been classified as the phylum Firmicutes in the USA 

samples, the NZ family Rhizobiaceae and genus Bartonella may have been classified 

in the order Rhizobiales, and the NZ genus Escherichia and the two species O. 

proteus and R. planticola may have been classified in the family Enterobacteriaceae.  

The USA samples showed no evidence of the genera Pseudomonas and 

Spiroplasma, or the species Spiroplasma mirum, at a higher taxonomic level. This 

suggests that either these phylotypes may be specific to the NZ samples, or that these 

opportunists were not detected in the USA samples due to the small sample size. 

However, they are likely to be present elsewhere as Pseudomonas oryzihabitans has 

recently been identified within the honey bee gut from the Slovak Republic using 

MALDI–TOF MS Biotyper (Gasper et al. 2017), and the genus Spiroplasma was 

associated with diseased honey bees in France in 1983 and has been identified on 
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the surface of flowers (Mouches et al. 1983; Mouches et al. 1984). This may therefore 

be the route of transmission for this phylotype. 

V4 dataset compared with the V3V4 dataset from Chapter 3: NZ survey of 

healthy and sick colonies. 

Comparison between different studies may be unreliable as their relative abundance 

can be influenced by the 16S rRNA hypervariable region being analysed (McFrederick 

et al. 2013). This NZ study supports this as the relative abundance of core and less 

prevalent bacteria between the V4 and V3V4 datasets indicates that the genus 

Lactobacillus was not as well represented in the V4 dataset; seventh most abundant, 

as opposed to being the most abundant phylotype in the V3V4 dataset. The lack of 

ASVs for several bacteria in the V4 dataset, as opposed to the V3V4 dataset occurs 

repetitively; respectively, two ASVs of Pseudomonas spp. versus six, nine ASVs of F. 

perrara versus 23, and 12 ASVs of G. apicola versus 90. These differences in species 

classification between the two datasets emphasise the importance of comparing 

phylotypes from datasets that have analysed sequences from the same 16S rRNA 

hypervariable region(s), and indicate the increased advantage of sequencing both the 

V3 and V4 hypervariable regions, as opposed to a single region. 

The NZ samples from the V4 dataset were a subset of the phylotypes from the NZ V3V4 

dataset. It was therefore expected that some V3V4 phylotypes would be absent from 

the V4 NZ samples, as was the case for six phylotypes (Proteobacteria, Cyanobacteria, 

L. kunkeei, E. adhaerens, E. coli, and S. mirum). This presumably occurred because 

the V4 region on its own contained less information to distinguish the phylotypes, and it 

is likely that some of the species may have been assigned to less specific taxonomic 

levels. For example, L. kunkeei may have been assigned to the genus Lactobacillus, E. 

adhaerens may have been classified in the order Rhizobiales or included in the family 

Rhizobiaceae, E. coli may have been assigned to the family Enterobacteriaceae, and 

S. mirum may have been included in the genus Spiroplasma. Both explanations 

highlight the importance of comparing datasets using the same sequence information, 

such as all V3V4 sequences or just V4 sequences. The more specific assignment of the 

V3V4 phylotypes may also indicate greater classification is achieved using both the 16S 

rRNA V3 and V4 hypervariable regions.  

It was also expected that all NZ V4 phylotypes would be present in the V3V4 dataset. 

However, 17 NZ V4 phylotypes were not identified in the V3V4 dataset: Firmicutes, 

Rhizobiales, Oscillatoriales, Flavobacteraceae, Bartonella, Halomonas, Shewanella, 

Spiroplasma, Gluconacetobacter spp., Escherichia spp., B. asteroides, L. apis, L. 

helsingborgensis, L. melliventris, O. proteus, R. planticola, and L. robusta. As the V3V4 

dataset only had 19 phylotypes the 17 additional phylotypes observed in the V4 dataset 

may have occurred because they were above the 0.01% inclusion filter as the relative 

abundance of the dominant core bacteria were lower than those in the V3V4 dataset. 
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For example, Lactobacillus was the most abundant phylotype in the V3V4 dataset 

(31.0–46.7%), compared with sixth in the V4 dataset (3.69–8.51%). The higher relative 

abundance of the dominant V3V4 phylotypes means the relative abundance of the less 

prevalent phylotypes would be lower, and potentially below the 0.01% inclusion filter, 

excluding then from the V3V4 dataset. A second explanation may be that a longer V3V4 

sequence may increase the possibility of their being a different ASV. The target 

sequences that should classify more specifically due to the additional information may 

identify with portions of sequences from more organisms, thus the current classifier 

could not determine which species to classify it, so they were placed in the taxonomic 

level above. A third option may be the lack of a linear relationship between sequence 

length and taxonomy in the 16S rRNA sequences. 

The absence of the 17 phylotypes in the V3V4 dataset is not likely to be related to the 

use of different confidence levels (stringency setting) during sequencing as the V4 NZ 

sequences are a subset of the V3V4 dataset. However, the two datasets may have had 

different criteria or confidence levels during the computational trimming and 

bioinformatics analysis. A higher confidence level used in the V4 analysis may have 

classified the phylotypes less specifically. For example, the phylum Firmicutes in the V4 

sequences may be classified more specifically as the genera Lactobacillus, Bacillus or 

Lachnoclostridium in the V3V4 analysis. Further examples include the order Rhizobiales 

which may be classified as the species Ensifer adhaerens or included in the family 

Rhizobiaceae, the genera Bartonella, Halomonas, and Shewanella, may have been 

included in the phylum Proteobacteria. The genus Gluconacetobacter may also be 

included in the phylum Proteobacteria, or within the family Acetobacteraceae; this is 

likely as the V3V4 dataset had 32 ASVs associated with Acetobacteraceae. Additionally, 

the genus Escherichia, the species O. proteus, and R. planticola identified in the V3V4 

sequences may be classified within the Enterobacteraceae family, and L. robusta and 

Oscillatoriales may be classified within the phylum Cyanobacteria. The V3V4 dataset 

had 59 associated ASVs, suggesting that this phylum should be further characterised. 

B. asteroides was not detected in the V3V4 dataset but was present in V4. It is likely 

that this occurred because the high relative abundance of the core bacteria in the V3V4 

dataset meant the relative abundance of B. asteroides was below the 0.01% inclusion 

threshold. If it was present, it is unlikely to be classified as anything other than this 

bacterium as no broader classification (not even at the phylum level of Actinobacteria) 

was identified. 

Dysbiosis versus adaptation 

The difference in the bacterial composition between the NZ and USA bees suggests 

that specific bacteria may have adapted to their respective local environments or that 

dysbiosis in the microbiome may have occurred throughout this time. Dysbiosis has 

been linked to specific diseases and diet in honey bees (Maes et al. 2016), and 

exposure to antibiotics can reduce the number of bacterial cells in the honey bee gut 
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(Raymann et al. 2017). Prophylactic antibiotic treatments are used internationally to 

control bacterial diseases in the honey bee gut; P. larvae subspecies larvae is 

commonly treated with oxytetracycline, a broad-spectrum antibiotic that is active against 

a wide variety of Gram-positive and Gram-negative organisms. It is illegal to treat 

colonies with antibiotics in NZ and since the importation of honey bees was prohibited 

in the 1960s (Stevenson et al. 2005) (excluding an importation of Carniolan bee semen 

around 2005), the difference in phylotypes was expected.  

As the differences observed in this analysis are only possibly related to one potential 

source of bees imported from California, it is likely that the bacteria within NZ bees may 

differ from other populations of bees such as those introduced from England and 

Australia. This is the first opportunity to understand whether bacterial adaptation within 

the honey bee gut may have occurred over time. 

4.6 Conclusion 

This V4 analysis is the first attempt at comparing the relatedness of the geographically 

isolated phylotypes in the NZ honey bee population with an international honey bee 

population. The intermingled presence of the dominant core bacteria in all 84 NZ 

colonies and the two USA colonies not only corroborates the theory that these dominant 

core bacteria are internationally widespread, but that they have remained stable within 

an isolated population for over 60 years. The latter highlights the importance of the 

symbiotic relations that these gut bacteria have with honey bees and provides an 

opportunity to exploit the bee as a model for human health.  

Despite this stability of the core bacteria, differences between the NZ and USA 

populations were observed, and the variation in relative abundance of core and 

subdominant bacteria between the two countries supports the theory that external 

factors may cause bacteria to adapt to the gut environment or may cause dysbiosis in 

the honey bee gut microbiome. Whether the adaptation has occurred in the NZ bees or 

the USA bees or both is still undetermined, but it clearly shows that the presence of 

individual phylotypes is less important than what the phylotypes do. Whole genome 

sequencing would identify the function of potential adaptations on the physiology and 

health of bee. 

The identification of phylotypes present in the gut of NZ honey bees provides a database 

that can be further researched using species characterisation and epidemiological 

studies to understand how these changes may have occurred within the NZ honey bee 

population. 
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4.7 Where to next 

As the USA samples were collected in autumn and the NZ samples were collected in 

spring, seasonal differences may have influenced the absence of some bacteria. The 

bacterial composition in the honey bee midgut has been shown to alter throughout the 

season (Ludvigsen et al. 2015). Whether this occurs in the entire gut will be determined 

by observing the change in proportion of gut bacterial phylotypes throughout a 12 month 

period, and thus creating a small honey bee gut dataset for a temperate climate. 
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4.8 Supplementary material 

4.8.1 │ Comparison between the bases in the V4 sequences of the 

core phylotypes in the New Zealand and USA datasets using 

Geneious 10.0.9.  

The ASVs associated with core bacteria from NZ samples differed from the Connecticut 

samples. For example, an ASV associated with G. apicola from a single NZ sequence 

(ASV identifier: #15: 8b893271247a50f27d01fac627ffa64) was longer than a single 

USA ASV sequence (ASV identifier: #14: 36aed5b1dc9b5c1a2844e58f2d34b1f5) by 

one nucleotide. The NZ sequence had an additional nucleotide at the start and at the 

end of the sequence (Table 4.8.2). The rest of the nucleotides were in the same order 

between the 2nd and 254th nucleotide positions. Therefore, the USA sequence was a 

subset of the NZ sequence and both were classified as G. apicola.  

Further comparisons between several ASVs for each of the core phylotypes support 

this. Most of the nucleotides in the USA sequences were the same as the NZ sequences 

but without the nucleotides in position 1 and 255 (G. apicola S. alvi, Lactobacillus spp., 

Lactobacillus helsingborgensis, F. perrara, Bartonella spp., Enterobacteriaceae). 

However, there were a couple of exceptions where the USA nucleotides differed from 

the NZ nucleotides: L. apis (nucleotide 41), L. melliventris (nucleotide 91), 

Bifidobacterium asteroids (nucleotide 44), Enterobacteriaceae (nucleotide 121), and 

Gluconoacetobacter (nucleotide 40 and 254). The sequences for Bifidobacterium 

coryneforme, Acetobacteraceae, and Gluconoacetobacter present in the NZ bees were 

trimmed so nucleotides 1–19, 1–22, and 1–21 were absent, respectively 

(Supplementary material 4.8.2). 

The sequences were wrapped to fit on the page and the differences between the ASVs 

are highlighted. The USA samples are identified with _USA. The phylotypes are 

identified as: S. alvi (ss_Snodg_alvi), Lactobacillus spp. (g_Lactobaci), L. apis 

(s_Lacto_apis), L. melliventris. (s_Lacto_mell), Lactobacillus helsingborgensis 

(s_Lacto_hels), Bifidobacterium asteroides (s_Bifid_aste), Bifidobacterium coryneforme 

(s_Bifid_cory), F. perrara (s_Frisc_perr), Bartonella spp. (g_Bartonell), 

Acetobacteraceae (f_Acetobact), Gluconoacetobacter (g_Gluconace), 

Enterobacteriaceae (f_Enterobac).   
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Table 4.8.2. Comparison among the bases in the V4 sequences of the core bacterial phylotypes in the honey bee guts from New Zealand and United Sates of America.  

Sequence identifier V4 sequence 
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Sequence identifier V4 sequence 
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Sequence identifier V4 sequence 
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Sequence identifier V4 sequence 

 

The sequences were wrapped to fit on the page and the differences between the ASVs are highlighted. The USA samples are identified with _USA. The phylotypes are identified as: S. alvi (ss_Snodg_alvi), 
Lactobacillus spp. (g_Lactobaci), L. apis (s_Lacto_apis), L. melliventris. (s_Lacto_mell), Lactobacillus helsingborgensis (s_Lacto_hels), Bifidobacterium asteroides (s_Bifid_aste), Bifidobacterium 
coryneforme (s_Bifid_cory), F. perrara (s_Frisc_perr), Bartonella spp. (g_Bartonell), Acetobacteraceae (f_Acetobact), Gluconoacetobacter (g_Gluconace), Enterobacteriaceae (f_Enterobac).   
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Chapter 5 

5 Succession of bacterial phylotypes in the 
digestive tract of adult honey bees 
throughout a year 
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5.1 Abstract  

The bacteria within the digestive tract of adult A. mellifera from five colonies in a single 

apiary located at Ruakura, Hamilton, NZ, were identified every three months throughout 

a year to determine whether the relative abundance of dominant bacteria and the 

diversity of less prevalent bacteria altered throughout a calendar year. The assessment 

dates were representative of the four seasons that honey bee colonies encounter in a 

temperate climate. The diversity of bacterial species in the honey bee gut was assessed 

using 16S rRNA amplicon sequencing of the V3V4 hypervariable regions. Diversity 

changed throughout the year as summer bees had the most diverse bacterial 

composition and spring bees the least. The dominant core phylotypes were present: 

Lactobacillus spp. including L Lactobacillus mellis, Lactobacillus mellifer, and 

Lactobacillus kunkeei. Gilliamella apicola, Snodgrassella alvi, and Bifidobacterium spp. 

Of the normally less prevalent but dominant phylotypes, Frischella perrara and 

Acetobacteraceae were present, but Bartonella apis and Parasaccharibacter apium 

were absent. This variation is supported by PERMANOVA partitioning as spatial effects 

were evident, with date of sampling throughout the year contributing the largest 

component of variation to the overall model and therefore significantly affecting the 

relative abundance of bacteria within the honey bee gut. The mean relative abundance 

of core bacteria present did not alter with the time of year when averaged over five 

colonies. However, the total number of reads for G. apicola and S. alvi varied among 

bees from the same colony at the same sample date, and varied among colonies and 

between assessment dates. No clear seasonal pattern was obvious and this suggests 

that these species varied in response to the needs of the individual bee host. Five less 

prevalent phylotypes altered significantly within colonies throughout the year, and 

among colonies within a season: Rhizobiaceae, Bacteroides spp., Ensifer adhaerens, 

Pseudomonas spp. and Cyanobacteria. The relative abundance of Rhizobiaceae and 

Bacteroides spp. were highest in the winter assessment. Eleven additional less 

prevalent phylotypes were only present in the colonies for ≤ 3 assessment dates, 

indicating that the abundance of less prevalent bacteria changes throughout the year.  

5.2 Introduction 

The digestive tract of European honey bees (Apis mellifera L.) usually contains nine 

core bacterial phylotypes of which five are consistently dominant and four are less 

prevalent species. The core bacteria include two phylotypes of Lactobacillus (Martinson 

et al. 2011) belonging to the phylum Firmicutes of which individual species have recently 

been classified (Lactobacillus Firm-4: L. mellis and L. mellifera, and Lactobacillus Firm-

5:; L. apis, L. melliventris, L. kimbladii, L. kullabergensis, L. helsinborgensis (Olofsson 

et al. 2014; Bonilla-Rosso and Engel 2018). Snodgrassella alvi and Gilliamella apicola 

both from the phylum Proteobacteria (Kwong and Moran 2013), and Bifidobacterium 
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from the phylum Actinobacteria (Bottacini et al. 2012). The additional four groups belong 

to the Proteobacteria phylum and are Frischella perrara (Engel et al. 2013b), Bartonella 

apis (Kešnerová et al. 2016), Parasaccharibacter apium (Corby-Harris et al. 2014b), 

and Alpha2.1. The latter two are from the family Acetobacteraceae, and Alpha2.1 is 

from a Gluconobacter-related species group (Martinson et al. 2011). 

Although these dominant phylotypes have been observed in multiple localities 

(Martinson et al. 2011; Moran et al. 2012; Sabree et al. 2012), the consistency of the 

abundance of the nine core species (of which five are considered dominant) throughout 

the year has not been well documented. Of the five dominant core bacteria, only S alvi 

and G. apicola have been observed to fluctuate between seasons, although only 

minimally (Ludvigsen et al. 2015). Ludvigsen et al. (2015) sampled the midgut/pyloric 

region of ten bees from the brood nest of three colonies in Norway each month from 

spring (May) to autumn (October) 2012 (winter sampling was not conducted). Using 

both 16S rRNA sequencing and quantitative PCR analysis, they identified the bacterial 

composition each month for each of three pooled samples. Ludvigsen et al. (2015) 

found that the relative abundance of G. apicola was highest in May and reduced through 

to October. In contrast S. alvi was less abundant in May than October, but lowest in 

August, and F. perrara abundance peaked in August. These bacterial peaks/troughs 

correlate with changes in the beekeeping season observed in the northern hemisphere 

in spring (May) and autumn (October). During these times the population within the 

colony is increasing and decreasing in preparation for nectar availability in summer and 

winter, respectively, and the bees often require supplementary food such as sucrose, 

inverted sugar, or high fructose corn syrup. Ludvigsen et al. (2015) therefore proposed 

that the main drivers of bacterial change in the midgut/pyloric region may be diet and/or 

environmental exposure. Bacterial variation resulting from these drivers may provide 

some explanation as to why increased abundance of quality pollens in the landscape 

increases both health and survival of individual bees and colonies (Smart 2015). The 

midgut/pyloric region represents < 4% of the entire digestive tract (Martinson et al. 2012; 

Kwong and Moran 2016a), and is populated predominantly by S. alvi, G. apicola and F. 

perrara. It is therefore possible that other bacteria that are present within the rest of the 

gut may also fluctuate throughout the year.  

Subtle variation in the less prevalent phylotypes is associated with differences in diet 

(Chapter 6, (Taylor et al. 2019)), bee age (Martinson et al. 2012; Tarpy et al. 2015), bee 

caste (Kapheim et al. 2015), and the behavioural tasks they perform (Jones et al. 

2018a). Bees that conducted food processing tended to have an increased abundance 

of Bartonella apis, whereas foraging bees showed an increase in L. kunkeei (Jones et 

al. 2018a). As the bees in this study were all the same age, variation in bacterial 

communities may be associated with the diet or carbohydrate sources that the bees 

contact. A second study sampled bees from 36 colonies spread across 12 apiaries in 

two landscape types in southern UK (Jones et al. 2018b). Colonies distant to oilseed 
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rape (OSR) showed a slight increase in relative abundance of Lactobacillus kunkeei 

and Bartonella apis, whereas bees surrounded by OSR displayed an increase in Alpha 

2.1, Alpha 2.2 (Parasaccharibacter apium) and other less prevalent members of the 

class α-proteobacteria (Jones et al. 2018b). Environmental landscape was found to 

explain only 1–6% of the bacterial variation in bees, whereas individual apiaries 

explained 17–27% of the variability (Jones et al. 2018b).  

None of these studies included a time variable so I hypothesise that the number and 

relative abundance of microbiota within the digestive tract of adult honey bees varies 

with seasonal changes and this is likely to be because of the variation and availability 

of food resources. Since the abundance of gut bacteria is highest in the hindgut, as 

opposed to the midgut/pyloric region (Ludvigsen et al. 2015), and because there is 

limited information regarding bacterial composition throughout the season, this research 

compares the diversity of bacteria and the relative abundance of bacteria within the 

entire digestive tract of adult A. mellifera throughout a 12 month period. The timing of 

the assessment dates represent the four seasons of a temperate climate experienced 

by honey bees located at Ruakura, Hamilton, NZ. 

5.3 Materials and methods 

5.3.1 Sites and sampling 

Five honey bee colonies were maintained within a single apiary (each colony was within 

a 10m radius) using standard beekeeping methods at Ruakura Research Centre, PFR, 

Hamilton, NZ, for the duration of the trial and the year prior. The apiary was located on 

a farm on the outskirts of Hamilton city where floral resources from both pasture and 

city gardens were within a 5 km radius). Bayvarol® strips (KVP Pharma + Veterinär 

Produkte GmbH, Kiel, Germany) were applied to each colony, as per the instructions, 

to control the external parasite Varroa destructor. These products were removed from 

the colonies two days prior to the first assessment (1 June, 2017). The colonies were 

also treated with Bayvarol® strips for eight weeks commencing October 2017. 

Throughout the trial each colony contained a laying queen (queen-right) and were 

disease-free, as determined by visual inspection. At the start of spring, the colonies all 

contained 8–10 frames of brood spread through two brood boxes. In late spring, each 

colony was fitted with an empty honey super (a box of wax frames where the bees store 

the collected nectar) above the two brood boxes. This was separated from the brood 

nest by a queen-excluder to restrict the queen’s laying within the brood boxes. All five 

colonies were supplemented with 2 L of 50% sucrose solution in late spring (October) 

2017 due to the prolonged periods of rainfall that occurred 

https://services.metservice.com/towns-cities/hamilton. Although this is standard 

https://services.metservice.com/towns-cities/hamilton
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beekeeping practice and is required to keep the bees alive, it is unknown whether this 

practice affects the bacteria in honey bees. 

5.3.2 Honey bee sampling  

One sample of adult honey bees was collected from each of five colonies, at the start 

of every third month commencing in winter (1 June) 2017, through spring (1 September), 

summer (1 December) and autumn (1 March) 2018. The bees were collected from the 

second frame on the left side of the top brood box, directly in to 99% ethanol and then 

frozen at -70°C.  

5.3.3 DNA extraction and amplification 

Twenty bees from each colony from each sampling date were thawed for 3 min and 

then the digestive tracts were aseptically dissected from crop to rectum into a single 

clean DNase- and RNase-free 1.5 ml microcentrifuge tube on ice. These pooled 

samples were stored at -20°C until DNA was extracted using a Zymo Research Quick-

DNA™ Fecal/soil Microbe Miniprep kit (Zymo Research Corporation (ZR), California, 

USA). The quantity of DNA from each pooled sample was assessed using a NanoDrop 

(Thermo Scientific). The DNA aliquots were frozen at -70°C prior to sending to Massey 

Genome Service (Massey University, Palmerston North, NZ) for 16S rRNA gene 

sequencing of the V3V4 hypervariable regions (Kozich et al. 2013) on an Illumina MiSeq 

platform (Palmerston North, NZ). See Chapter 2: General Methods for additional 

information regarding honey bee gut extraction (2.4), DNA extraction and quantification 

(2.5 and 2.6), and Next Generation Sequencing of the 16S rRNA gene with an Illumina 

MiSeq platform (2.8). 

5.3.4 Gene sequence processing and characterisation of 

microbial communities 

The Illumina de-multiplexed fastq sequence data were processed and trimmed to a 0.01 

probability of error (an equivalent Phred score of Q20) (Aronesty 2011), then further 

processed using the Quantitative Insights Into Microbial Ecology 2 (QIIME 2) analysis 

suite, version 2018.2 (Caporaso et al. 2010; Bolyen et al. 2019). The reads were run 

through DADA2 methodology in QIIME2 to filter and trim the paired-end sequences, 

dereplicate them, and filter chimeras to produce exact amplicon sequence variants. To 

reduce estimation errors due to the different number of sequences per sample, the data 

were rarefied to 47190, the number of sequences in the smallest sample.  

Information in the 16S rRNA BLAST (Basic Local Alignment Search Tool) database 

from the National Center for Biotechnology Information (NCBI) was customised to make 
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a new QIIME 2 compatible reference dataset (Chapter 2.8.3) 

(https://github.com/pjbiggs/16SrRNA_taxonomy) and used to create a Biological 

observation matrix (BIOM) table that included the Operational taxonomic units used to 

classify groups of related individuals and their associated taxonomic classification. Any 

ASVs that were unable to be assigned taxonomically to species were assigned to the 

closest identified taxonomic level i.e. genus or family.  

5.3.5 Statistical analyses 

The analysis of the BIOM table was conducted in R (version 3.5.1) (R Core Team 2018). 

For all analyses, ASVs were included if their minimum total read composition was  

> 0.01% prevalence across all samples. Phylogenetic diversity was measured using 

QIIME2 both within a sample (α-diversity), and between samples (β-diversity) 

(Kuczynski et al. 2012). Alpha-diversity was also characterised using the web-based 

tool MicrobiomeAnalyst 

(https://www.microbiomeanalyst.ca/MicrobiomeAnalyst/faces/docs/AboutView.xhtml) 

(Dhariwal et al. 2017). Alpha-diversity was calculated at the feature level using Kruskal-

Wallis pairwise comparisons of three diversity measures: Shannon, Simpson, and 

Fisher. 

To investigate the differences in the number of phylotypes between assessment dates, 

a Poisson generalised linear model was used. To explore the relationship between 

phylotypes, assessment dates, and their effect on relative abundance, a linear mixed 

effect regression model was applied. Replicate was included as a random effect and 

model assumptions were checked via standard residual plots. A natural logarithmic 

transformation was applied for normality assumptions to hold. Post-hoc pairwise 

comparisons of least-square means were conducted for the 41 phylotypes using 

Tukey’s range test. The natural-logs of percent abundance of individual bacteria with 

prevalence > 0.5% on a single assessment date, or present on at least two of the 

assessment dates, were visually compared. A total of 29 species were included. 

The relationship between the presence of phylotypes and time of year were visually 

explored using nonmetric multidimensional scale (NMDS) plots and heat maps. For the 

NMDS plots, the dissimilarity matrix was calculated using the Bray-Curtis method and 

for the heat maps the response was the average read per replicate. To compare the 

effect of seasonal differences on the bacterial community within the honey bee gut, a 

mixed model permutational multivariate analysis of variance (PERMANOVA) (Anderson 

2001) was conducted using Adonis (Oksanen et al. 2011). The autocorrelation of the 

bacterial communities within a colony throughout the four assessment dates was 

accounted for by constraining the permutations within the colonies using the function 

‘strata’. To visually compare variation in the abundance of bacteria between the colony 

replicates throughout the year, the total number of reads at each assessment date were 

https://github.com/pjbiggs/16SrRNA_taxonomy
https://www.microbiomeanalyst.ca/MicrobiomeAnalyst/faces/docs/AboutView.xhtml
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graphed for two core bacteria S. alvi and G. apicola. These two species were selected 

because they are the only core bacteria that have been observed to fluctuate throughout 

time (Ludvigsen et al. 2015).  

5.4 Results 

5.4.1 Identification of phylotypes within the honey bee 

digestive tract 

A total of 1,706,354 read pairs were generated across the samples of all five colonies 

and throughout the four assessment periods. The reads were clustered in to ASVs and 

all ASVs < 0.01% prevalence were removed. The remaining 1,694,237 read pairs 

contained 220 ASVs and these were classified as 41 unique phylotypes (Table 5.1). Of 

the 41 phylotypes, 25 were classified as unique species, the remaining 16 were 

identified to phylum, family or genus. The genus Lactobacillus contained 37 ASVs, 

whereas the three Lactobacillus species L. mellis, L. mellifer, and L. kunkeei contained 

8, 1, and 1 ASV(s), respectively. The effect of classifying phylotypes in taxonomic levels 

above genus, such as the genus Lactobacillus, is addressed in the discussion. The 

results from the Poisson generalised linear model suggest that the differences in the 

number of phylotypes between assessment dates tend towards significance (P = 0.055, 

Chi Sq = 7.59, degrees of freedom = 3), with the number of phylotypes in the summer 

samples being 2-fold more than those in the spring samples.   

 

Table 5.1 │ Number of unique ASVs and the associated range of phylotypes within the 
digestive tract of NZ honey bees from colonies assessed throughout the season.  

Assessment date Number of ASVs Range of phylotypes 

Winter 171 17 – 29 

Spring 140 16 – 18 

Summer 152 16 – 36 

Autumn 162 20 – 25 

 

The dominant core phylotypes G. apicola, S. alvi, and Bifidobacterium spp. were present 

in all samples across all seasons (Figure 5.1). The colony mean of the total raw reads 

varied across the assessment dates for S. alvi, the less prevalent phylotypes 

Rhizobiaceae and Pseudomonas, and the two species L. mellis and L. mellifer. Using 

the customised 16S rRNA database (Chapter 2.8.3), the genus Lactobacillus and the 

species L. mellis, L. mellifer, and L. kunkeei were present. L. apis were not identified 

but may have been classified within the genera Lactobacillus. Of the four dominant but 

less prevalent bacteria, F. perrara and Acetobacteraceae were present but B. apis and 
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the Acetobacteraceae species P. apium were absent. Of the 41 phylotypes, 35 were 

present in the winter bee samples, 22 were present in the spring bee samples, 39 were 

present in the summer bee samples, and 35 were present in the autumn bee samples 

(Figure 5.1). Of the less prevalent phylotypes, 22 were included in further analysis as 

their relative abundance was > 0.01% on at least one single assessment date or they 

were present in more than one assessment. Ten of these less prevalent phylotypes 

were absent from Chapter 3: NZ survey that was conducted in spring. These are the 

families Flavobacteriaceae and Prevotellaceae, the genus Bacteroides, and the species 

Bifidobacterium longum, Clostridium oroticum, Eubacterium tenue, Fusobacterium 

nucleatum, Fusobacterium perfoetens, Klebsiella oxytoca, and Sutterella stercoricanis. 

 

Figure 5.1 │ Heatmap of total raw reads of phylotypes > 0.01% prevalent in the digestive 

tract of honey bees per colony throughout the season. 
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5.4.2 Diversity analysis 

The α-diversity indexes Shannon, Simpson and Fisher, suggest that the diversity of the 

bacterial communities throughout the year was low and there were no significant 

differences among the colonies (P < 0.01) (Figure 5.2), despite the boxplots suggesting 

that the most diversity and variation occurred in colonies three and five. The Shannon 

plot diversity increased in colonies two and three, suggesting that these colonies may 

include some rarer species in spring and summer. 

 

 

A | Season | Shannon P=0.88, KW statistic 0.69. 
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B | Season |Simpson P=0.74, KW statistic 1.26. 

 

C | Season | Fisher P=0.04, KW statistic 8.17. 

Figure 5.2 │ Alpha-diversity measures represented as boxplots for Shannon (A), Simpson 

(B), and Fisher (C), indices at species level across all samples.  

The sampling dates are on the X-axis and their estimated diversity are on the Y-axis.  
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5.4.3 Relative abundance 

PERMANOVA partitioning showed that spatial effects were evident. The date of 

sampling throughout the year contributed the largest component of variation to the 

overall model and therefore significantly affected the relative abundance of bacteria 

within the honey bee gut (P < 0.05) (Table 5.2).  

 

Table 5.2 | PERMANOVA for bacterial communities in the digestive tract of honey bees 
relative to the time of year. 

 Df Sum Sq R2 F Pr(>F) 

Time of year 3 0.183 0.263 1.898 0.039 

Residual 16 0.513 0.737   

Total 19 0.696 1.000   

Bray-Curtis dissimilarities were used. The analysis was constrained within colonies in relation to time of year 
that the colonies were sampled. Degrees of freedom (Df), Sum of squares (Sum sq), F value by permutation 
(F). Boldface indicates statistical significance when P < 0.05. P values were based on 999 permutations. 

 

The NMDS plot suggests a weak seasonal pattern in the bacterial community. Spring, 

summer and autumn treatments clustered together and were separated from the winter 

treatment along the secondary axis (Figure 5.3). Rhizobiaceae and Bacteroides spp. 

also diverged to the left of axis one and were therefore more closely associated with the 

winter samples. Rhizobiaceae and Bacteroides spp. strongly diverged from G. apicola, 

L. kunkeei, and F. perrara along axis 1 (Figure 5.3).  
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Figure 5.3 │ Nonmetric multidimensional scaling plot of relative abundance of bacteria present in the digestive tract of NZ honey bees throughout the year. 

Bray-Curtis distances for prevalence > 0.01% total read composition. Solution was reached at a stress level of 0.128.  
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The percent relative abundance graphed on a log scale (Figure 5.4) indicates the scale 

of variation where S. alvi did not vary among colonies. In contrast, variation among 

colonies was supported for Rhizobiaceae, Bacteroides spp., E. adhaerens, L. kunkeei, 

Pseudomonas, Cyanobacteria, and the 22 bacteria that were not present in all 

assessment samples. 

 

 

Figure 5.4 │Log transformation of mean relative bacterial abundance in the honey bee 

digestive tract throughout the year. 

Winter (June), spring (September), summer (December), autumn (March). 
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The analysis of deviance for the linear mixed effect regression model suggests no 

overall seasonal changes in the number of reads, evidence of significant difference 

among the relative abundance of phylotypes, and a significant interaction between time 

of year and phylotype (P < 0.001) (Table 5.3).  

 

Table 5.3 | Analysis of deviance for bacterial communities in the digestive tract of honey 
bees from five colonies in relation to time of year. 

 Chi Sq Df Pr(>Chisq) 

Time of year 1.55 3 0.67 

Phylotype 2124.86 40 2.2-16 

Time of year : Phylotype 148.35 61 3.09-9 

Degrees of freedom (Df), Chi-squared test (Chi sq). Boldface indicates statistical significance with P < 0.05. 
The calculation was based on a linear mixed effect regression model using back-transformed abundance data 
for bacterial communities. 

 

The post-hoc pairwise comparisons show that the core bacteria did not contribute to this 

variation as their relative abundance remained consistent throughout the year. 

However, the comparisons did support an interaction with the less prevalent bacteria as 

the relative abundance of Rhizobiaceae, Bacteroides spp., E. adhaerens spp., 

Pseudomonas and Cyanobacteria differed significantly with assessment date (P < 0.05) 

(Table 5.4). 
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Table 5.4 │ Mean relative abundance of the bacterial phylotypes with > 0.5% abundance, 
or present in at least two assessment dates, in the digestive tract of honey bees 
throughout a year.  

Bacteria 
Unique ASVs 

per treatment 
Winter Spring Summer Autumn 

Lactobacillus spp.* 18 25.69a 32.38a 30.17a 36.21a 

Rhizobiaceae 2 17.20b 9.42a 6.16a 9.75ab 

Gilliamella apicola* 15 13.09a 16.26a 16.47a 16.82a 

Snodgrassella alvi* 13 10.96a 9.70a 8.67a 7.49a 

Bifidobacterium coryneforme* 4 9.03a 8.88a 7.48a 7.84a 

Lactobacillus mellis 5 9.01a 9.06a 13.23a 7.29a 

Frischella perrara 5 2.79a 4.10a 4.37a 4.27a 

Lactobacillus mellifer 1 2.06a 1.90a 2.86a 2.19a 

Acetobacteraceae 4 1.69a 3.25a 2.48a 2.17a 

Bacteroides spp. 1 1.25b < 0.12ab 0.02a 

Fusobacterium nucleatum  1.13a 0.14a 0.09a 0.02a 

Fusobacterium perfoetens  0.7a < 0.08a < 

Ensifer adhaerens 1 0.69ab 1.65b 0.13a 1.61b 

Sutterella stercoricanis  0.69a < 0.08a < 

Prevotellaceae  0.64b < 0.03a < 

Serratia spp.  0.62a 0.56a < 0.38a 

Enterobacteriaceae  0.57a 0.87a < 0.1a 1.39a 

Clostridium oroticum  0.55a < 0.05a < 

Fusobacterium spp.  0.38a < 0.04a < 

Pseudomonas spp. 3 0.25a 0.29ab 3.93b 1.33b 

Lactobacillus kunkeei 1 0.22a 0.18a 0.85a < 

Cyanobacteria 1 0.13ab 0.87b 0.67ab 0.05a 

Acetobacter spp.  0.06a < < 0.04a 

Bifidobacterium longum  0.05a < 0.07a 0.06a 

Escherichia coli  0.05a 0.01a 0.04a 0.16a 

Klebsiella oxytoca  0.02a < 0.07a 0.08a 

Flavobacteriaceae  < 0.19a 0.48a 0.03a 

Chryseobacterium spp.  < 0.03a 0.25a 0.18a 

Lachnoclostridium spp. 1 < 0.52a < 0.40a 

Boldface indicates statistical significance with P < 0.05. These means, identified using Tukey post-hoc 
comparisons, α = 0.05, were back transformed and the dissimilar letters indicate significant differences among 
treatments. Phylotypes were included if abundance > 0.1% in a single assessment or present in more than 
one assessment. < indicates means were < 0.01% inclusion threshold. * indicates core bacteria.  
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The relative abundance of Rhizobiaceae in winter was 2-fold higher than the spring and 

autumn assessments, and 3-fold higher than the summer assessment. Bacteroides spp. 

in winter was 10-fold higher than the summer assessment, 62-fold higher than the 

autumn assessment and below the detection level in spring. E. adhaerens was present 

in all four assessment dates but the abundance in summer was 12-fold less than spring 

and autumn, and 5-fold less in winter. The abundance of Pseudomonas in winter was 

15-fold less in summer and 5-fold less in autumn. The abundance of Cyanobacteria in 

the autumn samples was 2-, 17-, and 13-fold less than winter, spring and summer, 

respectively. The abundance of both Rhizobiaceae and Bacteroides spp. were 

significantly higher in the winter samples, whereas the abundance of Pseudomonas was 

significantly lower in the winter samples and highest in summer. Cyanobacteria 

abundance was lowest in autumn samples. 

Although the total number of reads within the species G. apicola and S. alvi did not vary 

across the assessment dates (Figure 5.1), the log graph of the total number of paired 

end reads indicates the scale of variation that occurs within each colony throughout the 

four seasons, as well as between the five colonies at each assessment date (Figure 

5.5). This variation indicates that five colonies insufficiently identifies the variation that 

occurs with an apiary. G. apicola varied the most in colony 1 (7328 to 18,257), and the 

largest seasonal variation between colonies is seen in winter (8017 to 18,257). S. alvi 

varied the most in colony 2 (5199 to 13,969), and the largest seasonal variation between 

colonies is seen in winter (6943 to 13,969). 
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Figure 5.5 │ Total of the rarefied paired-end reads of Gilliamella apicola and 

Snodgrassella alvi in the digestive tract of honey bees throughout a year for five 

colonies from a single apiary.  
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5.5 Discussion 

The bacteria within the digestive tract of adult A. mellifera from five colonies in a single 

apiary were identified every three months for a 12 month period to determine whether 

the bacterial composition changed. The assessment dates represent each of the four 

seasons that honey bees experience in NZ’s temperate climate. The first sampling was 

conducted in winter to determine the bacterial profile in older bees from which newly 

emerging bees would acquire their gut bacteria.  

All five core phylotypes previously identified (Jones et al. 2018b) were present in this 

dataset: Lactobacillus Firm-4 (Lactobacillus spp.), G. apicola, S. alvi, and 

Bifidobacterium. L. apis was not identified. It is possible, that L. apis may have been 

present but only classified to genus. The genus Lactobacillus contained 37 unnamed 

ASVs whereas the three Lactobacillus species L. mellis, L. mellifer, and L. kunkeei 

contained 8, 1, and 1 ASV(s) respectively. This also suggests that the 37 ASVs identified 

in the Lactobacillus genus, represent several species that require further 

characterisation before analysis at the species level can be conducted. Of the four less 

prevalent but dominant phylotypes, F. perrara and Acetobacteraceae were present in 

this dataset, but B. apis and P. apium were not found. The customised NCBI database 

used in this study to identify sequences was downloaded from the NCBI server in August 

2018 (Chapter 2: General Methods 2.8.3) and only identifies ASVs to the specified 

taxonomic level. It is possible that B. apis, which was classified in 2016 (Kešnerová et 

al. 2016), and P. apium, also classified in 2016 (Corby-Harris et al. 2016), may not have 

been included in the database. If this is the case then B. apis may be classified in my 

study as an unidentified member of the family Rhizobiaceae, and P. apium as an 

unidentified member of the family Acetobacteraceae.  

The diversity of bacterial species in the honey bee gut fluctuated with assessment dates 

throughout the year. Summer bees had the most bacterial diversity with the identification 

of 36 phylotypes, as well as the largest range of bacteria among the colonies. Autumn 

and winter bees had similar bacterial diversity with 25 and 29 phylotypes being 

identified, respectively. In contrast spring bees had the least bacterial diversity with 18 

phylotypes. This variation is likely to be linked with seasonal changes as this determines 

the cyclic, annual development of the colony. NZ’s temperate climate means that 

inclement weather from autumn to spring only slightly limits bee foraging behaviour. 

However, they still require beekeepers to provide supplementary feed such as sucrose 

and inverted sugar. However, as the colonies in this trial were fed sucrose after the 

spring treatment, sucrose is unlikely to be the cause for the reduced diversity in spring 

but may have caused the increase in summer. 

Instead, spring colony growth may be the cause of this reduced diversity. Increased 

diversity is generally considered to be desirable as diversity can contribute to community 

resilience against disturbance, mismanagement, and/or degradation (Elmqvist et al. 
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2003). Additionally, increased microbial diversity is associated with better health as the 

loss of microbial diversity in humans is often associated with diseases. Examples of this 

include Crohn's disease (Sha et al. 2013), irritable bowel syndrome (Durbán et al. 2012), 

and colorectal cancer (Ahn et al. 2013). However, it cannot be assumed that increased 

bacterial diversity in the honey bee gut is positively associated with bee and/or colony 

health, as there is no current evidence to support this in bees. It may be possible that 

spring colony growth resets the bacterial community in the colony as the majority of old 

winter bees are replaced. These winter bees are, on average, older than spring bees 

(Fukuda and Sekiguchi 1966), and the increased number of phylotypes may represent 

a compromised bacterial community that has developed during their extended life. 

Change in honey bee diet and the associated increase in less prevalent bacteria or the 

increase in gut pathogens such as Nosema may contribute to this increased number of 

phylotypes in winter by altering the conditions of the bee gut, thus enabling less 

prevalent bacteria to proliferate. This may also occur in autumn.  

NEWs acquire their bacterial communities from other bees (Powell et al. 2014), so newly 

emerging winter bees will receive a more diverse bacterial community and spring bees 

will receive a less diverse community. Because bees in spring colonies, on average, are 

younger, the bacterial community in the bees sampled in spring may have had less time 

to diversify in comparison to the older winter bees. The high bacterial diversity observed 

in the early summer bees (December) may result from increased floral resources as 

nectar diversity and nectar quantity are both high at this time, as supported by the 

majority of honey being collected at this time in the Waikato region. This summer 

increase also followed the feeding of sucrose to the colonies in October. Whether this 

increase in diversity is because the bees forage on food sources that aid the proliferation 

of these bacteria or the bacteria are present in nectar and can also persist in the crop 

cannot be determined from these observations and analysis. Further research on the 

effect of different carbohydrate forms on honey bee gut bacteria is described in 

Chapter 6. 

There was no evidence to suggest that the relative abundance of the dominant core 

bacteria changed with time of year. This contrasts with evidence presented by 

Ludvigsen et al. (2015) who did observe small changes in relative abundance of G. 

apicola and S. alvi between spring and autumn. However, the plot of the total number 

of reads of G. apicola and S. alvi, for each of the five colonies and at each assessment 

date, suggests that the total number of reads for both bacteria varied within each colony 

and among colonies throughout each assessment date with no clear pattern. It is 

therefore likely that the pooled sample of 10 bees, for each of the three colonies used 

by Ludvigsen et al. (2015), may not have accounted for the normal variation in 

abundance of core bacteria that occurs within and among bees and their colonies 

throughout the season. I therefore recommend that no less than 20 bees per colony and 

five colonies per replicate are used when community amplicon sequencing methods are 
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employed, as shown in this study. Although changes in the relative abundance of the 

core bacteria were not observed throughout the year in this study, it is possible that 

relative abundance may vary between strain types of G. apicola and S. alvi. However, 

to determine this, deeper sequencing analyses would be required to compare these 

strains (Jones et al. 2018a). In contrast to the core bacteria, the relative abundance of 

five less prevalent phylotypes did alter significantly throughout the year: Rhizobiaceae, 

Bacteroides spp., E. adhaerens, Pseudomonas and Cyanobacteria.  

The relative abundance of Rhizobiaceae, which resides in the crop, peaked in winter, 

exceeding the relative abundance of the core bacteria G. apicola, S. alvi, and  

B. coryneforme. It then receded below the relative abundance of these dominant core 

bacteria in summer. This increase may have occurred because prolonged feeding 

regimes of supplementary carbohydrates, such as sucrose and/or invert sugar, are often 

used to overcome limited food sources during autmn and winter, and sucrose-rich diets 

have been observed to increase the relative abudance of Rhizobiaceae (Taylor et al. 

2019). The increase may also have occurred because the lifespan of worker bees 

averages > 140 days in winter, compared to 15 to 38 days in summer (Fukuda and 

Sekiguchi 1966; Graham 1992), possibly altering the conditions within the crop of older 

bees so the crops are more amenable to proliferation of Rhizobiaceae. The theory that 

this species is associated with poor bee health and is an early indicator species should 

be explored further using host challenge studies with gut pathogens, as well as 

characterisation studies within the laboratory as well as the honey bee gut. 

In this study Bacteroides spp. was the 10th most abundant phylotype in winter but its 

abundance was limited in summer and autumn, and negligible in spring. There was a 

difference of 62-fold across the seasons. The role of this species in honey bees is 

unknown but as it has been studied in humans perhaps, some parallels can be drawn. 

Bacteroides spp. are obligate anaerobic bacteria usually seen in the distal end of the 

human gut. Their pathogenicity is limited as they do not form spores and their cell 

membranes do not contain endotoxin (Actor 2012). However, Bacteroides spp. infection 

does occur in humans after severe trauma in the human gut or abdomen, resulting in 

the formation of abscesses and fever (Actor 2012). In contrast, some species of 

Bacteroides are versatile carbohydrate and glycan degraders that produce beneficial 

end products for themselves and their host (Benítez-Páez et al. 2017). Bacteroides spp. 

grown on oxygen-depleted modified Schadler media was found to utilise pectin, a 

polysaccharide found in the cell wall of plants, to enhance butanoate metabolism that 

increased butyrate production (Benítez-Páez et al. 2017). Butyrate is a short-chain fatty 

acid that in humans is a fermentation product of dietary fibre that acts as a main energy 

source for epithelial cells (Cummings et al. 1987). Butyrate is considered a marker of 

health in humans (Benedito-Palos et al. 2016) as it is a key metabolite of the genera 

Lactobacillus and Lachnoclostridium. In honey bees butyrate is not well documented 

but is present in the haemolymph and is oxidised by flight muscles (George and 
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Bhakthan 1963). This suggests that butyrate may be absorbed and used by the host 

rather than being produced by the gut bacteria (Zheng et al. 2017). The presence of the 

genera Bacteroides, Lactobacillus, and Lachnoclostridium in the honey bee gut 

suggests that butyrate may be produced in the honey bee gut and the effects of butyrate 

within the bee should be studied to determine whether these bacteria have a role to play 

in pollen degradation and/or metabolism of the cell walls.  

In NZ’s temperate climate, nectar and pollen sources, although limited, are still available 

through winter. This enables honey bees to forage on dietary fibre such as pectin 

throughout the entire year. Nectar contains pollen, in which pectin is present in the 

pollen cell wall. The colonies also normally store pollen for brood food all year around. 

It is therefore possible that Bacteroides spp. may play a role in pectin digestion over 

winter. Although genome studies suggest some strains of G. apicola in the honey bee 

should also be able to digest pectin (Engel et al. 2012), this is undetermined for 

Bacteroides. In the absence of dietary fibre in humans, the glycans linked to proteins in 

the mucus layer of the intestine have been hypothesised to stimulate growth of 

Bacteroides spp. and positively affect gut health (Benítez-Páez et al. 2017). In climates 

where honey bees overwinter without foraging, their only food sources may be 

processed carbohydrates such as sucrose, inverted sugar, or high-fructose corn syrup. 

Unlike honey, none of these supplements contain the protein source of pollen (Zheng 

et al. 2017). It is unknown whether glycan-stimulation, as observed in humans, occurs 

in the absence of pollen in honey bees, but it is possible that Bacteroides spp. may 

affect honey bee gut health over winter. Whether this effect is positive or negative is 

unknown.  

There are two possible reasons why Bacteroides spp. in worker honey bees may have 

peaked in winter. The first is that the condition of the honey bee digestive tract may alter 

with bee age, therefore creating an environment conducive to the growth and stability 

of the genus Bacteroides. The longevity of ‘winter’ bees exceeds 140 days, which is 

three times more than the 15- to 38-day life span of bees emerging in spring, summer 

or autumn (Fukuda and Sekiguchi 1966; Graham 1992). Alternatively, because of nectar 

paucity or ageing resources stored within the hive in winter, the sources of carbohydrate 

and protein consumed by the bees in winter may vary from what is consumed 

throughout the rest of the year. The absence of Bacteroides spp. in spring bees 

correlates with both rapid colony growth and abundant nutritional resources. Egyptian 

honey has antibacterial effects on Bacteroides spp. in human dental infections 

(Elbagoury and Ramsy 1993), so it is possible that the increased availability of different 

nectar (dilute honey) sources between spring and autumn may also inhibit the growth 

of Bacteroides spp. These correlations support both theories that an old gut as well as 

the condition of available resources may affect the growth of Bacteroides spp. 

At the genus level in humans, the ratio of Bacteroides spp. to Prevotella spp. was 

previously thought to relate to food consumption, the former increasing with 
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consumption of protein and animal fats, and the latter increasing in those consuming 

carbohydrates (De Filippo et al. 2010; Wu et al. 2011; David et al. 2014; Kovatcheva-

Datchary et al. 2015). However, differing species and strains in both of these genera 

are significantly associated with both of these diets, suggesting that the genera 

Bacteroides and Prevotella should not be used to oversimplify associations between 

diet and microbiota within hosts and that differences must be identified sub-genus (De 

Filippis et al. 2016). In my analysis, both phylotypes are high in winter but low in spring, 

summer and autumn which may suggest that both protein and carbohydrates are 

proliferating these bacteria in winter. As worker bees in NZ consume predominantly 

carbohydrates containing protein all year, I did not expect either of these two genera to 

alter throughout the year. Therefore, understanding how bees utilise their primary 

sources of carbohydrate such as nectar and protein, throughout the year and the 

metabolites they produce, may provide insight in to whether certain species of bacteria 

could be used to indicate bee health.  

In Chapter 6, the carbohydrate study, Bacteroides spp. was absent. However, data were 

only included in the analysis if they were above the 0.01% prevalence level so it may 

not have been identified. As the carbohydrate trial was conducted with 13- to 16-day-

old bees fed honey or sucrose, they differed from the winter bees sampled in this study 

which were likely older. Therefore this may have enhanced the growth of Bacteroides 

spp. As this study was established to identify whether gut bacteria change across the 

seasons, not why the changes have occurred, experimental trials are required to 

understand the factors involved in these changes. 

The fourth least prevalent bacteria, Pseudomonas, is a genus of Gram-negative γ-

proteobacteria with a large metabolic diversity that enables the colonisation of many 

niches (Sauer et al. 2002). Some of these species such as Pseudomonas aeruginosa 

form biofilms (Sauer et al. 2002) and others are highly resistant to antibiotics (Livermore 

2002). In Apoidea, Pseudomonas has been identified in the larval stages of A. mellifera 

and Bombus terrestris (Mohr and Tebbe 2006). In this assessment the relative 

abundance of Pseudomonas is highest in summer and lowest in winter. This contrasts 

with the literature that suggests Pseudomonas has not been identified in the gut of adult 

A. mellifera (Audisio et al. 2011). However, Pseudomonas has been identified in the 

midgut of mosquitoes (Dharne et al. 2006). It is possible that the bees in this NZ study 

may have encountered some form of antibiotic, either natural or synthetic, whilst 

foraging on nectar in summer to which Pseudomonas may have been resistant and 

some other bacteria were susceptible, thus enabling the increase in relative abundance 

of Pseudomonas spp. This hypothesis could be supported by the decrease in relative 

abundance of E. adhaerens in summer. E. adhaerens is a soil bacterium that may 

possibly be collected by honey bees as they forage and may cause lysis of other 

bacteria by attaching to them (Rogel et al. 2001). 
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The fifth bacteria shown to change throughout the season is Cyanobacteria. Species 

within this phylum are photosynthetic – they produce oxygen from carbon dioxide and 

are known to produce blooms of blue-green algae in water sources, such as recreational 

and drinking water sources (Pitois et al. 2000; Chen et al. 2011). These sources are 

utilised by honey bees so the relative abundance of Cyanobacteria may have peaked 

in spring as the bees collected water. However, the limited literature regarding the 

relationship between Cyanobacteria and honey bees precludes more logical theories as 

to why Cyanobacteria peaked in spring. Interestingly, when the cyanobacteria Spirulina 

platensis was fed to bees in sucrose solution, the colonies showed significant increases 

in egg laying, disease resistance, flight intensity, honey production and bee bread 

production (Cebotari et al. 2013). Further research regarding which species of 

Cyanobacteria were present in the honey bee gut, what influences their proliferation, 

how they interact with the rest of the gut bacterial community, and which metabolites 

they produce would enable further understanding of the role that this bacteria plays in 

the gut of honey bees. 

One of the less prevalent bacteria identified in the gut of honey bees in this study, 

Bacteroides spp., was not identified in the NZ regional survey (Chapter 3). However, 

the former two have been identified elsewhere: Bacteroides spp. was previously 

identified in Massachusetts, USA (Lee et al. 2015), and the family Lachnospiraceae, 

containing Lachnoclostridium spp., was identified in Beijing, China. The discrepancy in 

presence of Bacteroides spp. is most likely to have occurred because the NZ survey 

(Chapter3) was conducted in spring, which is when this seasonal study observed the 

lowest bacterial diversity and when Bacteroides spp. were absent. However, 

Lachnoclostridium spp. was present in the spring and autumn assessments and absent 

during the winter and summer assessments. As the relative abundance of 

Lachnoclostridium spp. was < 0.6% throughout the entire year, it may be possible that 

the relative abundance in the NZ study was below the 0.01% inclusion threshold. This 

may also be the case for Cyanobacteria. Lachnoclostridium are Gram-positive, obligate 

anaerobic spore-forming rods, of which some members can ferment plant 

polysaccharides and produce acetate as a major metabolite from mono- and 

disaccharides (Yutin and Galperin 2013). Hence, they may be present occasionally to 

produce energy required by the honey bee when gut conditions change. 

5.6 Conclusion 

The diversity of bacterial species in the honey bee gut fluctuated throughout the year. 

Summer bees had the most bacterial diversity (36 phylotypes), as well as the largest 

range of bacteria among the colonies. Autumn (25) and winter (29) bees had similar 

bacterial diversity, and spring bees had the least bacterial diversity (18 phylotypes).  
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It cannot be assumed that increased bacterial diversity in the honey bee gut is positively 

associated with bee and/or colony health, as there is no current evidence to support this 

in bees. Winter bees are, on average, older than spring bees (Fukuda and Sekiguchi 

1966), and the increased number of phylotypes may represent a compromised core 

bacterial community, thus enabling the proliferation of less prevalent bacteria in the gut 

of honey bees that live for extended periods of time. Additionally, changes in diet and 

reduced opportunity to forage may also be alternative explanations. The relative 

abundance of Rhizobiaceae, which resides in the crop, peaked in winter, exceeding the 

relative abundance of the core bacteria G. apicola, S. alvi, and B. coryneforme, and 

then, receded below the relative abundance of these dominant core bacteria in summer. 

This suggests that Rhizobiaceae may increase when the core bacteria are 

compromised. 

I suggest that increased colony growth in spring may reset the bacterial community in 

the colony as the majority of old winter bees are replaced with new bees.  

The mean relative abundance of the dominant core bacteria within the honey bee 

digestive tract did not change throughout the year. However, G. apicola and S. alvi did 

vary among individual bee samples from each seasonal time point but with no clear 

pattern. This suggests that these species may alter in response to occurrences within 

the gut and this may ultimately aid bee functionality. The variation observed in this 

chapter will be accounted for throughout this PhD research using adequate sample size. 

The bacterial diversity and mean relative abundance of less prevalent bacteria, also 

varied throughout the year. Each trial within this PhD research will therefore be 

conducted in either spring, summer or autumn, as this will limit the age of sampled bees 

to < 38 days (Fukuda and Sekiguchi 1966). 

 

5.7 Where to next 

The variation of the core and less prevalent bacteria observed throughout the year 

suggests external factors may be effecting the microbiome in the honey bee gut. The 

two known major factors that negatively affect bee health are malnutrition and 

pathogens. Therefore experimental studies will be conducted to determine if these two 

factors affect the gut bacteria. 
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Chapter 6 

6 The effect of carbohydrate sources: 
sucrose, invert sugar and components of 
mānuka honey, on core bacteria in the 
digestive tract of adult honey bees  
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6.1 Abstract 

Bacteria within the digestive tract of adult honey bees are likely to play a key role in the 

digestion of sugar-rich foods. However, the influence of diet on honey bee gut bacteria 

is not well understood. During periods of low floral abundance, beekeepers often 

supplement the natural sources of carbohydrate that honey bees collect, such as nectar, 

with various forms of carbohydrates such as sucrose (a disaccharide) and invert sugar 

(a mixture of the monosaccharides glucose and fructose). We compared the effect of 

these sugar supplements on the relative abundance of bacteria in the gut of bees by 

feeding bees from a single colony, two natural diets: mānuka honey, a monofloral honey 

with known antibacterial properties, and a hive diet; and artificial diets of invert sugar, 

sucrose solution, and sucrose solutions containing synthesised compounds associated 

with the antibacterial properties of mānuka honey. 16S ribosomal RNA (rRNA)-based 

sequencing showed that dietary regimes containing mānuka honey, sucrose and invert 

sugar did not alter the relative abundance of dominant core bacteria after 6 days of 

being fed these diets. However, sucrose-rich diets increased the relative abundances 

of three sub-dominant core bacteria, Rhizobiaceae, Acetobacteraceae, and L. kunkeei, 

and decreased the relative abundance of F. perrara, all which significantly altered the 

bacterial composition. Acetogenic bacteria from the Rhizobiaceae and 

Acetobacteraceae families increased two- to five-fold when bees were fed sucrose. 

These results suggest that sucrose fuels the proliferation of specific low abundance 

primary sucrose-feeders, which metabolise sugars into monosaccharides, and then to 

acetate.  

6.2 Introduction 

European honey bees (Apis mellifera L.) are the primary pollinators of numerous nut, 

fruit, and vegetable crops, so they play an integral part in global food production (Free 

1970; Southwick and Southwick 1992; Morse and Calderone 2000; Gallai et al. 2009). 

Pollination by honey bee species (Apis spp.) and other bee species also ensures 

reproductive success of uncultivated plants, including those in their native ranges 

(Morse and Calderone 2000; Gallai et al. 2009; Potts et al. 2010a). In addition to 

pollination, honey bees also produce economically valuable honey, as well as acting as 

a source of bee products such as pollen and propolis, the waxy resin collected from leaf 

buds. All three products are utilised both as food and by the medicinal and dietary-

supplement industries. This global utilisation of honey bees has made it important to 

understand the factors that influence honey bee health. Hive management practices, 

and the colony’s access to adequate nutritional resources, is crucial to colony health. 

The health and production of a colony is dependent on the location that beekeepers 

place their hives to forage, the supplementary carbohydrate and protein sources they 
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feed their bees, and when they do this (Severson and Erickson 1984; Human and 

Nicolson 2006; Saraiva et al. 2015).  

Honey bees require carbohydrate sources that they naturally obtain from nectar. Nectar 

predominantly consists of water, pollen, and varying proportions of the 

monosaccharides glucose and fructose, and the disaccharide sucrose (Wykes 1952; 

White et al. 1962; Chalcoff et al. 2005). Bee-pollinated flowers tend to produce nectar 

with > 35% sugar and honey bees reduce the moisture content within nectar to about 

17% (range 13–24%) resulting in honey with a concentrated mix of sugar comprising of 

about 69% monosaccharides (approximately 38% fructose and 31% glucose) (Doner 

1977), and < 15% disaccharide (sucrose) (White et al. 1962).  

The carbohydrates in the honey bee diet may be absorbed by the gut to sustain the 

bees, or metabolised by gut bacteria before absorption (Baxter et al. 2019) (see 

Supplementary material at the end of this chapter S.16). However, during winter and 

spring when nectar can be scarce, and when preparing colonies for winter, beekeepers 

often feed their bees supplementary carbohydrates. These include sucrose, invert sugar 

(a mix of glucose and fructose) and high fructose corn syrup (HFCS; a sweetener made 

from cornflour, in which some glucose has been converted to fructose) (Barker and 

Lehner 1978; Severson and Erickson 1984; Graham 1992). This additional feeding often 

protects the bees from malnutrition, which can lead to immune system impairment 

(Alaux et al. 2010) and increased pesticide susceptibility (Wahl and Ulm 1983). 

However, extensive feeding of either sucrose or HFCS causes significant differences in 

gene expression by the honey bee fat body (the nutrient-sensing organ responsible for 

nutrient storage), including those associated with energy metabolism, and antimicrobial 

peptide production (Wheeler and Robinson 2014). These epigenomic consequences in 

honey bees, are very similar to sugar-associated disrupted metabolism seen in 

vertebrates that are supplemented with either glucose or fructose (Sangüesa et al. 

2016).  

The function of bacteria residing in the digestive tract of animals, honey bees included, 

is a rapidly developing field of scientific research that is proving to be fundamental to 

animal health (Guarner 2005; Colman et al. 2012). A meta-analysis of the composition 

of gut bacteria in 62 insect species suggest bacterial similarity within the subfamily 

Apinae, as well as the distinct communities of A. mellifera relative to other bees (Colman 

et al. 2012). This meta-analysis suggests that bacterial community structure in insects 

may be influenced by diet (Colman et al. 2012). However, as this was not specifically 

identified for honey bees, and recent research predominantly focusses on the effect of 

pollen rather than carbohydrate, meaning that not all publications specify the type or 

amount of supplementary feed consumed (Maes et al. 2016; Jones et al. 2018b; 

Rothman et al. 2018), the effect of carbohydrate diets on the bacterial composition in 

the honey bee gut, and how this may influence bee health, has not yet been researched. 
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The microbiota within the gut of adult worker honey bees contain 8 to 10 core bacterial 

phylotypes (Kwong and Moran 2016a). These phylotypes are rarely found outside of 

the honey bee gut and are considered part of the conserved core microbiota, albeit with 

different relative abundances and being more or less frequently detected (Ludvigsen et 

al. 2015; Jones et al. 2018b). The dominant core phylotypes consist of two species from 

the phylum Proteobacteria, Gilliamella apicola and Snodgrassella alvi (Kwong and 

Moran 2013); two clusters of species from the phylum Firmicutes, Lactobacillus Firm-4; 

Lactobacillus Firm-5 (Babendreier et al. 2007; Martinson et al. 2011); and the species 

cluster in the phylum Actinobacteria, Bifidobacterium (Bottacini et al. 2012). The relative 

abundances of the remaining core phylotypes are less consistent, and not always 

detected: Frischella perrara (Engel et al. 2013b), Bartonella apis (Kešnerová et al. 

2016), Parasaccharibacter apium (Corby-Harris et al. 2014b), and a Gluconobacter-

related species group designated Alpha2.1 (Martinson et al. 2011).  

The gut has several sections that each contain bacterial populations of different 

taxonomic compositions (Babendreier et al. 2007). Only a few bacteria reside in the 

crop and the midgut. These include core species that also reside in the larval gut such 

as Rhizobiaceae, the nitrogen-fixing bacteria (Yu and Martin 2016), Acetobacteraceae 

and Lactobacillus kunkeei (Vojvodic et al. 2013). The adult ileum is dominated by the 

non-sugar fermenter S. alvi that colonises the gut wall, and the sugar fermenter G. 

apicola that resides in the lumen (Zheng et al. 2017). The distal rectum is dominated by 

Lactobacillus and Bifidobacterium (Martinson et al. 2012; Powell et al. 2014).  

Bacteria in the honey bee gut are often symbiotic residents, with functions likely to be 

essential to bee nutrition, digestion, reproduction, and protection against toxins and 

pathogens (Dillon and Dillon 2004; Engel and Moran 2013b; Lee et al. 2015). 

Metatranscriptome sequencing has shown that bacteria play several critical roles in 

metabolising carbohydrate substrates. Some of these bacteria are primary sucrose-

feeders, and metabolise sugars into monosaccharides that are further metabolised into 

acid metabolites such as acetate and lactate that assist with the breakdown of toxic 

sugars (Lee et al. 2015; Zheng et al. 2016). The gut bacteria thus contribute to the 

repertoire of enzymes required for carbohydrate digestion (Wang et al. 2015). The 

bacterial species from the phyla Actinobacteria and the class Bacilli produce several 

glycoside hydrolases, which in turn break down complex polysaccharides and simple 

sugars, and also produce peptidases for protein hydrolysis (Lee et al. 2015). In 

particular, glycoside hydrolase family 32 was found to be linked with sucrose 

degradation (Lee et al. 2015).  

Sucrose solutions and honey are both antibacterial in vitro because of osmolytic effects 

when applied at concentrations ≥ 40% and 10–20% (v/v), respectively (Molan 1992a; 

Kwakman et al. 2010). The anti-bacterial properties of honey have been attributed to 

this high sucrose-equivalent concentration ca. 80% (v/v), as well as the presence of 
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hydrogen peroxide, produced by the enzyme glucose oxidase that the bees add to 

nectar (Molan 1992a). Mānuka honey, obtained from the plant Leptospermum 

scoparium, comprises ca. 85% sugars, predominantly fructose and glucose, with < 1–

15% sucrose (Weston and Brocklebank 1999; Chepulis and Francis 2013; 

Moniruzzaman et al. 2013). Mānuka honey demonstrates peroxide activity, but 

methylglyoxal (MGO) is the primary antibacterial compound at concentrations > 0.15 

mg/g (Willix et al. 1992; Mavric et al. 2008; Kwakman et al. 2010; Majtan et al. 2012). 

This was characterised by comparing the bactericidal effects of honey containing high 

MGO with the effects of sucrose on resistant strains of Gram-negative 

Gammaproteobacteria (Escherichia coli and Pseudomonas aeruginosa) and Gram-

positive organisms (Bacillus subtilis, Staphylococcus aureus, Enterococcus faeciumas) 

(Kwakman et al. 2010). MGO is derived from the breakdown of dihydroxyacetone 

(DHA), which is also found in high concentrations in mānuka honey (Mavric et al. 2008; 

Adams et al. 2009; Atrott et al. 2012). The concentration of MGO in mānuka honey less 

than one year old is normally between 0.10 and 0.79 mg/g. This can increase to 1.54 

mg/g with the breakdown of DHA over the course of a year, or if the honey has been 

heat treated (Majtan et al. 2012).  

Honey bees commonly consume carbohydrates in the form of nectar, honey, sucrose, 

and invert sugar, but not all carbohydrates are utilised by bees or their microbial 

residents (Haydak 1970; Wheeler and Robinson 2014). We hypothesise that honeys 

will affect the diversity and relative abundance of bacteria present in the digestive tract 

compared with sucrose solutions, and that these effects may be attributed to the 

differences in the sugar composition in these diets. We used 16S rRNA gene 

sequencing to investigate the effect of carbohydrate sources on the relative abundance 

of bacteria present in the digestive tract of caged adult honey bees from a single colony. 

The effect of two different mānuka honeys (predominantly monosaccharides), were 

compared with the effect of invert sugar (mix of monosaccharides), sucrose (a 

disaccharide), and diets containing the mānuka associated chemicals MGO and DHA 

in sucrose solution. These were also compared with the effects of diet consumed by 

caged bees in a hive. 
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6.3 Materials and methods 

6.3.1 Honey bee sampling and their treatment diets  

A single A. mellifera colony, located at The New Zealand Institute for Plant and Food 

Research Limited (PFR), Hamilton, New Zealand (NZ), was used in this trial to limit the 

effect of genetic variation. A single frame of black-eyed (18–20 days old) honey bee 

pupae was selected from a colony in early summer (December 2017) and incubated at 

33°C and 65% relative humidity (RH). Throughout a 70-h period, a total of 1050 NEWs, 

which were < 24 h old were marked on their abdomen with a spot of nail polish, caged 

and returned to the parent colony for at least seven days. This allowed colonisation of 

the digestive tract with a full complement of bacteria, as observed by Powell et al. 

(2014). The bees slowly released themselves from the cages over 24 h as the grass 

blocking the entrance dehydrated. Ten days after the first marked bees were returned 

to their colony, 7- to 10-day-old marked bees were recaptured from the colony and ten 

bees were placed in each plastic queen cage (75 x 30 x 15 mm). It took approximately 

4 h to set up the seven diet treatments so replicate cages were allocated to each of the 

treatments sequentially, one cage per treatment (Figure 6.1). The six modified diets had 

eight replicates and the hive control diet had five replicates. In total, there were 53 cages 

of bees (Table 6.1).  

 

Figure 6.1 | Carbohydrate diets fed to caged honey bees. 
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Feeding commenced immediately and continued for a duration of 6 days. The control 

cages (H) were pressed into the wax and honey in a honey frame above the brood nest 

of the parent hive. The bees consumed the honey ad libitum and were likely to have 

received food from the hive bees. Based on info identified in a pilot feeding trial 

(Supplementary material 6.6.1), the remaining six treatments were fed to the bees ad 

libitum through gravity feeders and the cages were incubated at 33°C and 65% RH for 

6 days. These treatments were refreshed after 3 days. Two treatments were two 

mānuka honeys harvested by Hikutaia Honey (Opotiki, NZ) from the same apiary, but 

from different seasons: mānuka honey from the 2015 harvest (MH15, Lot # 112-15), 

and mānuka honey from the 2017 harvest (MH17, Lot # 49-17). These honeys were 

extracted from the wax frames at 33°C, and then the honeys were passed through a 

1200 µm mesh. Prior to the trial, the honeys were analysed for DHA and MGO by 

Analytica Laboratories (Hamilton, NZ). Two further treatments were 50% (w/w) sucrose 

solution mixed with one of two chemically synthesised mānuka components: 1692 

mg/kg DHA (Sigma D107204, Lot # MKBS8481V, Sigma-Aldrich, Auckland, NZ) or 745 

mg/kg MGO (Sigma M0252, Lot # BCBK5800V, Sigma-Aldrich, Auckland, NZ). The 

concentrations tested were the maximum concentrations observed in the analysed 

mānuka honeys (MH15 and MH17) and previously reported in the literature (Mannina 

et al. 2016). Two more treatments were supplementary carbohydrate solutions used by 

the beekeeping industry: 67°B invert sugar (IS; NSFGIVB5BULK), and 50% sucrose 

solution (w/w) (S).  

 

Table 6.1 | Carbohydrate diets fed to caged honey bees. 

Treatment  
Cage 
replicates 

Diet 
Sucrose 
(%) 

MGO 
(mg/kg) 

DHA 
(mg/kg) 

H 5 Hive diet: honey frame above the brood nest Unknownʘ _ _ 

IS 8 20 ml of 67°B bulk invert sugar 0 _ _ 

S 8 20 ml of 50% sucrose solution 50 _ _ 

MH15 8 20 g of 100% mānuka honey from 2015 < 1–15 ‡ 745 1238 

MH17 8 20 g of 100% mānuka honey from 2017 < 1–15 ‡ 394 1692 

MGO 8 20 ml of 745 mg MGO/kg 50% SS* ~50 745 _ 

DHA 8 20 ml of 1692 mg DHA/kg 50% SS ~50 _ 1692 

ʘ The hive was not fed supplementary sources of sucrose throughout the spring. ‡ Percent sucrose (w/w) 
was based on mānuka honey analysis in the literature (Weston and Brocklebank 1999; Chepulis and Francis 
2013; Moniruzzaman et al. 2013). * 0.931 ml 40% aqueous MGO + 499.17 ml 50% sucrose. Sucrose solution 
(SS). 

Sixteen days after their emergence as adults, 100% of the caged bees were still alive. 

At that point, five individuals from each of the 53 cages (a total of 265 bees) were placed 

in 90% ethanol and stored at –70°C.  
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6.3.2 DNA extraction, amplification, and 16S rRNA gene 

sequencing 

For each replicate the five stored bees were thawed for three min and then each 

digestive tract (crop to rectum) was aseptically dissected and pooled into a single 

DNase- and RNase-free ZR BashingBead™ Lysis Tube (Zymo Research Corporation 

(ZR), California, USA), in ice, containing 750 µl lysis solution. At this point, the tubes 

were returned to –70°C until processing as the lysis solution contained a proprietary 

DNA stabilising agent. The pooling was conducted to ensure homogeneity of the sample 

extracted, (given that an individual gut sample averaged 26.3 mg such a low biomass 

would have yielded a low concentration of DNA which may have been insufficient for 

sequencing), and enabled the inclusion of more biological replicates. The five pooled 

tracts were processed for DNA extraction using the Zymo Research Quick-DNA™ 

Fecal/soil Microbe Miniprep kit (Zymo Research Corporation (ZR), California, USA). The 

samples were homogenised at 6 m/s for 40 seconds using a FastPrep®-24 (MP 

Biomedicals, Seven Hills, Australia), and then the rest of the ZR protocol was followed. 

The eluted DNA samples were stored at –70°C prior to being sent on ice by overnight 

courier to the Massey Genome Service (MGS; Massey University, Palmerston North, 

NZ) for 16S rRNA gene sequencing of the V3V4 hypervariable region (Kozich et al. 

2013).  

MGS evaluated the DNA concentration in each sample with Qubit™ 2.0 Fluorometer 

(ThermoFisher Scientific, NZ) analysis using a dsDNA HS Assay Kit for 12 samples per 

plate. A PCR reaction was then performed using primers with adaptors: 16Sf_V3 (5' - 3' 

direction) – CCTACGGGAGGCAGCAG; and 16Sf_V4 (5' - 3' direction) –  

GTGCCAGCMGCCGCGGTAA (Kozich et al. 2013). The PCR products (c. 420-440 

base pairs) were purified to generate a library and their concentrations were analysed 

using Qubit™. The products were pooled in equimolar concentrations and the 

concentration and size were confirmed with both Qubit™ and LabChip (PerkinElmer, 

Waltham, MA, USA) analysis. The PCR products were sequenced with a 250-base 

paired end run on an Illumina MiSeq™ platform (Illumina Inc.) with version 2 chemistry. 

Illumina PhiX Control v3 (FC-110-3001) was included as the sequencing control. The 

resulting sequences are available in the National Center for Biotechnology Information’s 

(NCBI’s) Sequence Read Archive (PRJNA531038). 
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6.3.3 Gene sequence processing and characterisation of 

microbial communities 

A total of 5,127,987 read pairs were detected across all seven treatments and cage 

replicates. The Illumina de-multiplexed fastq sequence data were processed and 

trimmed using ea-utils to a 0.01 probability of error, an equivalent Phred score of Q20 

(Aronesty 2011), then further processed using the Quantitative Insights Into Microbial 

Ecology 2 (QIIME 2) analysis suite, version 2018.2 (Caporaso et al. 2010) 

(https://github.com/PlantandFoodResearch/bioinf_Apis_metabarcoding). The reads 

were run through DADA2 methodology in QIIME2 to filter and trim the paired-end 

sequences, dereplicate them, and filter chimeras to produce exact ASVs.  

The honey bee microbiome is a relatively new area of research, with new bacterial 

strains being identified and reclassified frequently. Previous work indicated that some 

sequences were incorrectly assigned to old nomenclature. To ensure taxonomic 

classification of honey bee gut bacteria were current, the 16S rRNA BLAST (Basic Local 

Alignment Search Tool) database was downloaded from NCBI 

(ftp://ftp.ncbi.nlm.nih.gov/blast/db/) and customised to make a QIIME 2 compatible 

reference dataset (https://github.com/pjbiggs/16SrRNA_taxonomy). From the dataset a 

biological observation matrix (BIOM) was created that contained the Operational 

Taxonomic Units (ASVs) identified from the sequencing of each sample, that matched 

with the assigned taxonomy. Any ASVs that were unable to be identified taxonomically 

to species level were assigned to the closest identified taxonomic level.  

6.3.4 Statistical analyses 

Phylogenetic diversity was measured within a sample (α-diversity), and between 

samples (β-diversity) using the web-based tool MicrobiomeAnalyst (Kuczynski et al. 

2012; Dhariwal et al. 2017). The data counts were filtered to a minimum of two, as well 

as a 10% prevalence in the samples. Variance was filtered using a 10% coefficient of 

variation. To reduce estimation errors that result from the different number of sequences 

per sample, the data were rarefied to 52880, the number of sequences in the smallest 

sample. The data were relativised using total sum but were not transformed.  

Alpha-diversity was calculated at the feature level using Kruskal-Wallis pairwise 

comparisons of four diversity measures: Observed ASVs, Chao1, Shannon, and 

Simpson. β-diversity for the taxonomic level feature was calculated using the distance 

methods Bray-Curtis dissimilarity (uses abundance of each ASV) and Jaccard Index 

(presence/absence), and the differences between the samples were compared using a 

permutational multivariate analysis of variance (PERMANOVA) (Anderson 2001). Beta-

diversity was displayed as 3-D PCoA plots. 

https://github.com/PlantandFoodResearch/bioinf_Apis_metabarcoding
ftp://ftp.ncbi.nlm.nih.gov/blast/db/
https://github.com/pjbiggs/16SrRNA_taxonomy
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Further data analysis was conducted in R (version 3.5.1) (R Core Team 2018). For all 

analyses, sequences with a minimum total read composition of < 0.1% prevalence were 

filtered from the dataset (the remaining number of reads totalled 4,767,519). To 

investigate the differences in the number of phylotypes between treatments, a Poisson 

generalised linear model was used with the number of phylotypes as the response and 

treatment as a fixed effect. To explore the relationship between phylotypes and 

treatment, the data were visually explored using heat maps, where the response was 

the mean read composition per replicate. The interaction of the relative abundance 

(proportion of total bacterial abundance) of phylotypes was explored using nonmetric 

multidimensional scale (NMDS) plots. For the NMDS plots, the dissimilarity matrix was 

calculated using the Bray-Curtis dissimilarity method. A linear mixed effect regression 

model was performed using the R package lme4 (Bates et al. 2014). Replication was 

included as a random effect to account for replicate to replicate variability between all 

phylotypes present within each sample. Assumptions were checked via standard 

residual plots and a logarithmic transformation was applied. Post-hoc pairwise 

comparisons of least-square means were carried out using Tukey. The predicted means 

were back-transformed and dissimilar letters were used to indicate significant 

differences among treatments. To determine whether carbohydrate diet altered the 

bacterial community within the gut, a mixed model PERMANOVA (Anderson 2001) was 

conducted using Adonis2 (Oksanen et al. 2018) to compare the variation in relative 

abundance between the treatments. 

6.4 Results 

The 4,767,519 read pairs detected across all seven treatments and cage replicates 

were clustered into 75 ASVs. ASV sequences were classified as 11 unique phylotypes, 

of which two were families, one was a genus, and eight were species (Table 6.2). The 

mean number of ASVs listed in Table 6.2 were similar for each diet treatment but the 

invert sugar (IS) treatment had the least (69 ASVs). Further analysis of this difference 

in ASVs revealed no clear pattern, only that the IS treatment had one less ASV for each 

of five phylotypes (S1 Table) and the Poisson generalised linear model provided no 

evidence to suggest a difference in the number of phylotypes between treatments (S2 

Table). Similarly, the α-diversity analysis indicated that none of the treatments caused 

a significant influence on the richness (Chao1, Observed ASVs), and this did not change 

after accounting for evenness (Shannon and Simpson Indices) (P > 0.05) (S2 Table). 
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Table 6.2 | Number of amplicon sequence variants and the associated taxonomic 

groups within the gut of NZ honey bees.  

Diet treatment Number of ASVs Number of phylotypes 

H 74 11 

S 75 11 

IS 69 11 

MH15 72 11 

MH17 72 11 

MGO 74 11 

DHA 74 11 

The bees were sourced from a single hive and fed different carbohydrate diets for 6 days: Hive-fed (H); 
sucrose (S); invert sugar (IS); 2015 mānuka honey (MH15); 2017 mānuka honey (MH17); methylglyoxal 
(MGO); dihydroxyacetate (DHA). 

The phylotype Lactobacillus spp. dominated all the samples with counts 3- to 4-fold 

higher than all other phylotypes. The 25 ASVs associated with Lactobacillus spp. 

suggests the phylotype contains a lot of genetic diversity (Table 6.3). In comparison, 

the three species that were identified as Lactobacillus species: L. mellis, L. mellifer, and 

L. kunkeei, contained 8, 1, and 1 ASVs, respectively. Lactobacillus mellifer is often 

included in the phylotype Lactobacillus Firm-4. However, this manuscript individually 

identifies L. mellifer and refers to Lactobacillus Firm-4 as the phylotype Lactobacillus 

spp. 
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Table 6.3 | Mean relative abundance for each of the phylotypes in the digestive tract of 
honey bees fed different carbohydrate diets for 6 days. 

Bacterial 
phylotype 

Mean 
ASVs 

H IS MH15 MH17 S MGO DHA 

Lactobacillus 

spp.* 

25 

 

42.6a 51.5a 44.4a 46.8a 44.7a 48.9a 46.4a 

(25.8-70.4) (34.7-76.5) (29.9-65.9) (31.5-69.6) (30.1-66.4) (32.9-72.7) (31.2-68.9) 

Gilliamella 

apicola* 

13 

 

14.0a 

(8.5-23.0) 

11.7a 

(7.9-17.4) 

15.1a 

(10.2-22.5) 

17.7a 

(11.9-26.3) 

10.1a 

(6.8-15.0) 

10.2a 

(6.9-15.1) 

10.1a 

(6.8-15.0) 

Lactobacillus 

mellis 

11 

 

11.9a 9.3a 8.7a 7.8a 10.5a 10.3a 9.5a 

(7.2-19.7) (6.3-13.9) (5.8-12.9) (5.2-11.6) (7.0-15.5) (6.9-15.3) (6.4-14.1) 

Bifidobacterium 

coryneforme* 

8 

 

8.5a 8.0a 8.3a 7.7a 8.5a 6.8a 7.7a 

(5.1-13.9) (5.4-11.9) (5.6-12.4) (5.2-11.5) (5.8-12.7) (4.6-10.2) (5.2-11.4) 

Snodgrassella 

alvi* 

5 

 

8.0a 6.3a 8.0a 6.2a 4.8a 5.9a 5.2a 

(4.9-13.2) (4.2-9.3) (5.4-11.0) (4.2-9.3) (3.2-7.1) (3.2-7.1) (3.5-7.8) 

Ensifer adhaerens 

 

1 

 

1.4a 1.2a 2.0a 2.0a 2.4a 2.4a 2.1a 

(0.8-2.2) (0.8-1.7) (1.4-3.0) (1.3-2.9) (1.6-3.5) (1.6-3.5) (1.4-3.1) 

Lactobacillus 

mellifer* 
1 

 

1.5a 1.3a 1.8a 1.5a 1.9a 1.9a 1.8a 
(0.9-2.5) (0.9-2.5) (1.2-2.7) (1.0-2.2) (1.3-2.8) (1.3-2.8) (1.2-2.7) 

Frischella perrara 

 

5 

 

5.5b 2.7ab 4.1ab 3.6ab 2.0a 2.7ab 2.0a 

(3.4-9.1) (1.8-4.0) (2.8-6.1) (2.4-5.4) (1.3-2.9) (1.8-4.0) (1.4-3.0) 

Rhizobiaceae 

 

4 

 

1.1a 0.8a 1.4a 0.8a 4.3b 4.1b 5.0b 

(0.6-1.7) (0.6-1.2) (1.0-2.1) (0.6-1.2) (2.9-6.3) (2.7-6.0) (3.4-7.5) 

Acetobacteraceae 

 

1 

 

1.3a 1.5a 2.0ab 2.5ab 4.1b 3.2ab 3.3ab 

(0.8-2.2) (1.0-2.2) (1.3-2.9) (1.7-3.7) (2.8-6.1) (2.2-4.8) (2.2-4.9) 

Lactobacillus 

kunkeei 

1 

 

0.3ab 

(0.2-0.5) 

0.3a 

(0.2-0.4) 

0.2a 

(0.1-0.3) 

0.1a 

(0.1-0.3) 

0.8b 

(0.5-1.2) 

0.2a 

(0.1-0.3) 

0.7b 

(0.5-1.1) 

Honey bees from a single hive were fed one of seven carbohydrate diets for six days: Hive-fed (H), invert 
sugar (IS), 2015 mānuka (MH15), 2017 mānuka (MH17), sucrose (S), methylglyoxal (MGO), and 
dihydroxyacetate (DHA). The columns of sucrose-rich treatments are shaded in light grey. The back 
transformed means were identified using Tukey post-hoc comparisons from the linear mixed effect model, α 
= 0.05. The dissimilar letters indicate significant differences among treatment means. Differences are bolded 
and the phylotypes that changed significantly with diet are shaded in dark grey. The corresponding phylotypes 
are shaded in medium grey. ASV (Amplicon Sequence Variants). Dominant core bacteria (*). 

Although each diet produced very similar gut microbiome diversity and most of the core 

bacteria were found at similar relative densities across all diets, there is evidence that 

the proportion of some phylotypes changed in response to diet (Table 6.3, Figure 6.2). 

The heatmap demonstrates evidence of sucrose treatments (S, MGO, and DHA) 

affecting the mean composition reads for some of the phylotypes, such as Rhizobiaceae 

(Figure 6.2). The effect of diet was supported by the Analysis of Deviance for the linear 

mixed effect regression model where significant interaction between the mean relative 

abundance of each bacteria within each treatment was evident (P < 0.001) (S2 Table).  
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Figure 6.2 | Heatmap of mean composition reads of the bacteria in the honey bee digestive 

tract fed different carbohydrate diets.  

Reads > 0.1% prevalence were included. Honey bees from a single hive were fed one of the following 

treatments for 6 days: Hive-fed (H), sucrose (S), invert sugar (IS), 2015 mānuka (MH15), 2017 mānuka 

(MH17), methylglyoxal (MGO), and dihydroxyacetate (DHA). 

The effect of the different carbohydrate diets on the phylotypes was further identified 

with the post-hoc pairwise comparisons where the mean relative abundance of four of 

the sub-dominant core phylotypes differed significantly (P < 0.01) (Table 6.3) (see S1 

Table for the mean total abundance for each bacteria within each treatment. The totals 

in the S1 Table decreased in the same order as Table 6.3): The relative abundance of 

F. perrara was two-fold higher (P < 0.01) in the hive control than in the sucrose and 

DHA treatments. The relative abundance of Rhizobiaceae was 4- to 5-fold higher (P < 

0.01) in the three sucrose-rich treatments (sucrose, MGO and DHA) than in the four 

sucrose-poor treatments (H, IS, MH15, MH17). Acetobacteraceae was also 2- to 3-fold 

higher (P < 0.01) in the sucrose treatment than the hive and invert sugar treatments, 

while the relative abundance of L. kunkeei was 2- to 7-fold higher (P < 0.01) in the 

sucrose-rich and DHA treatments compared with the MGO, invert sugar, and mānuka 

honey treatments. In contrast, the diet treatments did not affect the relative abundance 

of the five dominant core bacteria (G. apicola, S. alvi, Lactobacillus spp., Lactobacillus 

Firm-5, and Bifidobacterium). 
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The NMDS analysis (Figure 6.3) also suggests that the composition of the microbiome 

shifted primarily as a function of the sucrose content of the diet. Communities in the 

sucrose-rich diets (S, MGO, and DHA) were displaced from the sucrose-poor diets (H, 

IS, MH15, MH17) along axis one of the ordination. The sucrose-rich diets produced 

communities that converged with a strong representation of Rhizobiaceae, while the 

sucrose-poor diets tended to increase in G. apicola. The relative abundance of F. 

perrara and L. mellis tended to move towards the opposite direction on axis two, and 

thus seemed to be less affected by sucrose content or other contents of the diet. 
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Figure 6.3 | Nonmetric multidimensional scaling plot of relative abundance of bacteria in the digestive tract of honey bees fed different carbohydrate diets.  

Total read composition with > 0.1% prevalence was included. Honey bees from a single hive were fed one of the following treatments for 6 days: Hive-fed (H), sucrose (S), invert sugar (IS), 2015 

mānuka (MH15), 2017 mānuka (MH17), methylglyoxal (MGO), and dihydroxyacetate (DHA). A solution for the plot was reached at stress level 0.273. 
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The PERMANOVA confirmed significant differences in community assembly with diet 

for both distance measures (P < 0.001, R2 = 0.243) (Table 6.4).  

 

Table 6.4 | The effect of dietary treatments on the beta-diversity of amplicon sequence 
variants within the gut of NZ honey bees.  

Distance 
method 

P - value F- value R squared Axis 1 Axis 2 Axis 3 

Bray-Curtis < 0.001 1.7153 0.1828 15.8% 8.7% 8.5% 

Jaccard < 0.001 1.4539 0.1594 11.3% 6.5% 6.3% 

Honey bees from a single hive were fed one of seven treatments for 6 days. The relative abundance of ASVs 
were analysed with different distance methods using PERMANOVA. 

The PCoA visualisation using Bray-Curtis dissimilarity indicated that the majority of the 

communities showed separation based on the abundance of sucrose (sucrose, MGO, 

and DHA), or the limitation of sucrose (H, IS, MH15, MH17) (Figure 6.4) (see S1 Figure 

for PCoAs based on different distance methods). 

 

Figure 6.4 | A Principal Coordinates Analysis of the beta-diversity of ASVs within the gut 

of NZ honey bees.  

Honey bees from a single hive were fed one of seven carbohydrate diets for 6 days.  
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6.5 Discussion 

We examined the gut bacteria of adult A. mellifera from a single colony after being fed 

seven different dietary regimes for six days. The effect of carbohydrate composition on 

the diversity and relative abundance of bacteria present in the digestive tract was 

determined by comparing the effect of invert sugar (mix of monosaccharides) and two 

different mānuka honeys (predominantly monosaccharides), with the effect of sucrose 

(a disaccharide), and diets containing the mānuka associated chemicals MGO and DHA 

in sucrose solutions. These were all compared to the diet that bees consume within a 

hive.  

There was no evidence of correlation between diet and the relative abundance of the 

five dominant core bacteria in the digestive tract of A. mellifera. However, the sucrose 

diet altered the relative abundance of some of the sub-dominant core ASVs when 

compared with the hive control, and a significant shift in the overall composition of the 

microbiome was observed.  

The relative abundance of Rhizobiaceae increased by 4- to 5-fold, Acetobacteraceae 

increased by 2- to 3-fold, and L. kunkeei increased by 2- to 7-fold. In contrast the relative 

abundance of ASVs from the species F. perrara decreased with a sucrose diet by 2-

fold. F. perrara is associated with scabbing of the epithelial surface in the pylorus, which 

is potentially due to an immune response in the bees (Engel et al. 2015). All bees were 

initially exposed to the same hive environment to develop a natural gut microbiome 

before being fed the specific diet treatment, only the sucrose and DHA treatments 

appear to have inhibited the proliferation of F. perrara and potentially the immune 

system response.  

As both sucrose (Molan 1992a; Kwakman et al. 2008), and mānuka honey are 

antibacterial (Willix et al. 1992), it was hypothesised that both of these carbohydrate 

treatments may inhibit the gut bacteria. However, sucrose and mānuka honey appeared 

to affect the gut bacteria differently as the relative abundances of Rhizobiaceae, 

Acetobacteraceae, and L. kunkeei increased with sucrose but this was not observed in 

the hive controls or the mānuka honey treatments. 

These differences in the sub-dominant core bacteria are further evidence that diet 

affects the bacterial composition within the digestive tracts of A. mellifera, as already 

seen with different pollen diets and differing environmental landscapes (Maes et al. 

2016; Jones et al. 2018b; Rothman et al. 2018). However, as the dominant core bacteria 

did not alter, we suggest that the biotic factors affecting the honey bee gut microbiome 

should be discussed more specifically in terms of dominant or sub-dominant core 

bacteria, as changes seen so far are relatively subtle and seem to mainly effect the less 

abundant phylotypes. 
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The relative abundance of the phylotype Lactobacillus spp. (Firm-4) was 3- to 4-fold 

higher than all other phylotypes, across all treatments. This higher relative abundance 

did not alter with diet, but since the phylotype Lactobacillus spp. contained 25 ASVs that 

were unable to be classified more finely in our study, it is likely to represent several 

species. This has previously been shown using 16S rRNA gene sequence analyses, 

and phenotypic and genetic characteristics to isolate seven species of Lactobacillus 

from the lactic acid bacterial community within bees (Olofsson et al. 2014). Of these 

seven species, only two were identified in our analysis, L. mellis and L. mellifer, 

suggesting that additional species may feature within our Lactobacillus spp. phylotype, 

and the effect of diet on these individual bacteria may have been concealed, as some 

may have increased in relative abundance whilst others decreased. 

Rhizobiaceae, Acetobacteraceae, and L. kunkeei are major bacterial phylotypes 

previously identified in the honey bee crop but absent in the mid- and hindguts of nurse 

and forager bees (Corby-Harris et al. 2014b). The crop and midgut contain < 5% relative 

abundance of all bacteria in the gut (Martinson et al. 2012), and as expected these 

bacteria were present in relatively low abundance in our study. This was expected 

because the digestive tracts of our samples were analysed in their entirety.  

In contrast, the dominant core bacteria, which have previously been shown to represent 

> 94% of the gut bacteria in the mid- and hindgut (Martinson et al. 2012), were relatively 

abundant. Of these, G. apicola (Kwong and Moran 2013), S. alvi (Zheng et al. 2017), 

Lactobacillus spp. (Olofsson and Vásquez 2008; Martinson et al. 2012), and 

Bifidobacterium (Olofsson and Vásquez 2008) are likely to efficiently metabolise sugars 

to extract energy. We observed no large effects of diet on the relative abundances of 

these dominant core bacteria, despite the variation of sugar type in the diets. 

Metagenomics analysis, as compared to 16S RNA sequencing, may have identified 

changes to the bacterial genes in response to the sugar source. 

The Acetobacteraceae are a family of primary feeders that break down the di-, oligo- or 

poly-saccharides such as sucrose to form mono-saccharides that they then metabolise 

to form acetate and/or lactate (Kersters et al. 2006; Lee et al. 2015). Acetobacteraceae 

increase in sucrose-rich environments by establishing symbiotic relationships with 

insects that feed on sugar-rich diets. They have been observed to aid host nutrition 

(Crotti et al. 2010), increase larval tissue development in the Anopheles mosquito 

(Mitraka et al. 2013), and are associated with the defective immune genotype causing 

Drosophila gut disease (Ryu et al. 2008). Acetobacteraceae Alpha 2.2, recently 

described as Parasaccharibacter apium, is present in the crop of A. mellifera forager 

bees, as well as their food stores in the hive, and in the larval gut where they presumably 

metabolise sucrose to generate acetic acid (Corby-Harris et al. 2014b).  

Rhizobiaceae are nitrogen-fixing bacteria that may have a pathogenic, symbiotic or 

saprophytic relationship with the host (Zhou et al. 2013; Geddes and Oresnik 2016). 

Rhizobiaceae, including the species Ensifer adhaerens identified in this trial, are 
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predominantly sustained on nitrogen-rich food sources normally because of a paucity 

of carbohydrates in their environment (Zhou et al. 2013). E. adhaerens is a soil 

bacterium (Rogel et al. 2001) that has not previously been identified in the gut of the 

honey bee. It is possible that E. adhaerens was consumed by the bees in this trial if the 

parent colony had foraged on flowers or water dusted with soil containing this bacterium. 

The lack of variation in relative abundance of E. adhaerens between the treatments 

suggests that either the bacterium was not affected by diet, or were dead within the gut. 

The fact that the soil bacterium E. adhaerens was present, supports current literature 

that bees collect bacteria as they forage (McFrederick et al. 2012).  

L. kunkeei are acid-resistant, obligate fructophilic bacteria that produce lactic acid, 

acetic acid and ethanol (Neveling et al. 2012). They are the dominant lactic acid bacteria 

present in honey, bee-collected pollen, and bee bread. They are also present in royal 

jelly and the honey bee crop (Anderson et al. 2013; Corby-Harris et al. 2014b; Asama 

et al. 2015).  

Acetobacteraceae is present in larvae and all nurse worker feeding tissue, suggesting 

bee larvae acquire bacteria from nurse bees (Corby-Harris et al. 2014b). During larval 

development, the bacteria undergo ecological succession (Vojvodic et al. 2013). For 

example, the gut of first larval instars of honey bees are dominated by 

Acetobacteraceae, whereas the fifth instar is dominated by L. kunkeei (Vojvodic et al. 

2013). Inoculation with Acetobacteraceae by nurse bees may be an important trigger 

for this microbial succession. Our study suggests that the relative abundance of 

Acetobacteraceae is influenced by the sucrose content in the honey bee diet, and so 

we hypothesise that the worker diet may influence the abundance of Acetobacteraceae 

in honey bee larvae and this may influence larval and/or adult bee mortality.  

During the first three days of larval growth in a colony, the larvae consume a 

carbohydrate-rich diet containing 18% sugar (sucrose and fructose). The sugar content 

then increases to 45% for the next two days of larval growth before the cells are capped 

(Rortais et al. 2005). Thus, bacteria with saccharolytic activity, especially invertase, 

dominate the gut of larvae that are exposed to sucrose-rich diets, and this may explain 

the increase of Acetobacteraceae and L. kunkeei in the gut of adult bees fed the 

sucrose-rich diets S, MGO, and DHA. Although some isolates of P. apium increase 

larval survival in vitro (Corby-Harris et al. 2014b), the effect of increasing saccharolytic 

activity through the feeding of sucrose-rich diets on bee larval development, the 

microbiome, and ultimately colony health, is unknown. The key metabolites generated 

by Acetobacteraceae, such as acetate, may have additional physiological effects in the 

host other than the recently recognised utilisation of organic acids, such as acetate, 

pyruvate, and succinate, by S. alvi which reduces oxygen in the ileum to generate a 

more anaerobic atmosphere (Bonilla-Rosso and Engel 2018). The link between the diet 

of nurse bees that feed larvae, and the associated effect that this may have on adult 

bee development was not studied in this trial but should be further researched. 
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The significant increase of Acetobacteraceae in the gut of adult bees after six days of 

consuming sucrose-rich diets may be directly related to their ability to break down the 

disaccharide. As the lifespan of a worker bee averages 15–38 days in summer and  

> 140 days in winter (Fukuda and Sekiguchi 1966; Graham 1992), it is likely that  

A. mellifera colonies may experience prolonged feeding regimes of sucrose during 

dearth periods, especially in winter. Prolonged feeding of sucrose may potentially cause 

a resurgence and transmigration of crop-associated residents further along the 

digestive tract, potentially resulting in changes to the dominant core bacterial 

composition within A. mellifera. While such a bacterial increase may not have any 

pathogenic implications, an overgrowth of such bacteria may potentially affect the 

colonisation of the entire microbial community. This overgrowth has been observed in 

mosquito guts, in which bacterial overgrowth accelerated death (Wei et al. 2017), and 

in mice, in which infecting agents and chemical triggers induced intestinal inflammation 

(Lupp et al. 2007). The possibility of bacterial overgrowth in honey bees, and any 

potential implications should be further investigated.  

Once the carbohydrates are used, protein substrates obtained from the host, as well as 

bacterial metabolites and remnant cell debris, enable the growth of nitrogen-fixing 

bacteria such as Rhizobiaceae (Yu and Martin 2016). This may explain the increase in 

Rhizobiaceae observed when the bees in our study were fed sucrose-rich diets. 

Comparatively, the relative abundance of the dominant core bacteria are likely to remain 

stable as they are able to utilise other substrates such as nucleosides, flavonoid 

glycosides, and carboxylic acid (Bonilla-Rosso and Engel 2018) that collectively sustain 

both the host and bacteria.  

Monosaccharides and water are rapidly absorbed across the midgut of honey bees. 

Glucose, the chief energy source for bees, is absorbed within five min of consumption, 

whereas sucrose and fructose must be converted to glucose by host enzymes before 

absorption can occur (Crailsheim 1988). Forager honey bees collect nectar in their crop 

where invertase (α-glucosidase), the enzyme required for sucrose breakdown, is added 

(Nicolson and Human 2008) from the hypopharyngeal glands (HG) (Terra and Ferreira 

1994; Huang 2010). The HG are most active in nurse bees fed pollen aged 5–15 days 

as they secrete royal jelly to feed to larvae, which contains protein-rich components and 

sugar (Free 1961; Brodschneider and Crailsheim 2010). As the bees in our trial were 

raised in a colony from 1–10 days it is likely the HG were fully developed (Knecht and 

Kaatz 1990), and it is therefore possible that they were producing invertase, which may 

catalyse the breakdown of sucrose in the diet to fructose and glucose. 

Several strains of Bifidobacterium asteroides, previously identified in the crop of forager 

bees (Olofsson and Vásquez 2008), were not detected in our data. Bifidobacterium 

coryneforme, also previously identified (Olofsson and Vásquez 2008), contributed  

7–9% of the gut bacteria in all seven diet treatments, although no response to sucrose 

was observed. Bifidobacterium is infrequent in the crop, frequent in the hindgut, and 
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proliferates exclusively on pH neutral media (Anderson et al. 2013). This sensitivity to 

acidic conditions may be why Bifidobacterium is found in the hindgut (Anderson et al. 

2013), rather than the midgut where acid metabolites are generated by sucrose 

metabolism (Peng et al. 1985), and thus unaffected by the sucrose treatments. 

Although the dominant core bacteria do not require each other to colonise the bee gut, 

cross-feeding interactions do occur. These interactions may be important for community 

assembly and its resilience, as illustrated by the large amount of pyruvate produced by 

G. apicola, which is utilised by S. alvi (Kešnerová et al. 2017). Similar interactions may 

also occur among the less abundant members of the community as our results show 

that the relative abundance of both Acetobactereaceae and L. kunkeei increase in the 

presence of a sucrose-rich diet. Although it is unknown whether the increase of these 

bacteria was in response to each other, an interaction is likely to have occurred because 

Acetobacteraceae rapidly metabolise sucrose to generate lactate, glucose and fructose, 

of which the fructose fuels the growth of L. kunkeei, the latter producing both acetate 

and lactate (Neveling et al. 2012). Cross-feeding interactions may also occur between 

host and bacteria as the major metabolite of Acetobacteraceae is acetate. Acetate 

serves as an energy source for the growth of the bees, and it is utilised by the dominant 

core bacteria, such as S. alvi, to fuel respiratory activity (Zheng et al. 2017). In rodents, 

a build-up of acetate, produced by bacteria fed high calorie diets, decreased the pH of 

the microbial niche, and this in turn caused feedback inhibition of bacteria (Perry et al. 

2016). At this stage it is unknown whether bacteria in the digestive tract of honey bees 

fed sucrose-rich diets for extended periods may be associated with this type of feedback 

loop. 

The well-documented in vitro antibacterial effects of MGO and DHA (its precursor) were 

not demonstrated in this trial. As MGO is highly reactive, its half life is short in a 

biological environment (Kalapos 2008) and, therefore, at the time and site of analysis, 

local concentrations may have been significantly reduced by the time the bees 

consumed it (Kalapos 2008). Consequently, the MGO may have lost its activity by the 

time it reached the gastric phase of the digestive tract. MGO may also have denatured 

in the gut, or perhaps these gut bacteria are simply unaffected by MGO. 

Sucrose appears to fuel the rapid proliferation of specific, low-abundance primary 

feeders such as Rhizobiaceae, as well as Acetobacteraceae and L. kunkeei. The major 

metabolites acetate and lactate that are likely to be produced by these bacteria may 

have important physiological functions, such as weight gain in honey bees (Lee et al. 

2018). Given the distinct effects of the carbohydrates, a metagenomics-based study 

would have been useful to examine the alterations in the metabolic functionalities of the 

microbiome. We did consider functional profiling to infer metabolic capabilities. 

However, none of the computational approaches currently available (Nagpal et al. 2019) 

were compatible with the customised taxonomic assignation that we used in this study.  
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In conclusion, we have shown that diet does alter the bacterial composition within the 

digestive tract of caged adult honey bees. Sucrose-rich diets resulted in the increase of 

sub-dominant bacteria in the gut of honey bees that produce acetate and lactate 

metabolites and were associated with significant increases in Acetobacteraceae, 

Rhizobiaceae, and L. kunkeei, compared with those fed the sucrose-poor diets. 

Sucrose-rich diets were also associated with a significant decrease in F. perrara. 

Further studies are required to understand the long-term effects of these subtle but 

significant changes in bacterial composition within the honey bee gut that we observed 

in response to diet, including the effect of increased metabolites and their effect on larval 

development, dominant core bacterial composition, and ultimately colony health. The 

effect of supplementary feeding with sucrose, glucose and other carbohydrates on the 

metabolism of honey bees will be of great interest to the beekeeping industry which 

routinely practices supplementary carbohydrate feeding.  
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6.6 Supplementary material 

Table S1. Mean total abundance of gut bacteria in NZ honey bees fed different 
carbohydrate diets for six days. 

Treatment Phylotype 
Mean number of 

unique ASVs 

Mean total 

abundance 
SD Min Max 

DHA Acetobacteraceae 4 960 727 103 3100 

H Acetobacteraceae 4 738 593 158 2115 

IS Acetobacteraceae 3 861 920 26 2567 

MG Acetobacteraceae 4 1144 853 118 3122 

MH15 Acetobacteraceae 4 839 787 107 2515 

MH17 Acetobacteraceae 4 740 633 10 2504 

S Acetobacteraceae 5 1390 1059 118 4102 

DHA Bifidobacterium coryneforme 4 2262 1853 346 7431 

H Bifidobacterium coryneforme 4 2481 1981 312 6686 

IS Bifidobacterium coryneforme 3 2322 2047 88 6643 

MG Bifidobacterium coryneforme 4 1860 1460 218 5447 

MH15 Bifidobacterium coryneforme 4 2559 2424 272 9021 

MH17 Bifidobacterium coryneforme 3 2016 1420 319 5012 

S Bifidobacterium coryneforme 4 2498 2103 293 8574 

DHA Ensifer adhaerens 1 1938 624 613 2684 

H Ensifer adhaerens 1 1716 1478 587 4153 

IS Ensifer adhaerens 1 1121 615 386 2309 

MG Ensifer adhaerens 1 2470 1351 533 4939 

MH15 Ensifer adhaerens 1 2091 1024 447 3318 

MH17 Ensifer adhaerens 1 1799 826 284 2653 

S Ensifer adhaerens 1 2558 1045 997 4232 

DHA Frischella perrara 5 1251 1729 54 6186 

H Frischella perrara 5 1920 2571 50 10127 

IS Frischella perrara 4 1825 2601 57 10185 

MG Frischella perrara 5 1363 964 50 3458 

MH15 Frischella perrara 5 1741 1962 7 7127 

MH17 Frischella perrara 5 1197 1356 15 4024 

S Frischella perrara 5 1361 2141 54 9023 

DHA Gilliamella apicola 13 1005 1521 8 10546 

H Gilliamella apicola 13 1363 1815 20 8639 

IS Gilliamella apicola 13 1004 1556 10 11631 

MG Gilliamella apicola 13 903 1063 4 5055 

MH15 Gilliamella apicola 13 1441 2023 30 11663 

MH17 Gilliamella apicola 13 1323 1965 3 10084 

S Gilliamella apicola 13 1243 1853 15 13153 

DHA Lactobacillus 25 1880 2888 24 13923 

H Lactobacillus 25 2063 2839 9 15211 

IS Lactobacillus 25 2170 3224 5 22708 

MG Lactobacillus 25 2176 3248 16 19835 

MH15 Lactobacillus 25 1928 2937 11 21486 
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Treatment Phylotype 
Mean number of 

unique ASVs 

Mean total 

abundance 
SD Min Max 

MH17 Lactobacillus 25 1893 2844 29 15399 

S Lactobacillus 25 2017 2979 20 15304 

DHA Lactobacillus kunkeei 1 782 741 25 2078 

H Lactobacillus kunkeei 1 519 889 63 2107 

IS Lactobacillus kunkeei 1 334 586 13 1650 

MG Lactobacillus kunkeei 1 117 101 32 335 

MH15 Lactobacillus kunkeei 1 93 88 11 245 

MH17 Lactobacillus kunkeei 1 54 41 23 135 

S Lactobacillus kunkeei 1 1033 1050 30 2653 

DHA Lactobacillus mellifer 1 1625 628 1122 3033 

H Lactobacillus mellifer 1 1529 397 1040 2037 

IS Lactobacillus mellifer 1 1200 548 479 2005 

MG Lactobacillus mellifer 1 1718 426 1235 2276 

MH15 Lactobacillus mellifer 1 1690 546 808 2486 

MH17 Lactobacillus mellifer 1 1177 302 826 1751 

S Lactobacillus mellifer 1 1928 339 1567 2482 

DHA Lactobacillus mellis 8 1700 1809 10 6902 

H Lactobacillus mellis 8 2005 2215 25 10636 

IS Lactobacillus mellis 7 2094 2254 9 8127 

MG Lactobacillus mellis 8 1679 1892 11 7789 

MH15 Lactobacillus mellis 6 1979 2282 12 9344 

MH17 Lactobacillus mellis 7 1727 2212 13 9744 

S Lactobacillus mellis 8 2068 2126 3 8015 

DHA Rhizobiaceae 1 6698 5289 310 15273 

H Rhizobiaceae 1 1802 2210 321 5595 

IS Rhizobiaceae 1 1554 2931 55 8716 

MG Rhizobiaceae 1 5230 3827 587 10444 

MH15 Rhizobiaceae 1 2454 2982 90 9242 

MH17 Rhizobiaceae 1 1119 1444 98 4538 

S Rhizobiaceae 1 6296 6474 1494 18307 

DHA Snodgrassella alvi 11 770 1086 1 4773 

H Snodgrassella alvi 11 1557 2345 8 10789 

IS Snodgrassella alvi 10 1160 1513 4 5733 

MG Snodgrassella alvi 11 876 1118 1 6361 

MH15 Snodgrassella alvi 11 1345 2129 4 10680 

MH17 Snodgrassella alvi 11 926 1132 3 5629 

S Snodgrassella alvi 11 768 1228 2 5961 

A treatment is shaded grey when the mean number of ASVs differs from the rest of the treatments. 
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Table S2. Analysis of Deviance tables and alpha-diversity tables to compare gut bacteria 
in NZ honey bees fed different carbohydrate diets for six days. 

A. Analysis of Deviance Table (Poisson) 

Diversity Df Deviance Resid. Df Resid. Dev 

Null 
  

52 
0.34768 

Treatment 6 
0.018121 

46 
0.32956 

Model: poisson, link: log. 

B. Analysis of Deviance Table (Type II Wald chi square tests) 

Diversity LR Chisq Df Pr(> Chisq) 

Treatment 
24.214 

6 
0.0004769*** 

Phylotype 
2338.043 

10 
< 2.2e-16 *** 

Treatment:Phylotype 
187.854 

60 
4.265e-15 *** 

Response: log(per.abun). Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1. Treatments: DHA, H, IS, MG, 
MH15, MH17, S. 

Max LSD Min LSD Ave LSD 

1.02248 0.56003 0.60358 

 

C. PERMANOVA 

 Df Sum of Squares R2 F Pr(> F) 

Treatment 6 0.18778 0.24327 2.4647 
0.001*** 

Residual 46 0.58411 0.75673 
  

Total 52 0.77189 1.0000 
  

Permutation test for adonis under NA model, marginal effects of terms. Permutation: free, Number of 
permutations: 999: adonis2(formula = ASVs_dist ~ treatment, data = widerep, method = bray, by = "margin"). 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

D. Alpha diversity 

Diversity P - value Kruskal-Wallis statistic 

Chao1 0.0959 10.675 

Observed ASVs 0.0959 10.675 

Shannon 0.2515 7.8125 

Simpson 0.1261 9.9661 

 
  



234   |    CHAPTER 6 

Beta diversity  

Figures S1 A–C below display the beta-diversity of ASVs within the gut of NZ 

honey bees sourced from a single hive that were fed different carbohydrate diets 

for six days. The relative abundance of ASVs were displayed as PCoA plots 

using different distance matrices. 

 

A. Bray-Curtis PCoA 3-D visualisation of ASVs. 

 

B. Jaccard PCoA 3-D visualisation. 
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C. Jensen-Shannon PCoA 3-D visualisation. 

Figure S1 | Beta-diversity for gut bacteria in NZ honey bees fed different 
carbohydrate diets for six days, displayed as PCoA 3-D visualisation of ASVs.  

A | Bray-Curtis, B | Jaccard, C | Jenson-Shannon.  
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6.6.1 Pilot trial to determine pollen progression through 

the digestive tract of worker honey bees 

This study enabled me to confirm the minimum feeding duration required to inoculate 

honey bee workers with gut pathogens and gut bacteria (Chapter 7), or feed varying 

carbohydrate diets as conducted in Chapter 6. Although the inoculations and diets were 

presented to the bees in sucrose solution, the bees were also fed pollen which may 

have slowed the consumption of carbohydrates as the bees were full, or the pollen may 

have absorbed the sucrose so that it takes longer to digest/move through the gut. A 

pollen bolus reaches the honey bees anterior midgut 30 min post feeding (Peng et al. 

1985) and then moves through the entire midgut over the next 1–3 h (Bailey 1952; 

Barker and Lehner 1972). As a slowest-progression scenario, this study determined the 

progression of pollen from the crop to the rectum, using caged honey bees fed pollen 

mixed with chromic oxide, a water soluble green inorganic compound that has 

previously been used to study the movement of feed through the digestive tract in 

weanling pigs (Bruininx et al. 2002).  

Methods and materials 

Approximately 30 bees in a metal cage (Figure 2.1) without an inverted feeder were 

group fed 50% sucrose solution (SS) (w/v sugar and water) mixed with apple pollen 

supplied in an upturned lid. The cage was incubated at 33°C and after 1 h 45 min, the 

digestive tracts from three bees were extracted. Without the chromic oxide indicator, the 

crops were yellow or light yellow, the midguts were light brown to dark brown, the 

hindguts were milky clear, and the rectums were 1 mm thick and clear. It was therefore 

unclear how far along the gut the pollen had migrated during this time period. To 

determine if chromic oxide could be used to indicate pollen movement through the gut 

of adult honey bees, 2 mg of chromic oxide mixed with 1 g pollen and 1 g of 50% SS 

was fed ad libitum to 30 adult bees using an open feeder (Figure 2.12) covered with a 

1 mm x 1 mm mesh. The digestive tract of an individual bee was removed and 

photographed every 30 min for 5 h and then at 6, 24, 48, and 72 h post initial feed time 

(Figure 2.13). 
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Figure 6.6.1 | Pollen mixture laced with chromic oxide in open feeders without the mesh 

cover. 

 

   
0 min 30 min 60 min 

   
90 min 2 h 2.5 h 

   
3 h 3.5 h 4 h 

   
4.5 h 5 h 6 h 

   
24 h 48 h 72 h 

Figure 6.6.2 | The progression of pollen laced with chromic oxide (green) through the 

digestive tract of adult honey bees throughout 72 hours. 
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Conclusion 

The bolus of pollen mixed with chromic oxide took > 5 h to move from the honey bee 

crop through to the rectum. The bolus had moved completely into the rectum by 24 h, 

although residues of chromic oxide still remained in the pylorus. This indicates that an 

inoculation of 24 h should ensure a treatment has entirely moved through the digestive 

tract. Therefore, the caged bees in chapter 7 were inoculated using open feeders 

covered with mesh for a duration of at least 24 h, and the bees in Chapter 6 were fed 

carbohydrate diets for > 24 h without pollen.   
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6.7 Statement of contribution 
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Chapter 7 

7 The effect of Nosema apis spores on 
Gilliamella apicola, the top layer of the ileum 
biofilm in honey bees 
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7.1 Abstract 

The widespread honey bee pathogen Nosema apis is a microsporidian that is 

associated with winter colony loss and reduced honey yield. As it is not chemically 

controlled in numerous countries, it is likely to be present in most honey bees. N. apis 

infects the epithelial cells in the ventriculus of adult worker honey bees and these spores 

pass through the digestive tract and are spread to other bees via a faecal-oral route. 

The luminal epithelial cells of the ileum, which is downstream from the ventriculus, are 

lined by a biofilm that is composed of a base layer of Snodgrassella alvi that is overlaid 

by Gilliamella apicola. To determine whether N. apis infection alters the development of 

G. apicola, the top layer of the biofilm, axenic bees were inoculated with combinations 

of G. apicola, N. apis, and crushed honey bee gut. The N. apis DNA was quantified from 

the honey bee gut using qPCR and bacterial composition was determined using 16S 

rRNA gene sequencing. The results indicate that the presence of N. apis does not 

disrupt the relative abundance of G. apicola in inoculated bees, but the lack of normally 

abundant bacteria or their reduced abundance appears to correlate with an increased 

abundance of the Rhizobiaceae family and the genus Serratia. Additionally, NEWs fed 

the sterile-sucrose treatment did not appear to be truly devoid of bacteria because after 

12 days their guts contained low levels of G. apicola, S. alvi, L. apis, L. mellis, 

Lactobacillus spp., Bifidobacterium spp., Serratia spp., Acetobacter spp., Rhizobiaceae, 

and Cyanobacteria. 

7.2 Introduction 

The honey bee gut bacterial community may shape the advancement of any one of its 

members. For example, signs that horizontal gene transfer may occur has been 

detected among the two commensals Gilliamella apicola and Snodgrassella alvi; thirty-

six S. alvi genes had high identity with G. apicola genes, eight of which were 

Rearranged Hot Spot-domain proteins that may play a role in intercellular competition 

(Kwong et al. 2014). These two species occupy different metabolic niches but form a 

biofilm in the ileum of the honey bee midgut. S. alvi, an oxidiser of carboxylic acids, 

forms a layer on the luminal epithelial cells of the ileum. This is then overlaid by the 

saccharolytic fermenter, G. apicola (Martinson et al. 2012; Kwong et al. 2014), and 

interlaced with species within Lactobacillus Firm–5 (Anderson et al. 2016). Proliferation 

of S. alvi does not require other bacteria to thrive, suggesting sufficient nutrients can be 

obtained from the host diet or the host itself (Kwong et al. 2014). It is not known whether 

G. apicola, the most relatively abundant single phylotype in healthy NZ colonies (25–

40% of the bacterial community; see Chapter 3), also proliferates in the absence of 

other resident bacteria, such as the basal layer of the biofilm, S. alvi. 

The honey bee pathogens Nosema apis Zander (Zander 1909) and N. ceranae Fries 

(Fries et al. 1996), are widespread (Bradbear 1988) microsporidia that infect the 
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epithelial and regenerative cells in the honey bee ventriculus (Fries 1988a; Higes et al. 

2019). The spores germinate within 30 min in the gut, penetrate epithelial cells, rapidly 

multiply to infect neighbouring cells and within 6–10 days generate spores that then 

burst out of the epithelial cells, pass through the digestive tract and are defecated. The 

primary source of N. apis infection is soiled comb within the hive (Bailey 1953), and the 

spores can survive in faeces for up to one year (Bailey 1962). Nosema disease, also 

known as nosemosis, is characterised by trembling worker bees, dilated abdomens, 

brown faecal deposits on the combs and front of hives (Bailey 1967), sick or dead bees 

outside the colony, and decreased brood production, predominantly in spring (Mattila 

and Otis 2006). Nosemosis is also associated with winter colony loss and reduced 

honey yield (Fries 1988b), reduced pollen collection by colonies (Anderson and Giacon 

1992), and reduced life span of bees in colonies, despite provision of pollen sources 

(Mattila and Otis 2006). Although there is no documented evidence, it is suspected that 

the majority of NZ honey bee colonies contain N. apis spores, and this is supported by 

data from Chapter 3.  

Internationally, N. ceranae appears to be replacing N. apis (Klee et al. 2007), and mixed 

infections appear more virulent than single species infection (Milbrath et al. 2015). In 

contrast the small analysis of the NZ sick colonies (Chapter 3) suggests that the recently 

introduced species N. ceranae (Murray and Lester 2015) is still less prevalent than N. 

apis in NZ. The presence of N. apis in NZ was first recorded in 1909 (Zander 1909). 

Fumagillin, a dicyclohexylammonium salt produced by the fungus Aspergillus 

fumigatus, was previously used to control N. apis. Detection of residues within honey 

(Lopez et al. 2008) has led to numerous countries banning the use of products 

containing Fumagillin. In NZ Fumagillin was used in queen raising colonies but as these 

colonies do not produce honey, the antibiotic residues of Fumagillin have not been 

indentified in the human food chain. However, in 2013 Fumidil B™ (active ingredient 

Fumagillin) was deregistered in NZ and authorisation under the Agricultural 

Compounds and Veterinary Medicines Act 1997 is now required to use it to control 

Nosema (New Zealand Government 1997). Therefore it is likely that Nosema infection 

is present in most NZ honey bee colonies. This lack of Nosema control both in NZ and 

internationally is likely detrimental to colony health; the epithelial lesions that form within 

the ventriculus make the bees susceptible to other pathogens, such as viruses (Higes 

et al. 2007). Honey and pollen yields are also likely to be compromised (Fries 1988b).  

Neither species of Nosema creates lesions within the ileum or the rectum. However, 

their spores occur in both of these domains as they progress from the ventriculus, 

through the ileum, and the rectum (Higes et al. 2019). The effect of these spores on the 

biofilm (S. alvi overlaid by G. apicola) as they move through the ileum, in particular the 

top layer of G. apicola, has not been studied. Supplementation with probiotic species 

of Lactobacillus and Bifidobacterium is known to benefit bee health (Vásquez et al. 

2012) and reduce the level of N. ceranae (Baffoni et al. 2016). However, the authors do 
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not elaborate on the effect of the supplementary bacteria on bee health or the 

interaction of these bacteria with the native bacterial phylotypes, with or without the 

presence of N. ceranae.  

The faecal-oral transmission of N. apis in honey bees appears similar to the acquisition 

pathway of honey bee gut bacteria (Powell et al. 2014). This suggests that NEWs may 

be inoculated with both gut bacteria and N. apis within a similar timeframe. We 

hypothesise that the colonisation and increase in relative abundance of G. apicola is 

inhibited by N. apis infection and/or the lack of the resident bacteria, S. alvi. This chapter 

investigates within-host competition between N. apis and core gut bacteria in caged 

honey bees using a host-challenge trial where axenic bees were inoculated with 

combinations of (i) the gut slurry (as a source of bacteria that normally colonise the gut), 

(ii) a strain of G. apicola isolated from the guts of NZ honey bees to supplement core 

bacteria, (iii) N. apis isolated from the guts of NZ honey bees as the pathogen to infect 

the bees, and iv) sucrose solution as a control. The 16S rRNA gene was sequenced 

from the honey bee gut to characterise the relative abundance of total bacterial 

communities, in particular, core bacteria, and qPCR analysis enabled the exploration 

of the effect of N. apis and the bacterial community on the biofilm abundance.  

7.3 Materials and methods 

7.3.1 Preparation of bees and treatments 

In May (autumn) 2017, a single frame of sealed brood containing worker bees within 24 

hours (h) of emerging (approximately 20 days from egg deposit) was collected from 

each of four colonies (hives 56, 97, 304 and 355) located at PFR, Ruakura, Hamilton, 

NZ. Each side of the frame was exposed to UV light for 15 min to kill hive bacteria 

sensitive to UV. The wax cappings were then removed with a scalpel and the bees were 

lifted out (Figure 7.1) with forceps and sequentially placed into six cages. Over the next 

24 h the bees were incubated at 34°C and ~65% relative humidity (RH) to simulate the 

temperature in the brood nest and account for the actual emergence date. The 

temperature was then reduced to 30°C for the following 24 h. During this time the bees 

continued to develop (Figure 7.2) and commenced walking, enabling them to consume 

ad libitum 50% sterile sucrose solution (SS) scented with lavender from an inverted 

glass feeder at the top of the cage, and irradiated apple pollen on the base. All SS 

supplied during the trial was scented with lavender to orient the bees to the feeders. 
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Figure 7.1 | Honey bees removed from 

their cells ~24 h prior to the bees naturally 

emerging.  

Figure 7.2 | Honey bees in the final stages 

of development after being removed from 

their cells. 

The bees in the six cages were anoxiated with CO2 for 2 min bursts to render the bees 

unconscious for easy placement of 30 bees into each of 30 metal cages. Each cage 

had mesh on one side and glass on the other, an absorbent paper towel on the base, 

and a rubber band to hold the glass in place (Chapter 2: General Methods Figure 2.1). 

The feeding regime remained the same for an additional 24 h (3 days post removal from 

the cell). All dead bees and a layer of the paper towel were then removed and the live 

bees were food-deprived for 2 h. Each cage was then randomly allocated to one of five 

treatments for 2 h (Table 7.1): Sucrose, G.apicola, Gut slurry, G. apicola and N. apis, 

and N. apis.  

Table 7.1 | Bacterial and pathogen treatments supplied to caged axenic honey bees. 

Day 

 

 

Treatment 

 

 

No. 

cages 

 

Bees 

per 

cage 

3 

5 

Sucrose: 

 

20% sucrose solution (2 h) 

50% sucrose solution (24 h) 
7 30 

3 

5 

G. apicola: 

 

20% sucrose solution + 1.76 x 108 G. apicola cells (2 h) 

50% sucrose solution (24 h) 
7 30 

3 

5 

Gut slurry: 

 

20% sucrose solution + honey bee gut slurry(2 h) 

50% sucrose solution (24 h) 
7 30 

3 

5 

G. apicola 

& N. apis: 

20% sucrose solution + 1.76 x 108 G. apicola cells (2 h) 

50% sucrose solution + 20,000 N. apis spores (24 h) 7 30 

3 

5 

N. apis: 

 

20% sucrose solution (2 h) 

50% sucrose solution + 20,000 N. apis spores (24 h) 
7 30 
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On day 3 of the trial, 600 µl of each treatment was supplied in the base of the cage 

using a glass feeder (4 mm high with a 16.5mm diameter) covered with mesh (1 mm x 

1 mm) and a weighted plastic sleeve (19.1 mm diameter and 10 mm high). The sleeve 

prevented the bees upturning the feeder (Clinch 1981). Bees in treatments S (sucrose) 

and N (Nosema in sucrose) were fed 20% SS (sucrose solution), bees in treatments G 

(G. apicola in sucrose) and GN (G. apicola and Nosema in sucrose) were fed a 20% 

SS containing a concentration of 1.76 x 108 G. apicola cells/ml, and bees in treatment 

GS (G. apicola and gut slurry in sucrose) were fed a 20% SS containing gut slurry  

(6 ml of gut suspension (10 ml sterile water and 10 bee guts (Cantwell 1970)) to 4 ml 

of 50% SS). After 2 h, the treatment feeders and a layer of the paper towel were 

removed and the bees were fed 50% SS through gravity feeders until day 5 when the 

second treatment was administered.  

On day 5, the treatments were again supplied in glass feeders for 24 h. Adult workers 

require 4 mg of usable sugar during a 24 h period (Barker and Lehner 1974), meaning 

that 1 ml of 50% sucrose solution should adequately sustain 100 workers for 24 h. 

However, as consumption varies with treatment conditions, 5 ml is the recommended 

volume of carbohydrate for 100 workers (Williams et al. 2013). To ensure each bee in 

treatment GN and N consumed N. apis spores, all treatment cages were supplied with 

1.2 ml of treatment (Table 7.1); treatment bees S, G and GS were supplied with 50% 

SS, and treatment bees N and NG were supplied with approximately 20,000 N. apis 

spores in 50% SS. The N. apis stock solution was quantified on day 5 using a 

haemocytometer (1/400 mm2 x 1/10 mm deep, Improved Neubauer, USA) (Cantwell 

1970), as detailed in the section below on N. apis verification. The 421,500,000 

spores/ml stock solution was diluted with an appropriate volume of 50% SS to produce 

a count of 500,000 spores/ml.  

Until day 12, all caged bees were fed straight 50% SS which was replaced every three 

days, and honey bee mortality was recorded every second day. Nosema apis infection 

is almost fully developed in 10- to 12-day-old honey bees exposed to spores on 

emergence from the cell (Forsgren and Fries 2010; Huang and Solter 2013). Hence, at 

day 12, the trial was concluded by removing the abdomens from five bees from each 

cage. The outside of each abdomen was rinsed in 95% ethanol for five seconds, and 

the entire gut (crop to rectum) of each bee was aseptically removed by pulling out the 

stinger and therefore the attached gut. As the bees were fresh, removal of the intact gut 

from the abdomen did not require dissection. Individual guts were placed immediately 

into 90 µl of DNA/RNA shield in a sterile ZR BashingBead™ Lysis tube, on ice and 

frozen at -20°C until further DNA extraction. Sample of the G. apicola inoculation (G20), 

the bee gut slurry inoculation (Beegut), and the Nosema inoculation (Nosema Inoc) 

were also stored for DNA extraction. 
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7.3.2 Gilliamella apicola isolation 

To provide the source of G. apicola used in this trial, G. apicola colonies were isolated 

from the guts of honey bees from a single hive using basic culture methodology 

(Brewster 2003). Specifically, 10 bees from hive–32 (Ruakura, PFR) were frozen at -

20°C for 30 min, then the guts were aseptically extracted into a 1.5 ml Eppendorf tube 

(for further details see Chapter 2.4: Dissecting the digestive tract from the honey bee 

abdomen). A homogenised suspension was made by passing the contents up and 

down using a sterile 18G blunt needle. A dilution series was established by diluting this 

suspension with distilled water to produce an expected dilution of ~104 bacteria per ml 

(Table 7.2).  

 

Table 7.2 | Dilution series of honey bee gut suspension. 

Tube ID % Gut concentration  Bee gut volume (µl) 
Distilled 
water (µl) 

F1 100 100 of bee gut slurry 0 

F2 10 100 of F1 900 

F3 1 100 of F2 900 

F4 0.1 100 of F3 900 

F5 0.01 100 of F4 900 

 

As per the recommended culture conditions for the isolation of G. apicola (Kwong and 

Moran 2013), a 100 µl aliquot of each concentration was spread on plates of Tryptic 

Soy Agar (TSA; a non-selective, rich media enabling the growth of numerous bacteria) 

containing 5% sheep blood (Fort Richard Laboratories, Auckland, NZ) (Figures 7.3 and 

7.4), and placed in a CO2 incubator at 5% CO2 and 35°C. After 48 h the plates were 

checked for growth and 16 colonies were identified as potential G. apicola; the diameter 

was ~2.5 mm and the colonies were white and smooth (Engel et al. 2013a; Kwong and 

Moran 2013) (Figure 7.5). Half of each bacterial colony (A) was suspended in 100 µl of 

sterile Tryptic Soy Broth (TSB), spread on to TSA plates and grown in 5% CO2, at 35°C 

for 48 h, or discarded if not verified as G. apicola. The other half (B) of the colonies 

were used to verify the bacteria growing on TSA. They were prepared for qPCR analysis 

by extracting the DNA. Each was centrifuged in 100 µl of TSB at 1310 rcf, 4°C for 5 

min. The supernatant was discarded and each pellet was washed in 500 µl sterile 

distilled water (DW) by pipetting up and down. The tube was then spun at 1310 rcf, 4°C 

for 5 min. This wash process was repeated twice. The pellet was re-suspended in 50 µl 

DW and placed in boiling water for 5 min (G. apicola cells are Gram negative (Kwong 

and Moran 2013); the cell wall is a thin peptidoglycan layer meaning the DNA can be 
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extracted by boiling). It was then spun at 23369 rcf at 4°C for 60 s to break up the DNA. 

The supernatant was divided into two aliquots, one of which was frozen at -70°C to 

keep the stock concentrated and the other was diluted 1:1 with DW. Two µl of the 

concentrated G. apicola DNA was assessed using a Rotor-Gene® 6000 and primers 

specific to G. apicola (forward primer GTATCTAATAGGTGCATCAATT, reverse primer 

TCCTCTACAATACTCTAGTT (Ludvigsen et al. 2015) (Life Technologies NZ Limited, 

NZ) using the methodology described in Chapter 2: General Methods 2.7 Quantitative 

polymerase chain reaction); Activation 95°C for 5 min and 40 cycles of 95°C for 30 s, 

60°C for 19 s, 72°C for 60 s. The half A colonies on TSA, verified as G. apicola by the 

half B qPCR, were then grown for 48 h and then the qPCR process to verify G. apicola 

was repeated for 10 colonies, using the DNA extraction discussed above, and a second 

qPCR amplification cycle was conducted; activation 95°C for 5 min, and 40 cycles of 

95°C for 30 s, 55°C for 30 s, 72°C for 30 s. Verified colonies were grown in 1 ml TSB 

for 2 h, then 10 x 100 µl aliquots were each placed in 7 ml TSB for 48 h. The 

suspensions were spun down (1310 rcf for 5 min) and then suspended in 3 ml of a 

glycerol freezing medium (30:70 solution of autoclaved (121°C for 15 min) pre-reduced 

glycerol plus medium (3 ml glycerol:7ml TSB previously autoclaved and incubated in 

5% CO2 at 35°C for 24–48 h)). The 30% glycerol stocks of the bacteria were then stored 

in 150 µl aliquots at -70°C. Additional verification of N. Apis DNA was conducted by 16S 

rRNA gene amplicon sequencing (Section 7.3.5). 

 

Figure 7.3 | Dilution series of honey bee gut contents spread on TSA plates containing 5% 

sheep blood.  
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Figure 7.4 | Isolation of potential Gilliamella apicola colonies: 48 hours of growth on TSA 

plates containing 5% sheep blood.  

 

Figure 7.5 | Gilliamella apicola colonies isolated and re-plated for a further 48 hours on 

TSA plates containing 5% sheep blood.  
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7.3.3 Gilliamella apicola  proliferation and viability 

Two 50 µl aliquots of G. apicola previously isolated from honey bees and labelled as 

samples 1 and 9 were each placed in 10 ml of TSB overnight (14:00 to 09:00 hours). 

These were then centrifuged at 1310 rcf for 5 min to form fresh pellets that were washed 

in 1 ml distilled water, combined and centrifuged at 1310 rcf for 2 min. The supernatant 

was removed and the pellet was re-suspended in 100 ml of 20% sterilised sucrose 

solution (40ml of 50% sucrose + 60 ml deionised water). The number of spores/ml was 

determined using the Cantwell (1970) methodology established to count N. apis spores. 

A 10 µl aliquot of a 1:1 solution of Trypan Blue (Sigma-Aldrich, NZ) and the 20% sucrose 

solution containing G. apicola was loaded into a haemocytometer, and the number of 

spores in 80 of the smallest squares (five squares within the central square –RBC) were 

counted (80 x 0.00000625 ml). The average total number of spores was 176 (spore 

count shown in Table 7.3). This was divided by 80 squares, then multiplied by 4x107 ml 

to determine the number of spores per ml. To account for the volume of Trypan blue 

used, the number of spores was multiplied by two (the dilution factor): number of 

spores/ml = (total number spores counted, divided by 80) x 4x107 x 2 = 176 x 500,000 

x 2 = 176,000,000 spores/ml. 

 

Table 7.3 | Average spore concentrations identified in Gilliamella apicola and Nosema apis 
solutions. 

Bacteria Spores / 80 squares 
Average concentration 

(Spores/ml) 

G. apicola 2 17685 176,000,000 

Nosema 1 506 253,000,000 

 

7.3.4 Metabolic activity of Gilliamella apicola  

The metabolic activity of G. apicola isolated from NZ honey bees after being frozen in 

glycerol stock at -70°C was assessed using WST-1. WST-1 is a tetrazolium-based cell 

proliferation reagent, which in the presence of metabolising bacteria, breaks down in 

approximately 20 min to 2 h causing a colour change from the red tetrazolium to a 

yellow formazan product. The colour change is dependent on the amount of bacteria 

that are in the sample being assessed (http://www.dojindo.com/store/p/141-Microbial-

Viability-Assay-Kit-WST.html). 

Sixteen bacterial stocks of isolated G. apicola previously stored at -70°C in 30% glycerol 

stocks were assessed using WST-1 (Reference number: 05 015 944 001, Roche 

Diagnostics, Auckland, NZ). One ml of TSB was added to 50 µl of each stock and 

http://www.dojindo.com/store/p/141-Microbial-Viability-Assay-Kit-WST.html
http://www.dojindo.com/store/p/141-Microbial-Viability-Assay-Kit-WST.html


 

CHAPTER 7    |   251 

incubated at 37°C in 5% CO2 for 2 h. A 100 µl aliquot of TSB was added to well A1 of 

a 96-well plate and then G. apicola stocks 1 to 11 were added to wells A2–A12. The 

samples in row A were repeated in rows B and C. Wells A1, B1, and C1 were the TSB 

controls with no bacterium. Rows D, E and F contained a 100 µl aliquot of the G. apicola 

stocks 12 to 16 (columns 1 to 5), and stocks 1, 7 and 9, which were either used to make 

up the G. apicola suspensions fed to the bees in this trial or previous pilot trials, were 

repeated using a 200 µl aliquot (columns 6 to 8) (Table 7.4). Ten µl of WST-1 was 

added to each cell containing 100 µl, and 20 µl was added to the 200 µl cells. The 

optical density (OD) of the samples was then determined at 2, 3, 4 and 18 h using a 

Gen 5™ version 2.01 Spectrophotometer (BioTek Instruments Inc., Vermont, USA) at 

460nm. Between reads, the 96-well plate was covered and incubated at 37°C in 5% 

CO2. Time points of 2–4 h are considered optimal (by the manufacturer) to discriminate 

the metabolic activity of viable cells. I included the 18 h time point to identify whether 

proliferation would still be occurring after this time (most likely contamination), and also 

to ensure that an obvious change had been observed. A photo log was scored to 

compare the colour change.  

 

Table 7.4 | The WST-1 plate set up with 16 isolates of NZ G. apicola. 

 1 2 3 4 5 6 7 8 9 10 11 12 

A TSB 1 2 3 4 5 6 7 8 9 10 11 

B TSB 1 2 3 4 5 6 7 8 9 10 11 

C TSB 1 2 3 4 5 6 7 8 9 10 11 

D 12 13 14 15 16 1 7 9     

E 12 13 14 15 16 1 7 9     

F 12 13 14 15 16 1 7 9     

Columns 1–12 and rows A–F partition the well-plate. The 100 µl samples of the G. apicola isolates 1–16 are 
numbered within each well. The three isolates 1, 7 and 9 used to make the G. apicola suspension were 
repeated with 200 µl samples per well (shaded in grey). 
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7.3.5 Nosema apis spore suspension and verification 

The infective dose (ID50) of N. apis for 50% of a honey bee population is 100 spores / 

bee and ID100 is 10,000 spores/bee (Fries 1988a). Reliable infection is therefore 

produced by 10,000 to 33,000 spores per bee but it is common to use doses that are 

an order of magnitude higher to ensure infection. However, the latter method can cause 

confusion when determining the final level of infection within the bee, as any non-

germinating spores will included in the count (Fries et al. 2013). Each bee in this trial 

was inoculated with approximately 20,000 Nosema spores. 

A N. apis spore suspension was obtained from 10 forager bees from each of three 

colonies (hives 32, 190 and 411) located at PFR, Ruakura Research Centre, Hamilton, 

NZ. The 10 bee abdomens were crushed in 10 ml of sterile deionised water, then mixed 

thoroughly with an additional 20 ml of water using a sterile 18G needle. DNA was 

extracted from two 150 µl aliquots of this suspension using a Zymo Research Fecal 

DNA Miniprep kit (Catalog No D6010, Zymo Research, Irvine, CA, USA) and qPCR was 

conducted on a Rotorgene 6000 to identify the Nosema species. N. apis was observed 

in all three samples but N. ceranae was observed in only one of the triplicate samples 

at a trace level (Supplementary material 2.10.6: Quantitation report for the standard 

curve production of Nosema apis and Nosema ceranae). This indicates that N. apis 

was prevalent in the suspension made from the Ruakura hives but N. ceranae was not. 

A standard curve was produced to quantify the number of N. apis spores present in 

each bee and to calibrate all further N. apis qPCR analysis.  

The spore suspension was filtered through a 70 µm sterile nylon Falcon™ cell strainer 

(Thermo Fisher Scientific, Ref 352350) to remove bee guts and purified by centrifuging 

the spores at 5860 rcf for five min at room temperature. To produce a Nosema 

suspension with approximately 85% purity (Fries et al. 2013), the supernatant was 

removed and the spores were washed in 500 µl sterile water. The wash was repeated. 

After the final supernatant was removed the purified spores were re-suspended in 4 ml 

of sterile water by vortexing for 5 s. The suspension was frozen at -20°C for 48 h (until 

day 5 of the trial), then the number of spores were determined (176,000,000 spores/ml, 

Table 7.3) using the Cantwell (1970) haemocytometer methodology; Number of spores 

/ ml = (total number spores counted / 80) x 4x107 = 506 x 500,000 = 253,000,000 spores 

/ ml. No bacteria was observed. 

7.3.6 Nosema apis spore viability 

N. apis spore viability should have been determined to validate the reliability and 

reproducibility within the axenic NEWs using the colouration method outlined by Fries 

et al. (2013). An oversight meant the viability of the spore suspension was not 

determined but their high viability was anticipated as frozen N. apis spores remain viable 
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for a few years (Bailey and Fernando 1972), and the bees were being inoculated with 

N. apis spores within 48 h of the N. apis suspension being produced. Viability of N. apis 

was confirmed as the treatments inoculated with N. apis, N and GN, had respectively 

16,334-fold and 438,178-fold more N. apis spores at the conclusion of the trial than the 

sucrose control, also exceeding the initial inoculation containing 5.0 x 105 spores/ml.  

7.3.7 DNA extraction from the honey bee guts 

The DNA was extracted from the inoculation suspensions of G. apicola and the bee gut 

slurry in 20% sucrose, as well as two composite bee samples; a composite of 80 µl of 

lysed bee gut extract from each of the five bees in cage GN1, and a second composite 

sample from the five bees in cage GN2. The DNA and RNA was also separately 

extracted from five gut samples from each of the six replicate cages within each of the 

five treatments. Bees from cage G6 were excluded due to high bee mortality. The total 

number of samples was therefore 149.  

Prior to DNA extraction, 104 ml of 95% ethanol was added to 24 ml of DNA/RNA Wash 

Buffer, and the lypophilised DNase I was reconstituted at 1 U/µl; 274 µl of 

DNase/RNase–Free Water was added to DNA Digestion Buffer and gently inverted. 

The extractions were conducted as per the recommended protocol for the 

ZymoBIOMICS DNA/RNA Mini Kit (R2002) (Zymo Research, Irvine, CA, USA) 

(Supplementary material 7.8.2).  

The eluted DNA was transferred to 0.2 ml Sapphire qPCR 8-tube strips with optical flat 

caps (Reference 608281, Lot 16372) (Greiner bio-one, Germany), and stored as 2 x 

~50 µl aliquots at -70°C. One was used for DNA analysis using a NanoDrop™ 2000c 

spectrophotometer (ThermoFisher Scientific, NZ) (Chapter 2: General Methods 2.6.2 

NanoDrop™ analysis), and qPCR analysis. The other aliquot was sent on ice by 

overnight courier to the Massey Genome Service (MGS) (Massey University, 

Palmerston North, NZ) for 16S rRNA gene sequencing of the V3V4 hypervariable 

region (Kozich et al. 2013) . Further information regarding DNA purification and the 

library preparation conducted by the MGS is described in Chapter 2: General Methods 

2.8: Next Generation Sequencing.  

7.3.8 qPCR analysis of Nosema apis 

To identify the abundance of N. apis in the samples, qPCR was conducted using a 

Rotor Gene 6000 (QIAGEN, Venlo, The Netherlands). Hydrolysis probe assays 

(TaqMan®) supplied by dnature (Gisborne, NZ) were used to amplify the DNA products 

specific to N. apis. A 2x Mastermix (dnature, Gisborne, NZ) was briefly vortexed and 

pulse centrifuged. 5 µl of the 2x Mastermix was then combined with 2.5 µl water and 

0.5 µl 20x primer probe mix. 8 µl was added to the base of each well and 2 µl of DNA 
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template was added to the middle left hand-side of the well. The qPCR was run using 

the protocol recommended by dnature (Gisborne, NZ), and an assay cut-off of < 37 

cycles was deemed positive (for further detail see Chapter 2: General Methods section 

2.7.5 TaqMan). Each DNA sample, no-template control, and positive N. apis control 

(DNA extracted from the previously identified N. apis spore suspension) had three 

technical replicates.  

7.3.9 Gene sequence processing and characterisation of 

microbial communities 

The 16S rRNA sequence data were analysed individually using the QIIME2 analysis 

suite, version 2018.2 (Bolyen et al. 2019) (Chapter 2: General Methods section 2.8.2 

Gene sequence processing and characterisation of microbial communities). The 

dataset was rarefied to its minimum library size of 12,909 to reduce estimation errors 

that result from the different number of sequences per sample. The customised 16S 

rRNA BLAST database outlined in Chapter 2: General methods section 2.8.3) was used 

to produce a BIOM that contained the ASVs identified from the sequencing of each 

sample and the associated taxonomic classifications. ASVs that were unable to be 

assigned taxonomically to species, were assigned to the higher taxonomic level (if not 

species then genus, if not genus then family etc.). 

7.3.10 Statistical analyses 

The qPCR data produced for each of the three technical replicates were adjusted to 

account for dilutions, averaged and the mean concentration of universal bacteria from 

the bee gut samples were normalised using Log10 values. A single-factor analysis of 

variance, Tukey’s 95% confidence interval test and Student’s t-tests were conducted. 

Phylogenetic diversity was measured within a sample (α–diversity), and among 

samples (β-diversity) using the web-based tool MicrobiomeAnalyst (Kuczynski et al. 

2012; Dhariwal et al. 2017). The filters in MicrobiomeAnalyst were set so the data 

counts were filtered to a minimum of two and a 10% prevalence in the samples. 

Variance was filtered using a 10% coefficient of variation. This dataset was rarefied to 

its minimum library size of 12,909, scaled using total sum, but was not transformed.  

Alpha-diversity was calculated at the feature level using Kruskal-Wallis pairwise 

comparisons of four diversity measures: Observed ASVs, Chao1, Shannon, and 

Simpson.  

Beta-diversity for the taxonomic level of feature was calculated using the distance 

methods Bray-Curtis dissimilarity (abundance of each ASV) and Jaccard Index (fraction 

of unique features despite abundance). The differences between the samples were 
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compared using a permutational multivariate analysis of variance (PERMANOVA) 

(Anderson 2001) and 3-D plots of PCoA were used to present β-diversity. 

Further data analysis was conducted in R (version 3.5.1) (R Core Team 2018). For all 

analyses, sequences with a minimum total read composition of <0.01% prevalence 

were filtered from the dataset. This low threshold ensured the inclusion of the majority 

of less abundant bacteria in the analysis.  

To investigate the difference in the number of phylotypes between treatments, a 

Poisson generalised linear model was used with the number of phylotypes as the 

response and treatment as a fixed effect. To explore the relationship between 

phylotypes and treatment, the data were visually explored using heat maps, where the 

response was the sum of the total number of bacterial reads for each phylotype or the 

mean read composition per replicate. The interaction of the relative abundance 

(proportion of total bacterial abundance) of phylotypes was explored and a simple linear 

regression model (lm) was used in the R package lme4 (Bates et al. 2014). 

Assumptions were checked via standard residual plots and a logarithmic transformation 

was applied. The package ‘predictmeans’ v 1.0.1 (Luo et al. 2018) was used to obtain 

predicted means, the standard errors (SE) and differences (SED) between the means, 

and to perform pairwise comparisons and permutation tests of the phylotypes in the 

treatment. The means with a bar of least significant difference (LSD) were plotted for 

the lm parametric models.  
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7.4 Results 

7.4.1 Identification of the primary bacterium in the 

Gilliamella apicola  suspension  

The qPCR standard curve for G. apicola DNA isolated from NZ honey bees was 

identified using the G. apicola-specific primers. This curve was comparable to that 

produced by the ATCC wkB1 strain of G. apicola where the majority of the DNA product 

fluoresced at the temperature peak of 85.5°C and a slight shoulder was also observed 

at 79–80°C (Chapter 2.7.4.2). Coupled with the identification through 16S rRNA 

amplicon sequencing that G. apicola made up 95% of the bacteria in the G and GN 

inoculums, there is reasonable evidence that the G. apicola suspension used to 

inoculate the bees did in fact contain G. apicola. 

7.4.2 Metabolic activity in Gilliamella apicola  aliquots 

The metabolic activity of the G. apicola isolates were determined using optical density 

(OD) of the samples (higher the OD the darker the blue) coupled with the colour change 

observed in the photo log of the samples in the plate wells (red to yellow). Both indicated 

that all 16 isolates contained bacteria that were able to metabolise WST-1 over the first 

four hours (Supplementary material 7.8.3.1): The wells A1, B1, and C1 containing the 

WST-1 controls had low OD readings (< 0.1) for the first 4 h, as supported by the photo 

log. During the time taken to apply the WST-1 and take the 0 h photo, a colour change 

was obvious in isolates 8–16, and the three 200 µl samples (D6–8, E6–8, F6–8), thus 

suggesting the G. apicola isolates were metabolising. At the 18 h time point, the controls 

contained bacteria that were metabolising. It is likely that the bacteria at this time were 

contaminants and this may have occurred because the plate was not able to be sealed 

when the OD measurements were determined. 

The OD for the three replicates for each isolate was averaged before plotting (Table 

7.5). All other samples had a single data point for each time point. The graph indicates 

that sample 11 had the highest OD throughout the 18 h (Figure 7.6), where OVRFLW 

indicates an OD > 4. Once this outlier was removed, the OD of all samples increased 

over the first 4 h, except for the TSB control, indicating G. apicola was metabolically 

active in the wells (Figure 7.7).  
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Table 7.5 | Average optical density data for Gilliamella apicola at each time point. 

Sample 0 hours 2 hours 3 hours 4 hours 18 hours 

TSB 0.04 0.06 0.06 0.07 0.06 

Iso 4 0.29 0.49 0.57 0.71 4 

Iso 5 0.21 0.32 0.35 0.39 1.88 

Iso 6 0.22 0.34 0.36 0.41 4 

Iso 7 0.12 0.26 0.29 0.33 1.03 

Iso 8 0.11 0.25 0.28 0.34 0.81 

Iso 9 0.12 0.26 0.30 0.34 1.35 

Iso 10 0.15 0.31 0.37 0.42 1.06 

Iso 11 0.32 1.87 2.50 3.38 4 

Iso 12 0.16 0.38 0.46 0.54 4 

Iso 13 0.18 0.41 0.47 0.66 2.17 

Iso 14 0.17 0.30 0.36 0.46 2.84 

Iso 15 0.13 0.18 0.19 0.22 0.53 

Iso 16 0.24 0.38 0.44 0.53 2.79 

Iso 1: 200 µl 0.19 0.27 0.31 0.36 0.86 

Iso 7: 200 µl 0.18 0.26 0.30 0.34 2.09 

Iso 9: 200 µl 0.12 0.22 0.25 0.29 0.81 

Bacterial isolate is specified using (Iso). 
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Figure 7.6 | Optical density thoughout an 18 hour period for Gilliamella apicola isolated 

from the honey bee gut. 

Optical density was identified using WST-1. Bacterial isolates are identified by number. If 200 µl of an isolate 
was assessed, the isolate number is followed by 200. The error bars represent the standard deviation of the 
mean. 

 

Figure 7.7 Optical density thoughout a four hour period for Gilliamella apicola isolated 

from the honey bee gut.  

Optical density was identified using WST-1. The outlier, sample 11, was excluded. Bacterial isolates are 
identified by number. If 200 µl of an isolate was assessed, the isolate number is followed by 200. The error 
bars represent the standard deviation of the mean.  
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7.4.3 Honey bee mortality 

Honey bee mortality was between 7 and 20% in the first 72 h for all five treatments and 

between 10 and 33% at 106 h, except for the G. apicola treated bees which had an 

average mortality of 45% (Figure 7.8). Average bee mortality after 216 h, for all 

treatments was between 32 and 61%. Enough bees were alive to conduct the qPCR 

and 16S rRNA sequencing for all cages except cage G6; < 5 bees survived in cage G6 

so it was excluded from qPCR analysis and 16S rRNA amplicon sequencing. 

 

 

Figure 7.8 | Mortality of caged bees treated with combinations of Gilliamella apicola and/or 

Nosema apis. Treatments include combinations of Gilliamella apicola (G), sucrose (S) and 

Nosema apis (N). 

 

7.4.4 qPCR analysis of Nosema apis  

The mean number of N. apis spores/ml in the NTC samples was 5.49 x 104 (Table 7.6). 

The number of N. apis spores/ml in the G. apicola inoculation (G20), the bee gut 

inoculation (Bee gut), and the Nosema inoculation were 4.98 x 104, 2.07 x 108, and 5.0 

x 105, respectively. This confirms N. apis was relatively absent in the G. apicola 

inoculation but present in the gut slurry and Nosema inoculations. This was expected 

because Nosema infection in NZ bees is not chemically controlled, hence it was likely 

to be present in the bees from which the gut slurry was produced.   
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Table 7.6 | Mean number of Nosema apis spores/ml from the guts of five honey bees 
inoculated with combinations of Gilliamella apicola, Nosema apis and gut slurry. 

Treatment Mean spores/ml Standard deviation 

S 4.61 x 105 1.26 x 105 

GS 9.7 x 1010 2.59 x 1010 

G 3.86 x 108 7.01 x 105 

GN 2.02 x 1011 1.03 x 1011 

N 7.53 x 109 1.59 x 1010 

NTC 5.49 x 104 7.15 x 103 

G20 4.98 x 104  

Bee gut 2.07 x 108  

Nosema Inoc 5.0 x 105  

The five treatments were sucrose solution (S), G. apicola (G), gut slurry (GS), G. apicola plus N. apis (GN), 
and N. apis (N). No template control (NTC). G. apicola inoculation (G20). Bee gut slurry inoculation (Beegut). 
Nosema inoculation (Nosema Inoc). 

The median number of N. apis spores from the axenic bees inoculated with just N. apis 

suspension (7.53 x 109 spores/ml) was 16,330–fold more than axenic bees fed just 

sucrose (4.61 x 105 spores/ml). In contrast, the bees inoculated with N. apis contained 

13-fold fewer spores than bees inoculated with honey bee gut slurry (9.7 x 1010 

spores/ml) (Table 7.6).  

The difference in the number of N. apis spores/ml among treatment groups was 

significant (P < 0.05) (Table 7.7); graphed on a log scale the GN treatment had the 

highest mean (Figure 7.9). However, the large variation among the samples within the 

treatments indicates the GN group was not significantly different from the N or G 

treatments (P > 0.05) (Table 7.7). In contrast the sucrose control had significantly fewer 

N. apis spores/ml than all other treatments (P < 0.05). This indicates that the inoculation 

of N. apis spores and the gut bacteria in the slurry were successful. The GS treatment 

had significantly more (P < 0.05) N. apis spores/ml than the N treatment.  

Table 7.7 | The differences in the number of N. apis spores/ml among the guts of honey 
bees inoculated with combinations of Gilliamella apicola, Nosema apis and gut slurry. 

Treatment comparison 
Sum of 

squares df MS F statistic P value 

Between all 5 treatments 7.7 x 1023 4 1.93 x 1023 2.76 0.030 

N vs GS 1.22 x 1023 1 1.22 x 1023 11.97 0.001 

N vs S 7.94 x 1020 1 7.94 x 1020 6.48 0.014 

S vs GS 1.42 x 1023 1 1.42 x 1023 14.15 0.004 

N vs GN 4.58 x 1023 1 4.58 x 1023 2.89 0.094 

G vs GN 4.52 x 1023 1 4.52 x 1023 2.61 0.112 

ANOVA was used to calculate the differences among groups. Degrees of freedom (df), mean square (MS).   
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Figure 7.9 | Log of mean number of Nosema apis spores in the guts of 12 day old honey 

bees inoculated with combinations of Gilliamella apicola, Nosema apis, and gut slurry.  

The five treatments: sucrose solution (S), G. apicola (G), gut slurry (GS), G. apicola plus N. apis (GN), and 

N. apis (N). Honey bee gut slurry inoculation (Beegut). G. apicola inoculation (G20).  

Twelve days after treatment, N. apis DNA from five individual bees in cage GN1 ranged 

from 8.84 x 104 to 8.3 x 109 with a mean of 2.15 x 109. N. apis DNA from bees in cage 

GN2 ranged from 1.58 x 106 to 2.9 x 1010 with a mean of 1.56 x 1010 (Table 7.8). The 

composite samples that contained 80 µl of lysed gut extract from each of five bees, had 

mean N. apis concentrations of 1.02 x 109 for GN1 and 1.25 x 1010 for GN2. These are 

both within the range observed in the individual bees (Table 7.8). The GN1 mean was 

2-fold higher than the Comp 1 – GN1 mean, whereas the GN2 mean was similar to that 

of the Comp 2 – GN2 mean.  
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Table 7.8 | Mean number of Nosema apis spores in the guts of five individual honey bees 
inoculated with Gilliamella apicola and Nosema apis. These guts were also pooled into 
composite samples. 

Cage Bee sample 

Mean number of Nosema 

apis spores per ml 

Mean of bee 

replicates 

GN1 1 8.84 x 104  

GN1 2 8.30 x 109  

GN1 3 2.47 x 109  

GN1 4 1.18 x 106  

GN1 5 1.47 x 105 2.15 x 109 

GN2 1 6.45 x 109  

GN2 2 1.58 x 106  

GN2 3 2.11 x 1010  

GN2 4 2.11 x 1010  

GN2 5 2.91 x 1010 1.562 x 1010 

Comp 1 – GN1 1–5 1.02 x 109  

Comp 2 – GN2 1–5 1.25 x 1010  

Composite sample of DNA from fives bees from cage GN1 (Comp1). Composite sample of DNA from fives 
bees from cage GN2 (Comp2). 

 

7.4.5 Number of amplicon sequence variants and 

phylotypes 

The bacterial DNA in the honey bee samples contained 6,197,573 paired reads. The 

reads were filtered to remove reads with < 0.01% prevalence. Hence, the total number 

of paired reads analysed in the 149 samples was 5,902,268. This represented 68 ASVs 

which were classified as 26 unique phylotypes; fifteen phylotypes (47 ASVs) were 

present in the honey bee gut slurry inoculation, five phylotypes (six ASVs) were present 

in the G. apicola inoculation, and 11 phylotypes (27 ASVs) were present in the 

composite samples (Table 7.9). The Poisson generalised linear model suggest these 

phylotype differences among the five treatments were significant (P < 2.2 x10-16, Chi 

squared = 192.1, df = 28). The axenic bees that were inoculated with gut slurry had 

consistently more phylotypes (14–20), whereas the number of phylotypes in axenic 

bees fed sucrose had a wider spread (8–22). The axenic bees inoculated with G. 

apicola had the least number of phylotypes (5–11) (Table 7.9).  
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Table 7.9 │The number of unique ASVs and the number of associated phylotypes within 
the digestive tract of individual NZ honey bees inoculated with combinations of G. apicola, 
N. apis and gut slurry.  

Sample 

Number of 

replicates ASVs Phylotypes 

Range in number 

of phylotypes 

S1 5 38 21 8–19 

S2 5 53 22 12–22 

S3 5 56 24 15–22 

S4 5 35 21 8–20 

S5 5 27 18 8–17 

S6 5 54 23 13–22 

G1 5 12 8 5–7 

G2 5 19 13 9–11 

G3 5 14 11 5–9 

G4 5 12 11 5–11 

G5 5 11 9 5–9 

GS1 5 53 21 16–20 

GS2 5 51 20 15–19 

GS3 5 54 20 16–18 

GS4 5 50 19 14–18 

GS5 5 47 17 15–17 

GS6 5 52 20 16–18 

GN1 5 23 11 6–9 

GN2 5 27 13 5–12 

GN3 5 27 16 9–13 

GN4 5 28 16 7–12 

GN5 5 25 13 7–10 

GN6 5 23 13 8–12 

N1 5 26 17 5–12 

N2 5 27 19 10–17 

N3 5 28 17 8–12 

N4 5 27 15 9–11 

N5 5 28 16 9–16 

N6 5 26 14 7–10 

Beegut 1 47 15  

G20 1 6 5  

Comp 2 27 11  

The five treatments were sucrose solution (S), G. apicola (G), gut slurry (GS), G. apicola plus N. apis (GN), 
and N. apis (N). Composite of the lysed bee guts from five bees in the GN cages (Comp). Honey bee gut 
slurry inoculation (Beegut). G. apicola inoculation (G20).   
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The heatmap of the sum of the total number of reads for each phylotype shows the 

dominant core phylotypes: G. apicola, S. alvi, Bifidobacterium spp., and species within 

the genus Lactobacillus were present in all sucrose and gut slurry treated bees (Figure 

7.10). G. apicola was present in bees from all five treatments, including the sucrose and 

N. apis inoculations where the bees did not receive G. apicola. S. alvi and 

Bifidobacterium spp. were absent from more than half of the G. apicola, and G. apicola 

plus N. apis treatment cages, and some of the N. apis treatment cages. The highest 

number of reads were of the family Rhizobiaceae in the G. apicola and G. apicola plus 

N. apis treatments. The genus Serratia in the G. apicola treatment also had a high 

number of reads relative to the rest of the phylotypes. 

 

Figure 7.10 │ Heatmap of the mean relative abundance for each phylotype in the digestive 

tract of honey bees treated with combinations of Gilliamella apicola, Nosema apis, and gut 

slurry.  

White spaces indicate a phylotype < 0.01% abundance. All italicised phylotypes without species classification 

indicate the genus e.g. Lactobacillus is the genus. The treatments were gut slurry (GS1–6), G. apicola (G1–

5), G. apicola and N. apis (GN1–6), N. apis (N1–6), and sucrose (S1–6). 

The plot also indicates several cages that were outliers within a treatment where the 

dominant phylotypes appear to be less prevalent: S1 (Pseudomonas putida group), S4 

(Cyanobacteria), S5 (Lactobacillus spp.), and N3 (Acetobacter spp.). The first three 

outlier cages were from the sucrose treatment and each of these had only three, four, 

or five phylotypesrespectively. The fourth was from the N. apis treatment and this had 

five phylotypes. Of these, only Lactobacillus spp., L. apis, and Rhizobiaceae have so 

far been identified in healthy NZ honey bees (Chapter 3), suggesting that the phylum 

Cyanobacteria, the genera Acetobacter and Serratia, and the species Fructobacillus 
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fructosus, and Pseudomonas putida, may only be present in compromised honey bee 

guts as they may not be suppressed by the normal commensal bacteria.  

7.4.6 Relative abundance 

The relative abundance of phylotypes in the G. apicola inoculum were predominantly 

G. apicola (95%), with 3.7% Staphylococcus spp. and 1% Rhizobiaceae (Table 7.10). 

The bees inoculated with G. apicola also had high relative abundance of Rhizobiaceae 

(38.7–70.4%) and Serratia spp. (18.6–56%), as well as the lesser abundant Acetobacter 

spp. (0.4–4.6%), Cyanobacteria (< 0.01–1.4%), and Lactobacillus apis (< 0.01–4%). 

This indicates that these bacteria were resident within the gut of NEWs prior to 

inoculation. 

The gut slurry inoculum contained the dominant core bacteria (Table 7.10): 28.4% 

Lactobacillus spp., 11.3% G. apicola, 6.9% S. alvi, 12% L. mellis, 11.6%  

B. coryneforme, 8.6% L. apis, and 2.2% L. mellifer. Additionally, 12.2% Rhizobiaceae, 

3% Acetobacteraceae, and six phylotypes with < 2% relative abundance were also 

present. The bacteria in the guts of bees fed the gut slurry inoculum contained all of 

these species as well as Pseudomonas aeruginosa (< 0.01–5.4%), Cyanobacteria 

(0.1–3%), and Serratia (< 0.01–0.8%). 

The bacteria in the guts of bees fed sucrose included Lactobacillus spp. (0.6–50.4%), 

S. alvi (< 0.01–16.4%), L. apis (0.3–8.9%), L. mellis (< 0.01–5.7%), Rhizobiaceae (0.5–

28.5%), Acetobacter (< 0.01–23.7%), Cyanobacteria (0.9–43%), Serratia (0.2–16.4%), 

Bacillus cereus (< 0.01–19.9%), F. fructosus, (< 0.01–7%), P. putida (< 0.01–66%), and 

Pseudomonas gilardii (< 0.01–16.4%) (Table 7.10).  

The major bacterium in the guts of the supposedly axenic bees that were inoculated 

with N. apis was L. apis (22–36.2%), except for cage N6 where L. apis was only 3% 

and appeared to be replaced by Lactobacillus spp. (32.2%). Lactobacillus spp.  

(0.7–32.2%), L. mellis (5–16.9%), and Rhizobiaceae (2.5–16.4%) also dominated the 

bacterial composition (Table 7.10). The remainder of the bacterial species were  

G. apicola (4.4–5.3%), S. alvi (one observation 0.1%), Acetobacteraceae (one 

observation 0.1%), Acetobacter (< 0.01–52%), Cyanobacteria (0.9–43%), Serratia 

(0.1–37.3%), B. cereus (< 0.01–0.3%), Lachnoclostridium spp. (one observation 2.6%), 

and P. gilardii (< 0.01–0.3%), Staphylococcus spp. (one observation 1.3%), and 

Proteobacteria (one observation 0.1%). The presence of these phylotypes indicate that 

NEWs may not be axenic but that they emerge with a gut bacterial profile, even if the 

bacterial loading is only miniscule. It is possible that some of the less abundant 

phylotypes may be contamination from the outside of the gut, as the forceps were not 

flamed. However, the high relative abundance of G. apicola and S. alvi suggest that 

contamination of the samples is unlikely as these species are only present within the 

gut, rather than the outside where the forceps would have held the sample.    
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Table 7.10 │ Mean relative abundance of phylotypes in the digestive tract of honey bees inoculated with combinations of 
Gilliamella apicola, Nosema apis, and gut slurry.  
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S1 0.6 0.6  0.2 0.1 0.3 0.1  0.3 0.5   
 

0.1   0.9 16.4 

S2 14 2.5 16.4 1.6 0.6 2.5 0.4 1.2 5.7 2.1 1.3 0.2 0.4 0.5 23.7 0.5 23.6 0.8 

S3 10.7 0.8 0.4 1.6  3.7 0.4 0.7 2.3 16.5 1.3 2.1 0.6 2.6 0.2 0.2 31.7 0.7 

S4 38.3 0.3 0.2 0.2  1.3 0.5 0.1 0.8 10.6  0.1 
  

0.1  43 1.8 

S5 50.4 0.2 0.1 0.3  8.9   
 

5.7 0.1 
  

0.1 
 

 2.9 0.2 

S6 2.1 0.8 0.1 0.5  2 0.7 0.1 0.5 28.5 0.2 1.3 0.1 3.7 0.2  12.8 2.9 

GS1 12.1 2.6 14.8 7.9 1.7 20.9 1.7 1.4 4 11.4 6.4 3.4 2.6 1.7 1.6 5.4 0.4 0.1 

GS2 24.8 5.4 21 11.8 2.7 5.8  2.6 11.5 0.9 6 3.1 0.4 1.5 1  1.3 
 

GS3 23.5 7.1 9.4 10.8 1.2 7.1 0.6 2.6 8 8.7 7.2 3.5 1.2 5.6 0.4  0.9 
 

GS4 28.2 4.5 0.1 14.2  11.8 1.5 1.9 17.1 3.2 4.1 7.6 
 

1.6 1.1  3 0.1 

GS5 26.9 7.5 2.4 15.2 2.7 19.4 2.1 2.1 8.3 0.8 0.9 5.5 
 

2.4 1.1  2.6 0.3 

GS6 10.6 2.3 4.2 8.9 0.1 10.4 0.2 1.1 2.7 21.1 10.5 5.1 1.8 11.6 1.7  0.1 0.8 

G1  4  
 

 0.1   0.1 39.7  
    

 0.1 56 

G2  8.5  
 

 0.6   0.1 70.4  
   

0.5  1.4 18.6 

G3 0.1 10.5  
 

    
 

54.5  
   

0.4  0.3 31.4 

G4  15.3  
 

 4   
 

49.4  8.1 
  

1.7  0.1 25.3 

G5  3.2  
 

 0.1   
 

38.7  
   

4.6  
 

53.5 

GN1 9.7 6  
 

 18.4   8.1 56.9  
 

0.3 
  

 0.5 0.2 

GN2 18.7 12.6  
 

 6.4  0.7 4.3 47.2  6.3 
   

 0.6 3.2 

GN3 0.9 4.5  
 

 8.7   7.3 70.2  
   

2.4  1.6 0.5 

GN4 10.8 6.9  
 

 3.3  0.1 8.6 43.3  
    

 0.6 18.6 
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GN5 5.6 3  
 

 17  1.4 5.9 32.6  
    

 0.2 34.4 

GN6 2.4 11.1  
 

 11.7  1.1 1.3 18.7  
   

6.9  0.1 27.2 

N1 6.8   
 

0.1 33.9   5 14  
 

2.3 
  

 0.2 37.3 

N2 7.8  0.1 
 

 27.6 0.1  8.4 16.4  
 

29.1 
 

8.1  0.9 0.2 

N3 0.7   
 

 36.2 0.1  5.3 2.5 0.1 
 

0.1 0.2 52  2.4 0.1 

N4 14.4 5.3  
 

 22  0.2 14 6.9  
 

1.8 
 

0.6  0.3 34.6 

N5 27.9   
 

 31.2  8.7 8.3 9.2  
 

5.9 
 

7.9  0.4 0.3 

N6 32.2 4.4  
 

 3   16.9 5.6  
 

0.6 
  

 0.6 34.1 

BG 28.4 11.3 6.9 11.6 1.7 8.6 0.7 2.2 12 12.2 3 0.2 0.7 0.5 0.1  
  

G20  95  
 

 0.1   
 

1.1  
    

 
 

0.1 

Comp 18.4 11.2  
 

 10.8  0.6 8.5 45.7  3.4 
   

 0.2 1.1 

The five treatments were sucrose solution (S1–6), gut slurry (GS1–6), G. apicola (G1–5), G. apicola plus N. apis (GN1–6), and N. apis (N1–6). Gut slurry 

inoculum (BG). G. apicola inoculum (G20). Composite samples (Comp). Blank spaces indicate relative abundance < 0.01%. *indicates a species group that 

has not been fully characterised e.g. Pseudomonas* indicates Pseudomonas species group. The relative abundances of major contributors (> 5%) are 

bolded.



268   |    CHAPTER 7 

The mixed effects model indicates significant differences in the relative percent 

abundance of unique phylotypes among the five treatments (P < 0.01) (Table 7.11).  

 

Table 7.11 │ Analysis of Deviance table (Type II Wald chi-square tests) for the relative 
abundance of phylotypes in the digestive tract of honey bees treated with combinations 
of Gilliamella apicola, Nosema apis, and gut slurry.  

Response Sums of squares DF Pr ( > Chi-square) 

Treatment 153.57 4 2 x 10-16 

Phylotypes 4113.14 25 2 x 10-16 

Treatment: Phylotypes 2235.44 100 2 x 10-16 

Calculated using linear mixed effect regression model with a log transformation. 

 

The predicted means plot of the mean relative abundance of bacterial phylotypes 

between treatments had a mean least significant difference (LSD) of 0.9 (Figure 7.11). 

Thus, significant differences were observed within and among treatments for all 

phylotypes except F. fructosus, Pseudomonas spp., Pseudomonas aeruginosa group, 

and Staphylococcus spp.  

The largest differences were observed between B. coryneforme where the relative 

abundances in the G, GN, and N treatments were significantly lower than bees 

inoculated with gut slurry. The other dominant core bacteria Lactobacillus spp., G. 

apicola, and S. alvi, also differed as their presence was limited in treatments from which 

they were excluded.   

There was no significant difference between the relative abundance of G. apicola in the 

G, GN and GS treatments, suggesting the presence of N. apis did not affect the growth 

of G. apicola.  
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Figure 7.11 │ Predicted means of relative abundance of phylotypes in the digestive tract of honey bees treated with 

combinations of Gilliamella apicola, Nosema apis, and gut slurry.  

Relative abundance is graphed on a log scale. Five treatments: G. apicola (G), G. apicola and N. apis (GN), gut slurry (GS), N. apis (N), and sucrose (S). 

Differences > 0.9 (mean LSD) suggests significance. 
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7.4.7 Diversity analysis 

7.4.7.1 Alpha-diversity 

The α-diversity of the relative abundance within each sample indicated that treatment 

significantly influenced all four indices of richness with bees in the sucrose (S) treatment 

having the largest diversity and the G. apicola (G) treatment having the least diversity 

(Figure 7.12, Table 7.12). The Chao1 and Observed ASV plots indicate a higher 

richness in the S treatment; suggesting that the bacteria normally reliant on the 

metabolites of other bacteria may be able to exist in a sucrose-rich environment. The 

GS treatment also had high richness but the spread between samples was less than 

that observed in the S treatment. The Shannon and Simpson diversity plots in 

combination with the richness diversity plots indicate a wide spread of both richness 

and evenness of bacterial species in the guts of bees treated with sucrose.   

  

  

Figure 7.12 │ Alpha-diversity measures for honey bees treated with combinations of 

Gilliamella apicola, Nosema apis and gut slurry.  

The Observed Index plots the number of observed ASVs. The GN1comp, GN2comp, and GutSlurry points 

are the inoculations used to treat the bees.   
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Table 7.12 | Alpha diversity using treatment as the experimental factor. 

Diversity measure P value Kruskal-Wallis statistic 

Chao1 5.9762 x10-20 106.88 

Observed ASVs 5.1158 x10-21 111.22 

Shannon 4.6317 x10-13 72.49 

Simpson 1.5388 x10-12 69.913 

 

7.4.8 Beta-diversity 

The PERMANOVA showed that treatment significantly influenced the honey bee gut 

microbiome (P < 0.001). Dependant on the diversity metrics employed, 52.1% (Bray-

Curtis dissimilarity) or 38.2% (Jaccard similarity index) of the variation observed was 

explained by treatment (Table 7.13, Figure 7.13); the full complement of bacteria in the 

gut slurry treated bees overlapped with those in the other treatments. However, the 

overlap with the GN treated bees was only slight, and for the G. apicola treated bees 

the bacterial profile was completely separated.   

 

Table 7.13 | Beta-diversity of the phylotypes in the digestive tract of honey bees treated 
with combinations of Gilliamella apicola, Nosema apis, and gut slurry. 

Distance method P value F value R2 
PC% 

Axis 1 

PC% 

Axis 2 

PC% 

Axis 3 

NMDS 

stress 

Bray-Curtis < 0.001 11.66 0.37 27.9 13.8 10.4 0.19 

Jaccard < 0.001 7.95 0.28 20.1 10.6 7.5 0.19 
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Figure 7.13 │ A 3-D PCoA plot of phylotype diversity in the digestive tract of honey bees 

treated with combinations of Gilliamella apicola, Nosema apis, and gut slurry.  

Treatment was the experimental factor calculated using Bray-Curtis dissimilarity. The treatments were: G. 

apicola (G), G. apicola and N. apis (GN), gut slurry (GS), N. apis (N), and Sucrose (S).   
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The 3-D PCoA visualisations for treatment using Bray-Curtis and Jaccard distance 

methods indicate the microbiome is altered by treatment (Figure 7.14A–B); the variation 

in the gut slurry treatment was grouped to the left of axis 1 and towards the base of axis 

2, whereas the sucrose treatment was grouped to the left of axis 1, towards the base of 

axis 2 and to the right of axis 3. The G. apicola and the G. apicola plus Nosema 

treatments were grouped to the right of axis one and central for axis 3, whereas the 

Nosema treatment was grouped centrally on axis 1, to the top of axis 2. 

 

A | Bray-Curtis 

 

B | Jaccard 

Figure 7.14 | Diversity of the phylotypes in the digestive tract of honey bees treated with 

combinations of Gilliamella apicola, Nosema apis, and gut slurry. 

The treatments were: G. apicola (G), G. apicola and N. apis (GN), gut slurry (GS), N. apis (N), and sucrose 

(S). The distance matrices were A | Bray-Curtis and B | Jaccard.    
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The NMDS analysis (Figure 7.15) also suggests that the composition of the microbiome 

shifted primarily as a function of treatment. Bacterial communities in the gut slurry 

treatment were displaced from those treated with G. apicola (G1–6) and sucrose  

(S1–6) along axis one of the ordination. The bacterial communities in the bees from the 

sucrose treatment (S1–6) were displaced from those treated with G. apicola plus 

Nosema (GN1–6) along axis two of the ordination. The gut slurry treatment converged 

with a strong representation of Acetobacteraceae and B. coryneforme, as well as  

K. oxytoca and L. kunkeei while the sucrose treatment had more of the less prevalent 

bacterium B. cereus, as well as Cyanobacteria and Proteobacteria. The GN treatment 

strongly converged with G. apicola, whereas the GS treatment which converged with  

B. coryneforme, diverged from Rhizobiaceae that tended towards the opposite direction 

on axis one, and thus seemed to be less affected by treatment. This lack of treatment 

effect may support the theory that Rhizobiaceae occurs when the bacterial composition 

in the gut is compromised, as all samples were from axenic caged bees that likely had 

compromised guts. 
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Figure 7.15 | NMDS of relative abundance of phylotypes in the digestive tract of honey bees treated with combinations of Gilliamella apicola, Nosema apis, 

and gut slurry. 

The treatments were: G. apicola (G1–5), G. apicola and N. apis (GN1–6), gut slurry (GS1–6), N. apis (N1–6), and Sucrose (S1–6). 
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7.5 Discussion 

This study investigates within-host competition between the gut pathogen N. apis, and 

core gut bacteria in the gut of caged honey bees. Axenic bees were inoculated with 

combinations of G. apicola, N. apis, and gut slurry from hive bees, to test the hypothesis 

that N. apis infection reduces the development and/or relative abundance of G. apicola, 

the coloniser of the outer layer of the ileal biofilm.  

Number of amplicon sequence variants and phylotypes 

The NGS analysis showed that all treatments were successfully consumed by the honey 

bees; the high relative abundance of G. apicola in the bees inoculated with G. apicola, 

as opposed to the low relative abundance of those not treated with G. apicola. This 

increased proportion of specific bacteria was the same for the bees fed with the gut 

slurry inoculum.  

Gilliamella apicola was present in all five treatments, although it was only observed in 

one cage in the N treatment. There was no significant difference between the relative 

abundance of G. apicola in the G, GN and GS treatments, suggesting the presence of 

N. apis did not affect the growth/development of G. apicola. As N. apis resides in the 

ventriculus where it infects the epithelial and regenerative cells (Fries 1988a; Higes et 

al. 2019), it was not expected to affect the base layer of the ileal biofilm, which is 

primarily S. alvi. However, the effect of N. apis spores on the outer layer of the biofilm 

was unknown. After erupting out of the epithelial cells, the spores progress from the 

ventriculus, to the ileum, and through the remainder of the digestive tract (Higes et al. 

2019), potentially leaving behind N. apis spores in each compartment. These may have 

aided or inhibited the growth of the saccharolytic fermenter G. apicola as the additional 

spores may have provided G. apicola directly with additional carbohydrates, or through 

the degradation of some of the bee epithelial cells ruptured by N. apis, or via indirect 

immune function. Although the duration of the trial was 12 days, the N. apis inoculation 

was conducted on day 5. This meant there were only 7 days within which the spores 

could infect, proliferate, and progress through the bee gut. It may therefore be useful to 

conduct this trial on older bees with a fully developed gut bacterial composition and 

identify the effect of high levels of N. apis infection passing through the digestive tract. 

Analysis of the individual gut compartments may also identify the bacteria present within 

each, as well as the response of each bacterium to excessive amounts of epithelial cells 

and/or N. apis spores in each compartment.  

The shift in composition of the microbiome, as shown by the NMDS analysis, occurred 

primarily as a function of treatment, and the diversity metrics suggest treatment explains 

up to 52% of the variation. The gut slurry treatment converged with a strong 

representation of Acetobacteraceae and B. coryneforme, both frequently present in NZ 

honey bees (Chapter 3) and diverged from Rhizobiaceae. As the gut slurry was the 
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positive control, it was intended that the bees would develop a ‘close to normal’ bacterial 

composition. Bees in this treatment contained all core dominant bacteria, although the 

relative abundances of these phylotypes were dissimilar to the ratio observed in healthy 

bees from a colony (Chapter 3). Despite this, and coupled with the fact that the GS 

treatment diverged from all other treatments that did not contain high proportions of the 

dominant core bacteria, it is likely that the GS treatment produced a bacterial 

composition that more closely approximated a healthy bee gut than the other 

treatments. This was also supported by the low abundance of Rhizobiaceae in the GS 

treatment but high abundance in all other treatments. In the G and GN treatments 

Rhizobiaceae was the most dominant phylotype. This evidence is complementary to 

that identified in Chapters 3, 4 5 and 6, where Rhizobiaceae increased in honey bee 

guts with a compromised bacterial composition. The absence of other core bacteria, 

such as S. alvi that was absent from both the G and GN treatments, suggests S. alvi 

acquisition occurs very early in the developmental stage of the bee, and their 

proliferation indicates presence of adequate carbon substrates, while the normally crop-

residing Rhizobiaceae are inhibited.  

Axenic bees 

The dominant core phylotypes (G. apicola, S. alvi, Bifidobacterium spp., and species 

within the genus Lactobacillus) were present in all sucrose and gut slurry treated bees. 

The gut slurry treatment supports the literature that gut bacteria can be acquired from 

nurse bees or hive material (Powell et al. 2014). Although suggested, the literature does 

not clearly identify whether bees are axenic when they eclose from their wax cell. The 

presence of bacteria in axenic bees fed the sucrose control and the presence of G. 

apicola in all five treatments (including the sucrose and N. apis treatments, albeit at low 

relative abundance), suggests that NEWs may not be fully axenic when they emerge 

from their cells. Alternatively, bees may have acquired bacteria from their cages or the 

environment within the incubator. In this study the sucrose may have provided a 

substrate for bacteria that would normally be provided by other bacteria or the 

metabolites they produce. The interaction in the ileum between G. apicola and S. alvi is 

an example of this mutualistic behaviour (Anderson and Ricigliano 2017). 

The presence of S. alvi and Bifidobacterium spp. in approximately half of the G and GN 

treatment cages, and some of the N treatment cages, indicates that core bacteria exist 

in the honey bee gut when they emerge from the cell. Their limited presence also 

suggests that the abundance of these bacteria may be inhibited by unfavourable growth 

conditions, or by the interaction with G. apicola or N. apis, or that these bacteria require 

other mutualistic bacteria to proliferate. The presence of S. alvi and Bifidobacterium spp. 

in approximately half of the G and GN treatment cages, and some of the N treatment 

cages, again suggests that core bacteria exist in the honey bee gut when they emerge 

from the cell. This also suggests that the proliferation of these bacteria may have been 

inhibited by unfavourable gut conditions, or that the interaction with G. apicola or N. apis 
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may have inhibited proliferation, or that these bacteria require other mutualistic bacteria 

to proliferate.  

In bees inoculated with G. apicola, the high relative abundance of Rhizobiaceae (38.7–

70.4%) and Serratia spp. (18.6–56%), and the presence of the less abundant bacteria 

Acetobacter spp. (0.4–4.6%), Cyanobacteria (< 0.01–1.4%), and Lactobacillus apis (< 

0.01–4%) also suggest that these bacteria are resident within NEWs.  

Besides bacteria being present in the gut prior to eclosure, a second possible 

explanation for the presence of bacteria in axenic bees fed sucrose is that the irradiated 

pollen contained traces of bacteria. The bacteria in the pollen were not viable as they 

were irradiated, but the bacterial DNA may still have been identifiable. As the pollen was 

not analysed, the phylotypes were not identified. 

All bees in this trial were removed from the cells prior to emergence to prevent contact 

with hive ware and other bees, and ultimately the acquisition of gut bacteria (Powell et 

al. 2014). The negative sucrose control was expected to be somewhat axenic at the end 

of the trial, similar to the low concentrations of bacteria observed by Powell et al. (2014) 

after eight days; approximately 1.9 x 106 16S rRNA gene copy numbers. The bees 

inoculated with the gut slurry (positive control) were expected to have a full complement 

of bacteria at the end of the trial with approximately 100-fold more bacteria than bees in 

the sucrose treatment (Powell et al. 2014). This was the case for the GS treatment as 

the richness in phylotypes was higher than the other treatments. However, the high 

diversity observed within the sucrose treatment (negative control) was unexpected. As 

the diversity in these sucrose samples was similar to that of the gut slurry but with a 

larger spread, some bees contained a diverse bacterial composition and some did not. 

This acquisition of bacteria may have occurred before or during the trial set-up, or may 

have resulted from contamination during analysis. The increased diversity may also be 

explained by the lack of a critical threshold of the core bacteria, resulting in opportunistic 

colonisation by fast-growing environmental organisms. As the sucrose treatments were 

sterile and the caged bees had no direct contact with other bees or hive ware, and as 

all of the samples were processed using the same methodology and at the same time, 

it is important to note that the gut slurry inoculation likely provided a high abundance of 

normal commensals and these competitively inhibited the colonisation by the 

comparatively fewer environmental contaminants, which only colonise if not 

competitively excluded. This high diversity therefore firstly suggests that the bees were 

not axenic. Secondly, the high diversity in the sucrose control supports the theory 

developed in Chapter 5 where increased diversity in the honey bee gut may not be 

beneficial as diversity appears to be associated with bees that are sick (Chapter 3), 

bees that are aged such as those that overwinter (Chapter 5), or bees that have been 

nutritionally challenged (Chapter 6).  

The possibility that NEWs contain bacteria is contrary to that observed by Powell et al. 

(2014) who state that worker bees initially lack bacteria. However, their study supports 
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the findings in this chapter as they actually did identify bacteria in 8-day-old bees, even 

if only at a very low abundance (1.9 x 106 16S rRNA gene copy numbers). Data in this 

chapter therefore support the theory that NEWs are not devoid of bacteria. However, as 

contamination cannot be fully excluded, additional research is required to understand 

whether NEWs emerge with a limited bacterial composition that may require specific 

conditions to develop in to a full complement of bacteria.  

qPCR analysis 

The presence of N. apis spores/ml in the G. apicola inoculation, the bee gut inoculation, 

and the Nosema inoculation confirms N. apis was relatively absent in the G. apicola 

inoculation but present in the gut slurry and Nosema inoculations. The presence of  

N. apis was expected in the gut slurry inoculation because Nosema infection in NZ bees 

is unable to be chemically controlled. Hence, it was likely to be present in the bees used 

to produce the gut slurry. 

The significant difference in the number of N. apis spores/ml between treatment groups 

occurred because the sucrose control had significantly fewer N. apis spores/ml than all 

other treatments, and the GS treatment had significantly more N. apis spores/ml than 

the N treatment (P < 0.05).  

The presence of N. apis in bees inoculated with N. apis compared with bees fed sucrose 

and bees inoculated with G. apicola and N. apis indicates that the methodology used to 

administer the treatments was successful and that the bees prior to treatment contained 

minimal N. apis infection. As the number of spores in bees inoculated with N. apis was 

significantly lower than that in bees inoculated with honey bee gut slurry, this suggests 

that the filtered N. apis suspension may have contained fewer viable spores than the 

fresh gut slurry. This probably occurred, despite attempts to limit the loss of spores 

throughout the verification process, when the 30 ml N. apis suspension was passed 

through a 70 µm sterile filter which was replaced every 10 ml when the filter clogged, 

thus removing some of the viable spores.  

Gilliamella apicola is a facultative anaerobe that produces energy from the aerobic 

fermentation of carbohydrates. Despite lacking some of the genes required for the TCA 

cycle, G. apicola generates ATP and biosynthetic precursors directly from glycolysis, 

pentose phosphate pathways, and the Entner-Doudoroff Glucose to Pyruvate pathway 

(Kwong et al. 2014). In this study the sucrose-rich environments may provide G. apicola 

with sufficient carbohydrate to produce energy, thus enabling its proliferation 

independent of other bacteria. This is evidenced in their presence within the bees 

inoculated with G. apicola, and both G. apicola and N. apis. 

Snodgrassella alvi is an aerobic oxidiser of carboxylic acids (Kwong et al. 2014), so a 

lack of this bacterium in the ileum may mean less substrate for the reductive cycles and 

therefore less CO2 in the digestive tract. As S. alvi and G. apicola are both facultative 

anaerobes (Kwong and Moran 2013), they may not be affected. However, this decrease 
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in CO2 may influence the atmosphere down the digestive tract inhibiting bacteria that 

prefer partial or full anaerobic conditions such as the genera Lactobacillus, Frischella, 

and Bifidobacterium. Interestingly, in the two treatments where S. alvi was absent, 

Frischella perrara was also absent, thus suggesting a greater link between these two 

bacteria than currently understood. 

The low abundance of F. perrara (0.1–2.7%) in the 12-day-old bees from the gut slurry 

treatment was unexpected as caged bees fed old protein diets (pollen or bee bread) 

have higher frequencies of G. apicola and F. perrara than those fed fresh diets (Maes 

et al. 2016). Bees in my trial were fed old diets: apple pollen stored at -70°C for 2.5 

years. It is possible that the low abundance of F. perrara in the treatments was because 

G. apicola was competing with it (Martinson et al. 2012; Powell et al. 2014). However, 

as F. perrara was also low in the N treatment which did not contain G. apicola, a further 

explanation could be acquired through host-challenge trials.  

Composite samples 

The number of N. apis spores from the combined samples of lysed bee guts from five 

individual bees compared with those within individual samples indicates large variation 

between individual bees inoculated using these methods. The number of spores in the 

composite samples fell within the range of the individual samples, suggesting that a 

composite sample of five bee guts inoculated using these methods may sufficiently 

indicate N. apis numbers. However, the large difference between the individual counts 

and the count of the composite sample (2.15 x 109) suggests that the presence of some 

bee guts will conceal the lower concentration in other guts from bees that have 

consumed a limited amount of the inoculum. For example, the number of N. apis spores 

in bee 1 in cage GN1 was 8.84 x 104, whereas bee 2 contained 8.30 x 109 spores. It is 

possible that once the gut samples were homogenised, the weightier components may 

have settled to the base of the tube before the 80 µl was removed for DNA extraction; 

as the five bee samples were vortexed together before removing the subsamples, the 

bee samples processed last (~5 min) may have a comparatively lesser number of 

spores compared with the earlier contributing samples due to the lysis solution. The 

order of the inclusion was not recorded so this cannot be verified. As only two composite 

samples were analysed, not enough information is available to make any definitive 

sampling recommendations. However, if composite samples are used, then these 

results should only be compared with those collected using similar methodology. Also, 

to reduce the dilution effect of the lysis solution, bee guts should be pooled directly in to 

lysis solution, followed by DNA extraction.  

To identify the bee-to-bee variation, no less than five bees should be sampled and the 

number of experimental replicates should provide sufficient power/data. The two 

composite samples of five individual bees does not provide sufficient data so pooling 

additional bee guts may provide more accurate information regarding the presence of 



 

CHAPTER 7    |   281 

N. apis than sampling of individual bee guts. This may also be a more economic and 

accurate way to understand microbiome composition through 16S rRNA sequencing. 

Honey bee mortality 

The high bee mortality observed in all five treatments (32–61%) was higher than 

accepted when adhering to the oral guidelines for testing chemicals on honey bees, as 

outlined by the Organisation for Economic Co-operation and Development (OECD) 

(OECD 1998). However, these guidelines recommend conducting trials for 48 h, or 96 

h in prolonged trials. As this trial was conducted for 216 h to ensure a full complement 

of G. apicola and N. apis had colonised after inoculation (Forsgren and Fries 2010; 

Powell et al. 2014), this mortality was expected. The high mortality likely occurred 

because the bees within each treatment cage were combined from the four frames from 

each of four hives. During this trial I observed worker bees fighting and although the 

bees from different hives were not differentiated, fighting does not normally occur when 

bees are caged from the same colony. Although, worker bees do not discriminate 

among unrelated and related bees from larval phenotypes (Tarpy and Fletcher 1998), 

and mixed kin groups assembled immediately after emerging learn the composite 

identity of the group and do not attack bees based on kinship (Breed et al. 1985), I have 

observed much bee discrimination in the field working with colonies. For example, the 

transfer of adult workers on frames of brood from one colony to another colony results 

in better integration when the bees are supplied with a floral scent. 
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7.6 Conclusions 

The pathogen challenge of N. apis did not disrupt the development of the relative 

abundance of G. apicola, the outer layer of the biofilm in the honey bee ileum.  

The gut slurry inoculation produced a bacterial composition that approximated a healthy 

bee gut relative to bees inoculated with individual bacteria. The increased abundance 

of bacterial phylotypes after the bees were inoculated supports the literature that bees 

can acquire gut bacteria from worker bees. 

NEWs do not appear to be axenic when they emerge from their cells as low relative 

abundance of G. apicola, S. alvi, L. apis, L. mellis, Lactobacillus spp., Bifidobacterium 

spp., Serratia spp., Acetobacter spp., Rhizobiaceae, and Cyanobacteria were present. 

The lack of abundant bacteria in the honey bee gut correlated with an increase in the 

opportunistic colonising bacteria Rhizobiaceae and Serratia. This is further evidence 

supporting the evolving theory from Chapters 3, 4, 5 and 6 regarding Rhizobiaceae as 

an opportunistic bacterium that may be a useful indicator of poor bee health. 

The number of N. apis spores identified from five individual bees using qPCR indicates 

large variation among the samples when bees are inoculated using this ‘group-fed’ 

methodology. The number of spores in the composite samples fell within the range of 

the individual samples, suggesting that a composite sample of five bee guts inoculated 

using these methods may sufficiently indicate N. apis numbers. 

7.7 Where to next 

Compromised honey bee guts appear to have higher relative abundance of the family 

Rhizobiaceae and the species Serratia than those with full complements. This naturally 

leads to exploring my theory that the composition of the gut microbiome in donor nurse 

bees influences the microbiome in receiver NEWs. However, as this is the final research 

Chapter of this PhD, I will need to secure funding to conduct this research. 
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7.8 Supplementary material 

7.8.1 Pilot trial to determine the suitability of inoculating 

caged honey bees individually and as a group 

Caged honey bees can be inoculated individually by hand or as a group using feeders. 

To ensure the bees become infected after inoculation and so determine the pros and 

cons of each method, the suitability of inoculating bees individually or as a group was 

required. The most appropriate inoculation method was then used to conduct the host-

challenge study in Chapter 7; the effect of the gut pathogen N. apis on the gut bacterium 

G. apicola, the bacterium that forms the top layer of the biofilm in the honey bee ileum.  

Methods and materials 

In spring (September) 2016, all bees were shaken off two sealed-brood frames (the 

bees were within 24 h of emerging) from each of two hives (190 and 411) located at 

PFR in Hamilton, NZ. The frames were incubated at 34°C and 65% relative humidity in 

ventilated metal carriers (length 390 mm x width 100 mm x height 255 mm). After 24 h 

approximately 600 NEWs were placed in each of two large cages and fed 50% (w/v) 

sucrose solution (SS) and irradiated apple pollen ad libitum. 

At day 3 the temperature was reduced to 30°C for the remainder of the trial to simulate 

temperatures experienced by bees moving in and out of the brood nest. The bees were 

then starved for 2–6 h to ensure they consumed the inoculation, and a total of 520 bees 

were treated with one of six treatments (Table 7.8.1.1):  

 Individually inoculated and individually caged bees (IIIC) 

 Individually inoculated bees that were then caged as a group (IIGC) 

 Bees group-inoculated and group-caged (GIGC) 

 Bees individually inoculated with SS and individually caged (IIIC control) 

 Bees individually inoculated with SS and caged as a group (IIGC control) 

 Bees inoculated with SS as a group and caged as a group (GIGC control).  

All bees were anoxiated (put to sleep) with CO2 for 2 min (Martín-Hernández et al. 

2011), either to enable handling of individual bees prior to inoculation, or aid 30 bees to 

be placed in to each cage allocated to the group treatments. Individually fed bees were 

inoculated with 5 µl using a pipette tip. The Nosema-treated bees were fed SS 

containing 10,000 spores. The individually inoculated bees were fed 50% SS and pollen 

ad libitum 20 min after they were inoculated to ensure they did not regurgitate the 
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treatment. The group-fed bees (GIGC and GIGC control) were fed pollen ad libitum as 

soon as the treatment was applied and then 50% SS after 24 h.  

 

Table 7.8.1.1 | Treatment inoculations fed to honey bees individually or as a group. 

Treatment Bees 

per 

cage 

Cage 

replicates 

(cage type) 

Total 

number 

of bees 

Inoculation substance and 

application method 

IIIC 1 20 

(queen cage) 

20 Individually inoculated with 5 µl 

10,000 N. apis spores in 50% SS, 

and individually caged 

IIIC 

Control 

1 20 

(queen cage) 

20 Individually inoculated with 50% SS, 

and individually caged 

IIGC 20 6 

(metal cage) 

120 Individually inoculated with 5 µl 

10,000 N. apis spores in 50% SS, 

and caged in a group 

IIGC 

Control 

20 6 

(metal cage) 

120 Individually inoculated with 5 µl 50% 

SS, and caged in a group 

GIGC 20 6 

(metal cage) 

120 Group inoculated with 0.4 ml of N. 

apis suspension in 50% SS 

containing ~200,000 spores, and 

caged in a group 

GIGC 

Control 

20 6 

(metal cage) 

120 Group inoculated with 50% SS, and 

group caged 

Sucrose solution (SS). Nosema apis: N. apis. 

Mortality was recorded daily for 12 days post inoculation. At the end of the trial the entire 

digestive tract from each bee was individually dissected and the DNA was extracted 

from each using the ZR Quick-DNA™ Fecal/soil microbe miniprep kit (D6010). The 

variation in N. apis concentration between treatment groups was determined using 

qPCR, and the results were expressed as the number of gene copies. The data were 

analysed using Genstat 18th Edition (VSN International 2015); post-hoc pairwise 

comparisons of least-square means were conducted using Tukey’s test to indicate 

significant differences among treatments. These are shown by dissimilar letters. 

Results and discussion 

The bee mortality in the individually inoculated and individually caged treatment (IIIC) 

was significantly higher than that in the associated control group or either of the grouped 

caged treatments IIGC or GIGC (Figure 7.8.1.1, Table 7.8.1.2); only eight of the 20 bees 

in the IIIC treatment survived and only 10 of the bees in the IIIC control treatment 

survived, suggesting that the inoculation method was detrimental to the bees rather than 

the Nosema treatment. The mean number of N. apis gene copies was not significantly 

different between the individually inoculated or group inoculated treatments (Figure 
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7.8.1.1, Table 7.8.1.2). The GIGC control contained 7-fold less N. apis genes, and the 

IIGC control contained 59-fold less N. apis gene copies than the associated treatments.  

 

Figure 7.8.1.1 | Honey bee mortality of bees individually inoculated, or group-inoculated 

with Nosema apis spores. 

 

Table 7.8.1.2 | Mean mortality of honey bees after 12 days that were individually inoculated 
or group-inoculated with Nosema apis spores, and the associated number of gene copies. 

Treatment Mean 

percent 

mortality 

Minimum 

percent 

mortality 

Maximum 

percent 

mortality 

N. apis 

gene copies 

(Mean) 

Standard error 

IIIC 60 36.1 80.9 20,725,000bc 3,173,002 

IIIC Control 35 15.4 59.2 19,231a  

IIGC 28.3 20.5 37.3 22,285,057c 962,179 

IIGC Control 4.2 1.4 9.5 376,991a 844,260 

GIGC 16.7 10.5 24.6 17,312,500b 897,460 

GIGC Control 14.2 8.5 21.7 2,280,882b 888,618 

Dissimilar letters are used to indicate significant differences between the mean number of gene copies from 
each of the treatments.  
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No difference was observed between Nosema counts for the treatments IIIC and GIGC 

(Table 7.8.1.3, Figure 7.8.1.2). However, there was a significant difference between 

group caged bees that were inoculated individually or inoculated as a group (GIGCC vs 

IIGC). The bees in the GIGC treatment were accidentally fed twice the number of 

Nosema spores as those in the IIGC treatment but after the 12 days the Nosema spore 

count was lower. 

Table 7. 8.1.3 | Tukeys 95% confidence intervals for differences in the number of Nosema 
apis gene copies in the honey bee gut, 12 days after individual or group-inoculation with 
Nosema apis spores. 

Treatment 

Comparison Difference Lower 95% Upper 95% Significant 

IIICC vs IIGCC -357760 -7882939 7167418  no 

IIICC vs GIGCC -2261652 -9828579 5305276  no 

IIICC vs GIGC -17293269 -24868746 -9717793  yes 

IIICC vs IIIC -20705769 -32251871 -9159667  yes 

IIICC vs IIGC -22265827 -29906139 -14625514  yes 

IIGCC vs GIGCC -1903891 -5413206 1605424  no 

IIGCC vs GIGC -16935509 -20463220 -13407798  yes 

IIGCC vs IIIC -20348009 -29748507 -10947510  yes 

IIGCC vs IIGC -21908066 -25572936 -18243196  yes 

GIGCC vs GIGC -15031618 -18647531 -11415704  yes 

GIGCC vs IIIC -18444118 -27878070 -9010165  yes 

GIGCC vs IIGC -20004175 -23754023 -16254328  yes 

GIGC vs IIIC -3412500 -12853311 6028311  no 

GIGC vs IIGC -4972557 -8739627 -1205488  yes 

IIIC vs IIGC -1560057 -11052973 7932858  no 
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Figure 7.8.1.2 | Mean number of Nosema apis gene copies in honey bees 12 days post 

individual and group inoculation. 

The box spans the interquartile range and the horizontal line indicates the median. The whiskers mark the 

upper and lower fence and extend to the minimum and maximum values. An extreme value greater than 1.5 

times the interquartile range is marked as an ‘x’.  

There are four possible explanations for why Nosema spores were observed in some 

control cages. The first is that there may have been some old bees hiding in the sides 

of the incubation cages from where the supposed NEWs were selected from. This could 

be prevented by transferring the frames to new cages once back in the laboratory. The 

second is that the NEWs were fed on pollen for the first 3 days of life which, although 

irradiated, may have still contained dead Nosema spores. These would not have 

multiplied during the trial but in the calculation a single spore is multiplied by 50,000. 

However, this is unlikely to explain the 7 x 107 concentrations found in some of the IIGC 

samples. The third explanation is that the treated bees were accidentally placed in the 

control cages. If this occurred then it is interesting to note that the presence of N. apis 

in some caged bees did not appear to result in spores being passed to the other bees. 

For example, the maximum number of positive N. apis gene counts observed in one 

IIGC treatment cage was seven, comparatively, a control cage positive for N. apis was 

more likely to have ≤ 2 positive bee samples. The fourth and most likely explanation for 

the control bees being positive for Nosema is that some of the NEWs would have been 

in contact with the bee frames for 24 h whereas some would have had < 5 min contact. 

As the primary transmission of N. apis occurs by bees consuming faeces on the frames 
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(Bailey 1953), the frames have provided a source of inoculation for these early emerging 

bees. This can be controlled by removing the bees at intervals less than the 24 h, such 

as every 15 min. 

Conclusion 

As individual inoculation was no better, bee mortality was higher, and the time to 

conduct the individual inoculations were extremely lengthy in comparison with group 

inoculated bees, further inoculation trials of Nosema and bacteria were conducted using 

bees grouped in cages. 
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7.8.2 Recommended protocol for the ZymoBIOMICS 

DNA/RNA Mini Kit (R2002) 

The DNA extractions were conducted as per the recommended protocol for the 

ZymoBIOMICS DNA/RNA Mini Kit (R2002) (Zymo Research, Irvine, CA, USA):  

1. The volume of DNA/RNA shield in the sample tubes was increased from 90 µl to 

750 µl and then the samples were homogenised for 40 s with a high-throughput cell 

disrupter, FastPrep®-24 (MP Biomedicals, Seven Hills, Australia), at 6 m/s. 

2. ZR BashingBead™ Lysis Tube containing the gut samples were centrifuged for 1 

min at ≥ 10,000 g. 

3. 400 µl of supernatant was transferred to a new collection tube (CT) and 400 µl of 

DNA/RNA Lysis Buffer were mixed well. 

4. The sample was transferred to a Spin-Away™ Filter in a new CT and centrifuged at 

≥10,000 g for 30 s. 

5. The flow-through was saved for RNA purification and the Spin-Away™ Filter was 

transferred to a new CT. 400 µl of DNA/RNA Prep Buffer was added to the column 

and centrifuged at ≥ 10,000 g for 30 s. The flow-through was discarded. 

6. 700 µl of DNA/RNA Wash Buffer was added to the column and centrifuged at  

≥ 10,000 g for 30 s. The flow-through was discarded. 

7. 200 µl of DNA/RNA Wash Buffer was added to the column and centrifuged at  

≥ 10,000 g for two min to ensure complete removal. The column was carefully 

transferred into a new microcentrifuge tube. 

8. 100 µl of DNase/RNase–Free Water was added directly to the column matrix and 

left to stand for five min before being centrifuged at ≥ 10,000 g for 30 s to elute the 

DNA from the column. 

9. The base of a Zymo-Spin™ IV-HRC Spin Filter, was snapped off, and the filter was 

inserted in to a collection tube (CT), and centrifuged at exactly 8000 g for 3 min. The 

flow- through was discarded. 400 µl of DNase/RNase–Free Water was added to the 

filter and centrifuged at ≥ 8000 g for two min. 

10. The eluted DNA was transferred to a Zymo-Spin™ IV-HRC Spin Filter in a new 

microcentrifuge tube and centrifuged at ≥ 8000 g for one min. 
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7.8.3 Metabolic activity of Gilliamella apicola  isolates 

The metabolic acitivity of the G. apicola isolates were determined using optical density 

(OD) of the samples (higher the OD the darker the blue) coupled with the colour change 

observed in the photo log of the samples in the plate wells (red to yellow). Both indicate 

that all 16 isolates contained bacteria that were able to metabolise WST-1 over the first 

four hours (Figure 7.8.3.1): The wells A1, B1, and C1 containing the WST-1 controls 

had low OD readings (< 0.1) for the first 4 h, as supported by the photo log. Even during 

the time taken to apply the WST-1 and take the 0 h photo, a colour change was obvious 

in isolates 8–16, and the three 200 µl samples (D6–8, E6–8, F6–8), thus suggesting the 

G. apicola isolates were viable. After 18 h, all samples, including the TSB control, were 

yellow compared with the TSB WST-1 control at 0 h. This colour change suggests that 

bacteria within the wells were metabolising. As the suspension was not sequenced at 

the 18 h time point, the specific bacteria that were proliferating cannot be identified. 

However, as the controls contained bacteria that were metabolising, it is likely that the 

bacteria were contaminants. Contamination may have occurred because the plate was 

unable to be sealed when the OD measurements were determined.  

  
a | At 0 hours. 

  
b | After 2 hours. 

  
c | After 3 hours.  
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d | After 4 hours. 

  
e | After 18 hours. 

Figure 7.8.3.1 | Viability of Gilliamella apicola using WST-1 throughout 18 hours. On the 

left the optical density is recorded for each well at the specified time point and the 

associated photo log is on the right. 
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Chapter 8 

8 Synthesis 
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8.1 Key findings of this thesis 

The aim of this doctoral research was to characterise the composition and relative 

abundance of core gut bacteria in NZ honey bees, and to examine the effect of 

environmental/external factors that influence the bee host and how these affect bacteria 

in the honey bee gut. The response of the less dominant bacteria as potential indicators 

of poor health in honey bees was also a secondary focus.  

After setting the scene in Chapter 1 and defining the methodology in Chapter 2, 

Chapter 3 establishes the first characterisation of the bacterial community in the gut of 

NZ honey bees. Bees from 21 apiaries spread throughout seven NZ regions contained 

27 unique phylotypes with > 0.01% relative abundance. These included the five 

dominant core bacteria identified in bees internationally. Eight phylotypes were only 

present in colonies deemed sick by beekeepers, two of which have potential as 

indicators of poor bee health: the genera Serratia and Acetobacter. The family 

Rhizobiaceae was also a promising indicator as it was present in 100% of the sick 

colonies but only 27.5% of the healthy colonies from the same apiaries. The gut 

pathogen Nosema apis was also associated with each sick colony but Nosema ceranae 

was only present in one colony from the Nelson region. This suggests that the 

observations of the beekeepers may have been consistently in response to N. apis but 

not N. ceranae. To date the newly introduced N. ceranae has not outcompeted N. apis 

in NZ, as has occurred internationally (Paxton et al. 2007). The environmental measures 

associated with each apiary appeared to influence the bacterial composition, in 

particular bees foraging on ‘Native bush’ and ‘mānuka’ were distinct from those foraging 

on introduced floral resources.  

Throughout the analysis in Chapter 3, it became clear that assimilating reliable 

taxonomic information for recently characterised bacteria within the honey bee gut was 

problematic. I sought to develop a customised 16S rRNA BLAST database compatible 

with QIIME2. This was achieved in combination with my supervisor, Associate Professor 

Patrick Biggs.   

NZ honey bees have been isolated from international bees since 1960 (Stevenson et 

al. 2005). Chapter 4 compares the gut bacterial composition of NZ bees with the gut 

composition in honey bees from Connecticut, USA. The intermingled presence of the 

dominant core bacteria in all 84 NZ colonies and the two USA colonies not only 

corroborates the theory that these dominant core bacteria are internationally 

widespread, but that they have remained stable within an isolated population for over 

60 years. This highlights the importance of the symbiotic relations that these gut bacteria 

have with honey bees and provides an opportunity to exploit the bee as a model for 

human health. This chapter reveals that genera Shewanella and Halomonas were 

present only in the USA samples and nine phylotypes were present only in the NZ 

samples. This variation indicates that dysbiosis may have occurred or that the 
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phylotypes may have systemically adapted to NZ conditions to result in a unique NZ 

bee bacterial fingerprint. The path that led to this variation is unclear but this creates a 

model system for studying divergent bacterial populations within a host. Furthermore, 

given that we only conducted this study to identify the differences between bacteria in 

two geographically isolated honey bee populations, metagenomics studies were not 

conducted. Since the functional and metabolic capacity of the phylotype (i.e. what they 

do) is more important than the community composition (i.e. who they are), further 

studies are required to fully understand and characterise the effect of the geographic 

isolation on the health of NZ honey bees.  

In the bee literature this is the first example showing that the different hypervariable 

regions alter the number of ASVs and the relative abundances observed for the same 

DNA. This highlights the importance for comparing data from DNA extracted using 

similar methodologies to advance this field of research. 

Chapter 5 identified that the gutbacterial composition of bees from five hives varied 

throughout a 12 month period. The bacterial composition in summer bees was the most 

diverse, autumn and winter bees had lesser diversity, and spring bees had the least 

diversity. This may suggest that the increased bee population in spring may result in a 

cleansing of less prevalent bacteria for the year ahead. On average, the relative 

abundance of the five dominant core bacteria did not alter throughout the year. 

However, the relative abundance of G. apicola and S. alvi did alter within individual bees 

throughout the year suggesting that these species may alter their abundance in 

response to occurrences within the gut and this may ultimately aid bee functionality. The 

variation in bacterial composition observed in this chapter was used to guide the sample 

size and age structure of bees for the remaining experimental studies; a minimum of 20 

bees were used in each pooled sample and the trials used only spring bees, or summer 

bees, or autumn bees, as this limited the age of the sampled bees (< 38 days). The 

relative abundance of the less prevalent phylotypes altered throughout the seasons with 

Rhizobiaceae abundance peaking in winter when bees often have elevated pathogen 

levels due to their increased longevity. In particular Rhizobiaceae exceeded the relative 

abundance of all dominant core phylotypes, except Lactobacillus spp. This evidence 

adds weight to my theory that Rhizobiaceae may be a useful early indicator of poor bee 

health. Further studies that characterise the effects of these inconsistently present 

bacteria would determine the validity of this cleansing theory. 

In Chapter 6 I showed that supplementary carbohydrates often fed to bees during 

dearth periods, such as winter are not equivalent food sources to honey or nectar. 

Sucrose-rich diets increased the relative abundances of three sub-dominant core 

bacteria, Rhizobiaceae, Acetobacteraceae, and Lactobacillus kunkeei, and decreased 

the relative abundance of the core species Frischella perrara. In combination, these 

significantly altered the bacterial composition. Acetogenic bacteria from the 

Rhizobiaceae and Acetobacteraceae families increased two- to five-fold when bees 
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were fed sucrose, suggesting that sucrose fuels the proliferation of specific low-

abundance primary sucrose-feeders. This increase in organic acids that fuel host 

metabolism has been shown to impact host physiology and body weight in other studies 

with honey bees. 

The effect of the gut pathogen N. apis on the development of G. apicola, the outer layer 

of the biofilm in the luminal surface of the honey bee ileum, was explored in Chapter 7. 

N. apis did not disrupt the development of G. apicola. The gut slurry used to inoculate 

NEWs in this chapter increased the number of bacterial phylotypes in these NEWs, thus 

supporting the limited literature that NEWs acquire gut bacteria from older worker bees. 

This study also confirms that NEWs are not axenic when they emerge from their cells 

as their guts contain low levels of G. apicola, S. alvi, L. apis, L. mellis, Lactobacillus 

spp., Bifidobacterium spp., Serratia spp., Acetobacter spp., Rhizobiaceae, and 

Cyanobacteria. Finally, this chapter also identified a correlation between the lack of 

abundant bacteria in the honey bee gut with an increase in the opportunistic colonising 

bacteria Rhizobiaceae and Serratia. This is further evidence in support of the evolving 

theory from Chapters 3, 4, 5 and 6 that Rhizobiaceae is an opportunistic bacteria that 

may be a useful indicator of poor bee health. 

8.2 Future research opportunities 

Although the trials within this PhD research were intended to be conducted sequentially 

to modify the lines of enquiry as required, the time required to understand and code the 

bioinformatics to produce these results prohibited this. The trials were therefore 

conducted concurrently. However, the data from these chapters provide powerful 

evidence of association among bacteria in the honey bee gut and bee health. Similarly, 

bee diet influences the gut bacteriome and metabolism, demonstrating the inter-

kingdom dependencies that are key to microbial survival and host health.  

We are in the initial stages of understanding the intricacies of the bacterial community 

within the honey bee gut, and how gut conditions could be manipulated to support 

bacteria associated with healthy bees. My thesis contributes to this picture by showing 

that the presence of several less prevalent bacteria, particularly Rhizobiaceae, occur 

consistently in the gut of honey bees with compromised gut bacteria. Rhizobiaceae was 

present in bees not only deemed sick by beekeepers, or in old winter bees, but in bees 

challenged by the supplementary feed sucrose (as opposed to those fed honey), as well 

as the gut pathogen N. apis. This suggests the Rhizobiaceae family may be 

opportunistic bacteria that occur when the gut composition is compromised. This 

concept could be developed further as a useful early indicator of poor colony health.  

To date, most experimental studies regarding gut bacteria are conducted using 

individual or caged honey bees. However, this may not always reflect what transpires 

within a commercial-sized colony. The collaborative nature of the colony, the 
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consumption of propolis containing antibiotic properties, and the self-removal by sick 

bees may partially explain why entire colonies do not succumb to challenge trials. The 

effects of external factors, such as food resources and pathogen loading on less 

prevalent gut bacteria, including Rhizobiaceae, should be conducted using commercial-

sized colonies. Further studies should also be conducted to determine the conditions 

that favour and inhibit the proliferation of less prevalent bacteria, and their potential for 

ensuring bee health. 

The effect of supplementary feeding with sucrose, glucose and other carbohydrates on 

the metabolism of honey bees is as yet unknown, but will be of great interest to the 

beekeeping industry which routinely practises supplementary carbohydrate feeding. 

Compounding the effects of supplementary sugars on bee gut bacteria and metabolism 

is the lack of nutrients which are abundantly present in natural honey. This lack of 

nutrients may therefore reduce the health of honey bees and potentially their resilience 

to pathogens. Sucrose inhibits bacteria proliferation in vitro so potentially the feeding of 

sucrose solutions throughout winter and in spring may impact the bacterial profile within 

colonies, possibly altering the digestion of nutrients.  

The role of bacteria in the digestion of pollen is of interest academically, as well as in 

practice as beekeepers regularly feed pollen supplements at significant cost, yet adult 

workers may not be able to fully utilise them. The association between nutrient utilisation 

and honey bees should therefore be further studied.  
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