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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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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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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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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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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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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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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�æHempel 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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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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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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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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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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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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2.7.4.3 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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2.10 Supplementary material 

2.10.1 | Spreadsheet used to populate each qPCR run 

 

SampleTreatment Trial Treatment Primer
qPCR 
well Rotor Gene descriptor

1 A25 Axenic Hive +8 Universal1 Universal_A25
2 A26 Axenic Hive +8 Universal2 Universal_A25
3 A27 Axenic Hive +8 Universal3 Universal_A25
4 A28 Axenic Hive +8 Universal4 Universal_A26
5 A29 Axenic OnComb0days Universal5 Universal_A26
6 A30 Axenic OnComb0days Universal6 Universal_A26
7 A31 Axenic Pollen Universal7 Universal_A27
8 A32 Axenic WaxCapping Universal8 Universal_A27
9 A33 Axenic Sucrose Universal9 Universal_A27
10 A34 Axenic <2hrs on  frame+8Universal10 Universal_A28
11 A35 Axenic <2hrs on  frame+8Universal11 Universal_A28
12 A36 Axenic <2hrs on  frame+8Universal12 Universal_A28
13 A37 Axenic <2hrs on  frame+8Universal13 Universal_A29
14 A38 Axenic <2hrs on  frame+8Universal14 Universal_A29
15 A39 Axenic <2hrs on  frame+8Universal15 Universal_A29
16 A40 Axenic <2hrs on  frame+8Universal16 Universal_A30
17 A41 Axenic <2hrs on  frame+8Universal17 Universal_A30
18 A42 Axenic OnComb0days Universal18 Universal_A30
19 A43 Axenic Pre + 9 Universal19 Universal_A31
20 A44 Axenic Pre + 9 Universal20 Universal_A31
21 A45 Axenic Pre + 9 Universal21 Universal_A31
22 A46 Axenic CapEaten8days Universal22 Universal_A32
23 STD 1.56X10^7 Axenic STD Universal23 Universal_A32
24 NTC Axenic NTC Universal24 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
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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   



 

CHAPTER 2    |   83 

 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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3.3 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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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.�����G�7�K�H���Q�X�P�E�H�U���R�I���X�Q�L�T�X�H��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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Table 3.���� �G�� �1�X�P�E�H�U�� �R�I�� �X�Q�L�T�X�H��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.  
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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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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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3.4.7 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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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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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 �G�� �&�R�P�S�D�U�L�V�R�Q�� �R�I�� �W�K�H�� �E�D�V�H�� �Sairs 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 �G���3�U�H�G�L�F�W�H�G���P�H�D�Q�V���I�R�U���U�H�O�D�W�L�Y�H���D�E�X�Q�G�D�Q�F�H���R�I���S�K�\�O�R�Wypes 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 �G���$�O�S�K�D�±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 | 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 �G�� �%�H�W�D�±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. 
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Table 3.8.1 �G�� �$�1�2�9�$�� �W�D�E�O�H�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �W�K�H�� �L�Q�W�H�U�D�F�W�L�R�Q�� �R�I�� �W�K�H�� �Q�X�P�E�H�U�� �R�I��
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 �² value  

Region 3.1736 6 0.787 

Apiary 8.377 20 0.989 

Colony 16.178 4 0.003 

 

 

Table 3.8.2 �G���1�X�P�E�H�U���R�I���U�H�D�G�V���I�R�U���W�K�H���O�H�V�V���S�U�H�Y�D�O�H�Q�W���E�D�F�W�H�U�L�D���L�Q���W�K�H���G�L�J�H�V�W�L�Y�H���W�U�D�F�W�V���R�I���V�L�F�N���1�H�Z���=�H�D�O�D�Q�G��
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 �G���1�X�P�E�H�U���R�I���F�R�X�Q�W�V���I�R�U���H�D�F�K���5�K�L�]�R�E�L�D�F�H�D�H���U�H�D�G���R�E�V�H�U�Y�H�G���L�Q���W�K�H���G�L�J�H�V�W�L�Y�H���W�U�D�F�W�V���R�I���1�H�Z���=�H�D�O�D�Q�G���K�R�Q�H�\���E�H�H�V���V�D�P�S�O�H�G���I�U�R�P���������D�S�L�Dries. 

Apiary  H1 H2 H3 H4 S1 

% of healthy 

colonies (H1�²H4) 

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 �G���$�1�2�9�$���W�D�E�O�H�����7�\�S�H���,�,���W�H�V�W�V�����I�R�U���W�K�H���U�H�O�D�W�L�Y�H���D�E�X�Q�G�D�Q�F�H���R�I���S�K�\�O�R�W�\�S�H�V���L�Q���W�K�H��
digestive tract of healthy and sick New Zealand honey bees. 

Response Sums of squares  DF F �² value P �² 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 �G�� �$�1�2�9�$�� �W�D�E�O�H�� ���7�\�S�H�� �,�,�� �W�H�V�W�V���� �I�R�U�� �W�K�H�� �U�H�O�D�W�L�Y�H�� �D�E�X�Q�G�D�Q�F�H�� �R�I��
phylotypes in the digestive tract of healthy New Zealand honey bees.  

Response Sums of squares  DF F �² value P �² 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 �² 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.  

  



138   |    CHAPTER 3 
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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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4.3.1.1 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.  

 

�)�L�J�X�U�H�����������G���6�F�K�H�P�D�W�L�F���R�I���K�R�Z���W�K�H���9���9�����U�H�D�G�V���R�I���W�K�H���J�X�W���E�D�F�W�H�U�L�D���L�Q���1�H�Z���=�H�D�O�D�Q�G���K�R�Q�H�\��
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 
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Figure 4.3 �G���$���S�D�U�W�L�D�O���U�R�R�W�H�G-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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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 �G���1�X�P�E�H�U���R�I���X�Q�L�T�X�H���9����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 �² 3 3 

Bacteroidetes (P)     

Flavobacteriaceae (F) �² 1 1 

Cyanobacteria (P)  59   

Oscillatoriales (O) �² 4 4 

Limnoraphis robusta �² 17 17 

Firmicutes (P)  �² 1 1 

Lactobacillaceae (F) 

Lactobacillus spp. * 

 

126 

 

7 

 

7 

Lactobacillus apis �² 4 4 

Lactobacillus helsingborgensis �² 4 4 

Lactobacillus kunkeei 7   

Lactobacillus mellifer 8 2 2 

Lactobacillus mellis 12 11 11 

Lactobacillus melliventris �² 5 5 

Clostridiales (O) 11 1 �² 

Proteobacte ria (P)  13   
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Bacterial phylotype  
V3V4 ASVs in 
NZ samples 

V4 ASVs in NZ 
samples 

V4 ASVs in USA 
samples 

Alpha �² proteobacteria (C)    

Acetobacteraceae (F) 26 7 7 

Gluconacetobacter spp. **  �² 3 3 

Rhizobiales (O) �² 3 3 

Bartonellaceae (F) 

Bartonella spp.  

 

�² 

 

2 

 

�² 

Rhizobiaceae (F) 6 1 �² 

Ensifer adhaerens 11   

Beta �² proteobacteria (C)    

Neisseriaceae (F) 

Snodgrassella alvi * 

 

48 

 

12 

 

12 

Gamma �² proteobacteria (C)    

Halomonas spp. �² �² 1 

Pseudomonas spp. 6 2 �² 

Shewanella spp. �² �² 1 

Orbaceae (F)    

Frischella perrara **  23 9 9 

Gilliamella apicola * 90 12 12 

Enterobacteriaceae (F) 4 6 6 

Escherichia spp. �² 1 �² 

Escherichia coli 4   

Obesumbacterium proteus �² 1 �² 

Raoultella planticola �² 1 �² 

Tenericutes (P)     

Spiroplasma spp. �² 1 �² 

Spiroplasma apis 10 3 �² 

Spiroplasma mirum 6   

Bacteria (Domain) 9 22 �² 

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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Table 4.6 �G���5�H�O�D�W�L�Y�H���D�E�X�Q�G�D�Q�F�H���R�I���W�K�H���9�����S�K�\�O�R�W�\�S�H�V���L�Q���W�K�H���1�H�Z���=�H�D�O�D�Q�G���D�Q�G���8�6�$���V�D�P�S�O�H�V���� 

 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. 

 









 

CHAPTER 4    |   163 

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.  

�E�µ�u�����Œ���}�(�����u�‰�o�]���}�v���•���‹�µ���v�������À���Œ�]���v�š�•�����v�����‰�Z�Ç�o�}�š�Ç�‰���• 

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.  

���}�u�]�v���v�š�����}�Œ�����������š���Œ�]�� 

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 surface of flowers (Mouches et al. 1983; Mouches et al. 1984). This may therefore 

be the route of transmission for this phylotype. 

�s�ð�������š���•���š�����}�u�‰���Œ�������Á�]�š�Z���š�Z�����s�ï�s�ð�������š���•���š���(�Œ�}�u�����Z���‰�š���Œ���ï�W���E�•���•�µ�Œ�À���Ç���}�(��
�Z�����o�š�Z�Ç�����v�����•�]���l�����}�o�}�v�]���•�X 

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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(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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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 
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Sequence identifier V4 sequence 

 


























































































































































































































































































































