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ABSTRACT 

Invasive species represent a critical threat to ecosystems and ecological communities, 

causing changes through overwhelming predation as well as competing with native 

species for resources. Understanding the mechanisms behind invasive success is essential 

for understanding why they invade and the consequences of their invasions. Furthermore, 

invasive species, like all macroscopic organisms, harbour symbiotic and pathogenic 

microbes that constitute their microbiomes, which could explain invasive success.  

The complex ecological interaction networks within the microbiome can have a positive 

or negative impact on host abundance and dominance. These interactions may be 

significant for invasive species, where microbial influences acting on an exotic host can 

potentially drive the ecological success of an invasive population to the detriment of 

recipient communities. This thesis explores the microbiota of one of the most globally 

invasive species, the common wasp Vespula vulgaris, with the overall aim to investigate 

and characterise the microbiome of V. vulgaris, using metagenomics, bioinformatics and 

molecular techniques. 

The initial comparative microbiota study focused on three distinct life stages (larvae, 

worker and queen), from two ranges. This analysis revealed a core bacteriome community 

present in V. vulgaris. There was evidence of higher microbial diversity in wasp larvae 

compared with workers and queens. The Queen (gyne) microbiome revealed a more 

specific microbiome with absences of certain microbiota found in larvae and workers from 

the same nest, indicating a more distinctive microbiome. Interestingly, analysis of life 

stages between ranges showed significant dissimilarity in microbiomes, with microbiota 

loses, and acquisitions in the introduced New Zealand range. 

Using the same techniques,  the microbiota of V. vulgaris and four hymenopteran hosts 

(Apis mellifera, Bombus terrestris, Vespula germanica and Linepithema humile), were 

comparatively analysed. The analysis investigated both shared microbiota and host 

specific microbiota. This analysis indicated the polyphagous V. vulgaris as having a diverse 
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microbiome varying between nests and sites, indicating less specific microbiota in 

comparison to other hymenopteran hosts in this study.  

Vespid wasp colonies are known to occasionally crash in the presence of diseases; 

however, there is a lack of reliable evidence indicating pathogenic micro-organisms play 

an essential role in wasp colony dynamics. Incorporating knowledge gained in previous 

analyses, the next aim was to investigate V. vulgaris nests symptomatic of an infectious 

agent to discover the cause of pathology. Through molecular techniques, such as Illumina 

RNA-Seq, PCR and Sanger sequencing, the potential cause of infection and decline of 

diseased nests was examined. The metatranscriptomic comparison of diseased and 

healthy larvae highlighted five putative infectious agents. The bacteria Moellerella 

wisconsensis, Moku virus, Kashmir Bee Virus, Aspergillus and the microsporidian Vavraia 

culicis floridensis found in infected larvae, potentially causing pathology in the host. The 

first known instance of Moku virus, and potentially V. culicis floridensis and M. 

wisconsensis was documented as potential pathogens of V. vulgaris present in New 

Zealand. To test for potential virulence of these putative infectious agents, an infection 

study was carried out. Vespula vulgaris nests and larvae were orally infected in the lab 

using homogenised infected larvae. Subsequently, test and control larvae were sampled 

to conduct and quantify a time series analysis of infection using RT-qPCR using designed 

primers.  

This dissertation provided the first insight into the microbiome of V. vulgaris in the native 

and introduced range providing a baseline for further research. This analysis and the 

subsequent microbiota identified may play a role in wasp population dynamics, giving a 

better understanding of the observed thriving V. vulgaris population dynamics in New 

Zealand. 
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1. GENERAL INTRODUCTION 

 INVASIVE SPECIES 

Invasive species represent a critical threat to ecosystems and ecological communities. The 

establishment of invasive species can transform environments, alter ecosystem services, and 

radically shift community structure (D’Antonio & Vitousek, 1992; Mack et al., 2000). Invasive 

alien species (IAS) are defined as non-native species introduced to new ranges via human 

actions and natural dispersion, a subset of which can threaten ecosystems, causing ecological 

and economic harm (Convention on Biological Diversity, 2008; Lockwood et al., 2007). 

Anthropogenic insect invasions occur indirectly as stowaways or directly to a new range to 

fulfil an environmental function (Nentwing, 2007). This enables propagules of alien species to 

reach new habitats where they may become invasive (Lockwood et al., 2007). With human-

mediated transportation, alien species can reach every spot on earth within a relatively short 

time (Nentwing, 2007). This continual accidental or deliberate global redistribution of invasive 

species by humans is widely recognised and can cause a detrimental effect to native species 

and biodiversity in the invaded range (Mack et al., 2000; Pimentel et al., 2001; Williamson, 

1996; Rüdiger Wittenberg & Cock, 2001). Invaders have the potential to displace native 

species through predation and competition, (Christian, 2001; Lockwood et al., 2007; O’Dowd, 

Green, & Lake, 2003), as well as having significant economic impacts in their new regions 

(Lockwood et al. 2009). Invasion research focuses on the principle that introduced species 

have a high probability of causing a deleterious impact on native species (Simberloff, Souza, 

Nuñez, Barrios-Garcia, & Bunn, 2012). However, most introduced species that arrive in a new 

range do not become invasive, failing to establish and many that do, become innocuous 

members of their new community (Lockwood et al. 2009). These species facilitate diversity 

by coexisting with native species (Rodriguez, 2006) and adapt to their new ecosystems 

without having any noticeable impact.  

Consequently, this poses the question, what facilitates one species to be successfully invasive 

over another? Previous studies have focused on contrasting differences found between 

native and introduced range populations. This comparison enables inferences to be made 

based on ecological and life history changes that possibly contribute to the invasive success 



 

2 
 

of a species (Elton 1958; Hierro et al. 2005; Suarez and Tsutsui 2008; Sanders and Suarez 

2011). The few species that impact profoundly on ecology and biodiversity in their new range 

tend to have few or no competition or predation in their new habitat and consequently 

increase exponentially in abundance (Mack et al., 2000). This ecological impact can consist of 

any significant change in an ecological pattern or process, with the potential to change the 

ecosystem, disassembling communities around them (Sanders, Gotelli, Heller, & Gordon, 

2003). Pimentel et al. (2005) outlined the environmental and economic costs associated with 

invasive species in the United States, reporting 42% of endangered species were primarily 

threatened, due to invasive species. These invaders can also have substantial economic 

impacts on agricultural productivity and trigger immense costs in control measures, costing 

up to US$137 billion per annum (Pimentel, Lach, Zuniga, & Morrison, 2000). 

New Zealand is particularly vulnerable to biological invasions due to its unique island 

ecosystem biota and strong agricultural, forestry and fishing sectors. Many early documented 

introductions occurred, with 33 species of introduced birds and 32 species of introduced 

mammals (Wodzicki & Wright, 1984). Recently, an ambitious goal to eradicate New Zealand 

of the most damaging introduced predators (such as rats, possums and stoat), by 2050, has 

been implemented. These species are of concern as they threaten native species, the 

economy and primary sector (Department of Conservation, 2017). 

Insect invasions are also of concern in New Zealand with entomological communities 

continually changing with the introduction and extinction of insect species (Lester, Brown, et 

al., 2014). It is estimated that New Zealand Hymenoptera consists, of 2,000–3,000 species of 

wasp and bee, most of which are native (Craig et al., 2000), with new species still being 

discovered (Lester, Brown, et al., 2014). The impact of most hymenopterans accidentally or 

intentionally introduced to New Zealand has not been quantified (Lester, Brown, et al., 2014). 

However, social wasps such as V. vulgaris have demonstrated their adverse effect on the New 

Zealand environment (Brockerhoff et al., 2010). The invasive vespid wasp Vespula vulgaris 

and Vespula germanica form a fraction of the total number of species, but they are of most 

concern to the New Zealand economy, wellbeing and environment (J.R. Beggs, 2001). In 

recent years, New Zealand’s pre-border approach to new organism introductions has 

tightened restricting the flow of invasive species by providing policies and legislation that 
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effectively inhibit the introduction of new potentially invasive non-native species (E. Brenton-

Rule, Frankel, & Lester, 2016). 

 STUDY ORGANISM – VESPULA VULGARIS AND ITS NEGATIVE IMPACT 

The common wasp V. vulgaris is part of the cosmopolitan vespine family encompassing 60 

known species, native in the Northern Hemisphere throughout the Holarctic Region and the 

Oriental tropics (Archer, 2012; Greene, Ross, & Matthews, 1991). Introduced accidentally by 

humans in many non-native areas, this species has become highly adept at colonising new 

ranges such as the Southern Hemisphere, in New Zealand, Australia and, more recently, 

Argentina (J.R. Beggs et al., 2011; Lester, Brown, et al., 2014). A recent genetic study 

demonstrated that common wasps in the invaded New Zealand range, are likely to have 

originated from western Europe, with New Zealand populations exhibiting high genetic 

similarity to those from Belgium and the United Kingdom (Lester, Gruber, et al., 2014).  

Since occurring sporadically in New Zealand since 1921 (B. Donovan, 1984), populations of  

V. vulgaris have established as a significant pest (Macintyre & Hellstrom, 2015). Recognised 

as a voracious predator, they now represent one of the most significant invertebrate threats 

to New Zealand native fauna (Lester, Brown, et al., 2014). The presence of V. vulgaris on the 

‘100 of the World’s worst invasive alien species’ list demonstrates this threat (Lowe, Browne, 

Boudjelas, & De Poorter, 2000), and is now abundant in New Zealand beech forests (Beggs et 

al. 2011). The high abundance of common wasps is mainly due to large quantities of 

honeydew. Native scale insects (Coelostomidiidae) produce this honeydew, while feeding on 

the sap of native beech trees (Fuscospora spp.). This honeydew then fuels the wasp 

population, by providing a rich carbohydrate food resource (Beggs 2001, Gardner-Gee & 

Beggs 2013). These honeydew beech forests cover over 1 million Ha-1 in the South Island of 

New Zealand, where common wasps are recorded in extremely high densities (Beggs 2001). 

In some cases, wasps are recorded exceeding 370 wasp’s m-2 of tree trunk, with nest densities 

of 34 ha-1 (Moller et al. 1991; Beggs et al. 1998). 

This insatiable appetite for honeydew as well as polyphagous predation on native insects has 

many consequences, outcompeting native species for food and resources. This knock on 

effect changes the ecology and biodiversity of New Zealand environments (Austin & Dowton, 
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2000; J.R. Beggs & Wilson, 1991; Fordham, 1991; Richard J Harris, 1991; Moller & Tilley, 1989; 

Toft & Rees, 1998). During peak wasp densities, certain native species abundances are 

reported to be decimated. Native caterpillars are attacked with few surviving to adulthood 

(Jacqueline R Beggs & Rees, 1999), as with orb web spiders with few surviving to the end of a 

wasp season (Toft & Rees, 1998). Wasps can also out-compete native kaka for honeydew 

resource (J.R. Beggs & Wilson, 1991) as well as attacking native bird chicks (Thomas & Moller, 

1990), with indications that a variety of birds have decreased in abundance in New Zealand 

beech forests due to wasps (Elliott, Wilson, Taylor, & Beggs, 2010). This ravenous appetite for 

honeydew has also meant that common wasps have altered the natural nutrient cycling in 

the beech forest ecosystem, by removing honeydew and reducing the flow of carbon-rich 

resource to microorganisms in the phyllosphere and the soil (J.R. Beggs, 2001). 

Interestingly, the high abundance of common wasps in New Zealand is not seen annually in 

the native range where nest abundance can fluctuate substantially. Years of high abundance 

are followed by years of scarcity, worker abundance, nest densities and queen productivity 

varying by two orders of magnitude between successive years in England (Archer, 1981, 1985, 

2001). In New Zealand, the observed population fluctuation of V. vulgaris seems less severe 

than that observed in England (Barlow, Beggs, & Barron, 2002). This endogenous density-

dependence, which in addition to exogenous factors such as climate can promote years of 

high and low wasp abundances in England (Archer, 1981, 1985). In New Zealand, the milder 

population fluctuation may be linked to several factors, including food availability and the 

high or low abundance of natural enemies such as pathogens and parasites (Lester et al., 

2015). Recently a study demonstrated that density dependence is overwhelmingly crucial in 

predicting wasp densities in both the native and invaded ranges. The same study highlighted 

that spring weather conditions in both ranges could play a significant role in wasp densities, 

impacting wasp colony initiation and early development (Lester, Haywood, Archer, & Shortall, 

2017). 

The economic and social impacts of invasive wasps were also highlighted in a recent study, 

where vespid wasps were estimated to cost New Zealand’s economy more than $130 million 

per annum, with the most significant economic impacts on farming, beekeeping, horticulture 

and forestry workers (Macintyre & Hellstrom, 2015). The report also found wasps cost 

pastoral farming more than $60m a year by disrupting bee pollination, reducing the amount 
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of clover in pastures and increasing fertiliser costs (Macintyre & Hellstrom, 2015). Vespid 

wasps were also highlighted as a significant pest of the beekeeping industry in New Zealand. 

The extraction of honey can be delayed due to the aggressive nature of these wasps, and their 

presence causes direct financial loss by robbing hives of honey and killing bees (Plunkett, 

Moller, Hamilton, Clapperton, & Thomas, 1989), while also competing with honey bees for 

food resources (Moller & Tilley, 1989). Common wasps can also have an impact on human 

health, inflicting wasp stings (Dymock, Forgie, & Ameratunga, 1994) and in some cases cause 

death (Low & Stables, 2006). 

 LIFE HISTORY 

Similar to other eusocial insects, V. vulgaris are characterised by overlapping adult worker 

generations, cohabiting and cooperating in brood care, as well as the reproductive division of 

labour (Wilson, 1971; Wilson & Holldobler, 2005). Colonies have an annual life cycle with 

alternation of solitary and social phases, although in the invaded New Zealand range some 

northern colonies can overwinter (Leathwick & Godfrey, 1996; Plunkett et al., 1989). By mid-

winter, a typical V. vulgaris colony is represented by one hibernating, fertilised queen 

(Edwards 1980), sheltering in a dry cavity such as a tree hollow or underneath bark. When 

temperatures increase in spring, the queen will emerge to feed and find a suitable nest site, 

usually subterranean (Spradbery 1973). Nest construction involves the construction of a 

paper nest envelope and hexagonal brood cells using masticated wood pulp obtained from 

chewed rotting wooden fibres mixed with saliva, giving nests their characteristic mottled light 

brown coloured envelopes (Leathwick, 1997; J. Philip Spradbery, 1973). Following oviposition 

by the queen, workers will begin to emerge one month later and start provisioning the nest, 

allowing the queen to dedicate her time to oviposition (Matsuura & Yamane, 1990). Over the 

course of spring and summer, nests will increase in size and by autumn reproductive adults 

are produced (J. Philip Spradbery, 1973). Mating occurs between gynes and drones, with 

gynes mating with multiple partners in a bid to increase colony fitness (Dobelmann et al., 

2017; Loope, Chien, & Juhl, 2014). Once mated, queens will find shelter before winter 

hibernation and emerge in the spring to start a new cycle. 
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 ABUNDANCE AND ECOLOGICAL FACTORS CONTRIBUTING TO THE INVASION 
SUCCESS OF VESPULA VULGARIS  

Insects are exceptionally well suited to become invaders, being small they can easily 

translocate unnoticed by human vectors (i.e. car, ship, airplane). Insect food demands are 

quite small ensuring they survive long distances in varying modes of transport (Speight, 

Hunter, & Watt, 2008). Social wasps have proven to be highly adept at invading new habitats, 

with excellent dispersal abilities, and high reproductive rates, attaining high abundance 

numbers, dominating the new ecological community (Moller, 1996; John H. Werren et al., 

2010). Their broad diets and habitat ranges, effective predator defences, and superior 

competitive abilities enhances their ability to establish and spread (Moller, 1996). These 

invasive strategies together with eusociality (division of labour and task differentiation) 

among colony members, is considered to be a significant cause of success in Hymenoptera 

(Hölldobler & Wilson, 1990), allowing for rapid adaptation to changing environmental 

conditions in new ranges. 

 MICROBIOTA OF INSECT HOSTS 

The microbiome of V. vulgaris has not been comprehensively studied as it has in other 

hymenopteran species, such as Apis mellifera and Bombus terrestris (Cariveau, Elijah Powell, 

Koch, Winfree, & Moran, 2014; J. A. Chandler, Lang, Bhatnagar, Eisen, & Kopp, 2011; Engel, 

Martinson, & Moran, 2012; Hamdi et al., 2011; Ishak et al., 2011; J. Li et al., 2012; Runckel et 

al., 2011; Sabree & Moran, 2014; David R. Tarpy, Mattila, & Newton, 2015). Invasive species 

such as the common wasp can bring an array of microorganisms, including pathogens or EID’s 

(emerging infectious diseases) (Woolhouse, Haydon, & Antia, 2005). For this reason, microbial 

community diversity of social insects has grown in interest in recent years. Research has 

highlighted critical functional relationships and how the microbiome is highly intertwined 

with the insect host and essential for insect development (Hamdi et al., 2011; Lanan, 

Rodrigues, Agellon, Jansma, & Wheeler, 2016; N. a. Moran, 2015; Weiss & Aksoy, 2011). 

Vespid wasps can harbour many protozoa, fungal, bacterial and viral parasites (Bailey & Ball, 

1991). These resident microorganisms can enhance insect fitness by contributing to 

reproduction and nutrition, primarily by providing essential amino acids, B vitamins and, for 

fungal partners, sterols (Bordenstein, Marshall, Fry, Kim, & Wernegreen, 2006; Angela E. 
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Douglas, 2015; Gil, Latorre, & Moya, 2004; Warnecke et al., 2007). Some microorganisms have 

demonstrated a protective role against microbial pathogens and parasitoids in their insect 

hosts by synthesizing specific toxins or modifying the insect immune system (Azambuja, 

Garcia, & Ratcliffe, 2005; Dillon & Dillon, 2004; Angela E. Douglas, 2015; Eleftherianos, Atri, 

Accetta, & Castillo, 2013; Engel et al., 2012; Teixeira et al., 2008; Vásquez et al., 2012). Gut 

bacterial communities such as the Enterobacteriaceae community in the Mediterranean fruit 

fly can impact host longevity by preventing the establishment of pathogenic bacteria (Behar, 

Yuval, & Jurkevitch, 2008), suggesting the elimination of a protective microbial species could 

have deleterious effects on the host. 

As well as the host-pathogen relationships, recent research has also focused on the role 

endosymbionts such as Wolbachia have on the host, emphasising the extent microbes have 

integrated with insects (Dillon & Dillon, 2004). Wolbachia has been successfully used with 

mosquitoes to block the virus causing Dengue fever in humans, which involved inoculating or 

trans-infecting mosquitoes with strains of the Wolbachia, inhibiting viruses (A. A. Hoffmann 

et al., 2011). This approach could be used elsewhere with a greater understanding of disease 

dynamics and microbial relationships (Emerson & Gillespie, 2008). Therefore, the exploitation 

of an individual host’s microbiota could result in practical applications such as a biocontrol for 

invasive species or for the development of probiotic defences in pollinating insects (Elena 

Crotti et al., 2012).  

Much of this research has focused on the microbiota of economically beneficial social 

Hymenoptera and their relationship with pathogens, such as the central role pathogens may 

play in the colony collapse of honey bees (Cornman et al., 2012). This focus on pathogens may 

not tell the full story. Researchers studying the human microbiome have found that nearly 

everyone routinely carries pathogens and microorganisms known to cause illnesses 

(Huttenhower et al., 2012). In healthy individuals, however, pathogens cause no disease; 

coexisting with their host and the rest of the human microbiome (Huttenhower et al., 2012). 

The interaction between a host and its microbiota can range from mutualism through 

commensalism to that of a pathogenic interaction in a holobiont relationship. These intimate 

functional interactions support the hologenome theory of evolution, where microorganisms 

and their hosts can form a single unit in the context of evolution (McFall-Ngai, 2008; Zilber-

Rosenberg & Rosenberg, 2008). Therefore, an in-depth understanding of an organism must 
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also include the analysis of its core microbiome and associated microbes. This awareness may 

lead to clues of how to solve and understand the causes of problems such as CCD (colony 

collapse disorder), preventing the decline of honey bees or perhaps a bio-control in invasive 

wasps. Investigating these microbial relationships and networks will show why some 

pathogens turn deadly and under what conditions. Human microbiome research has also 

shown that metabolic capabilities encoded in the genes of these microbial communities can 

be more important than the species of microbes providing them (Huttenhower et al., 2012). 

This microbial framework can be individual to a species with some studies demonstrating 

significant microbial differences found among species in addition to microbiota having 

differing functioning roles within each species (Behar et al., 2008; Dillon & Dillon, 2004; 

Hongoh, 2010; Robinson, Schloss, Ramos, Raffa, & Handelsman, 2010; C. N. A. Wong, Ng, & 

Douglas, 2011). For example, in termites, the microbiota is more complex compared with fruit 

flies. Termites harbour up to several hundred species of gut microbes (Hongoh, 2010), while 

Drosophila melanogaster has less than ten (C. N. A. Wong et al., 2011). In a literature review 

of social wasp pathogens Rose et al. (Rose, Harris, & Glare, 1999) detailed 50 fungal, 12 

bacterial, five to seven nematodes, four protozoans and two viral potential pathogens from 

wasps in the genera Vespula, Vespa, and Dolichovespula in both native and invaded ranges.  

It is also essential to not only understand the microbiome of the focal organism but also look 

at the interaction between other hymenopterans in the pollinating guild which could lead to 

clues of microbial spillover, symbiotic and pathogenic. Commercially bred bumble bees used 

to pollinate greenhouses were shown to be reservoirs of several pollinator parasites including 

Apicystis bombi from the phyla Apicomplexa and two microsporidians Crithidia bombi and 

Nosema bombi. When bumble bees escaped their closed greenhouse environment, they were 

shown to interact and infect wild bee populations that are typically disease and parasite free, 

thus providing evidence for spillover hypothesis (Graystock et al., 2013). The spillover 

hypothesis states that parasite infection rates within one species results in transmission to 

another species and results in a higher or more consistent infection of a second species 

(Strauss, White, & Boots, 2012). This horizontal transfer of pathogens and mutualistic 

microbes between species may occur through feeding on the same food source, for example, 

nectar (Aizenberg-Gershtein, Izhaki, & Halpern, 2013) and honey through hive robbing (Fries 

& Camazine, 2001). This interspecies pathogen transfer may have implications when 
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investigating potential biocontrols within a closely related group, making host specificity key 

to finding a biological control. 

 IMPORTANCE OF BIOLOGICAL CONTROL  

The term “biocontrol” refers to a natural phenomenon, a field of study, or an applied pest 

management technique with the action of parasites, predators and pathogens in maintaining 

another organism’s density at a lower average than would occur in their absence (Van den 

Bosch, Messenger, & Gutierrez, 1982). Classical biocontrol deals with the control of non-

native pests through the introduction of natural enemies from the pest’s native range 

whereas conservation biocontrol aims to control pests through enhancement of natural 

enemies native to the location (Lockwood et al., 2007). Conservation control is regarded 

safest although not always as effective as classical control. The history of biocontrol has 

demonstrated that the use of a non-native species to control an invasive species has the 

danger of potentially introducing an even worse invader to control an already present invasive 

species (Mack et al., 2000; Simberloff, Stiling, & Peter, 1996). Some of the most infamous 

examples of classical biocontrol gone wrong include the introduction of the mongoose 

(Herpestes auropunctatus) in the West Indies to control rats (Simberloff et al., 1996), the 

introduction of the cane toad (Bufo marinus) in Australia and Hawaii to control beetles in 

sugar cane (Boland, 2004), and the introduction of the rosy wolf snail (Euglandina rosea) to 

control the giant African snail (Achatina fulica) on tropical islands worldwide (Hadfield, Miller, 

& Carwile, 1993). With each introduced species there was an adverse effect on native species 

and each introduction now requiring control measures of their own.  

Pathogenic microorganisms including bacteria, fungi and viruses have also been used as 

biocontrol agents, killing or debilitating their host. Various microbial insect diseases occur 

naturally, but may also be used as biological pesticides (D. Chandler, Davidson, Grant, 

Greaves, & Tatchell, 2008). The most widely applied species of bacteria Bacillus thuringiensis, 

used for biological control, of Lepidopteran, Coleopteran and Dipteran insect pests. Typically 

sachets of dried bacterial spores are used when mixed with water and sprayed onto 

vulnerable plants such as brassicas and fruit trees (Kumar & Bambawale, 2002). The highly 

specific bacterium Paenibacillus popilliae is also used as a biocontrol of the Japanese beetle 

Popillia japonica killing the larvae by causing milky spore disease, (Grady, MacDonald, Liu, 
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Richman, & Yuan, 2016). Entomopathogenic fungi have also been used in the control of up to 

14 species of aphid (Mahr, Whitaker, & Ridgway, 2008), as well as the mass-produced 

Beauveria bassiana used to manage a wide variety of insect pests including whiteflies, thrips, 

aphids and weevils (Latifian, Rad, Amani, & Rahkhodaei, 2013). Virus as a biocontrol has 

mainly focused on the Baculoviruses which are often specific to individual insect host species 

and demonstrated aseffective biological pest control. For example, the Lymantria dispar 

multicapsid nuclear polyhedrisis virus is used as a biological control agent in a spray over large 

areas of forest in North America, where larvae of the gypsy moth cause severe defoliation. 

The virus kills the moth larvae they have consumed and die shortly after, with the 

disintegrating cadavers leaving virus particles on the foliage to infect other larvae (Rohrmann, 

2013). 

Previous research and attempts at the control of Vespula wasps in New Zealand have focused 

on biological control, baiting and pheromone lures (J.R. Beggs, Rees, Toft, Dennis, & Barlow, 

2008; R J Harris & Etheridge, 2001; Lester et al., 2013). A biological control programme was 

instigated in 1980 to control vespid wasps in New Zealand using the introduced parasitoid 

Sphecophaga vesparum (B. J. Donovan, 1989; B. J. Donovan & Read, 1987). Unfortunately, no 

evidence was found that the wasp population density had declined as a result of the 

Sphecophaga parasitoid release, with authors concluding that the parasitoid is unlikely to 

have had any significant effect on wasp populations as a biocontrol agent (J.R. Beggs et al., 

2008). 

Reviews on wasp research and control methods in New Zealand to date point to a lack of 

research on pathogens as biocontrol (Akre, 1991; Lester, Brown, et al., 2014; Rose et al., 

1999). In these reviews pathogens such as entomopathogenic fungi, bacteria, viruses, 

protozoa, and nematodes have been suggested to have potential as biological control agents 

for wasp colonies. Several promising candidates were explored (Glare et al. 1996; Harris et al. 

2000; Brownbridge et al. 2009), with research culminating in the examination of two fungi, 

Metarhizium anisopliae and Beauveria bassiana, mixed into non-toxic protein bait 

(Brownbridge et al. 2009). Field trials showed reduced wasp numbers in some situations (R. 

Toft, pers. comm.), but these pathogen-baits did not have the same fast-acting effect as toxic 

baits. Therefore to date, no suitable candidate has been identified for V. vulgaris biocontrol 

in New Zealand (J.R. Beggs et al., 2008; Glare, Harris, & Donovan, 1996; Richard J Harris, 
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Harcourt, Glare, Rose, & Nelson, 2000; Lester et al., 2015; Thomas & Moller, 1990). Recent 

studies suggest that V. vulgaris suffer from a variety of pathogens in their home range (Evison 

et al., 2012). These native wasp pathogens could have the potential to induce population 

crashes in social insects (S. A. Cameron et al., 2011). However, to date no confirmatory 

evidence exists of pathogenic micro-organisms playing a crucial role in wasp colony dynamics 

(Spradberry 1973). The hygienic behaviour of colonies could play a significant role in the 

prevention of pathogen establishment. Therefore, colony hygiene would need to be 

overcome for pathogens to spread in the colony (Richard J Harris et al., 2000). The issue of 

pathogen specificity would similarly need to investigated. Many pathogens previously 

examined are generalists and therefore not specific to wasps. These broad-spectrum 

pathogens could potentially be a spillover risk which could influence economically valuable 

honey bees and bumble bees.  

Once a viable pathogen specific to the host target has been isolated and proven to infect the 

host, developing efficient methods of pathogen dispersal widely into the environment would 

also need to be a consideration due to large areas of inaccessible terrain in New Zealand.  

 INVASIVE SPECIES SUCCESS/ENEMY RELEASE HYPOTHESIS (ERH)  

The enemy release hypothesis proposes that invasion success may be facilitated by a release 

from natural enemies such as herbivores, predators and parasites, potentially leading to a 

rapid increase in distribution and abundance of the invasive species (Keane & Crawley, 2002; 

Torchin, Lafferty, & Dobson, 2003). Evidence supporting the enemy release hypothesis has 

previously been found in studies of plant–herbivore interactions (AA Agrawal, Kotanen, & 

Mitchell, 2005; Anurag a. Agrawal & Kotanen, 2003; Colautti, Ricciardi, Grigorovich, & 

MacIsaac, 2004; H. Liu & Stiling, 2006) but the evidence from animal–parasite systems is less 

apparent (Georgiev, Sánchez, Vasileva, Nikolov, & Green, 2007; MacNeil et al., 2003). In a 

recent publication, microbial communities in wasp populations in the native (Belgium and 

England) and invaded range (Argentina and New Zealand) were compared using mass 

spectrometry proteomic methods (Lester et al., 2015). However, no evidence of enemy 

release was discovered, as the number of microbial taxa was similar in both the introduced 

and native range. Nevertheless, some evidence of distinctiveness in the microbial 

communities was observed between countries, with observed pathogens similar to a variety 
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of taxa found in honey bees (Lester et al., 2015). The increase in research into microbiome 

comparisons and relationships, and the advancement of more refined molecular techniques, 

and downstream bioinformatics analysis allows us to test the enemy release hypothesis 

further. With these tools, we can develop an ecological network analysis to characterise 

microbial communities’ specific to life stages within a nest or across populations and ranges. 

 MOLECULAR APPROACHES TO UNRAVEL A COMPLEX MICROBIAL COMMUNITY 

We are only beginning to understand the extent of microbial associations in ecology. Reliably 

assessing diversity is a key challenge, and next-generation sequencing approaches are 

facilitating this endeavour (K. E. Anderson et al., 2012). When studying the microbiome of an 

organism, researchers sometimes fail to include the whole microbiome, in addition to 

prokaryotes, viruses and microbial eukaryotes are also important. Viruses alone are estimated 

to be the largest reservoir of unexplored genetic diversity on earth (Suttle, 2007). Deep 

sequencing techniques such as Illumina 16S, 18S and RNA-Seq, has in recent years proven to 

be a powerful tool in the analysis of microbial communities and has led to the development 

of metagenomics and metatranscriptomics studies of various microbiomes. The term 

metagenomics is used to describe the recovery of information from metagenomes via the 

creation of shotgun sequence libraries (Pallen, 2014). Culture-independent nucleic acid 

approaches include analysis of whole genomes or selected genes such as 16S and 18S rRNA 

(ribosomal RNA) for prokaryotes and eukaryotes, respectively (Ahmad, Ahmad, & Pichtel, 

2011). Metatranscriptomics refers to the total content of gene transcripts (RNA copies of 

genes) in a community (a unique entity at a specific moment of sampling) varying with time 

and environmental changes. This expression profile in a community allows the dynamics of 

gene expression patterns over time or environmental parameters to be realised, improving 

our understanding of the structure and function and adaptive mechanisms in complex 

communities (Parro & Paz, 2014). Whole-transcriptome analysis with total RNA sequencing 

captures a broad range of gene expression changes in that moment of time and enables the 

detection of novel transcripts in both coding and non-coding RNA species (Izard, 2015).  

Recent efforts based on these technologies have uncovered novel and unexpected taxa 

associated with honey bees (Cornman et al., 2012; Runckel et al., 2011; Singh et al., 2010) 

providing estimates of healthy microbial communities versus those of diseased colonies. In 
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addition to the tried and tested 16S and 18S sequencing, RNA-Seq allows analyses of viral 

entities and gene expression are proving to be increasingly important in the microbiome 

characterisation and function of insects (Boncristiani et al., 2012; Ikeda, Yamada, Hamajima, 

& Kobayashi, 2013; Johansson et al., 2013; S. Liu, Vijayendran, & Bonning, 2011; Mokili, 

Rohwer, & Dutilh, 2012). Data-mining from transcriptomic, genomic and metagenomic 

studies may allow us to address the exact ecological role of these viruses. Viral metagenomic 

analysis of environmental samples suggests that the field of virology has explored less than 

1% of the extant viral diversity. In the last decade alone, NGS has permitted the discovery of 

many viruses in a wide range of samples (Mokili et al., 2012). From three mosquito samples, 

it was demonstrated that a broad survey of viral diversity could be achieved (Ng et al., 2011). 

Most viral sequences found were novel, suggesting that the viral community in mosquitoes, 

as well as the animal and plant hosts they feed on, are highly diverse and mostly 

uncharacterized.  

The analysis of the copious data generated by high-throughput sequencing is the most 

challenging aspect of metagenomics. An inherent difficulty in assigning taxonomic 

designations to viral sequences is the issue with not having universally homologous nucleic 

acid components present in all viruses that may be used to build phylogenetic trees (Fawaz, 

Raut, Mishra, & Kambla, 2014). An estimation of species richness and diversity of microbial 

eukaryotes and their relationship with prokaryotic organisms is also of high priority (Medinger 

et al., 2010), giving another dimension to these relationships within the host. Therefore, 

efficient simultaneous amplification of 16S and 18S rDNA sequences in addition to viral data 

from a given sample is critical to forming a complete microbial network analysis (Y. Wang, 

Tian, Gao, Bougouffa, & Qian, 2014). NGS techniques allow for screening the microbiome for 

microbiota as well as predicting the functional processes these microbiotas provide in the 

community and host based on previous research. This screening then permits a more targeted 

approach, using significant target candidates found in new high throughput techniques, such 

as Microarrays and TaqMan® Array Cards. These methods are ideal for screening biomarkers 

such as specific microbiota and immune genes, allowing for a complete pathogen, symbiont 

and immune gene network interaction. 
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 IMMUNITY 

The advances in molecular biology over the last few years, especially with the advent of full 

genome sequencing, offer previously unforeseen solutions to disease and human health (D. 

Butler, 2010). We have also seen the field of ecological immunology (‘eco-immunology’) 

emerge, addressing the complexity of immune responses across different ecologies, 

environments, species and in the evolutionary context. Focusing on differences in resistance 

to parasites, ecological immunology (Brunner, Schmid-Hempel, & Barribeau, 2014), seeks to 

understand the variation in immune function across individuals, determining fitness 

consequences of such interactions (Norris, 2000; Rolff, 2003; P. Schmid-Hempel, 2003). 

The genomes of eusocial insects, including several ants and the honey bee, Apis mellifera, 

have a reduced complement of immune genes relative to solitary insects (Evans et al., 2006; 

C. D. Smith et al., 2011; C. R. Smith et al., 2011). For example, the genome of the honey bee 

contains approximately 66% fewer innate immune genes than found in Dipterans and 10–

20% fewer immune genes than the solitary Jewel wasp, Nasonia vitripennis (Evans et al., 2006; 

John H. Werren et al., 2010). This reduced number of immune genes in honey bees is reported 

to be the trade-off related to the antimicrobial properties of substances such as propolis and 

honey found in eusocial insects. An Australian study also found that the effectiveness of these 

antimicrobial compounds produced by a Polistes wasp colony increased the genetic diversity, 

with the trade-off of decreasing colony size (Hoggard, Wilson, Beattie, & Stow, 2013). Recent 

studies have demonstrated that social insects foraging on antimicrobial plant compounds can 

also play a key role in “social immunity” behaviour (Erler, Denner, Bobiş, Forsgren, & Moritz, 

2014; Manson, Otterstatter, & Thomson, 2010). Therefore in social hymenopterans, social 

immunity using antimicrobial compounds as well as the innate immune system are essential 

and work together to fight off pathogenic invaders. 

The innate immune system of arthropods consists of two parts; the humoral and the cellular 

response. In general, the cellular immune system is composed of the combined action of 

circulating cells in the haemolymph, reactions of phagocytosis, encapsulation and 

melanisation. The humoral immune response involves the production of substances with 

antimicrobial activity (Erler, Popp, & Lattorff, 2011). These immune genes are silent in the 

absence of an immune challenge caused by pathogens which may be specific to the host (J. 

A. Hoffmann, 1995). Metatranscriptomics analysis of differential immune gene expression 
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gives an insight into the different immune reactions and biological processes (Harshman & 

James, 1998) that can occur in hymenopterans. Deciphering these evolutionary patterns of 

immune defence genes will help to understand the evolutionary dynamics between hosts and 

pathogens (Viljakainen, 2015), giving an insight into the diverse mechanisms insects employ 

for defence. It may also contribute to the development of new insecticides, and a biocontrol 

for insect pests (Brucker, Funkhouser, Setia, Pauly, & Bordenstein, 2012). 

Immune gene expression can vary with parasite exposure, among colonies and populations 

of social insects (Brunner et al., 2014). Brunner et al. (2014) showed how colonies of the 

bumble bee Bombus terrestris can vary in their susceptibility to the trypanosome gut parasite 

Crithidia bombi, reducing colony fitness. They assayed the expression of 28 immunologically 

important genes in foraging workers showing differences among colonies in their immune 

gene expression profiles providing clues to inter-colony variation in susceptibility to this 

parasite (Brunner et al., 2014). Nurse honey bees (Apis mellifera) exposed to synthetic 

acaricides also showed varting immune-related gene expression (Garrido et al., 2013). This 

exposure to acaricides indicated that the use of acaricides in honey bee husbandry could 

cause varying degrees of immune reaction, relaying fears among the beekeeper community 

that acaricides used for mite control may cause harmful effects on honeybee physiology. 

These examples show that an in-depth investigation into the immune response of insects can 

demonstrate the effect that an invader or chemical can have on the host. Therefore, the 

immune expression resulting from a chemical or pathogen effect on the host immune system 

can aid in finding significant biocontrol candidates, which can overcome natural host 

immunity, as well as decipher the microbiota that improves fitness. 
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 THESIS AIMS  

This thesis, investigated the microbiome of Vespula vulgaris in three distinct life stages from 

two ranges, the native European and invaded New Zealand range. The initial aim was to 

characterise microbiota found that may enhance invasion success as well as pathogenic 

microbiota that may be deleterious to these wasps. Microbiome community data analysed 

from V. vulgaris was also compared with four hymenopteran species by examining the 

specificity of microbiota found. Diseased and healthy V. vulgaris nests was also investigated, 

comparing both in a metatranscriptomic study. This metatranscriptomic analysis was used to 

elucidate the cause of infection as well as attempting to infect wasp nests in a time-series 

infection study using target candidates revealed in the transcriptomic analysis. By using 

molecular-based techniques, the results from this research provide new incidence records of 

the microbiome of V. vulgaris and additional microbiome data in related hymenopterans, as 

well as testing the effect candidate microbial targets have on V. vulgaris hosts.  

Chapter 2 characterises the microbial community, including the core microbiome of  

V. vulgaris in three distinct life stages (larvae, workers and queens (gynes)). This comparative 

analysis investigated the possibility that there are distinctions found between each life stages, 

as well as a preliminary examination of the differences found between ranges. These 

differences include the acquisition of microbiota as well as loss of enemies from the native to 

the invaded ranges. 

Chapter 3 examines comparative microbial community diversity identified in five 

hymenopteran hosts (Vespula vulgaris, Apis mellifera, Bombus terrestris, Vespula germanica 

and Linepithema humile). Preliminary evidence of host microbial specificity was also 

investigated. It was hypothesised that there would be greater microbiota diversity in 

generalist feeders, vespid wasps (V. vulgaris and V. germanica) and Argentine ant (L. humile) 

compared with honey bee and bumble bee pollinators A. mellifera and B. terrestris. These 

analyses give insight into the microbial interactions of hymenopteran species in a community. 

This interpretation of the microbial diversity among pest and beneficial hymenopterans adds 

to hymenopteran microbial knowledge, highlighting the specificity of microbiota crucial in the 

management and control of invasive pests such as V. vulgaris, V. germanica and L. humile 

while protecting beneficial pollinators such as honey bees and bumble bees. 
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Chapter 4 investigates diseased V. vulgaris nests. In a comparative metatranscriptome 

analysis of infected larvae and healthy larvae, the aim was to decipher pathogen candidates 

unique to the diseased nest. Five potential pathogens were identified of which four were 

investigated in a time series infection study. Larval samples were then analysed in RT-qPCR 

analysis using designed primers, to test potential pathogen loads and viral immune gene 

expression, highlighting potential pathogenic effects on the host. 

Chapter 5 summarises and synthesises the main findings of this thesis, outlining constraints 

and future research to further strengthen our knowledge of the invasive success of V. vulgaris. 
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2 CHARACTERISATION OF THE CORE AND COMMUNITY MICROBIOME 

OF THE COMMON WASP (VESPULA VULGARIS) 

 ABSTRACT 

The critical impact that a microbiome has on host fitness makes this interaction 

increasingly important as we evaluate invasive species. These intertwined 

relationships can have positive or negative effects on the host, causing a shift in 

microbial balance and may affect host fitness. These microbial influences acting at the 

individual host or the colony level can potentially drive the success of a population. 

For the first time, the microbiota of an invasive wasp Vespula vulgaris is investigated 

in native Europe and invaded New Zealand range. This wasp can have detrimental 

effects on invaded ranges, causing ecosystem changes through predation of native 

invertebrates causing mass mortality events as well as competing with native species 

for resources. The goal of this study was to test for microbiota differences in three 

distinct life stages across two ranges, native and invaded, using 16s and 18S amplicon 

sequencing together with Illumina RNAseq. The bacterial, microbial eukaryote and 

viral communities of larvae, workers and queens were compared in both ranges. In 

addition, the core microbiome of V. vulgaris is investigated and described as 

microbiota characterised present in 100% of microbial communities, including the core 

differences between life stages. The results demonstrated a change in community 

composition between life stages of wasps within the same nest. Larvae had greater 

bacterial, microbial eukaryote and viral sequence diversity compared with that of 

workers and queens. Remarkably, queens were largely free of known microbial 

eukaryotes and completely free of known RNA viruses. Evidence of a microbial shift 

was also highlighted, occurring in the invaded New Zealand range potentially 

increasing the fitness of this invasive wasp. This microbial shift demonstrates the loss 

of taxa from the native Belgian range to the invaded New Zealand range, releasing the 

host from possible enemies (Providencia, Serratia, Ricketsiella, Diplorickettsia, 

Microbacterium, Rhopalosiphum padi virus (RhPV), Aphid lethal paralysis virus (ALPV), 

and the protozoan Mattesia). As well as the potential loss of enemies seen in the 
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invaded New Zealand range samples, potential microbiota acquisition was also 

observed. Apis mellifera and Bombus spp. endosymbionts (Snodgrassella alvi, 

Gilliamella apicola, Saccharibacter, Commensalibacter, Bifidobacterium and Bombella) 

as well as Kashmir Bee Virus and the protozoan CCA5, were not observed in the native 

Belgian samples. These results demonstrate that the microbiome changes between 

distinct life stages, and also provides preliminary data proposing microbial differences 

between the native and invaded ranges.  



 

20 
 

 INTRODUCTION 

The continual accidental or deliberate global redistribution of species by humans can 

cause a detrimental effect on native species in new ranges (Mack et al., 2000), 

disrupting natural ecosystems (Williamson, 1996). Introduced species can bring an 

array of microorganisms, including pathogens or emerging infectious diseases (EID’s) 

(Woolhouse et al., 2005). Social insects have proven to be highly adept at invading new 

habitats and are capable of causing social, economic and environmental damage 

(Moller, 1996; John H. Werren et al., 2010). These ecologically significant social insects 

harbour protozoan, fungal, bacterial and viral parasites (Bailey & Ball, 1991; Rose et 

al., 1999) and can be significant drivers of global environmental change. Invasive 

vespid wasps have demonstrated how successful they can be in an introduced range, 

negatively impacting on native species and ecosystem functioning, as well as having 

significant economic impacts (Lockwood et al., 2007; Vitousek & D’Antonio, 1997). 

Vespula vulgaris is a voracious predator, listed in ‘100 of the world’s worst invasive 

alien species’ (Lowe et al., 2000), representing one of the most significant invertebrate 

threats to New Zealand native fauna (Lester, Brown, et al., 2014). Having arrived from 

its native range of Eurasia (Archer, 2012), it has now become well established in 

Argentina, Australia and New Zealand (J.R. Beggs et al., 2011). In New Zealand, 

measures of wasp nests abundance show less dramatic fluctuations (mean density of 

12.0 nests ha-1 and varying by a twofold range) (Barlow et al., 2002) compared with 

those in the native European range. In England, wasps showed a more cyclical 7-year 

cycle (varying by a 42 fold range) (Archer, 1985), although this study measured 

individual wasp abundance (malaise study) and not nest abundance. This variation in 

abundance may be related to several factors including food availability and the 

absence of natural enemies such as pathogens and parasites (Lester et al., 2015). 

Research suggests that V. vulgaris hosts a variety of pathogens in its home range 

(Evison et al., 2012). These pathogens could have the potential to induce population 

crashes as in other social insects (S. A. Cameron et al., 2011). Studies have also 

highlighted critical functional symbiotic relationships with the microbiota of insects 

highly intertwined with the host and essential for insect development (Hamdi et al., 

2011; Lanan et al., 2016; N. a. Moran, 2015; Weiss & Aksoy, 2011). To our knowledge 
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the microbiome (bacterial, microbial eukaryotes and virus communities) of  

V. vulgaris has not been as comprehensively studied as other hymenopteran species 

(Cariveau et al., 2014; J. A. Chandler et al., 2011; Engel et al., 2012; Hamdi et al., 2011; 

Ishak et al., 2011; J. Li et al., 2012; Runckel et al., 2011; Sabree & Moran, 2014; David 

R. Tarpy et al., 2015). Previous social insect research has demonstrated that the 

microbiome can change between life stages (Benjamino & Graf, 2016; Kapheim et al., 

2015; David R. Tarpy et al., 2015; Yun et al., 2014) and microbial diversity can change 

due to the environment, habitat and diet (Ishak et al., 2011; Meriweather, Matthews, 

Rio, & Baucom, 2013; Villegas & Pimenta, 2014; Yun et al., 2014). These microbiome 

differences can take place among life stages despite their social nature, sharing 

resources through the process of trophallaxis, giving rise to a social gut (Oster, G.F. & 

Wilson, 1978). Consequently, a broad assessment and characterisation of the 

microbiome of V. vulgaris will enable correlation between life stage microbial 

communities from individual V. vulgaris nests and across populations and ranges. Thus 

it was hypothesised based on previous social insect research, that the microbiome of 

a V. vulgaris colony (nest) would vary between life stages due to the social role of each 

distinct caste (larva, worker and queen (gyne)), based on nutrition and environmental 

exposure. It was also hypothesised that microbial bottlenecks may have occurred with 

loss of microbiota found in the native range and possible acquisition of microbiota in 

the new range. Using culture-independent sequence-based metagenomics, 

prokaryote, microbial eukaryote and viral communities were analysed to characterise 

the microbiome diversity and evaluate the core microbiota across six V. vulgaris nests, 

focusing on the life stages, and life stages differences between ranges.  
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 MATERIALS AND METHODS 

This examination of the microbial community of three common wasp life stages was 

replicated in their native and invaded range. This replication enabled a robust design 

to test if there are differences in microbial communities between life-stages within 

nests, and a preliminary comparison of differences in microbial communities between 

native and introduced range.  

2.3.1 V. vulgaris Collections 

Nest were sampled from three separate sites within the native (Belgium) and invaded 

(New Zealand) ranges. Sampling sites were chosen, with a minimum distance of 20 km 

between sites (Table 2-1). All nests were sampled in the autumn season of both ranges 

in 2014. Autumn sampling was chosen as the reproductive forms have emerged at this 

time allowing sampling of three life stages larvae, workers and gynes (newly emerged 

queens), i.e. a total of 18 samples (nine in each range). In Belgium, samples were taken 

in the area surrounding the city of Leuven in September/October. In New Zealand, 

sampling sites were selected in the Nelson/Tasman district and sampled in 

March/April (Table 2-1).  

N

0 200 400 km

 
Figure 2-1 Map illustrating the native Belgian and invaded New Zealand ranges of Vespula 
vulgaris. Areas of sampling marked in red boxes with three sites from Belgium around the city 
of Leuven, representing the native range and three sites from New Zealand, around the 
Nelson/Tasman district, representing the invaded range. Sites are marked with red dots on the 
map. (For coordinates see Table 2-1). 
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Table 2-1 Nest collection site coordinates in the native Belgian range and invaded New Zealand 
range 

Range Nest Site Longitude Latitude 

Native 

Belgium 

N1 

N2 

N3 

Wijgmaal, Leuven 

Hasselt, Hasselt 

Wezemaal, Leuven 

N 50.5539 

N 50.5523 

N 50.5720 

E 4.4143 

E 5.2017 

E 4.4444 

Invaded 

New Zealand 

N1 

N2 

N3 

Six Mile Reserve 

Tin Line Reserve 

Braeburn Track 

S -41.7685 

S -41.2809 

S -41.7954 

E 172.9572 

E 173.5087 

E 172.5156 

 

All nests sampled were from subterranean extractions, where whole nests were taken 

alive and placed in 20L buckets. The entire live wasp nests were then placed in a -20oC 

freezer for approximately 1-2 hours to slow wasp metabolism and impede wasp 

movement and attack, therefore sampling wasps alive. Sampling was undertaken 

aseptically using different petri dishes between nests and disinfecting the bench area, 

forceps and scissors with ethanol between each sample collection. Collected samples 

of larvae, workers and queens (five individuals per vial) were cut up and placed in 

RNAlater (Sigma-Aldrich Co. LLC) in separate DNA/RNA free vials according to 

manufacturer instructions and stored at -80oC until homogenisation and nucleic acid 

extraction. Each sample consisted of five representative individuals from each life 

stage (larval, worker and queen). At the time of sampling, five random individuals from 

each colony life stage was deemed an appropriate number to characterise the colony 

microbiome. Individuals were not surfaced cleaned, enabling characterisation of both 

endosymbiotic and exosymbiotic microbiota in addition to eukaryotes such as mites. 

Also, V. vulgaris wasps prefer a subterranean habitat, excavating and ingesting soil and 

decaying wood for nest expansion. This lifestyle would ensure both internal and 

external sample environmental contamination. Therefore, surface cleaning the 

individual samples prior to pooling would not have made a crucial difference in the 

overall microbiota characterised. 

2.3.2 DNA Extractions and Library Preparation 

All samples were homogenised aseptically in a laminar flow hood using a Qiagen 

Tissuerupter® before extractions were conducted. Purification of total DNA from 
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pooled samples of five whole insects was carried out using DNeasy Blood & Tissue Kit 

using the supplementary protocol: 

‘DY14 (www.qiagen.com/literature/protocols/DNeasyTissue.aspx)’.  

The purity of DNA samples was verified using the absorption ratio (260/280 nm) 

determined by NanoDrop 1000 and samples were run on 1.5% agarose gel to ensure 

product banding. DNA samples were sent for library preparation and de novo 16S and 

18S Illumina MiSeq sequencing at New Zealand Genomics Ltd (NZGL). 16S ribosomal 

RNA gene amplicons were prepared following the Illumina 16S Metagenomic 

Sequencing Library Preparation Protocol (Illumina, 2013). The V3-V4 region of the 16S 

rRNA gene was amplified using Nextera adapter primers and dual‐index barcodes to 

the amplicon target (Illumina, 2013). Specific primer pair (Table 2-2) sequences were 

used to create a single paired-end amplicon for the V3-V4 region of approximately 300 

bp. 

18S ribosomal RNA gene amplicons were prepared according to the protocol of the 

Earth Microbiome Project (J Gregory Caporaso et al., 2012). The V9 region (200 bp) of 

the eukaryotic 18S rRNA gene was amplified for each sample with 1391f and EukBr 

primers (Amaral-Zettler, McCliment, Ducklow, & Huse, 2009) (Table 2-2). PCR DNA 

products were pooled 80% for the 18S libraries to allow for swamping of host genomic 

DNA and 20% for the 16S and sequenced on a MiSeq run. Adapters and barcodes were 

removed and read quality trimmed using the SolexaQA package (Cox, Peterson, & 

Biggs, 2010) and reads were quality checked using FASTQC (Andrews, 2010). 

 

Table 2-2 Primers used in 16S & 18S amplicon sequencing 

16S Primers 

16S Primer F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 

16S Primer R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC  
(Klindworth et al., 2013) 

18S Primers 

Illumina_Euk_139
1f 

AATGATACGGCGACCACCGAGATCTACACTATCGCCGTTCGGTACACACCGCCCG
TC 

Illumina_EukBr CAAGCAGAAGACGGCATACGAGATAGTCAGTCAGCAGATCCTTCTGCAGGTTCAC
CTAC (Klindworth et al., 2013) 

 

http://www.qiagen.com/literature/protocols/DNeasyTissue.aspx
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2.3.3 RNA Extractions and Library Preparation 

The RNA-Seq approach was used for the detection of RNA viruses. Total RNA was 

extracted using the PureLink®RNA Mini Kit. Total RNA quantity and integrity was 

assessed on an Agilent 2100 Bioanalyzer using the Agilent RNA 6000 Nano Chip kit 

according to the manufacturer’s instructions. Total RNA was sent for sequencing on 

Illumina HiSeq platform (2 x 100 bp paired-end), by NZGL. Total RNA samples were 

used to make RNA-Seq libraries using the “TruSeq RNAseq Sample Prep kit” according 

to the manufacturer's instructions.  

2.3.4 Prokaryote Bioinformatics Pipeline 

Microbial prokaryote diversity was primarily analysed using QIIME version 1.9.1 (J G 

Caporaso et al., 2010). First, the 16S read sequences primers and adaptors were 

removed. Paired-end reads were assembled to reconstruct the complete nucleotide 

sequence using PANDAseq, v 2.8 (Masella, Bartram, Truszkowski, Brown, & Neufeld, 

2012). PANDAseq quality filters sequences and corrects sequencing errors to obtain a 

higher quality sequence yield. Of the 37,351 16S input reads, 31,902 sequences were 

retained. Following preliminary data quality checking, libraries were split and 

Operational Taxonomic Units (OTUs), were picked and clustered to known taxa based 

on 97% sequence identity using UCLUST (Edgar, 2010) closed-reference OTU picking. 

The longest sequence in a cluster was used as the representative sequence for that 

OTU. Final OTUs were taxonomically classified and finally aligned to the SILVA 128 

database (last modified 06-Feb-2017)(Quast et al., 2013; Yilmaz et al., 2014) using the 

PyNAST alignment tool (J. Gregory Caporaso et al., 2010). Chimaeras were excluded 

using ChimeraSlayer (B. J. Haas et al., 2011) along with singleton OTUs. A phylogenetic 

tree was constructed from the aligned, representative sequence set using FastTree 

(Price, Dehal, & Arkin, 2010) and filtered using normalised reads. The iToL website 

(Letunic & Bork, 2011) was used to visualise bacterial taxa. 

2.3.5 Microbial Eukaryote Bioinformatics Pipeline 

Microbial eukaryote diversity was analysed using the SILVAngs v 1.3 pipeline (Quast et 

al., 2013). 18S rRNA read sequences were pre-processed by removing primers and 

adaptors and assembled using PANDAseq, v 2.8 package (Masella et al., 2012). Quality 

filtering of 164,750 18S input reads resulted in 163,173 output sequences. Reads were 
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aligned using the SILVA Incremental Aligner (SINA v1.2.10 for ARB SVN (revision 21008) 

(Pruesse, Peplies, & Glöckner, 2012) against the SILVA SSU rRNA SEED database 

(January 2016) and quality controlled (Quast et al., 2013). Reads, either shorter than 

50 aligned nucleotides, with more than 2% of ambiguities, or with 2% of 

homopolymers, were excluded from further processing as recommended by SILVAngs 

(Quast et al., 2013). Putative contamination and artefact reads with low alignment 

quality (50 alignment identity, 40 alignment score reported by SINA), were also 

identified and excluded from downstream analysis. Following quality control, identical 

reads were clustered into OTUs, on a per sample basis, with the reference read of each 

OTU classified. De-replication and clustering was achieved using cd-hit-est v 3.1.2(W. 

Li & Godzik, 2006). The classification was performed by a local nucleotide BLASTn 

(version 2.2.30+) search against the non-redundant (nr) version of the SILVA SSU Ref 

dataset (release 123; http://www.arb-silva.de) with standard settings (Camacho et al., 

2009). The classification of each OTU reference read was mapped onto all reads that 

were assigned to the respective OTU. Reads without any BLAST hits or reads with weak 

BLAST hits, where the function ((% sequence identity + % alignment coverage)/2) did 

not exceed 93, were not classified, as per the recommended settings assigned by 

SILVAngs. These reads were then assigned to the meta group “No Relative" in the 

SILVAngs fingerprint and Krona charts (Ondov, Bergman, & Phillippy, 2011).  

2.3.6 Viral Bioinformatics Pipeline 

De novo transcript reconstruction was undertaken using the Trinity platform (Grabherr 

et al., 2011) for de novo transcriptome assembly from RNA-Seq data in non-model 

organisms. The transcriptome assembled from the trimmed reads was performed with 

the software Trinity Release v2.0.6 2015-03-03 (Grabherr et al., 2011). FastQC 0.11.3 

(Andrews, 2010) sequences were adapter and quality trimmed at a Phred score of Q20 

(probability of 0.01) to capture most sequences. SolexaQA 3.0 was then used to carry 

out a further quality analysis using DynamicTrim and LengthSort in combination to 

remove poor quality bases and reads from high throughput sequence data (Cox et al., 

2010). Transcriptome de novo assembly of normalised reads was performed with 

Trinity v 2.0.6 (Grabherr et al., 2011). Reads were then normalised using Trinity’s (v 

2.0.6) In silico read normalisation (B. J. Haas et al., 2013).  
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The Trinity assembled contigs were submitted to the National Centre for 

Biotechnology Information (NCBI) nt database with an e-value of 0.001. Searches were 

run at the Victoria University of Wellington Science Faculty High-Performance 

Computing Facility's BLAST v 2.2.30 installation (Zhang, Schwartz, Wagner, & Miller, 

2000). A custom Perl script was used to summarise the data and append taxonomic 

assignment to individual BLAST results (Gruber et al., 2017). This process allowed 

filtering of taxa and extraction of viral targets from each FASTA file. Extracted viral 

targets were searched with BLASTx against the nr database with an e-value of 0.0001, 

overhang value of 0.25, and score edge value of 0.05 (Camacho et al., 2010). BLAST nr 

assigned targets were visualised to MEGAN v.6.6.3 using the default settings with the 

weighted LCA algorithm of 75% (Huson et al., 2016). Weighted LCA reduces the need 

to process each read in isolation and improves the specificity of taxonomic assignment 

(Huson et al., 2016). 

To confirm identity of viral candidates a variety of bioinformatics techniques were 

used. VirusFinder2 (Q. Wang, Jia, & Zhao, 2015) was used to complement the BLAST 

and MEGAN analysis, further identifying viruses. This process uses raw sequences 

reads before assembly to search against the virus database, included with the RINS 

(Rapid identification of non-human sequences) package (Bhaduri, Qu, Lee, 

Ungewickell, & Khavari, 2012). The RINS virus.fa database contains viruses of all known 

classes (32,012 in total) (Bhaduri et al., 2012). Briefly, using BLAST+, an index of the 

virus database was created, and the raw files were run against this database. The 

Polistes dominula genome (Weiner et al., 2013) was used to carry out read subtraction, 

which extracts all viral reads excluding host sequences. The P. dominula genome was 

the closest annotated genome to V. vulgaris available at the time of analysis. As 

MEGAN & Virusfinder2 use contrasting approaches, this made it difficult to compare 

viral abundances between the two methods. Instead, presence/absence of virus 

between groups was used in further analyses. Virus candidates were omitted if both 

MEGAN and Virusfinder2 analysis did not represent them. The remaining viruses were 

discounted if they had less than 97% identity and not investigated further. Subsequent 

viral candidates were confirmed following RT-PCR analysis using designed primers 
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(Table 2-3), and cDNA sent for Sanger sequencing at Massey Genome Service, Massey 

University, Palmerston North.  

To detect potential novel viral pathogen sequences in the assemblies, we used the 

Trinity assembled contigs to query the National Center for Biotechnology Information 

(NCBI) GenBank databases using BLAST (Zhang et al., 2000). Blastx searches were used 

to identify putative viral proteins from pre-processed Blastn searches of the NCBI 

Genbank nt databases. Blastn contigs were searched with a threshold e-value of 0.001, 

percent identity of 90, best_hit_overhang of 0.25 and best_hit_score_edge of 0.05. 

The blastx results were visualised in MEGAN 5.10.720. To confirm these as virus 

candidates coding sequences of novel viral origin were identified by visualising the 

contigs of blastx results in Blast2GO (Conesa et al., 2005) and translating these contigs 

using ExPASy (Bioinformatics Resource Portal, Swiss Institute of Bioinformatics, 

http://web.expasy.org/) to determine the appropriate reading frame. 

Table 2-3 RT-PCR Primers used to confirm virus presence. 

Primer Forward Reverse 

KBV TGATGGTGATTGTGGAGCCC TCGACTCCCGGATAACCTGT 

DWV AGTGCAGGCAAAACCAGAGA GAACCGCGCCATTGCATAAA 

RhPV AACGGGTCACCGTCAATACC GATCCACCAGACACTTGGCA 

ALPV ATATGGTGTTGTTCGCCCGT TGCGATAGGCATAGCAGTGG 

  

http://web.expasy.org/
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 STATISTICAL ANALYSES 

Richness (OTU abundance) and diversity (Shannon’s Log e) metrics were assessed 

using square root transformed raw data (882 taxa assigned by Silva 128 (Quast et al., 

2013)). The DIVERSE function in Primer 6 (Clarke & Warwick, 2001) was applied and 

richness and diversity metrics visualised using the R package ggplot2 (Wickham, 2009). 

A one-way analysis of variance (ANOVA) was used to determine whether there were 

any statistically significant differences between the richness and diversity means of 

three life stages (larvae (n=6), workers (n=6) and queens (n=6)). The same ANOVA 

analysis was used to determine if there were any statistically significant differences for 

richness and diversity between life stages between ranges (New Zealand (NZ) larvae 

(n=3) and Belgium (BE) larvae (n=3), (NZ workers (n=3) and BE workers (n=3), (NZ 

queens (n=3) and BE queens (n=3)) and overall between ranges (New Zealand (n=9) 

and Belgium (n=9)). Where ANOVA p-values were statistically significant (p ≤0.05), post 

hoc two tailed t tests were performed to determine which specific groups significantly 

differed from each other. 

All subsequent 16S data were normalised following filtering of OTUs with less than 100 

reads reducing negative value outputs for less abundant OTUs. Due to the lower 

number of 18S OTUs, filtering of OTUs less than 100 were not required before 

normalisation of the 18S dataset. The R package metagenomeSeq’s CSS (cumulative 

sum scaling) (Paulson, 2014) was used to carry out the normalisation on the 16S and 

18S datasets (McMurdie & Holmes, 2014). The dissimilarity between bacterial and 

microbial eukaryote communities was assessed using Bray-Curtis dissimilarity matrix 

and tested for significance between each life stage, range and life stage within each 

range using PERMANOVA in Primer-E (Clarke & Warwick, 2001). To partition for 

variance and assess significance in each community pairwise tests were run over 999 

permutations. Each group (life stages, ranges and life stages within ranges) were 

evaluated separately as fixed effects, with type III partial sum of squares and Monte 

Carlo sampling permutated over unrestricted raw data. To visualise significant 

clustering patterns of bacterial and microbial eukaryote communities, three methods 

were used, group average clustering, non-metric multidimensional scaling (nMDS) and 

a canonical analysis of principal coordinates (CAP) analysis all performed in Primer-E 
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(Clarke & Warwick, 2001). Group-averaging clustering measured the mean 

(unweighted) distance apart of each sample, averaging over all between-group pairs 

(Clarke & Warwick, 2001). The relationship between individual microbiomes was then 

assessed using unconstrained ordination nMDS plots measuring ecological distance 

preserving rank orders of relative distances among data placing data in relation to each 

other based on dissimilarities among the samples (Clarke & Ainsworth, 1993). Each 

nMDS plot was run with 1000 random restarts, avoiding local minima using Kruskal 

stress formula 1 with minimum stress of 0.01 (nMDS ordination ≤ 0.1 stress is 

acceptable, while values equal to or ≤ 0.05 indicate a good fit) (Clarke & Warwick, 

2001). Distinctness of each group was then measured using a CAP analysis. Unlike the 

nMDS analysis the CAP analysis is constrained, analysing the data based on 

permutation showing the effect of the interaction between factors in the community 

(Marti Anderson & Willis, 2003; MJ Anderson, Gorley, & Clarke KR, 2008). 

The total sample core microbiota, as well as each life stage core, was identified using 

QIIME 1.9.1 (J G Caporaso et al., 2010). The core was determined by calculating OTU 

abundance in the core at intervals (from 0% to 100% of samples). Taxa consistently 

present in 100% of pooled samples were considered to represent the core microbiome 

of V. vulgaris. The contribution of each prokaryote and microbial eukaryote with 

dissimilarity differences among each life stage and range life stage was assessed using 

a similarity percentage analysis (SIMPER) analysis (Clarke & Warwick, 2001) on 

normalised data. SIMPER dissimilarity was verified using log-likelihood G-tests, carried 

out in QIIME 1.9.1, extrapolating statistical significance (p <0.05) between taxa 

abundance in the different sample groups (J G Caporaso et al., 2010). The p-values 

from G-test analysis were corrected for multiple comparisons using the Bonferroni 

procedure within QIIME.  
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 RESULTS 

2.5.1 Core Microbiome  

In this study, the core microbiota was defined as OTUs with a 97% identity level that 

was present in 100% of the samples analysed. Across all eighteen samples, the data 

showed that the core microbiota from three life stages consisted of 29 OTUs 

representing 23 unique taxa identified to the lowest taxonomic level (denoted by c = 

class, o = order, f = family, g = genus) (Table 2-4). One third of the total core was 

represented by the bacterial class Spartobacteria (34.3%), consisting of the family 

DA101 soil group (18.7%) and genus Candidatus Xiphinematobacter (15.6%). The class 

Alphaproteobacteria (31.1%) was also well represented, consisting of the order 

Rhizobiales. Bacteria from the classes Ktedonobacteria, Phycisphaerae, 

Thermoleophilia, Actinobacteria, Gammaproteobacteria, Solibacteres and 

Blastocatellia accounted for the remainder of the total core microbiome of V. vulgaris. 

The same 100% core analysis was repeated on each life stage, to investigate specificity 

of core microbiota in each life stage (Table 2-5). Life stage queens had the most core 

taxa (41 taxa), followed by larvae (38 taxa) and workers (30 taxa). There was greater 

specificity of core taxa seen in the queen (11) and larvae (10) life stages, with worker 

core microbioata the least (3) (Figure 2-2). 
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Table 2-4 The core prokaryote taxa and relative mean prokaryote abundances identified in three V. vulgaris wasp life stages. Taxonomic levels Phylum and 
Class are provided in addition to the genus. Where genus is not defined in italics, the lowest taxonomic level is denoted in brackets: class (c), order (o) and 
family (f). 

Phylum Class  Lowest Taxon Average Abundance (%) 

Acidobacteria 

Blastocatellia  RB41 0.8 
Solibacteres  C. solibacter  1.1 

Acidobacteria 
 

Subgroup 1 (f) 1.4 
Subgroup 2 (c) 1.7 

Actinobacteria 

Acidimicrobiia  Acidimicrobiales (o) 1.2 

Actinobacteria 
 

Corynebacterium 1 1.2 
Acidothermus 2.7 

Thermoleophilia 
 

Gaiellales (o) 4.5 
Solirubrobacterales (o) 0.9 

Planctomycetes Phycisphaerae  Tepidisphaeraceae (f) 5.4 

Verrucomicrobia Spartobacteria 
 

DA101 soil group (f) 18.7 

Candidatus 
Xiphinematobacter 

15.6 

Proteobacteria 

Gammaproteobacteria  Pseudomonas 1.4 

Alphaproteobacteria 
 

 

Bradyrhizobium 0.8 
Roseiarcus 1.6 
Variibacter 4.1 
Nitrobacter 18.9 
Pedomicrobium 1.5 
Bradyrhizobiaceae (f) 0.5 
Rhizobium 1.2 
Xanthobacteraceae (f) 2.4 

Chloroflexi Ktedonobacteria 
 

HSBOF53-F07 (f) 10.2 

JG30a-KF-32 (f) 2.2 
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Table 2-5 Prokaryote taxa unique to each life stage core microbiome and the total relative mean abundance of each taxa contributing to the core found in 
each life stage. Taxonomic levels Phylum and Class are provided in addition to genus. Where the genus is not defined in italics, the lowest taxonomic level 
is denoted in brackets: class (c), order (o) and family (f). 

Life Stage Phylum  Class Lowest Taxa Core Contribution (%) 

Larvae 

Firmicutes Bacilli Enterococcus 16.31 

Bacteroidetes Sphingobacteriia Flavisolibacter 0.89 

Planctomycetes Planctomycetacia Pir4 lineage 0.86 

Proteobacteria Alphaproteobacteria JG37-AG-20 (f) 0.54 

Proteobacteria Alphaproteobacteria Brevundimonas 0.48 

Actinobacteria Actinobacteria Dermacoccaceae (f) 0.46 

Actinobacteria Thermoleophilia TM146 (f) 0.39 

Proteobacteria Deltaproteobacteria Haliangium 0.37 

Planctomycetes Planctomycetacia Isosphaera 0.34 

Proteobacteria Deltaproteobacteria H16 0.30 

Worker 

Acidobacteria Acidobacteria Candidatus Koribacter 1.17 

Actinobacteria Actinobacteria Micromonospora 0.28 

Actinobacteria Actinobacteria Actinoplanes 0.24 

Queen 

Actinobacteria Actinobacteria Mycobacterium 0.54 

Bacteroidetes Flavobacteriia Flavobacterium 0.55 

Chloroflexi Ktedonobacteria 1959-1 (F) 0.55 

Planctomycetes Planctomycetacia Planctomycetaceae (f) 1.07 

Proteobacteria Alphaproteobacteria Tardiphaga 0.65 

Proteobacteria Alphaproteobacteria Rhodoplanes 0.29 

Proteobacteria Alphaproteobacteria Rhizomicrobium 0.35 

Proteobacteria Alphaproteobacteria Sphingomonas 0.29 

Proteobacteria Betaproteobacteria Nitrosomonadaceae (f) 0.41 

Proteobacteria Betaproteobacteria SC-I-84 (o) 0.98 

Proteobacteria Gammaproteobacteria Xanthomonadales (o) 0.46 
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Relative Core Bacterial Class Abundances
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Figure 2-2 Relative abundances (%) of each core prokaryote class identified in V. vulgaris samples. The total core (all life stages) 100% of samples are 
provided in addition to relative core class abundances observed in each life stage, larval, worker and queen. Colours placed in the legend defines class core 
abundances 
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2.5.2 Prokaryote Community Distinctions 

QIIME analysis returned 574,248 non-singleton reads from 18 pooled samples (5 individuals 

per sample), six larvae, six workers and six queen samples. A mean of 31,902 reads ± 45,271 

standard deviation was identified from the 18 samples. A total of 736 bacterial 16SrRNA OTU 

sequences were assigned at the 97% sequence similarity level and 375 taxa classified to 

genus. 

The dissimilarity of life stage prokaryote communities within each range was illustrated with 

average linkage clustering (Figure 2-3A) and nMDS plot (Figure 2-3B). All three native larvae, 

workers and queens except one queen clustered together with less than 30% dissimilarity. 

Wasps in the invaded range showed an opposite pattern with no life stages clustering 

together suggesting variable communities. This pattern is supported by the two-dimensional 

nMDS plots (2D Stress 0.09) which indicates greater clustering of native range life stages 

compared with the invaded range. Native larvae and workers displayed an overlapping trend 

in communities with separation from the native queen communities. Life stages in the New 

Zealand range overlapped. Larvae and queen sample communities were tightly clustered 

compared with the invaded worker sample communities, which displayed more variability. 

CAP analysis (Figure 2-3C) confirmed prokaryote community distinctiveness in the native 

range life stages, while the invaded range life stages showed little distinction with a high 

degree of overlap between life stage communities. PERMANOVA pairwise comparisons (Table 

2-6) of OTU variance revealed between life stages dissimilarity was not statistically significant 

(p > 0.05). However, the overall pairwise comparison between the two ranges was 

significantly different. Pairwise comparisons between life stages in ranges showed 

considerable dissimilarity in larvae between ranges and New Zealand queens and Belgian 

workers. Belgian larvae and workers were also significantly dissimilar to Belgian queens, 

whereas Belgian larvae and workers were not significantly dissimilar to one another. 
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Figure 2-3 Figures of prokaryote community dissimilarity (A-D). Illustrating clustering distances and diversity of individually normalised microbiomes in 
the host V. vulgaris life stage within each range. Larvae (green triangle), workers (blue triangle) and queens (cyan square). The sampling range is 
annotated with BE=Belgian, NZ=New Zealand. Graphs A-C are based on Bray-Curtis dissimilarity of bacterial OTU frequencies. (A) Group average cluster 
dendrogram from average-linkage clustering of bacterial OTU frequency. (B) Non-metric multi-dimensional (nMDS) scaling plot of bacterial OTU 
frequency, Stress value: 0.09 (≤ 0.1 is acceptable). (C) Canonical analysis of principal coordinates (CAP), illustrating distinctness of bacterial communities. 
(D) The richness and Shannon’s diversity metrics calculated on total square root transformed dataset. The standard error shows the variance of each 
range life stage (n=3). 
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Table 2-6 PERMANOVA pairwise tests comparing dissimilarity between each V. vulgaris life stage, 
range and life stage within each range. The t statistics along with the Monte Carlo corrected p-value 
are provided. Shaded values indicate statistically significant results. 

PERMANOVA Pairwise test 

Life Stages 

 t p(MC) 
Larvae, Workers 1.118 0.289 
Larvae, Queens 1.002 0.422 
Workers, Queens 1.265 0.181 

Range 

 t p(MC) 
Belgium, New Zealand  2.036 0.006 

Life Stages in Range 

 t p(MC) 
New Zealand Larvae, Belgian Larvae 1.839 0.035 
New Zealand Workers, Belgian Workers 1.477 0.141 
New Zealand Queens, Belgian Queens 1.447 0.178 
Belgian Larvae , Belgian Workers 1.636 0.098 
Belgian Larvae, Belgian Queens 2.328 0.033 
Belgian Workers, Belgian Queens 2.803 0.014 
New Zealand Larvae, New Zealand Workers 0.806 0.591 
New Zealand Larvae, New Zealand Queens 0.815 0.586 
New Zealand Workers, New Zealand Queens 0.396 0.895 

P values have been corrected denoted P (MC) = Monte Carlo test corrected, t=test statistic 

An ANOVA was performed on the richness and Shannon diversity metrics for all groups 

including life stages, range and life stages within each range. The ANOVA, demonstrated no 

significant (p < 0.05) difference between life stages and life stages within ranges, however 

between ranges, the Shannon’s diversity metric was significantly different (ANOVA F(1, 16) = 

6.25 p = 0.02).  

Mean richness and diversity metrics (Figure 2-3D) revealed higher richness (mean= 256.2 ± 

19.1 SE) and diversity (5.0 ± 0.2) in larvae compared with workers (richness 245.5 ± 16.8; 

diversity 4.7 ± 0.4) and queens (richness 215.3 ± 12.6; diversity 4.8 ± 0.3). Native Belgian larvae 

(richness 292.0 ± 29.0; diversity 5.1 ± 0.1), when compared with New Zealand larvae (richness 

220.3 ± 19.1; diversity 4.8 ± 0.2), had higher richness and diversity means. There was a similar 

trend in richness and diversity when comparing worker samples from Belgium (richness 260.3 

± 18.8; diversity 5.0 ± 0.2) and New Zealand (richness 230.7 ± 16.8; diversity 4.5 ± 0.4). Belgian 

queen richness (richness 197.7 ± 13.2; diversity 5.0 ± 0.1) was lower than that of New Zealand 

queens (richness 233.0 ± 12.6; diversity 4.6± 0.3). However the community diversity was again 
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highest in the native range (Graph D). Overall samples from Belgium (richness 250 ± 13.2; 

diversity 5.0 ± 0.1) exhibited higher mean richness and diversity than their New Zealand 

counterparts (richness 228 ± 12.6; diversity 4.6 ± 0.3). 
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2.5.3 Characterisation of Prokaryotic Communities 

Of the 375 OTUs, 98 OTUs exceeded the threshold of 100 similar OTUs required prior to 

normalisation. Based on the mean of OTU reads across all 18 samples, eleven phyla were 

identified, of which nine represented 99.2% of the community. The top five phyla that 

represented 81.4% of the total community were made up of 37.1% Proteobacteria, 12.8% 

Verrucomicrobia, 11.7% Firmicutes, 11.8% Actinobacteria, and 7.8% Acidobacteria. The iToL 

phylogenetic tree (Figure 2-4) illustrated similarities as well as some differences between life 

stages in each range. Of the 75 taxa represented in the microbiome, larvae hosted 71 taxa, 

workers 72 taxa and queens 61 taxa.  

Of the taxa represented across the life stages, four taxa were not present in the larval life 

stage, three Gammaproteobacteria (Erwinia, Acinetobacter and Orbus) and the 

Alphaproteobacteria (Mesorhizobium). Absent taxa in the worker life stage included 

Gammaproteobacteria (Diplorickettsia), Alphaproteobacteria (Asaia), and a Chlamydiae  

(Candidatus Rhabdochlamydia). Taxa seen in larval and worker life stages but absent in the 

queen life stage included, Actinobacteria (Microbacterium), Alphaproteobacteria (Asaia), 

Bacilli (Leuconostoc, Vagococcus, PeH08 (f) and Streptococcaceae (f)), Chlamydiae  

(C. Rhabdochlamydia) and seven Gammaproteobacteria (Rickettsiella, Diplorickettsia, 

Providencia, Pantoea, Erwinia, Acinetobacter, Orbus). Genera unique to larvae included 

Diplorickettsia, Candidatus Rhabdochlamydia and Asaia. Genera unique to the worker life 

stage included Erwinia, Acinetobacter and Orbus. No unique taxa were presented in queens. 

There was more significant variation in taxa incidence when comparing microbiomes between 

life stages in each range. The following constitutes taxa presence or absence in both high 

abundance and low abundance microbiomes: Native Belgian larvae hosted 60 bacterial taxa, 

and invaded larvae hosted 57 taxa. This comparison revealed Diplorickettsia, Asaia, Pantoea, 

Raoultella, Serratia, Providencia, Vagococcus, PeH08, Lactobacillus, Streptococcaceae (f), 

Lactococcus, Leuconostoc and Leuconostocaceae (f) were present in the native range but 

absent from the invaded range. Taxa present in the invaded range not seen in the native range 

included Apibacter, Bifidobacterium, Spiroplasma, Bacillus, Commensalibacter, Bombella, 

Saccharibacter, Arsenophonus, Orbaceae (f) and Orbaceae (buff-tailed Bumble bee). Native 

workers hosted 59 taxa of which, Providencia, Vagococcus, Leuconostocaceae (f), Raoultella, 

PeH08 (f), Leuconostoc, Orbus, and Bacillus were not present in the invaded range. In 
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comparison, invaded workers had 61 taxa, with the taxa Arsenophonus, Orbaceae (Buff-tailed 

BB), Bombella, Apibacter, Wolbachia, Gilliamella, Commensalibacter, Spiroplasma, 

Snodgrassella, Bifidobacterium, Orbaceae (f), and Saccharibacter not seen in the native range. 

Native queens had 48 taxa, with Convivina, Serratia, Raoultella, Leuconostocaceae (f), 

Lactococcus and Bacillus taxa not seen in the invaded range. Invaded queens accounted for 

presences of Wolbachia, Gilliamella, Orbaceae (Buff-tailed BB), Snodgrassella, 

Bifidobacterium, Saccharibacter, Commensalibacter, Bombella, Arsenophonus, Apibacter, 

Spiroplasma and Enterobacter not seen in the native range. Relative mean class bacterial 

abundances of life stages within each range was also calculated (Figure 2-5), identifying the 

most abundant class in each group and all taxa identified to the lowest taxonomic level, 

contributing higher than 1% to that class. 
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Figure 2-4 Phylogeny of prokaryote taxa identified from V. vulgaris to the genus level where possible. This rooted maximum likelihood phylogeny 
reveals the specificity of microbiota in host life stage in each range. Colours in the inner circle represent the phyla that bacterial taxa are from based 
on OTUs assigned in SILVA (see Phylum legend). The first two outer concentric circles from the inside out displays the bacteria found in larvae from 
each range. The middle two concentric circlespresentsys bacteria found in workers from each range. The outermost circles display bacterial diversity 
found in queens from each range. Where taxonomy was not assigned to the genus level, the lowest taxonomic level was assigned and denoted in 
brackets, i.e. (f) = family, (o) = order and (c) = class. 
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Figure 2-5 Relative (high > 100 OTUs) abundance bacteria found in V. vulgaris, sampled from three life stages (larvae, worker and queen) across two 
ranges (Belgium and New Zealand). Colours, annotated in the legend represent bacterial classes. Each class is represented by all taxa >1% contribution 
to that class. All taxa are identified to the genus level where possible, if not the lowest taxonomic level was assigned and denoted in brackets, i.e. (f) = 
family, (o) = order and (c) = class. 
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SIMPER analysis revealed that 50% of dissimilarity between larvae and workers was attributed 

to six class of bacteria, 12 of which were identified to the genus taxonomic level (Table 2-7). 

Larvae had higher mean abundances of Enterococcus, Variibacter, Rickettsiella and Convivina, 

whereas workers had higher mean abundances of Lactobacillus, Wolbachia, Fructobacillus, 

Gilliamella, Pseudomonas, Serratia and Providencia. Larvae and queens had (Table 2-8) 50% 

dissimilarity, made up of 16 taxa from seven taxonomic classes, 11 of which were identified 

to the genus level. Compared with queens, larvae had a higher mean abundance of 

Wolbachia, Enterococcus, Fructobacillus Rickettsiella, Convivina and Microbacterium, 

whereas queens had higher abundances of Lactobacillus, Variibacter, Saccharibacter, 

Orbaceae (buff-tailed bumble bee) and Gilliamella. Workers, compared with queens had a 

higher mean abundance of Lactobacillus, Wolbachia, Enterococcus, Fructobacillus, Serratia, 

Providencia, Pseudomonas, Convivina and Commensalibacter and queens having a higher 

abundance of Variibacter (Table 2-9).  

When comparing life stages between ranges, Belgian larvae had an abundance of 

Enterococcus, Fructobacillus, Ricketsiella, Lactobacillus, Leuconoctoc, Convivina, Serratia, 

Diplorickettsia and Variibacter, compared to New Zealand larvae, which had higher mean 

abundance of Wolbachia, Spiroplasma and Variibacter (Table 2-10). Worker comparisons 

between the ranges showed higher mean abundances of Enterococcus, Fructobacillus, 

Providencia, Serratia, Convivina, Enterobacter and Pseudomonas in the Belgian range. New 

Zealand workers had higher mean abundances of Lactobacillus, Wolbachia, Gilliamella and 

Commensalibacter compared with workers in the native range (Table 2-11). Queen 

comparisons between both ranges also revealed a higher abundance of Lactobacillus, 

Wolbachia, Gilliamella and Orbaceae (buff-tailed bumble bee) in the New Zealand range. 

Belgian queens had greater mean abundances of Bacilli such as Enterococcus and 

Fructocbacillus in Belgian queens as seen in Belgian larvae and workers (Table 2-12). The 

overall dissimilarity between ranges revealed higher abundances of Bacilli (Enterococcus, 

Fructobacillus, Convivina and Gammaproteobacteria (Enterobacteriaceae (f), Rickettsiella, 

Serratia and Providencia), whereas the Invaded range had higher abundances of Lactobacillus, 

Wolbachia the Orbaceae family including Gilliamella (Table 2-13). These group differences 

were also assessed for biological significance using log-likelihood ratio G-tests to compare 
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OTU frequencies between life stages, ranges and life stage differences within ranges (Table 

2-14).  

Log-likelihood G-test analyses confirmed significant OTUs highlighted in the SIMPER analysis 

(Bonferroni corrected p values < 0.05). No significant OTUs were identified between life stage 

and range comparisons. However, there were significant (p <0.05) taxa differences found in 

life stages between the ranges, represented by 17 taxa. The class Bacilli (Convivina, 

Lactobacillus, Leuconostoc, Fructobacillus Vagococcus and Lactococcus) and 

Gammaproteobacteria (Enterobacteriaceae (f), Providencia, Pantoea, Rickettsiella and 

Serratia) were significantly higher in the native Belgian life stages compared with New 

Zealand life stages. Belgian larvae and workers hosted considerably higher abundances of 

Bacilli compared with Belgian queens, and Belgian workers had higher abundances of 

Gammaproteobacteria compared with larvae and queens. In the invaded New Zealand range, 

all life stages had significantly higher abundances of the family Orbaceae and genera 

Gilliamella and Snodgrassella compared with their native counterparts. These taxa found in 

invaded wasps are typically associated with A. mellifera as core endosymbionts (Kwong & 

Moran, 2013). 
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Table 2-7 SIMPER results showing bacterial class and lowest taxonomic identity, which contributed to approximately 50% of the dissimilarity between 
larval and worker mean bacterial abundances. Where the genus has not been defined, the family (f) was used instead. 

Class Taxon 
Mean 

Abundance 
Larvae 

Mean 
Abundance 

Workers 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Cumulative 

% 
Cumulative 
contribution 

Bacilli Lactobacillus 1.22 4.83 2.38 0.69 6.35 6.35 
Alphaproteobacteria Wolbachia 2.60 2.73 2.28 0.66 6.08 12.42 
Bacilli Enterococcus 4.32 2.89 1.91 1.22 5.1 17.53 
Gammaproteobacteria Enterobacteriaceae (f) 0.52 3.87 1.89 1.45 5.03 22.56 
Bacilli Fructobacillus 2.44 2.57 1.44 1.21 3.84 26.39 
Spartobacteria DA101 Soil Group (f) 9.86 8.33 1.17 1.34 3.12 29.51 
Phycisphaerae Tepidisphaeraceae (f) 6.18 4.83 0.93 1.68 2.47 31.99 
Alphaproteobacteria Variibacter 5.27 3.58 0.92 1.47 2.45 34.43 
Gammaproteobacteria Rickettsiella 1.89 0.77 0.87 1.12 2.31 36.75 
Gammaproteobacteria Gilliamella 0.67 1.18 0.79 0.72 2.11 38.86 
Alphaproteobacteria Acetobacteraceae (f) 2.56 1.87 0.79 1.38 2.10 40.96 
Gammaproteobacteria Pseudomonas 1.26 2.55 0.75 1.45 2.00 42.95 
Gammaproteobacteria Serratia 0.84 1.47 0.73 1.20 1.96 44.91 
Gammaproteobacteria Providencia 0.55 1.38 0.73 1.01 1.95 46.86 
Mollicutes Spiroplasma 0.79 0.82 0.64 0.76 1.72 48.58 
Bacilli Convivina 1.26 1.04 0.63 1.29 1.67 50.25 
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Table 2-8 SIMPER results showing bacterial class and lowest taxonomy where possible which contributed to approximately 50% of the dissimilarity 
between larval and queen mean bacterial abundances. Where the genus has not been defined, the next closest taxonomic level was assigned (denoted 
f=family c=class). 

Class Taxon 
Mean 

Abundance 
Larvae 

Mean 
Abundance 

Queens 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Cumulative 

% 
Cumulative 
contribution 

Bacilli Lactobacillus 1.22 3.80 2.15 0.64 6.74 6.74 
Alphproteobacteria Wolbachia 2.60 2.36 2.11 0.65 6.61 13.35 
Bacilli Enterococcus 4.32 1.49 1.82 1.13 5.72 19.07 
Bacilli Fructobacillus 2.44 1.24 1.28 1.08 4.02 23.09 
Spartobacteria DA101 Soil Group (f) 9.86 10.86 1.14 1.53 3.59 26.68 
Gammaproteobacteria Gilliamella 0.67 1.71 1.00 0.84 3.14 29.82 
Gammaproteobacteria Rickettsiella 1.89 0.00 0.97 1.01 3.06 32.87 
Phycisphaerae Tepidisphaeraceae (f) 6.18 6.63 0.83 1.66 2.59 35.47 
Bacilli Convivina 1.26 0.89 0.71 1.27 2.22 37.69 
Alphaproteobacteria Acetobacteraceae (f) 2.56 2.33 0.71 1.41 2.22 39.92 
Alphaproteobacteria Variibacter 5.27 5.58 0.68 1.60 2.13 42.04 
Thermoleophilia Gaiellales (c) 3.36 4.19 0.68 1.70 2.12 44.16 
Gammaproteobacteria Orbaceae (f) 0.67 1.09 0.64 0.99 2.02 46.19 
Actinobacteria Microbacterium 1.05 0.00 0.54 1.74 1.69 47.87 
Alphaproteobacteria Saccharibacter 0.52 0.67 0.50 0.77 1.57 49.44 
Gammaproteobacteria Orbaceae (buff-tailed BB) 0.51 0.73 0.48 0.90 1.52 50.96 
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Table 2-9 SIMPER results showing bacterial class and lowest taxonomy where possible which contributed to approximately 50% of the dissimilarity 
between worker and queen mean bacterial abundances. Where the genus has not been defined, the next closest taxonomic level was assigned (denoted 
f=family c=class). 

Class Taxon 
Mean 

Abundance 
Workers 

Mean 
Abundance 

Queens 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

%  
Cumulative 

% 
Cumulative 
contribution 

Bacilli Lactobacillus 4.83 3.80 3.24 0.81 8.20 8.20 
Alphproteobacteria Wolbachia 2.73 2.36 2.20 0.62 5.57 13.77 
Gammaproteobacteria Enterobacteriaceae (f) 3.87 0.35 1.91 1.42 4.83 18.61 
Spartobacteria DA101 Soil Group (f) 8.33 10.86 1.69 1.40 4.28 22.89 
Bacilli Enterococcus 2.89 1.49 1.45 1.06 3.68 26.57 
Bacilli Fructobacillus 2.57 1.24 1.27 1.16 3.21 29.78 
Phycisphaerae Tepidisphaeraceae (f) 4.83 6.63 1.20 1.52 3.04 32.81 
Gammaproteobacteria Gilliamella 1.18 1.71 1.17 0.83 2.97 35.78 
Alphaproteobacteria Variibacter 3.58 5.58 1.10 1.90 2.79 38.57 
Gammaproteobacteria Serratia 1.47 0.23 0.74 1.02 1.87 40.44 
Thermoleophilia Gaiellales (c) 3.22 4.19 0.72 1.82 1.83 42.27 
Gammaproteobacteria Providencia 1.38 0.00 0.70 0.81 1.78 44.05 
Gammaproteobacteria Pseudomonas 2.55 1.61 0.66 1.40 1.66 45.71 
Bacilli Convivina 1.04 0.89 0.65 1.11 1.64 47.35 
Alphaproteobacteria Acetobacteraceae (f) 1.87 2.33 0.63 1.51 1.59 48.94 
Alphaproteobacteria Commensalibacter 0.85 0.59 0.63 0.69 1.59 50.53 
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Table 2-10 SIMPER results showing bacterial class and lowest taxonomy where possible which contributed to approximately 50% of the dissimilarity 
between native Belgian larvae and invaded New Zealand larvae mean bacterial abundances. Where the genus has not been defined, the next closest 
taxonomic level was assigned (denoted f=family). 

Class Taxon 

Mean 
Abundance 

Belgian 
 Larvae 

Mean 
Abundance 

New Zealand 
Larvae 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

%  
Cumulative 

% Cumulative 
contribution 

Alphproteobacteria Wolbachia 0.46 4.74 2.52 0.74 7.11 7.11 
Bacilli Enterococcus 6.65 1.99 2.40 1.32 6.77 13.88 
Bacilli Fructobacillus 4.69 0.19 2.32 2.13 6.55 20.43 
Gammaproteobacteria Rickettsiella 3.42 0.36 1.59 2.01 4.47 24.90 
Bacilli Lactobacillus 2.44 0.00 1.26 1.90 3.55 28.45 
Bacilli Leuconostoc 1.81 0.00 0.93 8.55 2.64 31.09 
Spartobacteria DA101 Soil Group (f) 8.97 10.74 0.91 3.85 2.58 33.67 
Alphaproteobacteria Acetobacteraceae (f) 2.03 3.09 0.88 1.29 2.49 36.16 
Gammaproteobacteria Serratia 1.68 0.00 0.87 3.46 2.45 38.60 
Bacilli Convivina 2.04 0.49 0.87 1.85 2.44 41.05 
Mollicutes Spiroplasma 0.00 1.57 0.81 0.92 2.28 43.33 
Phycisphaerae Tepidisphaeraceae (f) 5.42 6.94 0.79 5.24 2.22 45.55 
Alphaproteobacteria Variibacter 4.60 5.94 0.74 1.35 2.09 47.64 
Gammaproteobacteria Diplorickettsia 1.40 0.00 0.72 1.61 2.03 49.67 
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Table 2-11 SIMPER results showing bacterial class and lowest taxonomy where possible which contributed to approximately 50% of the dissimilarity 
between native Belgian workers and invaded New Zealand workers mean bacterial abundances. Where the genus has not been defined, the next closest 
taxonomic level was assigned (denoted f=family). 

Class Taxon 

Mean 
Abundance 

Belgian 
Workers 

Mean 
Abundance 

New Zealand 
Workers 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Cumulative 

% 
Cumulative 
contribution 

Bacilli Lactobacillus 2.12 7.54 3.69 0.87 8.21 8.21 
Alphproteobacteria Wolbachia 0.00 5.47 2.75 0.67 6.12 14.33 
Gammaproteobacteria Enterobacteriaceae (f) 6.28 1.46 2.48 2.06 5.51 19.83 
Bacilli Enterococcus 5.10 0.68 2.26 1.31 5.02 24.85 
Bacilli Fructobacillus 4.67 0.48 2.14 2.22 4.76 29.61 
Gammaproteobacteria Providencia 2.76 0.00 1.41 1.89 3.14 32.75 
Spartobacteria DA101 Soil Group (f) 7.94 8.73 1.40 1.84 3.10 35.85 
Gammaproteobacteria Gilliamella 0.00 2.37 1.24 0.80 2.77 38.62 
Gammaproteobacteria Serratia 2.41 0.54 1.08 1.51 2.41 41.03 
Bacilli Convivina 2.09 0.00 1.07 8.16 2.38 43.41 
Phycisphaerae Tepidisphaeraceae (f) 4.01 5.65 0.99 1.60 2.19 45.60 
Alphaproteobacteria Commensalibacter 0.00 1.70 0.89 0.84 1.98 47.58 
Gammaproteobacteria Enterobacter 1.98 0.29 0.88 1.47 1.95 49.53 
Gammaproteobacteria Pseudomonas 3.16 1.95 0.83 1.60 1.85 51.38 
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Table 2-12 SIMPER results showing bacterial class and lowest taxonomy where possible which contributed to approximately 50% of the dissimilarity 
between native Belgian queens and invaded New Zealand queens mean bacterial abundances. Where the genus has not been defined, the next closest 
taxonomic level was assigned (denoted f=family). 

Class Taxon 

Mean 
Abundance 

Belgian 
Queens 

Mean 
Abundance 

New Zealand 
Queens 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Cumulative 

% 
Cumulative 
contribution 

Bacilli Lactobacillus 0.35 7.25 3.65 0.80 10.83 10.83 
Alphproteobacteria Wolbachia 0.00 4.72 2.41 0.67 7.14 17.97 
Gammaproteobacteria Gilliamella 0.00 3.42 1.75 1.15 5.19 23.16 
Phycisphaerae Tepidisphaeraceae (f) 8.09 5.17 1.49 2.60 4.43 27.58 
Spartobacteria DA101 Soil Group (f) 12.22 9.49 1.43 1.06 4.25 31.83 
Bacilli Enterococcus 2.54 0.44 1.22 1.31 3.61 35.44 
Bacilli Fructobacillus 2.25 0.22 1.11 1.17 3.29 38.74 
Bacilli Convivina 1.78 0.00 0.91 1.21 2.69 41.43 
Gammaproteobacteria Orbaceae (f) 0.30 1.87 0.91 1.49 2.68 44.11 
Alphaproteobacteria Variibacter 6.38 4.78 0.82 1.41 2.43 46.54 
Gammaproteobacteria Orbaceae (buff-tailed BB) 0.00 1.46 0.75 1.21 2.22 48.76 
Solibacteres Candidatus Solibacter 3.22 1.80 0.73 1.42 2.16 50.92 
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Table 2-13 SIMPER results showing bacterial class and lowest taxonomy where possible which contributed to approximately 50% of the dissimilarity 
between native Belgian queens and invaded New Zealand queens mean bacterial abundances. Where the genus has not been defined, the next closest 
taxonomic level was assigned (denoted f=family). 

Class Taxon 
Mean 

Abundance 
Belgium 

Mean 
Abundance 

New 
Zealand  

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Cumulative 

% 
Cumulative 
contribution 

Bacilli Lactobacillus 1.64 4.93 2.72 0.75 7.00 7.00 
Alphproteobacteria Wolbachia 0.15 4.98 2.56 0.72 6.58 13.58 
Bacilli Enterococcus 4.76 1.04 2.07 1.30 5.32 18.90 
Bacilli Fructobacillus 3.87 0.30 1.87 1.71 4.80 23.70 
Gammaproteobacteria Enterobacteriaceae (f) 2.60 0.56 1.34 1.02 3.45 27.14 
Spartobacteria DA101 Soil Group (f) 9.71 9.66 1.28 1.41 3.29 30.44 
Gammaproteobacteria Gilliamella 0.05 2.32 1.20 0.91 3.08 33.51 
Bacilli Convivina 1.97 0.16 0.95 1.93 2.45 35.96 
Phycisphaerae Tepidisphaeraceae (f) 5.84 5.92 0.94 1.60 2.42 38.38 
Alphaproteobacteria Variibacter 4.75 4.87 0.79 1.43 2.04 40.41 
Gammaproteobacteria Rickettsiella 1.56 0.22 0.77 0.95 1.98 42.40 
Alphaproteobacteria Acetobacteraceae (f) 1.79 2.72 0.76 1.51 1.96 44.35 
Gammaproteobacteria Serratia 1.51 0.18 0.75 1.20 1.93 46.29 
Gammaproteobacteria Orbaceae (f) 0.10 1.47 0.74 1.17 1.91 48.19 
Gammaproteobacteria Providencia 1.29 0.00 0.66 0.90 1.70 49.89 
Alphaproteobacteria Saccharibacter 0.00 1.18 0.61 0.98 1.56 51.45 
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Table 2-14 Group Significance (log likelihood) bacterial taxa with a significantly different mean number of OTU reads between range life stages. Where 
the genus has not been defined, the next closest taxonomic level was assigned (denoted f=family). 

Class Taxon 
Belgian 
Larvae 

Belgian 
Worker 

Belgian 
Queen 

New 
Zealand 

Larvae 

New 
Zealand 
Worker 

New 
Zealand 

Queen 

aP value 

Bacilli Convivina 10.43 11.07 7.05 1.94 0.00 0.00 <0.01 
Bacilli Lactobacillus 8.45 8.48 1.39 0.00 0.00 0.00 <0.01 
Bacilli Leuconostoc 9.25 4.56 0.00 0.00 0.00 0.00 <0.01 
Gammaproteobacteria Enterobacteriaceae (f) 0.00 10.49 0.00 0.00 0.00 0.00 <0.01 
Gammaproteobacteria Enterobacteriaceae (f) 3.04 11.95 1.90 0.00 3.02 0.00 <0.05  
Gammaproteobacteria Providencia 0.94 8.70 0.00 0.00 0.00 0.00 <0.05 
Gammaproteobacteria Orbaceae (f) 0.00 0.00 1.01 5.54 6.94 9.13 <0.05 
Gammaproteobacteria Gilliamella 0.82 0.00 0.00 4.91 6.75 8.67 <0.05 
Gammaproteobacteria Pantoea 2.27 8.98 0.00 0.00 3.59 0.00 <0.05 
Gammaproteobacteria Rickettsiella 8.46 4.30 0.00 0.00 1.31 0.00 <0.05 
Gammaproteobacteria Rickettsiella 8.94 2.41 0.00 1.43 0.00 0.00 <0.05 
Gammaproteobacteria Serratia 6.86 6.38 1.80 0.00 0.00 0.00 <0.05 
Bacilli Fructobacillus 7.37 7.60 1.61 0.00 0.00 0.00 <0.05  
Bacilli Fructobacillus 12.15 11.89 7.32 0.82 2.71 0.90 <0.05 
Bacilli Vagococcus 4.97 7.27 0.00 0.00 0.00 0.00 <0.05 
Bacilli Lactococcus 3.23 10.81 1.08 0.00 2.17 0.00 <0.05  
Betaproteobacteria Snodgrassella 0.00 0.00 0.00 1.60 7.15 7.12 <0.05  

a p values have been corrected for multiple comparisons using the Bonferroni procedure 
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2.5.4 Microbial Eukaryote Community Distinctions 

This section, similar to the previous bacterial section, compares and characterises the 

microbial eukaryote community of V. vulgaris providing distinctions between microbial 

eukaryote communities.  

From 18 samples, 18S analysis retrieved 2,937,114 sequences, of which 28,391 (< 1.0%) low-

quality reads were rejected. The remaining sequences were a mix of mainly OTUs of host 

origin, bacterial and microbial eukaryotes. Using the fingerprint function in SILVAngs (Quast 

et al., 2013), host (Hymenoptera sequences) and bacterial sequences were excluded (92.1% 

(2,704,175)) revealing the microbial eukaryote community. Further filtering was performed 

to eliminate plant and mammalian taxonomic assignments resulting in the identification of 

80 microbial eukaryotic taxa. A PERMANOVA pairwise test revealed no significant difference 

in the microbial eukaryote community among three life stages, life stages within each range, 

and range (p < 0.05).  

Known microbial eukaryotes were greatly reduced in queens with two samples (one from 

each range) observed to have no known microbial eukaryote presence. These samples were 

excluded from subsequent clustering analysis to preventing clustering of communities with 

taxa and those without, allowing us to see clustering of communities with taxa. Group average 

clustering revealed a low clustering of life stages apart from three larval samples from New 

Zealand and one from Belgium, which was indicative of the high abundance of microbial 

eukaryotes found in larvae compared with workers and queens.(Figure 2-6A). The two-

dimensional nMDS plot (stress value of 0.12) supported what was seen in the group average 

cluster. There was a greater overlap of larvae and workers, indicating a separation from the 

queen community which had fewer microbial eukaryotes. Group average cluster and the 

nMDS plot confirmed no separation between the native and invaded range for the microbial 

eukaryote community (Figure 2-6B). The CAP analysis illustrates a distinction between the life 

stage communities (Figure 2-6C) which is potentially attributed to high variation in microbial 

eukaryote richness between life stages.  

ANOVA analysis revealed the richness of taxa present was significantly different among life 

stages (F (2 15) = 4.61 p = 0.027), with no significant difference in microbial eukaryotes 

richness between each range (F (1 16) = 1.85 p = 0.192) and life stages within each range  

(F (5 12) = 2.71 p =0.072). Shannon’s diversity metrics between ranges also showed no 
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significant dissimilarity (F (1 16) = 1.81 p = 0.197), whereas diversity dissimilarity among life 

stages was significantly dissimilar (F (2 12) = 3.65 p = 0.007) as was each range life stage  

(F (5 12) = 4.61 p = 0.031). Post-hoc two tailed pairwise testing revealed that the richness of 

larval and queen communities were significantly dissimilar (p = 0.019) as was diversity 

dissimilarity in larvae and queens (p = 0.007). Post-hoc two tailed pairwise testing revealed 

no significant dissimilarity in diversity between life stages within each range. 

Richness and diversity graphs (Figure 2-6D) illustrate that on average larvae had the highest 

microbial eukaryote richness (Belgian larvae 10.6 SE ± 4.33, New Zealand larvae 20.7 SE ± 

7.35) and diversity (Belgian larvae 1.9 SE ± 0.44, New Zealand larvae 2.35 SE ± 0.46). Larvae 

from the New Zealand range showed greater variability with double the incidence of microbial 

eukaryote OTUs compared with that of the native Belgian range. Worker richness and (Belgian 

workers 7.0 SE ± 3.00, New Zealand workers 8.3 SE ± 0.67) and diversity (Belgian worker 1.6 

SE ± 0.32, New Zealand worker 1.9 SE ± 0.06) was more variable in the native range. In 

comparison to the other life stages, queens had the lowest microbial eukaryote richness 

(Belgian queen 1.0 SE ± 0.58, New Zealand queen 5.7 SE ± 3.71) and diversity (Belgian queen 

0.2 SE ± 0.2, New Zealand queen 1.1 SE ± 0.63), with low richness and diversity in the native 

Belgian range. Overall between ranges, richness and diversity of microbial eukaryotes were 

highest in New Zealand, with life stages showing similar trends in both ranges. However, it 

must be noted that there was considerable variation seen in both richness and diversity 

throughout microbial eukaryote communities.  
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Figure 2-6 Figures of microbial eukaryote communities (A-D), illustrating individual microbial eukaryote microbiomes in V. vulgaris. Larvae (green 
triangle), worker (blue triangle) and queens (cyan square). Range samples sites are annotated with BE=Belgium NZ=New Zealand. Graphs A-C based on 
a Bray-Curtis dissimilarity analysis. (A) Group average cluster dendrogram from average-linkage clustering of bacterial OTU frequency. (B) Non-metric 
multi-dimensional (nMDS) scaling plot of microbial eukaryote OTU frequency. Stress value 0.12 (C) Canonical analyses of principal coordinates (CAP) of 
microbial eukaryote OTU frequencies, illustrating distinctness of microbial eukaryote communities. (D) The richness and Shannon’s diversity metrics. 
The standard error shows the variance experienced in each range life stage (n=3). 
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Three major microbial eukaryote groups were identified in the microbiome of V. vulgaris: 

fungal, protozoan and nematode. Overall, the life stage fungal OTUs dominated microbial 

eukaryote communities (larvae mean 1.75 SE ± 0.38; worker 1.24 ± 0.08 and queen 1.03 ± 

0.39).Protozoans (larvae 0.69 ± 0.40; worker 0.58 ± 0.16 and queen 0.10 ± 0.10) were 

observed in all life stages from the invaded New Zealand range compared with fungal (larvae 

1.38 ± 0.39; worker 1.13 ± 0.21 and queen 0.2 ± 0.20) and protozoan (larvae 0.36 ± 0.23) 

abundances in the native Belgian range. Nematodes were identified in one New Zealand larval 

sample. Life stages within ranges were also assessed separately (Figure 2-7) using the mean 

(log) of absolute abundances of fungi, protozoan and nematodes and an ANOVA was run to 

assess significance between life stages in each range. This analysis demonstrated no 

significant difference (p < 0.05) in the mean abundances of fungi, protozoan and nematodes 

between life stages, life stages in each range and ranges.  
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Figure 2-7 Absolute mean (log) abundances of microbial eukaryotes found in each life stage, denoted 
by a dot. Variance between samples isindicatedd by standard error bars. Fungi are denoted red, 
Protozoan blue and nematode green. 



 

57 
 

2.5.5 Characterisation of Microbial Eukaryote Communities 

The microbial eukaryote community was characterised, with the majority of sequences 

aligned to the fungal sub-kingdom Dikarya with phyla Ascomycota (55.8%) and Basidiomycota 

(29.2%) making up 85% of the microbial eukaryote community. The community also 

contained Miozoa (6.7%), Zygomycota (4.1%), Apicomplexa (2.4%), Chlorophyta (1.3%), 

Euglenozoa (0.9%), Cercozoa (0.7%), Nematode (0.7%) Ciliophora (0.4%), Chytridiomycota 

(0.4%), and Nematomorpha (0.4%). From these phyla and subphyla, 78 microbial taxa were 

identified (Supplementary Table 1). The fungal orders Pezizomycotina, Agaricomycotina, 

Saccharomycotina and Ustilaginomycotina made up 80% of the community, with protozoans 

(8.0%), nematode (0.7%) and other fungal orders (6.3%) making up the remainder. A total of 

532 phylum/subphylum OTU reads were calculated, 372 of which were found in larvae, 90 in 

workers and 70 in queens (Table 2-15). On average across all samples the top 11 genera that 

made up 50% of the microbial eukaryote community were Debaryomyces (10.9%), 

Cryptococcus (5.01%), Conidiobolus (4.87%), Gregarina (4.57%), Bionectria (4.42%), 

Hygrocybe (4.42%), Penicilliopsis (4.13%), Sympodiomycopsis (3.83%), Lachancea (2.95%), 

Metschnikowia (2.80%) and Priceomyces (2.51%). Presence and absence of microbial 

eukaryotes were again visualised using an iTOL phylogenetic tree (Figure 2-8). This analysis 

emphasises the greater richness of microbial eukaryotes in larva, particularly in the invaded 

New Zealand range. It also highlights the lack of microbial eukaryotes seen in queens 

compared with the other life stages. However this absence of microbial eukaryotes is more 

pronounced in Belgian queens. 
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Table 2-15 Accumulated absolute OTU abundances of microbial eukaryote for each 
Phylum/Subphylum in V. vulgaris life stages and total taxa reads found. 

Kingdom Phylum/Subphylum Larvae Worker Queen 
Total 
taxa 

Fungi Pezizomycotina 106 39 49 194 

Fungi Agaricomycotina 83 10 11 104 

Fungi Saccharomycotina 67 17 8 92 

Eukaryota Apicomplexa 38 14 2 54 

Fungi Ustilaginomycotina 35 6 0 41 

Fungi Pucciniomycotina 18 1 0 19 

Fungi Taphrinomycotina 12 3 0 15 

Fungi Microsporidia 6 0 0 6 

Eukaryota Nematomorpha 5 0 0 5 

Fungi Chytridiomycota 2 0 0 2 
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Figure 2-8 Phylogeny of microbial eukaryotes identified from V. vulgaris to genus where possible. This rooted maximum likelihood phylogeny reveals 
specificity of microbial eukaryotes in each range life stage. The inner circle colours illustrate the microbial eukaryote phyla, based on the OTUs assigned in 
SILVA (see Phylum legend). The first two outer concentric circles from the inside out displays the microbial eukaryotes identified in larvae from each range. 
The middle two concentric circles presentsys the microbial eukaryotes identified in workers from each range. The outermost circles display microbial 
eukaryote identified in queens from each range. Where taxonomy was not assigned to the genus level, the lowest taxonomic level was assigned and denoted 
in brackets, i.e. (f) = family, (o) = order and (c) = class. 
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To determine which OTUs contributed most to community abundance composition a 

similarity percentage (SIMPER) analysis was performed and log likelihood G-tests were used 

to support the significance of taxa in each community. 

SIMPER analysis revealed that 50% of dissimilarity between larvae and workers (Table 2-16) 

attributed nine classes of microbial eukaryote, with larvae having higher mean abundances 

of the fungal taxa Cryptococcus, Sympodiomycopsis, Dothideales, Glarea, Debaryomyces, 

Metschnikowia, Candida and Saccharomycetales compared with workers. Workers had higher 

mean abundances of the taxa Conidiobolus, Hygrocybe, Cladosporium, Priceomyces and 

Penicilliopsis in addition to the protozoan CCA5. Larvae also had higher mean abundances of 

Cryptococcus Dothideales Sympodiomycopsis Glarea Metschnikowia Candida Debaryomyces 

and the protozoan CCA5, compared with queen OTUs which had higher mean abundances of 

Penicilliopsis Priceomyces Thelebolales and Talaromyces (Table 2-17). In the SIMPER analysis 

between workers and queens (Table 2-18), Penicilliopsis was also in high abundance in 

queens, and workers had higher mean abundances of fungal taxa Conidiobolus, Priceomyces, 

Hygrocybe Cladosporium and the protozoan CCA5. The microbial eukaryote comparison 

between life stages between ranges showed presence of the fungal taxa Cryptococcus, 

Sympodiomycopsis, Dothideales, Priceomyces, in Belgian larvae, not seen in the invaded New 

Zealand range. In New Zealand, there was the presence of the fungal taxa Glarea, 

Saccharomycetales, Kazachstania, Hygrocybe and Pucciniales as well as the Protozoan CCA5 

(Table 2-19). 

Similarly, in New Zealand, workers hosted Priceomyces Penicilliopsis Talaromyces and 

Debaryomyces not seen in the native Belgian range. In Belgian workers, there were higher 

abundances of the Entomopathogen Conidiobolus as well as the fungal taxa Cladosporium 

and Hygrocybe (Table 2-20). In the SIMPER comparison only four fungal taxa made up the 

dissimilarity in queens between the two ranges, Priceomyces was present in the native range 

and not observed in the invaded ranges, whereas Thelebolales and Talaromyces were present 

in the invaded range and absent from the native range (Table 2-21). Overall, between-range 

dissimilarity (Table 2-22) was attributed to higher mean abundances of Conidiobolus, 

Sympodiomycopsis Cladosporium and Cryptococcus in the native Belgian range and 

Thelebolales (o), Talaromyces, Debaryomyces and the protozoan CCA5 in the invaded New 

Zealand range. 
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Log-likelihood ratio G tests revealed that there was no significant (p <0.05) dissimilarity 

between life stage microbial eukaryote taxa, however, four fungal taxa and one protozoan 

was significantly dissimilar among life stages between ranges (Table 2-23). This significant 

dissimilarity in abundance was attributed to larvae between the ranges, with higher mean 

abundances of the fungal taxa Debaryomyces, Bionectria and Hygrocybe as well as the 

protozoan CCA5, seen in larvae from the invaded range compared with larvae from the native 

range. In the native range, Cryptococcus was the only significantly dissimilar taxa observed 

larvae, with higher mean abundances when compared with the invaded range.
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Table 2-16 SIMPER results showing mean microbial eukaryote class abundances and lowest taxonomy where possible which contributed to approximately 
50% of the dissimilarity between larvae and workers. Where the genus is not defined, the next closest taxonomic level was assigned (denoted o=order). 

Class Taxon 
Mean 

Abundance 
Larvae 

Mean 
Abundance 

Workers 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Cumulative 

% 
Cumulative 
contribution 

Entomophthorales Conidiobolus 0.61 2.88 4.88 1.15 5.45 5.45 
Agaricomycetes Hygrocybe 0.00 2.44 4.55 1.22 5.07 10.52 
Tremellomycetes Cryptococcus 2.28 0.00 4.34 0.78 4.85 15.37 
Conoidasida CCA5 1.28 2.05 3.89 1.04 4.34 19.71 
Dothideomycetes Cladosporium 0.35 1.89 3.52 0.70 3.92 23.64 
Exobasidiomycetes Sympodiomycopsis 1.71 0.68 3.47 0.87 3.87 27.51 
Dothideomycetes Dothideales (o) 1.55 0.39 3.45 0.64 3.85 31.36 
Saccharomycetes Priceomyces 0.72 1.68 3.34 0.78 3.73 35.08 
Leotiomycetes Glarea 1.46 0.00 2.85 0.52 3.18 38.27 
Saccharomycetes Debaryomyces 1.17 0.96 2.85 0.73 3.18 41.45 
Saccharomycetes Metschnikowia 1.43 0.74 2.46 1.07 2.75 44.20 
Eurotiomycetes Penicilliopsis 0.42 1.21 2.31 0.78 2.57 46.77 
Saccharomycetes Candida 1.28 0.00 2.30 1.01 2.56 49.33 
Saccharomycetes Saccharomycetales (o) 0.87 0.64 2.17 0.79 2.42 51.75 
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Table 2-17 SIMPER results showing mean microbial eukaryote class abundances and lowest taxonomy where possible which contributed to approximately 
50% of the dissimilarity between larvae and queens. Where the genus is not defined, the next closest taxonomic level was assigned (denoted o=order). 

Class Taxon 
Mean 

Abundance 
Larvae 

Mean 
Abundance 

Queens 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Cumulative 

% 
Cumulative 
contribution 

Tremellomycetes Cryptococcus 2.28 0.00 6.04 0.69 6.24 6.24 
Saccharomycetes Priceomyces 0.72 1.67 5.18 0.55 5.35 11.59 
Eurotiomycetes Penicilliopsis 0.42 2.29 4.99 0.69 5.15 16.74 
Dothideomycetes Dothideales (o) 1.55 0.00 4.74 0.53 4.90 21.64 
Exobasidiomycetes Sympodiomycopsis 1.71 0.00 4.65 0.73 4.80 26.44 
Leotiomycetes Thelebolales (o) 0.00 1.67 4.11 0.42 4.25 30.68 
Leotiomycetes Glarea 1.46 0.00 3.92 0.49 4.05 34.73 
Saccharomycetes Metschnikowia 1.43 0.56 3.44 0.98 3.56 38.29 
Saccharomycetes Candida 1.28 0.00 3.05 0.92 3.14 41.43 
Eurotiomycetes Talaromyces 0.23 1.39 2.90 0.57 2.99 44.42 
Conoidasida CCA5 1.28 0.00 2.73 0.67 2.81 47.23 
Saccharomycetes Debaryomyces 1.17 0.47 2.62 0.73 2.71 49.94 
Eurotiomycetes Eurotiales (o) 0.23 0.83 2.15 0.50 2.22 52.16 
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Table 2-18 SIMPER results showing mean microbial eukaryote class abundances and lowest taxonomy where possible which contributed to approximately 
50% of the dissimilarity between queens and workers.  

Class Taxon 
Mean 

Abundance 
Queens 

Mean 
Abundance 

Workers 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Cumulative 

% 
Cumulative 
contribution 

Entomophthorales Conidiobolus 0.00 2.88 8.16 1.10 8.69 8.69 
Saccharomycetes Priceomyces 1.67 1.68 7.65 0.75 8.14 16.82 
Agaricomycetes Hygrocybe 0.00 2.44 7.25 1.15 7.72 24.54 
Eurotiomycetes Penicilliopsis 2.29 1.21 6.63 0.85 7.05 31.59 
Dothideomycetes Cladosporium 0.00 1.89 5.58 0.63 5.93 37.53 
Conoidasida CCA5 0.00 2.05 5.32 0.83 5.66 43.18 
Eurotiomycetes Talaromyces 1.39 1.13 4.8 0.84 5.11 48.29 
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Table 2-19 SIMPER results showing mean microbial eukaryote class abundances and lowest taxonomy where possible which contributed to approximately 
50% of the dissimilarity between Belgian larvae and New Zealand larvae. Where the genus is not defined, the next closest taxonomic level was assigned 
(denoted o=order). 

Class Taxon 

Mean 
Abundance 

Belgian 
Larvae 

Mean 
Abundance 

New Zealand 
Larvae 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Cumulative 

% 
Cumulative 
contribution 

Tremellomycetes Cryptococcus 3.64 0.92 5.64 1.09 6.17 6.17 

Exobasidiomycetes Sympodiomycopsis 3.41 0.00 5.49 1.90 6.02 12.19 

Leotiomycetes Glarea 0.00 2.92 5.44 0.80 5.95 18.14 

Dothideomycetes Dothideales (o) 3.10 0.00 5.35 0.96 5.86 24.00 

Conoidasida CCA5 0.00 2.56 4.01 1.28 4.39 28.39 

Saccharomycetes Saccharomycetales (o) 0.00 1.75 3.03 1.16 3.31 31.70 

Saccharomycetes Debaryomyces 0.59 1.74 2.80 0.87 3.07 34.77 

Saccharomycetes Kazachstania 0.00 1.36 2.71 0.65 2.97 37.74 

Saccharomycetes Metschnikowia 1.02 1.84 2.68 1.22 2.93 40.67 

Agaricomycetes Hygrocybe 0.00 1.64 2.27 1.02 2.48 43.15 

Saccharomycetes Candida 1.15 1.42 2.19 0.98 2.39 45.55 

Saccharomycetes Priceomyces 1.44 0.00 2.12 0.65 2.32 47.87 

Pucciniomycetes Pucciniales (o) 0.00 1.35 1.83 1.27 2.00 49.87 
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Table 2-20 SIMPER results showing mean microbial eukaryote class abundances and lowest taxonomy where possible which contributed to approximately 
50% of the dissimilarity between Belgian workers and New Zealand workers. 

Class Taxon 

Mean 
Abundance 

Belgian 
Workers 

Mean 
Abundance 

New Zealand 
Workers 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Cumulative 

% 
Cumulative 
contribution 

Conoidasida CCA5 0.00 4.10 8.15 2.35 9.39 9.39 
Entomophthorales Conidiobolus 4.95 0.81 8.06 2.65 9.28 18.67 
Saccharomycetes Priceomyces 0.00 3.36 6.73 1.28 7.75 26.42 
Dothideomycetes Cladosporium 3.14 0.64 6.06 0.96 6.98 33.40 
Eurotiomycetes Penicilliopsis 0.00 2.42 4.73 1.24 5.44 38.84 
Eurotiomycetes Talaromyces 0.00 2.27 4.43 1.27 5.10 43.94 
Agaricomycetes Hygrocybe 2.75 2.13 4.02 1.19 4.63 48.57 
Saccharomycetes Debaryomyces 0.00 1.92 3.79 0.66 4.36 52.94 
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Table 2-21 SIMPER results showing mean microbial eukaryote class abundances and lowest taxonomy where possible which contributed to approximately 
50% of the dissimilarity between Belgian queens and New Zealand queens. Where the genus is not defined, the next closest taxonomic level was assigned 
(denoted o=order). 

Class Taxon 

Mean 
Abundance 

Belgian 
Queens 

Mean 
Abundance 

New Zealand 
Queens 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Cumulative 

% 
Cumulative 
contribution 

Leotiomycetes Thelebolales (o) 0.00 3.33 21.36 0.60 21.90 21.90 
Saccharomycetes Priceomyces 3.33 0.00 12.24 0.63 12.54 34.44 
Eurotiomycetes Penicilliopsis 2.89 1.69 11.09 0.82 11.36 45.80 
Eurotiomycetes Talaromyces 0.00 2.78 10.75 0.79 11.02 56.82 
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Table 2-22 SIMPER results showing mean microbial eukaryote class abundances and lowest taxonomy where possible which contributed to approximately 
50% of the dissimilarity between Belgian and New Zealand samples. Where the genus is not defined, the next closest taxonomic level was assigned 
(denoted o=order). 

Class Taxon 
Mean 

Abundance 
Belgium 

Mean 
Abundance 

New Zealand 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Cumulative 

% 
Cumulative 
contribution 

Saccharomycetes Priceomyces 1.59 1.12 5.52 0.59 5.89 5.89 

Eurotiomycetes Penicilliopsis 1.24 1.37 4.85 0.68 5.18 11.07 

Conoidasida CCA5 0.00 2.22 4.70 0.92 5.02 16.09 

Leotiomycetes Thelebolales (o) 0.00 1.11 4.50 0.30 4.80 20.89 

Eurotiomycetes Talaromyces 0.00 1.84 4.47 0.67 4.77 25.66 

Entomophthorales Conidiobolus 1.75 0.57 3.87 0.83 4.13 29.79 

Saccharomycetes Debaryomyces 0.20 1.54 3.15 0.67 3.36 33.15 

Agaricomycetes Hygrocybe 0.92 0.71 2.96 0.69 3.16 36.31 

Exobasidiomycetes Sympodiomycopsis 1.59 0.00 2.95 0.75 3.15 39.46 

Dothideomycetes Cladosporium 1.28 0.21 2.78 0.55 2.97 42.43 

Saccharomycetes Metschnikowia 0.60 1.22 2.76 0.91 2.94 45.37 

Tremellomycetes Cryptococcus 1.21 0.31 2.72 0.54 2.90 48.28 

Dothideomycetes Dothideales (o) 1.30 0.00 2.60 0.53 2.78 51.05 
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Table 2-23 Group Significance (log likelihood) microbial eukaryote taxa with significantly different mean number of reads between range life stages. 
Mean reads are based on normalised values 

Class Taxon 
Belgian 
Larvae 

Belgian 
Worker 

Belgian 
Queen 

New Zealand 
Larvae 

New Zealand 
Worker 

New Zealand 
Queen 

aP value 

Sordariomycetes Bionectria 0.00 0.00 0.00 10.00 0.00 0.00 <0.01 
Agaricomycetes Hygrocybe 0.00 0.00 0.00 9.67 0.00 0.33 <0.01 
Conoidasida CCA5 0.00 0.00 0.00 8.33 4.00 0.00 <0.01 
Tremellomycetes Cryptococcus 8.67 0.00 0.00 2.67 0.00 0.00 <0.01 

a p values corrected for multiple comparisons using the Bonferroni procedure 
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2.5.6 Characterisation of Viral Communities 

From the 18 RNA samples, a total of 4,446,727 total reads were assembled, of which 445,932 

were unique contigs. The mean sequence read quality was 35.7 with an average of 94% 

sequences at Q30 quality for all libraries contigs were subjected to BLASTx analyses against 

the NCBI GenBank nonredundant (nr) protein database. Following assignment, 91.8% of RNA 

reads were eukaryote (host genomic RNA), 6.2% was not assigned, 1.9% bacteria and 0.1% 

viruses. A total of 271 viral contigs were identified of which 17 were assigned in MEGAN as 

viruses. Virusfinder2 identified 13 viruses. As a result of quantitative variability between each 

method, it was decided to focus the investigation on presence and absence of contigs that 

occurred using both methods, as well as excluding plant viruses and contigs that did not 

identify to the 97% alignment threshold. This filtering, culminated in four viral taxa 

investigated further, Kashmir bee virus (KBV), Deformed wing virus (DWV), Rhopalosiphum 

padi virus (RhPV), and Aphid lethal paralysis virus (APLV) (Table 2-24). RT-PCR and subsequent 

Sanger sequencing confirmed the presence of KBV, DWV and ALPV but not RhPV which was 

identified in the transcriptome analysis. 

Eight putative viral sequences were also aligned to proteins and confirmed as viral candidates. 

From the aligned sequences, one matched to DWV (Capsid protein) and two to ALPV (Capsid 

Protein and RNA polymerase) viruses. Five putative contigs were identified as potential novel 

viruses based on their similarity to known virus coding proteins (Table 2-25). Putative viral 

proteins identified matched to Ribgrass mosaic virus (RNA replicase), Invertebrate iridescent 

virus 6 (274L protein), and two of the contigs matched to Himetobi P virus, (capsid protein 

and RNA polymerase). A single viral contig aligned to Polisties canadensis (RNA binding 

protein), possibly indicating it as non-viral. 

Table 2-24 Presence/Absence of Viruses in V. vulgaris using two bioinformatic methods MEGAN and 
Virusfinder2. Viruses identified using both methods confirm the presence of putative viruses. 

 Belgium New Zealand 

Virus MEGAN Virusfinder2 MEGAN Virusfinder 2 

Rhopalosiphum padi virus (RhPV) L, W L, W - - 
Kashmir bee virus (KBV) - - L, W L, W 
Deformed Wing Virus (DWV) L, W L, W L L 
Aphid Lethal paralysis virus (ALPV) L, W W - - 
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Table 2-25 Putative virus candidates identified by Blastn and Blastx and visualised in Blast2GO 

Belgian 
Larvae 

Belgian 
Workers 

Belgian 
Queens 

New 
Zealand 
Larvae 

New 
Zealand 
Workers 

New 
Zealand 
Queens 

Blastn matched to: Blastx matched to: 

0 0 0 3 0 0 DWV (100/100) 
Capsid protein VP1, DWV, BAM15917.1 
(100/100)  

25 0 0 0 0 0 
Armadillidium vulgare iridescent virus 
(33/79)  

IIV 6, 274L, NP_149737.1 (39/84) 

72 59 0 0 0 0 Cripavirus NB-1/2011/HUN, (85/82)  

Capsid protein, partial Himetobi P 
virus,AIY53984.1 
(97/47)  

1 7 0 0 0 0 ALPV isolate ALPV-An, genome (98/88)  

Capsid protein precursor ALPV, 
AMH41169.1 (73/92)  

94 0 0 0 0 0 
Ribgrass mosaic virus strain RMV 
Actinidia-AC isolate M2/A4, genome 
(99/94)  

RNA replicase RMV, ACV13194.1 (99/98)  

537 222 86 110 166 80 
PREDICTED: P. canadensis RNA-binding 
protein MEX3B 
(LOC106785898),mRNA(81/87)  

RNA-binding protein, MEX3B, 
XP_014602207.1 

1 5 0 0 0 0 
ALPV isolate ALPV-An, genome 
(100/89)  

RNA-dependent RNA polymerase ALPV 
AIJ00043.1 (99/99)  

1 17 0 0 0 0 
Cripavirus NB-1/2011/HUN, complete 
genome (93/77)  

RNA-dependent RNA polymerase Himetobi 
P virus AIY53983.1 (92/59)  

https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_388452218
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_388452218
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_659666263
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_659666263
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_15078986
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_686029033
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_726973359
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_726973359
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_726973359
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_408690200
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_992073930
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_992073930
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_256692854
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_256692854
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_256692854
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_256692855
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_954557148
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_954557148
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_954557148
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_408690200
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_408690200
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_671777419
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_671777419
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_686029033
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_686029033
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_726973358
https://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_726973358
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 DISCUSSION 

This study is the first to comprehensively examine and characterise the microbial community 

of V. vulgaris using next-generation sequencing. It is a starting point to elucidate the presence 

and possible function of microbial taxa associated with this invasive wasp. It must also be 

noted that microbial function can change from host to host and new microbial species and 

strains are continually discovered. As this study reports on the homology to sequences in 

microbial databases such as SILVA, RINS and BLAST, it can only infer identity and function in 

V. vulgaris based on what research in other insects and microbial environments.  

Various types of biological interactions occur between microbiota and their hosts, which can 

be beneficial, harmful or neutral. Beneficial microbiota protect the host and provide essential 

nutrients and energy to the host (Mackie, Aminov, White, & McSweeney, 2000; Simpson, 

2002). The difference in the microbial community within an individual is, therefore, due in 

part to host diet and habitat (Colman, Toolson, & Takacs-Vesbach, 2012) and is likely a 

controlling factor for microbial diversity in V. vulgaris due to the predatory and opportunistic 

omnivorous nature of V. vulgaris diet. The inconstancy of the V. vulgaris microbiome found 

across two ranges in this study further supports diet and the environment as potentially 

shaping the microbiome structure resulting in more diverse microbiome. A total of 736 OTUs 

were identified in V. vulgaris, highlighting a highly diverse prokaryote microbiome compared 

with honey bees (397 OTUs) Corbiculate bees (199 OTUs) and bumble bees (373 OTUs), 

although comparable with termites (726 OTUs) (Köhler, 2011; Kwong, Medina, et al., 2017; 

N. A. Moran, Hansen, Powell, & Sabree, 2012; Newbold et al., 2015). In the mammalian gut, 

the diversity of bacteria increases according to a host’s diet, from carnivores to omnivores to 

herbivores (Ley et al., 2008). Aphids host Acinetobacter, Staphylococcus and Buchnera in their 

gut when they fed on honeydew melon (A. E. Douglas, 1998; Leroy et al., 2011) and western 

flower thrips obtain Erwinia when they feed on cucumber leaves (de Vries, Jacobs, Sabelis, 

Menken, & Breeuwer, 2004). Whereas the genera Acetobacter, Gluconacetobacter, 

Gluconobacter, Saccharibacter and Commensalibacter are found in nectivorous insects (E. 

Crotti et al., 2010). The relationship between host and microbiota may be transmitted in two 

ways. Vertial transmission to the offspring from the parent and incapable of growing in the 

environment outside of the host (Hosokawa, Kikuchi, Nikoh, Shimada, & Fukatsu, 2006; Sachs, 
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Essenberg, & Turcotte, 2011) and horizontally as short term residents in the host, showing 

little or no host species specificity and may be able to grow in the environment outside of the 

host (Gordon, 2001; Y. Kikuchi, Hosokawa, & Fukatsu, 2007; Sachs et al., 2011). Therefore a 

consistent vertical transmission would see a subset or core microbiota promoted by high rates 

of transmission between conspecific hosts (including parent-to-offspring and among kin), and 

by extended residence time within individual hosts (A. C.-N. Wong, Chaston, & Douglas, 2013). 

In this study, the core microbiota were identified and a comparative analysis of microbiota 

between life stages and ranges revealed possible specificity of particular taxa in life stages, in 

addition to the flexibility of V. vulgaris microbiome in the native and introduced range 

potentially aiding in their invasive success.  

2.6.1 Core Microbiome 

The successful spread of V. vulgaris in new environments suggests that a change in 

microbiome composition as seen in this study from native to invaded ranges does not 

negatively affect the wasp. However, the perpetuation of a core set of bacteria in V. vulgaris 

may have been fundamental for survival and subsequent spread in a new range. In this study 

the core microbiota of V. vulgaris is defined as the taxa present in 100% of all samples across 

life stages and two ranges. A total of 23 taxa were identified as core representing 30.5% of 

the relative community. Twelve  bacterial genera were identified from four phyla, 

Acidobacteria (Candidatus Solibacter and RB41) Actinobacteria (Corynebacterium 1 and 

Acidothermus), Verrucomicrobia (Candidatus Xiphinematobacter), Proteobacteria 

(Pseudomonas, Bradyrhizobium, Roseiarcus, Variibacter, Nitrobacter, Pedomicrobium and 

Rhizobium).There were no microbial eukaryotes or viruses in the core microbial community.  

The class Spartobacteria (DA101 soil group and Candidatus. Xiphinematobacter) and 

Alphaproteobacteria, attributed mainly to the order Rhizobiales, dominated the core. These 

bacteria are known soil bacteria and symbionts of plants, aiding in nitrogen fixation at the 

root level (Daniel, 2005; Sangwan, Kovac, Davis, Sait, & Janssen, 2005; Spain, Krumholz, & 

Elshahed, 2009; Urich et al., 2008; Young, 1996), possessing complex enzymatic nitrogenase 

machinery (LeBauer & Treseder, 2008). Nitrobacter was the most abundant 

Alphaproteobacteria genus in V. vulgaris, typically involved in oxidising ammonia into nitrate 

(Sepers, 1981). These nitrogen-fixing bacteria have also been associated as insect gut 

endosymbionts in other insects (Vandekerckhove, Willems, Gillis, & Coomans, 2000), 
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indicating a potential beneficial relationship with V. vulgaris, playing a role in the nitrogen 

uptake in the host as seen in other insects (Russell et al., 2009). The abundance of nitrogen-

fixing endosymbiotic prokaryotes residing in V. vulgaris and other insects may be mutualistic 

and essential in many terrestrial ecosystems similar to the well-known legume–rhizobia 

mutualism. This acquisition of nitrogen from food and supplementation via the assimilation 

of atmospheric nitrogen may be a primary function of endosymbionts in insects (Ulyshen, 

2015). 

The phylum Actinobacteria was also represented in the core, and are known to be beneficial 

in insects, producing antibiotics for microbial defence in ants, beetles and wasps against 

harmful microorganisms (Kaltenpoth, 2009). The Gammaproteobacteria Pseudomonas are 

typically linked as pathogenic, although this genus has also been reported to produce 

antimicrobial compounds which are active against various plant pathogens (D. Haas & Défago, 

2005; Ramette et al., 2011). Another study demonstrated that the presence of Pseudomonas 

isolates in the nematode Caenorhabditis elegans produce an anti-fungal effect in vitro 

contributing to the worm’s defence against fungal pathogens (Dirksen et al., 2016). 

Differences in the core microbiome between life stages were attributed mostly to the larval 

life stage where there was an increase in the number of bacterial taxa, with the addition of 

three unique phyla, Firmicutes, Planctomycetes and Bacteroidetes and seven genera 

associated with the larval core. The most abundant phylum in the larval core, Firmicutes was 

represented by the genus Enterococcus, accounting for 16.3% of the larval core. Enterococcus 

has been identified as a common genus in insect species that feed on nectar and succulent 

plant parts, and are considered commensals of the gastrointestinal tract of insects (Martin & 

Mundt, 1972). The phylum Planctomycetes has also been associated with soil-feeding 

termites (Cubitermes spp.), colonising their alkaline hindgut in high densities and potentially 

involved in the digestion of both decaying wood and humus (Andert, Marten, Brandl, & Brune, 

2010; Ji & Brune, 2001; Köhler, Stingl, Meuser, & Brune, 2008). A similar symbiotic 

relationship may also be the case with V. vulgaris using these bacteria to aid in the breakdown 

of decaying wood used as a nest-building tool by masticating and stretching the wood pulp to 

turn it into a paper construction material (Matsuura & Yamane, 1990; J. Philip Spradbery, 

1973). 
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Worker core analysis revealed the addition of one Acidobacteria genus Candidatus Koribacter, 

a known soil nitrogen fixing bacterium (Ward et al., 2009) and two Actinobacteria 

(Micromonospora and Actinoplanes). A recent study investigated novel antimicrobial 

producing Actinobacteria, identified and isolated Micromonospora and Actinoplanes from 

insect nest material of Polistes dominulus. Subsequent challenge studies with bacteria 

Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus, Serratia marcescens, and 

Bacillus subtilis revealed 60% of Actinobacteria isolates inhibited the growth of these bacteria 

(Madden, Grassetti, Soriano, & Starks, 2013), providing evidence for the protective role 

Actinobacteria play in social wasp nests.  

Queen core analyses revealed eleven taxa unique to queens, of which six identified to genus 

(Mycobacterium, Flavobacterium, Tardiphaga, Rhodoplanes, Rhizomicrobium and 

Sphingomonas). Flavobacterium is a known intracellular symbiont of insects and has been 

linked, to reproductive manipulations resulting in female-biased sex-ratios (Duron, Wilkes, & 

Hurst, 2010; G. D. D. Hurst & Frost, 2015). These manipulations  are caused by 

parthenogenesis, male-killing or the feminisation of genetic males, increasing the number of 

infected females in host populations, thereby enhancing maternal symbiont transmission 

(Narita, Kageyama, Nomura, & Fukatsu, 2007; Stouthamer, Breeuwer, Luck, & Werren, 1993). 

The Betaproteobacteria order SC-I-84 closely matched to the genus Burkholderia and is 

identified as important mutualists in honey bees and bumble bees.  

2.6.2 Microbiome 

There was no significant dissimilarity in prokaryote and microbial eukaryote communities 

between the three life stages. However, there was considerable dissimilarity between ranges, 

and between life stages within those ranges, indicating potential acquisition and loss of 

microbiota. This variability between the ranges makes it difficult to infer a definitive 

microbiota representative of V. vulgaris and suggests a more general microbiota. 

Nevertheless, distinctions between life stages of V. vulgaris were mainly observed when 

comparing the queens’ microbiota with that of larvae and workers. There was also significant 

dissimilarity in larval prokaryote communities between each range and between larvae and 

workers in comparison to queens in the native Belgian range. Microbial eukaryote community 

dissimilarity also revealed significant differences in richness and diversity of taxa between 

larvae and queens. Known viruses also occurred in larvae and workers across both ranges but 
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not in Queens. These differences potentially highlight a more specific microbiome with fewer 

pathogenic species in queens than in larvae and workers. 

Lactic Acid Bacteria (LAB) taxa were present in all life stages in both ranges. However, there 

was more significant presence and abundances of LAB genera observed in the native range, 

compared with the invaded range.In the New Zealand range Enterococcus was the only LAB 

genus found in New Zealand larvae, and the genus Lactobacillus occured in higher mean 

abundances in New Zealand workers and queens. Most enterococci bacteria are known 

commensals of the gastrointestinal tract of many insects, with some members able to fix 

nitrogen, thus contributing to a supplemental nitrogen source (Behar, Yuval, & Jurkevitch, 

2005; Morales-Jiménez, Zúñiga, Villa-Tanaca, & Hernández-Rodríguez, 2009). These bacteria 

are mutualistic in A. mellifera, with Enterococcus and Lactobacillus protecting their hosts from 

microbial pathogens (Vásquez et al., 2012) and associated predictors of honey bee colony 

health (Budge et al., 2016). However, Enterococcus faecalis and Enterococcus faecium have 

been known to become pathogenic when they infect sites outside of the gut (Yuen & Ausubel, 

2014). The genus Fructobacillus and its by products are reported to promote the growth of 

core members of the gut microbiome (Rokop, Horton, & Newton, 2015) and Convivina a newly 

assigned genus to the LAB group has been reported as a mutualist in the bumblebee gut (Praet 

et al., 2015). One study demonstrated that abundance of LAB in diseased honey bees was 

significantly lower than in healthy bees, providing additional evidence, LAB bacteria confer 

health benefits in bumble bees and honey bees (Cox-Foster et al., 2007). 

Assuming the native range provided the more typical and most natural V. vulgaris 

microbiome, a change in microbiota was observed indicative of microbiota acquisition in the 

invaded range. LAB bacteria,Bacilli and Alphaproteobacteria found in the native range appear 

to be largely replaced in the invaded range life stages with an abundance of honey bee and 

bumble bee associated endosymbiotic bacteria (Kwong & Moran, 2013). These acquired 

endosymbionts are from the class Gammaproteobacteria (Orbaceae (f), Gilliamella and 

Bombella), Alphaproteobacteria (Commensalibacter, Acetobacteraceae (f), Saccharibacter) 

and Betaproteobacteria (Snodgrassella). This acquisition may suggest these bacteria are 

essential associates of V. vulgaris in the invaded range as they are in honey bee and bumble 

bee health (Cariveau et al., 2014; E. Crotti et al., 2010; Engel et al., 2012; Kwong & Moran, 

2013; J. Li et al., 2015; Martinson et al., 2011; N. A. Moran & Kwong, 2016). Recent studies 
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provide evidence that these gut bacteria offer adult bumble bees and honey bees protection 

against parasitic eukaryotes (H. Koch & Schmid-Hempel, 2011). Higher Crithidia incidence in 

individuals coincided with low presence of Snodgrassella and Gilliamella, Lactobacillus and 

Commensalibacter consistent with a protective role (Cariveau et al., 2014; Jan Hubert et al., 

2017). A recent Nature publication, highlighted the effect of Snodgrassella alvi on viral 

infections, inferring that the presence of Snodgrassella alvi may cut the number of viruses in 

a hive by as much as half, by initiating a systemic immune response (Katsnelson, 2015). In 

honeybees, Gilliamella apicola has also been confirmed to degrade pectin which 

encompasses pollen grains, facilitating the perforation and loosening of the primary cell wall 

of pollen, possibly aiding in digestion (Engel et al., 2012). Endosymbionts in many social 

insects can upgrade the quality of the diet of their host by utilising nonessential constituents 

and transforming them into compounds that are essential for the host (Cook & Davidson, 

2006; Feldhaar et al., 2007). 

Lactic acid bacteria (LAB) such as Lactobacillus and Bifidobacterium are also associates of 

honey and bumble bees, and were present in V. vulgaris workers and queens but not in larvae. 

These endosymbionts are also known to inhibit pathogens, and have been used for centuries 

in food preservation to prevent microbial spoilage (Maki, 2004) as well as coevolving with 

hymenopteran hosts (McFrederick et al., 2013). This potential acquisition of microbiota 

associated with Apis mellifera and Bombus spp. may indicate close interactions between 

wasps, honey bees and bumble bees in New Zealand where horizontal transmission is 

occurring with the potential spill-over or spill-back of microbiota between bees and other 

social insects (Lester et al., 2015). It could also be the case that microbiota are horizontally 

transmitted on flowers. A study on corbiculate bees suggested Gilliamella, transmits 

horizontally outside of the nest more frequently than Snodgrassella with transmission 

occurring on flowers as well as through direct contact with other bee species (H. Koch, Abrol, 

Li, & Schmid-Hempel, 2013). This environmental transmission has previously been 

demonstrated with the transfer of the trypanosomatid C. bombi to bumble bees on shared 

flowers (Durrer & Schmid-Hempel, 1994) and RNA viruses in hymenopterans including bees 

(Singh et al., 2010). The active horizontal transfer of microbiota may explain the acquisition 

of honey bee and bumble bee endosymbionts discovered in V. vulgaris. This transfer of 

microbota likely occurs where individuals are in most contact , via hive robbing and predation 
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of honey bees and bumble bees (Clapperton, Alspach, Moller, & Matheson, 1989; Fries & 

Camazine, 2001). This acquisition may benefit V. vulgaris in the New Zealand range, making 

them fitter by providing a larder of food and beneficial endosymbionts. Subsequently, V. 

vulgaris may have unfavourable effects on honey bees by hive robing and as a source of 

disease spill-over from wasp to bee as well as predation of workers. To confirm this 

hypothesis, additional sampling of V. vulgaris nests is needed along with molecular methods 

to ascertain the degree of acquisition in the New Zealand range.  

The genera Wolbachia and Arsenophonus were found to co-occur in all life stages in one 

invaded range nest, whereas low abundances of Wolbachia occured in larvae in the native 

range. Previous studies have also highlighted this co-occurrence (Duron et al., 2008; Qu et al., 

2013; Sebastien, Gruber, & Lester, 2012; Yañez, Gauthier, Chantawannakul, & Neumann, 

2016). Strains of Wolbachia most likely protect their host against several vectored RNA viruses 

(Teixeira et al., 2008) and are regarded as part of host immunity (Zindel, Gottlieb, & Aebi, 

2011). At the same time, Wolbachia strains have also been implicated as parasitic/pathogenic, 

manipulating reproduction of their host to ensure their vertical transmission via the death of 

male eggs (Dyer & Jaenike, 2005) and feminisation of the host (Azzouna, Greve, & Martin, 

2004; Oliver & Moran, 2009). Arsenophonus, like Wolbachia, is an intracellular bacteria found 

mainly in arthropods (Nováková, Hypša, & Moran, 2009), and like Wolbachia, Arsenophonus 

can modify the sex-ratio of its hosts via male-killing (Gherna et al., 1991). Transmission of 

Arsenophonous is typically maternal, although horizontal transmission can occur (Thao & 

Baumann, 2004). A recent study highlighted Arsenophonus as an indicator of poor health in 

honey bee colonies and potentially implicated in Colony Collapse Disorder (CCD) in the United 

States (Budge et al., 2016; Cornman et al., 2012). More recently Arsenophonus spp. were 

found in Varroa destructor, implying this mite may play a role as a vector in the horizontal 

transmission of Arsenophonus spp. between honey bees at both individual and colony level 

(J. Hubert et al., 2015). 

The apparent microbial alteration from native to invaded range also came with observed 

losses of microbial genera. These range differences suggest a possible release from enemies. 

The Enemy Release Hypothesis (ERH) may explain the lack of specific native microbial taxa 

not seen in the invaded range. This hypothesis predicts that an exotic species introduced to a 

new region will become invasive because key natural enemies are absent (Keane & Crawley, 
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2002). Lester et al. (2015) investigated ERH in V. vulgaris and found no evidence of enemy 

release using proteomic and PCR methods (Lester et al., 2015). The results in this study, using 

different methods, indicate that there are differences in the microbial communities between 

the native and introduced range, with potential losses having occurred along the invasion 

pathway from Europe to New Zealand. In the native range, life stages hosted 

Gammaproteobacteria (Ricketsiella, Diploricketsia, Serratia Enterobacter, Pantoea, Erwinia 

and Providencia) and Bacilli (Fructobacillus, Convivina, Leuconostoc, Lactococcus, Vagococcus) 

not seen in the invaded range. The bacterium Vagococcus has previously been isolated from 

the digestive tract of Vespula vulgaris (Killer et al., 2014), but the ecological importance of 

Vagococci has not been extensively studied. Previous research suggests some strains to be 

potential pathogens (Ruiz-Zarzuela, de Bias, Gironés, Ghittino, & MúAzquiz, 2005) and others 

indicating a probiotic function (Román et al., 2012). The Gammaproteobacteria 

Diplorickettsia has previously been isolated from Ixodes ricinus ticks, and the species 

Diplorickettsia massiliensis has been confirmed as a human pathogen in tick-borne infections 

(Mathew et al., 2012; Subramanian et al., 2012). 

Members of the genus Rickettsiella have also been described as pathogens of diverse 

invertebrates (Bouchon, Cordaux, & Pierre, 2012) although in the pea aphid (Acyrthosiphon 

pisum), Rickettsiella exhibited either weakly beneficial or nearly neutral effects on host 

fitness, although Rickettsiella and Hamiltonella coinfections had adverse effects on the host. 

Interestingly Rickettsiella in the pea aphid altered its hosts' body colour from red to green 

(Tsuchida, Koga, Fujiwara, & Fukatsu, 2014). The genus Providencia is a bacterial pathogen of 

many organisms, including humans and insects.One species, Providencia sneebia is suggested 

to avoid recognition of the immune system in Drosophila melanogaster. The bacterial genus 

Serratia has been isolated from various insects hosts (Cruden & Markovetz, 1987; Feldhaar & 

Gross, 2009; Hamdi et al., 2011; Villegas & Pimenta, 2014). One species Serratia marcescens 

is known to be a pathogen of insects (Lauzon, Bussert, Sjogren, & Prokopy, 2003), including 

A. mellifera, and has also been identified as a potential pathogen of V. vulgaris (Rose et al., 

1999).  

The enterobacterium genus Pantoea is diverse, and has been isolated from many 

environments. Pantoea, has known capabilities for degrading and utilising different types of 

plant materials and therefore considered endosymbiotic (Walterson & Stavrinides, 2015). 
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Candidatus Rhabdochlamydia was found in native larvae and in low abundances in the 

invaded range and has previously been found in yellow crazy ants A. gracilipes (Cooling, 2015) 

and the cockroach Blatta orientalis. In B. orientalis it was shown to be an intracellular bacterial 

pathogen, causing swelling of the abdomen and infecting ovaries and fat bodies (Corsaro et 

al., 2007). There is a lack of knowledge on the pathogenicity of individual microbiota in V. 

vulgaris. However there is potential for ERH to contribute to the high abundance of wasps in 

New Zealand. ERH could explain improved fitness in the new range but is one part of a 

complex network. Knowledge of these networks and their complexity is critical for 

distinguishing mechanisms that may facilitate invasiveness and is essential for mediating the 

impacts of exotic species on biodiversity (Allendorf & Lundquist, 2003; Hatcher, Dick, & Dunn, 

2006). 

In the invaded range, there was more significant richness and diversity of microbial 

eukaryotes, with an increase in fungal, protozoan and nematode species. Fungal OTUs 

dominated the microbial eukaryote community with 88% of the 18S sequences from the two 

fungal phyla Ascomycota and Basidiomycota. Protozoan taxa accounted for 8% of the 

microbial eukaryote community. Fungi are likely to play a part in digestion as is seen in guts 

of insects that feed on wood or detritus (Engel & Moran, 2013).  

G tests revealed Debaryomyces, Bionectria, Hygrocybe and Cryptococcus as well as the 

protozoan CCA5 as significant microbial eukaryote taxa in the New Zealand range. There was 

also a significant presence of the fungal class Saccharomycetes, known yeast including the 

genus Debaryomyces. The presence of yeasts in insects has been demonstrated to provide 

nutrient supplements in the host. Yeasts provided nitrogen to the scale insect Pseudococcus 

citri (Koch 1954), and the genus Debaryomyces is associated with the biosynthesis of B 

vitamins in xylophagous insects (Gusteleva, 1975).  

The protozoan Mattesia identified in the native range is reported to cause yellow-head 

disease in populations of the red imported fire ant (Pereira, Williams, Becnel, & Oi, 2002). In 

New Zealand CCA5 a protozoan was identified, occurring also in arctic environments although 

the possible role in insect microbial communities remains unexplored (Stoeck et al., 2007). 

SIMPER analysis also highlighted the fungal entomopathogen Conidiobolus and the genus 

Cryptococcus found in both ranges but in higher abundances in the Belgian range. Infection 
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with Conidiobolus coronatus in Galleria mellonella was shown to increase phagocytic activity 

suggesting this species is pathogenic (Kȩdra, Boguś, Kędra, & Boguś, 2006). 

There was a definite distinction of known virus found in larvae and worker that were absent 

in queen samples. The viral landscape was also different with the native Belgian samples 

predominantly hosting RhPV, and ALPV while the invaded New Zealand samples hosting the 

bee-related virus KBV, with both ranges having instances of DWV. All viruses were members 

of the family Dicistroviridae. There was a higher quantified viral presence using Virusfinder2 

compared with the MEGAN analysis, likely due to the differences in analysis approaches. The 

MEGAN analysis is based on BLAST results of searches on GenBank databases using assembled 

contigs and a stricter lowest common ancestor algorithm (Huson, Auch, Qi, & Schuster, 2007), 

while Virusfinder2 uses unassembled paired-end reads which are aligned to the RINS (Bhaduri 

et al., 2012) database.  

Discovery of putative viruses aligned ALPV to partial genes involved in replication (RNA 

polymerase), as well as DWV and ALPV both aligning to capsid proteins. Five other putative 

contigs were identified as potential novel viruses based on their similarity to known virus 

coding proteins and will need to be further investigated. KBV, ALPV and DWV were all 

confirmed viruses in V. vulgaris using PCR analysis with designed primers. The virus RhPV was 

not confirmed and needs further investigation.  

To date, the effect these viruses have on V. vulgaris is unknown. In this study active replication 

of viruses was not tested. Therefore, the viruses present in samples may not be parasites but 

merely part of nutritional intake from the environment, however, the abundance of RhPV 

OTUs in the Belgian range may indicate infectivity. RhPV, an aphid virus (Gildow & D’Arcy, 

1990), may suggest this aphid is predated by V. vulgaris in the native range. KBV infects many 

types of bees including Apis mellifera (J. R. de Miranda, 2004) with the virus affecting both 

brood and adult bees, causing death within days of exposure (Berenyi, Bakonyi, Derakhshifar, 

Koglberger, & Nowotny, 2006). A recent study confirmed the presence and replication of KBV 

in New Zealand V. vulgaris colonies and observed its high prevalence in wasps sampled 

(Dobelmann et al., 2017). DWV is another RNA virus known to commonly infect Apis mellifera 

via the vector Varroa, however it has also been documented in B. terrestris, indicating it is not 

specific to just honey bees as seen in V. vulgaris (Möckel, Gisder, & Genersch, 2011). 
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The presence of DWV and KBV in invaded range wasps may indicate spill-over of honey bee 

viruses via the same route that V. vulgaris acquired beneficial honey bee endosymbionts. In 

the native range, ALPV and RhPV viruses are both associated with aphids and were not seen 

in the invaded range samples. This may indicate a loss of enemies, or potentially an alteration 

of diet in the new range. There may be fewer aphids or less of a need for wasps to consume 

aphids in an environment full of resources such as honeydew from the beech forests 

(Fuscospora spp.), or the ample supply of hives to rob and predate in the thriving New Zealand 

honey industry. 

The absence of many Bacilli, Gammaproteobacteria, microbial eukaryotes and known viruses 

in the queen life stage samples was dramatic in comparison to larvae. This potential 

segregation of microbiota may suggest a specific queen food source, a complex immune 

system or possibly increased nest hygiene in queen combs inferring methods of protection 

that potentially select symbionts and exclude non-symbionts (Dillon & Dillon, 2004). This 

overall change or segregation of specific microbiota in life stages is interesting due to the 

social nature of vespids with food resources shared through the process of trophallaxis (The 

transfer of food from adult wasp to larvae for digestion, once digested the larva feeds back 

food to adult wasps as part of a salivary gland secretion)(Matsuura & Yamane, 1990) 

facilitating a social stomach (David R. Tarpy et al., 2015).  

One study demonstrated how the microbiota of honey bee queens could be altered and 

maintained using a distinct diet to produce a different microbiome. Honey bee workers, using 

their hypopharyngeal glands, produce royal jelly known for its antiseptic properties which 

they continually feed to mature queens, resulting in a distinctive queen microbiome (David R. 

Tarpy et al., 2015). Similarly, trophallactic salivary regurgitations produced by  

V. vulgaris larvae has been demonstrated to contain antibiotic properties that significantly 

inhibit the growth of microbiota such as Bacillus sp. found in the brood chamber of  

V. vulgaris, which limits disease and reduces the incidence of epidemic outbreaks within the 

colony (Gambino, 1993; Harcourt, 2002). Survival of larvae of the solitary digger wasp 

Philanthus triangulum is greatly reduced when Streptomyces bacteria are removed from 

brood cells. The adult female smears this bacterium with antennal secretions containing 

antibiotic-producing Streptomyces spp. which the larvae then transfer to the surface of the 

cocoon for protection against fungal infestation (Kaltenpoth, Göttler, Herzner, & Strohm, 
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2005). Resident gut flora in the queen life stage may also play a protective role (Dillon & Dillon, 

2004), producing antimicrobial substances themselves (Forsgren, Olofsson, Vásquez, & Fries, 

2010; Vásquez et al., 2012) or through the symbiotic and competitive exclusion of newly 

invading bacteria (Dillon, Vennard, Buckling, & Charnley, 2005).  

The relationship between host microbiota and immunity is also an important factor where 

the immune system is primed by specific taxa to invoke an immune response. There is 

evidence of immune priming and pathogen resistance in queens of the ants Lasius niger and 

Formica selysi. Mated queens have higher pathogen resistance than virgin queens when 

challenged with the entomopathogenic fungus Beauveria bassiana, suggesting up regulation 

of the immune system when triggered by mating (Gálvez & Chapuisat, 2014). Immune priming 

also reported in A mellifera and Bombus spp., indicates non-pathogenic gut flora induces 

immune responses regulating microbiota and benefitting host health. (Cisarovsky, Koch, & 

Schmid-Hempel, 2012; Kwong, Mancenido, & Moran, 2017; Sadd & Schmid-Hempel, 2006).  

 CONCLUSION  

This study provides the characterised core and general microbial community of three  

V. vulgaris life stages and made preliminary comparative analyses of the communities of an 

invasive wasp from two geographical ranges. A greater presence of LAB taxa and RhPV in the 

native range and the potential acquisition of honey bee and bumble bee endosymbionts, as 

well as KBV in the invaded range, suggests a scenario where the microbiome community of 

an introduced wasp is positively altered, potentially increasing wasp fitness, leading to its 

success in the invaded range. It also suggests an overlap in pollinator communities in the 

invaded range, where spillover of the microbiota is occurring, and diet, as well as the 

environment, is the main precursor of a generalist horizontally transmissible V. vulgaris 

microbiome. A combination of fastidious nest maintenance together with hygienic behaviour 

and an abundance of trophallactic exchanges as well as an efficient immune system may aid 

in developing a beneficial microbiome in V. vulgaris, however to date it is still unclear what 

most of these mechanisms are and the protective functions they may have in V. vulgaris.  

This study was comprehensive, although low in sample size, therefore further analysis is 

required to confirm communities and to clarify the ecological function of the phylotypes 
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found in this study. Additional investigation is also needed to determine whether queen wasp 

immune expression is a regulating factor in the queen microbiome, excluding specific 

microbiota.  



 

85 
 

3 A CROSS TAXON ANALYSIS OF HYMENOPTERA MICROBIOME DIVERSITY 

 ABSTRACT 

Economically beneficial hymenopterans such as Apis mellifera and Bombus spp. are 

associated with an abundance of microbiota, both symbiotic and pathogenic. However, the 

specificity of microbiota among related hymenopterans remains elusive. Here comparative 

investigations unravel the microbial diversity of five hymenopteran species (Apis mellifera, 

Bombus terrestris, Vespula vulgaris, Vespula germanica and Linepithema humile). 

Microbiome characterisation of each sample was investigated using Illumina Next Generation 

Sequencing (NGS) techniques to detect bacterial, microbial eukaryote and viral taxa. Overall 

microbial communities were not significantly different between hymenopteran hosts, 

although dissimilarities were noted. B. terrestris had an abundance of Wolbachia, 

Segniliparus, Leptomonas and the mite Aleuroglyphus ovatus, whereas V. germanica and  

A. mellifera had greater abundances of Spiroplasma. Sixteen viral phylotypes were detected, 

of which seven identified in A. mellifera. Overall there was a lack of specificity observed in the 

V. vulgaris microbiome in comparison to their hymenopteran relatives. This lack of specificity 

in V. vulgaris, potentially demonstrates an interaction between host species in the movement 

of microbiota and parasites, through shared use of flowers by multiple pollinator species and 

hive robbing. 
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 INTRODUCTION 

Insects play vital ecosystem roles as pollinators, nutrient recyclers and vectors of symbiotic as 

well as pathogenic microbes. Increasingly, the evidence demonstrates that insects have close 

associations with microbial communities which can have a positive or negative effect on 

insect fitness depending on their abundance and impact. Therefore hosts with beneficial 

microbes are more likely to succeed in competition with hosts that have fewer such microbes. 

This beneficial microbiota must be able to withstand the selective filters imposed by host 

environments, such as antimicrobial defences (Zeng, Wu, Sukumaran, & Rodrigo, 2017). 

Understanding the host microbial community balance, specificity and how the microbiome 

affects the fitness of its host may inform how best to manage beneficial insects and control 

invasive insects. 

Social Hymenoptera are ecologically as well as economically important because they play 

important roles in terrestrial ecosystem function, such as pollinating, predating and 

scavenging (Wilson, 1971). This array of hymenopteran lifestyles and feeding strategies 

dictates how hymenopteran species interact with the microbial environment. The supply of 

colony provisions can vary from dead arthropods (in many wasps and ants) to pollen and 

nectar (in most bees) and fungal crops in some ant species (Mueller et al. 2005). Therefore 

the range of diet and environmental lifestyle factors can influence host microbial 

communities (Colman et al., 2012). Consequently, an understanding of host microbiome 

specificity is important to identify crucial microbiota and pathogen effects on host fitness. 

Many entomopathogens are widely distributed in the environment and can be readily 

isolated from soil, water, plant surfaces, air, excretions and from bodies of infected insect 

hosts (Federici & Maddox, 1996). Studies have documented symbioses and pathology of 

certain insect species and their microbial community (Brodeur, 2012; Cariveau et al., 2014; 

Dale & Moran, 2006; Harvey et al., 2016; N. a. Moran, 2015). However the specificity of the 

microbial community to the host is less well known and the degreeof microbial distribution 

of microbiota amongst  related host insect species (Jones, Sanchez, & Fierer, 2013).  

Introduced host insect species can play a significant role in the environment whether 

purposely placed to carry out a function such as honey bees and bumble bees, or like  
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V. vulgaris, mistakenly introduced to the detriment of the newly invaded environment. 

Microbiota, co-introduced by introduced species in a new range, can be transmitted by 

spillover between host species. A spillover corresponds to the transmission of infections from 

one species to another species (Colla, Otterstatter, Gegear, & Thomson, 2006). Host species 

investigated in this study have been known to share similar habitat resources, with the 

increased potential of microbiota spillover and spillback through predation, hive robbing and 

shared floral resources. 

Hive robbing is known to occur between honey bee colonies (Engel et al., 2012). Also, bumble 

bee and wasp species (V. vulgaris and V. germanica) are known to frequently rob hive 

resources (Clapperton et al., 1989; Fries & Camazine, 2001; Meeus, Brown, de Graaf, & 

Smagghe, 2011). Recently a study also highlighted the effect of the Argentine ant 

(Linepithema humile) on honey bee colonies, contributing to honey bee hive collapse through 

the combined effects of predation, hive robbing, and disease spillover (E. C. Brenton-Rule, 

Baty, Russell, Saunders, & Lester, 2017). Additionally, the spillover and spillback in the 

environment can occur through shared floral resources increasing the transmission potential 

for microbiota between hosts (Manley, Boots, & Wilfert, 2015; Ruiz-González & Brown, 2006; 

Singh et al., 2010). However, the spillover and spillback transmission hypothesis between 

hosts is not conclusive in the wild as it is difficult to measure spillover from one host to 

another unless conducted in a controlled environment. Therefore an initial understanding of 

individual host species’ microbiota and comparative analyses of inter-host species is the first 

stage of elucidating specificity and shared microbiota between hosts. 

Here the microbiome of five hymenopteran species was examined, introduced to New 

Zealand, two beneficial pollinators (Apis mellifera and Bombus terrestris) and three invasive 

species (Vespula vulgaris, Vespula germanica and Linepithema humile). This study aimed to 

conduct a comparative analysis of microbial community diversity as well as a preliminary 

analysis of host-microbial specificity. It was hypothesised that there would be greater 

microbiota diversity in generalist feeders, vespid wasps (V. vulgaris and V. germanica) and 

Argentine ants (L. humile) compared with the honey bee and bumble bee pollinators  

A. mellifera and B. terrestris.  
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 MATERIALS AND METHODS 

3.3.1 Sample Collections 

Workers of five hymenopteran species were sampled for microbiome examination  

(A. mellifera, B. terrestris, V. germanica, L. humile and replicated samples (Chapter 1) of  

V. vulgaris from Europe and New Zealand). All workers were sampled during the autumn 

(March-May) of 2014, except European V. vulgaris, which were sampled in the autumn 

(September-October) of 2014. A total of 14 pooled samples were collected, two pooled (5 

individuals) A. mellifera samples from two separate hives. Three pooled (5 individuals)  

B. terrestris samples from three sites around the Wellington region. Two pooled L. humile 

samples, one consisting of a northern population (Auckland: 150 (50 x 3) individuals pooled 

from three sites), and the other a southern population (120 ants (20 x 6) from six sites: 

Paraparaumu, Picton, New Plymouth, Christchurch, Petone, Gisborne). One V. germanica (1 

nest) and six V. vulgaris (Chapter 1). See Figure 3-1 for a map of sampling sites and 

Table 3-1 for sampling site coordinates in addition to sample number and number of pooled 

individuals per sample. At the time of sampling, a comparison of three host species 

microbiomes was initially the aim (V. vulgaris, A. mellifera and B. terrestris). However, due to 

competing interests of another project, Illumina costs and the number of samples we could 

place on illumina lanes, it was decided to add in two pooled samples of L. humile from various 

geographical areas around New Zealand and one sample of V. germanica which completed 

the last illumina lane. This ad hoc approach caused disparity of samples species and 

geographical sample location. A more balanced sampling approach may have allowed a more 

in-depth investigation into host microbiota differences and potentiallty a comparison of host 

taxon vs location as a determinant of microbiome community. 

To retain the integrity of the DNA and RNA, vespid samples and L. humile samples were 

collected in RNAlater Stabilisation Solution (AMBION Inc., Austin, USA), whereas A. mellifera 

and B. terrestris were preserved in a -80oC freezer. Both DNA and RNA extractions were 

conducted on all sample pools post homogenisation using a QIAGEN Tissuerupter® (QIAGEN, 

Tokyo, Japan). Samples were placed in a suitably sized tube (with lysis buffer and β 

mercaptoethanol), depending on insect size (15 mL tube for B. terrestris and two mL 

microcentrifuge tubes for other smaller insects). The homogenising disruption time was kept 

as short as possible (< 30 seconds) to avoid shearing of DNA and RNA. 
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Figure 3-1 Maps of host insect species sampling sites. Hymenopterna host and sample sites are denoted by a coloured point and a number as seen in legend. 
Full details of sites sampled including GPS coordinates and number of pooled individuals per sample presented in  
Table 3-1. 
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Table 3-1 Details of sampling sites including geographical coordinates and number of pooled individuals per sample. BE = Belgium; NZ = New Zealand 

 

Host Species 
Sample 
Number 

Sample locations Latitude Longitude 
Number of pooled worker 

individuals per sample 

1 V. vulgaris 6 

Tin Line, Nelson Lakes (NZ) 
Braeburn, Nelson Lakes (NZ) 
Six Mile, Nelson Lakes (NZ) 
Wijgmaal, Leuven (BE) 
Hasselt, Hasselt (BE) 
Wezemaal, Leuven (BE) 

-41.28 
-41.79 
-41.76 

4.70 
5.20 
4.75 

173.50 
172.51 
172.95 

50.93 
50.55 
50.94 

5 
5 
5 
5 
5 
5 

2 A. mellifera 2 
Wellington (Victoria University) (NZ) 
Wellington (Victoria University) (NZ) 

41.29 
41.29 

174.76 
174.76 

5 
5 

3 B. terrestris 3 
Wellington (NZ) 
Upper Hutt (Kaitoke) (NZ) 
Porirua (Plimmerton) (NZ) 

-41.28 
-41.04 
-41.08 

174.76 
175.17 
174.86 

5 
5 
5 

4 V. germanica 1 Palmerston North (NZ) -40.35 175.60 5 

5 L. humile 

1 
Northern Sample (n): 
Auckland (3 sites) (NZ) 
 

-36.84 
-36.84 
-36.84 

174.763 
174.763 
174.763 

50 ants from each of three 
sites =150 pooled ants. 

1 

Southern Sample (s): (six sites) 
Paraparaumu (NZ) 
Picton (NZ) 
New Plymouth (NZ) 
Christchurch (NZ) 
Petone (NZ) 
Gisborne (NZ) 

 
-40.91 
-41.29 
-39.05 
-43.53 
-41.22 
-38.66 

 
175.00 
174.00 
174.07 
172.63 
174.88 
178.01 

 
20 ants from each of six 
sites=120 pooled ants 
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3.3.2 DNA Extractions and Library Preparation  

Purification of total DNA from pooled samples was carried out using DNeasy Blood & Tissue 

Kit, using protocol DY14 (www.qiagen.com/literature/protocols/DNeasyTissue.aspx). The 

purity of DNA samples was determined using the absorption ratio (260/280 nm) determined 

by NanoDrop 1000 and samples were run on 1.5% agarose gel to ensure DNA was not 

fragmented. DNA samples were sent for library preparation and de novo 16S and 18S Illumina 

MiSeq sequencing at New Zealand Genomics Ltd (NZGL). 16S ribosomal RNA gene amplicons 

were prepared following the Illumina 16S Metagenomic Sequencing Library Preparation 

Protocol (Illumina, 2013). The V3-V4 region of the 16S rRNA gene was amplified using Nextera 

adapter primers and dual‐index barcodes to the amplicon target (Illumina, 2013). Specific 

primer pair (Table 3-2) sequences were used to create a single paired-end amplicon for the 

V3-V4 region of approximately 300 bp. 

18S ribosomal RNA gene amplicons were prepared according to the protocol of the Earth 

Microbiome Project (J Gregory Caporaso et al., 2012). The V9 region (200 bp) of the eukaryotic 

18S rRNA gene was amplified for each sample with 1391f and EukBr primers (Amaral-Zettler 

et al., 2009) (Table 3-2). PCR products were pooled 80% for the 18S libraries and 20% for the 

16S libraries and sequenced on a MiSeq run. At the time of sampling the 18S (80%) + 16S 

(20%) method was advised by the Illumina sequencing provider to allow for swamping of 18S 

host genomic DNA. Adapters and barcodes were removed and read trimmed using the 

SolexaQA package (Cox et al., 2010) and quality checked using FASTQC (Andrews, 2010). 

 

3.3.3 Prokaryote Bioinformatics Pipeline 

Briefly, microbial prokaryote diversity was analysed using QIIME version 1.9.1 (J G Caporaso 

et al., 2010), following paired-end assembly using PANDAseq, v 2.8 (Masella et al., 2012) as 

outlined in detail in Chapter 2. Of the 37,351 16S input reads, 31,902 sequences (85%) were 

retained.  

3.3.4 Microbial Eukaryote Bioinformatics Pipeline 

Briefly, microbial eukaryote diversity was analysed using the SILVAngs v 1.3 pipeline (Quast 

et al., 2013) following paired end assembly using PANDAseq, v 2.8 (Masella et al., 2012) as 

http://www.qiagen.com/literature/protocols/DNeasyTissue.aspx


 

92 
 

outlined in detail in Chapter 2. Quality filtering of 164,750 18S input reads resulted in 163,173 

output sequences. 
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Table 3-2 Table is outlining forward and reverse primers used in NGS Miseq 16S & 18S amplicon sequencing. 

16S Primers Product Size rRNA Region 

16S Primer F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 
300bp V3-V4 16S Primer R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC   

(Klindworth et al., 2013) 

18S Primers   

Illumina_Euk_1391f AATGATACGGCGACCACCGAGATCTACACTATCGCCGTTCGGTACACACCGCCCGTC 
200bp V9 Illumina_EukBr CAAGCAGAAGACGGCATACGAGATAGTCAGTCAGCAGATCCTTCTGCAGGTTCACCTAC 

(Klindworth et al., 2013) 
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3.3.5 RNA Extractions and Library Preparation 

The RNA-Seq approach was used for detection of RNA viruses. Total RNA was extracted using 

the PureLink®RNA Mini Kit® (Thermo Fisher Scientific Inc., Waltham, USA) according to the 

manufacturers’ instructions after homogenisation with a QIAGEN Tissuerupter (QIAGEN, 

Tokyo, Japan). Total RNA quantity and integrity was assessed on an Agilent 2100 Bioanalyzer 

using the Agilent RNA 6000 Nano Chip kit according to the manufacturer’s instructions. High-

quality RNA was sent for sequencing on Illumina HiSeq platform (2 x 100 bp paired-end), 

carried out by NZGL. Total RNA samples were then used to make RNA-Seq libraries using the 

“TruSeq RNAseq Sample Prep kit” according to the manufacturer's instructions.  

3.3.6 Viral Bioinformatics Pipeline 

Briefly, de novo transcript reconstruction was undertaken using Trinity platform read 

normalisation, with software Trinity Release v2.0.6 2015-03-03 (Grabherr et al., 2011). Novel 

viral sequences in the assemblies were detected using the Trinity assembled contigs to query 

the National Center for Biotechnology Information (NCBI) A custom Perl script was used to 

summarise the BLASTn data and append taxonomic assignment to individual BLAST results 

(Gruber et al., 2017). The resulting BLASTn candidates were searched against the BLASTx 

database with an e-value of 0.0001 (Camacho et al., 2010). BLAST nr assigned targets were 

visualised to MEGAN v.6.6.3 using the default settings with the weighted LCA algorithm of 

75% (Huson et al., 2016). To complement the BLAST and MEGAN analyses, VirusFinder2 was 

used to further identify viral candidates (Q. Wang et al., 2015). As MEGAN and Virusfinder2 

use contrasting approaches that make it inappropriate to compare abundance between the 

two methods, I used presence/absence of virus for further analysis. A more detailed version 

of the viral pipeline is outlined in Chapter 2. 

 STATISTICAL ANALYSES 

Venn diagrams were constructed to represent the number of 16S OTUs shared or not shared 

among the five hymenopteran species using the website Bioinformatics & Evolutionary 

Genomics (http://bioinformatics.psb.ugent.be/webtools/Venn/). In these analyses, both high 

abundance prokaryote OTUs (>100 OTUs) and low abundance OTUs (<100s) were assessed 

prior to normalisation.  

http://bioinformatics.psb.ugent.be/webtools/Venn/
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Richness (OTU abundance) and diversity (Shannon’s Log e) metrics were assessed using 

square root transformed raw data (882 taxa assigned by Silva 128 (Quast et al., 2013)). The 

DIVERSE function in Primer 6 (Clarke & Warwick, 2001) was applied and richness and diversity 

metrics visualised using the R package ggplot2 (Wickham, 2009).  

A one-way analysis of variance (ANOVA) was used to determine whether there were any 

statistically significant differences between the richness and diversity means of five 

hymenopteran hosts (V. vulgaris (n = 6), A. mellifera (n = 2), B. terrestris (n = 3), V. germanica 

(n=1) and L. humile (n = 2)). Where ANOVA p-values were statistically significant (p ≤0.05), 

post hoc two tailed t tests were performed to determine which specific groups significantly 

differed from each other. 

The dissimilarity between bacterial and microbial eukaryote and viral communities was 

assessed following the same methods in Chapter 2. Briefly, communities were assessed using 

Bray-Curtis dissimilarity matrix and tested for significance between each life stage, range and 

life stage within each range using PERMANOVA in Primer-E (Clarke & Warwick, 2001). To 

partition for variance and assess significance in each community pairwise tests were run over 

999 permutations. Each group (life stages, ranges and life stages within ranges) were 

evaluated separately as fixed effects, with type III partial sum of squares and Monte Carlo 

sampling permutated over unrestricted raw data. To visualise clustering patterns between 

sample communities. To visualise significant clustering patterns of bacterial and microbial 

eukaryote communities, three methods were used, group average clustering, non-metric 

multidimensional scaling (nMDS) and a canonical analysis of principal coordinates (CAP) 

analysis all performed in Primer-E (Clarke & Warwick, 2001). 

The contribution of each prokaryote and microbial eukaryote with dissimilarity differences 

among each life stage and range life stage was assessed using a similarity percentage analysis 

(SIMPER) analysis (Clarke & Warwick, 2001) on normalised data. SIMPER dissimilarity was 

verified using log-likelihood G-tests, carried out in QIIME 1.9.1, extrapolating statistical 

significance (p <0.05) between taxa abundance in the different sample groups (J G Caporaso 

et al., 2010). The p-values from G-test analysis were corrected for multiple comparisons using 

the Bonferroni procedure within QIIME. 
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 RESULTS 

The microbiomes of the five hymenopterans were determined by Illumina deep sequencing 

of microbial SSU rRNA gene amplicons generated from pooled DNA and RNA extractions. 

Characterisation of the prokaryote, microbial eukaryote and viral communities (97% 

alignment identity) from 14 samples resulting from five host species, (Vespula vulgaris (n=6), 

Apis mellifera (n=2), Bombus terrestris (n=3), Vespula germanica (n=1) and Linepithema 

humile (n=2)) was carried out (Table 3-1). In total, 714,955 16S reads (mean sequence reads 

55,688 SE ± 21,974), 2,502,384 (178,741 ± 26,332) 18S reads and 700,331,362 (50,023,669 ± 

2,694,209) rRNA sequence reads were generated from the 14 samples. The overall prokaryote 

community was represented by 659 bacterial (> 97% Identity) OTUs after filtering of 

singletons. Following normalisation and filtering OTU’s greater than 100 reads, 61 high 

abundance OTUs remained. Post filtering the microbial eukaryote community was 

represented (>97% Identity) by 74 taxa. Sixteen viral OTUs (>97% Identity) represented the 

viral community, identified using MEGAN and Virusfinder2. It was hypothesised that the 

overall microbial richness and diversity associated with hosts would be higher in vespid wasps 

and L. humile reflecting their polyphagous diet compared with their more specific pollen 

feeding counterparts A. mellifera and B. terrestris.  

3.5.1 Prokaryote Community Distinctions  

A pre-normalisation analysis was performed on absolute raw prokaryote community counts. 

This revealed, a higher abundance trend in prokaryote OTUs in both the high (>100 OTUs) and 

low abundance (<100 OTUs) groups in the V. vulgaris prokaryote community (Figure 3-2). 

However, post-normalisation there was no significant differences among hymenopteran host 

prokaryote communities, following ANOVA analysis and post hoc two-tailed t-tests for 

richness and diversity metrics. The richness and Shannon diversity metric trends revealed V. 

vulgaris and L. humile workers had high mean richness compared with the other 

hymenopteran hosts. Community richness in B. terrestris was the lowest. Prokaryote diversity 

was highest in A. mellifera and lowest in B. terrestris and V. germanica (Table 3-3; Figure 

3-3D).  



 

97 
 

 
A

. m
e

llife
ra

B

50

12

8
46

1

2
0

40

0
23

11

1197

12
1

15

53

28

227

15

5

37

18

1

5

9

0

14

4 7 16

A
. m

e
llife

ra

A

1

0

1
2

0

0
0

3

0
0

0

251

3
0

2

0

0

15

0

0

1

1

0

2

0

0

1

0 2 3

 
Figure 3-2 Venn diagrams of raw data, illustrating the number of high abundance (A) and low 
abundance (B) OTUs specific to each host and shared among hosts and distinctiveness of microbial 
taxa in each host. High abundance OTUs were defined as OTUs with greater than 100 reads per OTU. 
Low abundance OTUs was defined as OTUs with reads less than 100 reads per OTU.  

A comparative analysis of all hymenopteran hosts, prokaryote communities was carried out 

using Bray-Curtis dissimilarity Indices. The dissimilarity of host communities analysed, were 

illustrated using average-linkage clustering and nMDS plots. The group-linkage dendrogram 

revealed all three B. terrestris samples, clustered tightly together, as did L. humile samples 

representing less than 20% dissimilarity between samples. However, the A. mellifera samples 

were not closely clustered, with one sample community clustering with L. humile and the 

other clustering with V. germanica, showing greater than 35% dissimilarity. Most of the  

V. vulgaris samples clustered closely together, apart from two samples illustrating 40% 

dissimilarity to the clustered V. vulgaris samples. One V. vulgaris clustered closely with  

B. terrestris communities while the other with the V. germanica and A. mellifera communities 

(Figure 3-3C). The group-linkage dendrogram analysis was further confirmed showing a 

similar trend in the nMDS plot (Figure 3-3B). A CAP analysis was performed to quantify host 

community distinction. This analysis revealed close clustering of all V. vulgaris samples and 

more loosely clustered but separated communities for the other species, indicating that all 

host communities were distinct from one another (Figure 3-3C). CAP also illustrated that  

V. vulgaris prokaryote communities are more similar to B. terrestris communities and more 
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distinct in comparison with V. germanica, A. mellifera and L. humile communities. 

PERMANOVA pairwise comparisons revealed that B. terrestris prokaryote community was 

significantly different (p(MC) <0.05) to all other hymenopteran communities. However, no 

significant differences were found among other host communities. 
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Table 3-3 Table is detailing mean richness and Shannon diversity metrics observed in five hymenopteran prokaryote communities. Standard errors are 
provided for each metric mean. Sample number is also provided (N). Richness and diversity metrics were analysed using the PRIMER-e software. 
Richness (p = 0.314) Diversity (p = 0.2139). 

Species N 
Richness 

Mean 
Standard 

Error 

Shannon 
Diversity 

Mean 

Standard 
Error 

Vespula vulgaris 6 221 14.87 4.64 0.30 

Apis mellifera 2 204 6.53 5.11 0.00 

Bombus terrestris 3 188 10.39 4.03 0.38 

Vespula germanica 1 202 N/A 4.14 N/A 

Linepithema humile 2 225 11.84 4.94 0.15 

Table 3-4 Table is detailing results of PERMANOVA pairwise comparison analysis of prokaryote community dissimilarity between five hymenopteran 
hosts. Results provided include the t statistic and PERMANOVA p-value with unique permutations. For all pairwise comparisons, p-values were corrected 
for multiple comparisons using Monte Carlo corrections. * denotes significant Monte Carlo corrected p-values. 

Hymenoptera Host 
Pair-Wise tests 

t-statistic 
Permanova 

p-value 
Unique 

permutations 

p-value 
Monte Carlo 

Corrected 

V. vulgaris, V. germanica 0.76 0.58 7.00 0.64 
V. vulgaris, A. mellifera 0.97 0.47 28.00 0.44 
V. vulgaris, B. terrestris 1.84 0.07 84.00 0.05* 
V. vulgaris, L. humile 1.18 0.37 28.00 0.27 
V. germanica, A. mellifera 0.91 0.68 3.00 0.55 
V. germanica, B. terrestris 3.38 0.25 4.00 0.03* 
V. germanica, L. humile 3.09 0.35 3.00 0.16 
A. mellifera, B. terrestris 2.77 0.11 10.00 0.03 
A. mellifera, L. humile 1.63 0.35 3.00 0.19 
B. terrestris, L. humile 4.19 0.12 10.00 0.01* 

  



 

 
 

100
 

 
Figure 3-3 High abundance normalised prokaryote community structure of five hymenopteran species, V. vulgaris (VV) (green triangle)(* = Belgian 
samples), A. mellifera (AM) (red diamond), B. terrestris (BT) (blue diamond), V. germanica (VG) (cyan square) and L. humile (pink circle)(n=nothern 
sample; s=southern sample) based on a Bray-Curtis dissimilarity (A-C), richness and diversity (D). (A) Group average cluster dendrogram, illustrating 
dissimilarity clustering distances of individual normalised bacterial communities. (B) Non-metric multi-dimensional (nMDS) scaling plot illustrating 
dissimilarity distances of individual normalised bacterial communities. Stress value: 0.03 (≤ 0.1 is acceptable). (C) Canonical analysis of principal 
coordinates (CAP) illustrating individual normalised bacterial community distinctness. (D) Mean richness and Shannon’s diversity metrics calculated on 
the non-normalised dataset. The standard error shows the variance of bacterial community richness and diversity between each species samples, note 
V. germanica n=1. The colour of each bar corresponds to each hymenopteran species in legend. 
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3.5.2 Characterisation of Prokaryote Communities 

The prokaryote community across all hymenopteran species (mean relative abundance) was 

dominated by ten phyla, represented by Proteobacteria (36.8%), Verrucomicrobia (14.4%), 

Firmicutes (10.8%), Chloroflexi (9.0%), Planctomycetes (7.7%), Actinobacteria (7.6%), 

Acidobacteria (7.3%), Tenericutes (4.9%), Cyanobacteria (1.3%) and Bacteroidetes (0.1%). Of 

the phyla represented across all host communities, Proteobacteria was the most abundant, 

comprising of the classes Alphaproteobacteria (24.8%), Gammaproteobacteria (10.6%) and 

Betaproteobacteria (1.4%). The phylum Chloroflexi was represented by two classes 

Ktedonobacteria (8.6%) and KD4-96 (1.8%). The remaining phyla, Verrucomicrobia, 

Firmicutes, Planctomycetes and Tenericutes were represented by one bacterial class each, 

Spartobacteria (14.4%), Bacilli (10.8%), Phycisphaerae (7.7%) and Mollicutes (4.9%) 

respectively. These classes together represented 85% of the total host communities 

observed. 

The iToL phylogenetic tree illustrated similarities as well differences between hymenopteran 

host prokaryote communities. Of the 51 taxa represented across all hymenopteran hosts,  

V. vulgaris hosted 50 taxa, A. mellifera 34 taxa, B. terrestris 30 taxa, V. germanica 28 taxa and 

L. humile 25 taxa (Figure 3-4). From the taxa presented, 15 were common to V. vulgaris. Of 

these, ten genera were identified: Erwinia, Vagococcus, Bifidobacterium, Snodgrassella, 

Acinetobacter, Saccharibacter, Corynebacterium, Apibacter, Orbus and Mesorhizobium. The 

genus Segniliparus was the only other unique taxon attributed to the host B. terrestris. 

Relative mean class bacterial abundance of hymenopteran hosts were also calculated, 

identifying the most abundant class in each group and all taxa identified to the lowest 

taxonomic level, contributing greater than 1% to that class (Figure 3-5).  

The most evident differences in taxa between hosts was observed in B. terrestris, revealing a 

high mean abundance of Alphaproteobacteria attributed to the genus Wolbachia. There was 

also a reduced relative abundance of Bacilli observed in B. terrestris, compared with other 

hosts. The hymenopteran hosts Apis mellifera and V. germanica had an abundance of 

Mollicutes attributed to the genus Spiroplasma. Compared with other hosts, V. vulgaris had 

a greater richness of taxa from the class Gammaproteobacteria and Bacilli. 
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Figure 3-4 iTol phylogenetic tree of 16S rRNA high abundant OTUs (>100 reads). The phylogeny of bacterial taxa from five Hymenopteran species 
identified to the genus level where possible. This rooted maximum likelihood phylogeny reveals each host’s prokaryote community presence, absence 
and specificity of taxa. Colours within the inner circle illustrate the phylum that the bacterial taxa are in, based on the OTUs assigned in SILVA (see Phylum 
legend). The first three outer concentric circles from the inside out, display the bacteria found in each hymenopteran host (V. vulgaris = green, A. mellifera 
= red, B. terrestris = blue, V. germanica = cyan and L. humile = pink). Where taxonomy was not assigned to the genus level, the lowest taxonomic level 
was assigned and denoted in brackets, i.e. (f) = family, (o) = order, (c) = class and (p) = phylum. Host colours listed in legend correspond to colours used 
in subsequent figures. 
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Wolbachia (3.5%)

Variibacter (2.9%)

Nitrobacter (2.4%)

Xanthobacteraceae (1.5%) (f)

Pedomicobium (1.5%)

Saccharibacter (1.4%)

Rhodobiaceae (1.4%) (f)

Commensalibacter (1.3%)

Roseiarcus (1.3%)

DA101 soil group (8.3%) (f)

C. Xiphinematobacter (2.3%)

Lactobacillus (7.4%)

Fructobacillus (3.6%)

Enterococcus (2.3%)

Lactococcus (1.7%)

Convivina (1.5%)

Vagococcus (1.0%)

Tepidisphaeraceae (5.4%) (f)

Pseudomonas (4.4%)

Serratia (3.4%)

Providencia (1.9%)

Orbaceae (1.9%) (f)

Gilliamella (1.8%)

Pantoea (1.7%)

Enterobacter (1.6%)

Erwinia (1.1%)

HSB OF53-F07 (3.8%) (f)

JG30a-KF-32 (1.4%) (f)

Spiroplasma (1.2%)

Gaiellales (3.2%) (o)

Acidobacteriaceae (SG1) (1.4%) (f)

Candidatus Koribacter (1.3%)

Acidothermus (1.7%)

Bifidobacterium (1.0%)

Acidobacteria SG2(2.1%) (c)

Candidatus Solibacter (1.5%)

KD4-96 (1.4%) (c)
Snodgrassella (1.0%)

Variibacter (4.3%)

Nitrobacter (3.1%)

Wolbachia (2.9%)

Xanthobacteraceae (2.3%) (f)

Roseiarcus (2.2%)

Pedomicobium (1.6%)

DA101 soil group (f) (10.7%)

C. Xiphinematobacter (2.9%)

Fructobacillus (4.5%)

Lactococcus (2.4%)

Enterococcus (1.6%)

Convivina (1.3%)

Tepidisphaeraceae (7.3%) (f)

Enterobacteriaceae (5.3%) (f)

 Pantoea (4.5%)

Pseudomonas (1.5%)

Enterobacter (1.5%)

Serratia (1.3%)

HSB OF53-F07 (5.0%) (f)

JG30a-KF-32 (2.1%) (f)

Spiroplasma (15.3%)

Gaiellales (3.9%) (o)

Acidobacteriaceae (SG1) (1.0%) (f)

Candidatus Koribacter (1.8%)

Acidothermus (2.5%)

Acidobacteria SG2(2.1%) (c)

Candidatus Solibacter (2.0%)

KD4-96 (2.0%) (c)

Variibacter (5.2%)

Nitrobacter (4.1%)

Xanthobacteraceae (2.9%) (f)

Rhodobiaceae (2.8%)(f)

Roseiarcus (2.8%)

Pedomicobium (2.5%)

DA101 soil group (f) (14.4%)

C. Xiphinematobacter (3.9%)

Lactobacillus (11.4%)

Tepidisphaeraceae (10.0%) (f)

Pseudomonas (3.8%)

Pantoea (1.2%)

HSB OF53-F07 (6.5%) (f)

JG30a-KF-32 (2.8%) (f)

Gaiellales (5.4%) (o)

Acidobacteriaceae (SG1) (2.2%) (f)

Candidatus Koribacter (2.4%)

Acidothermus (3.0%)

Acidobacteria SG2(2.1%) (c)

Candidatus Solibacter (2.0%)

KD4-96 (2.2%) (c)

Delftia (1.8%)

Variibacter (4.0%)

Nitrobacter (3.5%)

Wolbachia (2.8%)

Xanthobacteraceae (2.4%) (f)

Roseiarcus (2.4%)

Pedomicobium (2.3%)

Rhodobiaceae (1.6%) (f)

DA101 soil group (f) (12.3%)

C. Xiphinematobacter (3.4%)

Fructobacillus (4.3%)

Enterococcus (1.7%)

Lactococcus (1.6%)

Convivina (1.3%)

Lactobacillus (1.1%)

Tepidisphaeraceae (9.6%) (f)

Pseudomonas (2.4%)

Pantoea (1.5%)

Enterobacteriaceae (1.4%) (f)

Gilliamella (1.3%)

Orbaceae (1.1%) (f)

HSB OF53-F07 (5.6%) (f)

JG30a-KF-32 (2.2) (f)

Spiroplasma (6.8%)

Gaiellales (5.0%) (o)
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Figure 3-5 Figure illustrating mean prokaryote class taxonomic abundances (>100 OTUs) observed in each hymenopteran host. Colours, annotated in the 
legend represent bacterial classes. Each coloured class block is represented by all taxa contributing >1% to that class. All taxa are identified to the genus 
level where possible, if not the lowest taxonomic level was assigned and denoted in brackets, i.e. (f) = family, (o) = order and (c) = class. 
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Differences in prokaryote communities were assessed using SIMPER analyses revealing 

dominant taxa contributing to each host-to-host dissimilarity (Table 3-5-Table 3-14). To 

confirm significance (p <0.05) of dominant taxa, log likelihood G-tests were also performed 

(Table 3-15). 

SIMPER analysis revealed higher mean abundances of Spiroplasma found in V. germanica, 

which accounted for 16-19.5% of the dissimilarity compared with all other hymenopteran 

hosts. Three Spiroplasma OTUs significantly attributed to this dissimilarity. There was also 

higher mean abundance of the genus Spiroplasma found in A. mellifera accounting for 6.9-

11.5 % of the dissimilarity seen in other hosts. The genus Lactobacillus also contributed to 

dissimilarity with higher observed mean abundances seen in V vulgaris and L. humile 

compared with other hosts. The host L. humile alone reveals the highest mean abundance of 

Lactobacillus accounting for 10-19% dissimilarity compared with other hosts. Log-likelihood 

analysis revealed two Lactobacillus OTUs significantly attributed to this dissimilarity. Greater 

mean abundances of the family Enterobacteriaceae were observed in both V. vulgaris and  

V. germanica accounting for 4.6-8.8% dissimilarity seen in other hosts. One 

Enterobacteriaceae OTU each was identified as significantly higher in V. vulgaris and  

V. germanica. The Enterobacteriaceae genus Pantoea agglomerans further attributed to the 

significant dissimilarity seen between V. germanica and other hosts with 4.3-6.9% of the 

dissimilarity attributed to one significantly dissimilar OTU. Overall compared with other hosts, 

SIMPER analysis revealed V. vulgaris and V. germanica had higher abundances of the class 

Bacilli and Gammaproteobacteria. 

Interestingly, B. terrestris harboured the most distinctive community attributed to three taxa, 

the family Acetobacteraceae and genera Wolbachia and Segniliparus. The genus Wolbachia 

compared to all other hosts accounted for 26-30% of the dissimilarity, with five OTUs 

attributing to this significant difference. The genus Segniliparus only detected in B. terrestris, 

accounted for 3-5% of the dissimilarity with other hosts, attributed to one significant OTU. 

The family Acetobacteraceae accounted for 5-8% of the dissimilarity seen with other hosts, 

with one OTU significantly different. 
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Table 3-5 SIMPER analysis comparing V. vulgaris and V. germanica. Results representing class and lowest taxonomy of prokaryote mean abundances. 
Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Where the genus is not defined, the next 
closest taxonomic level was assigned (denoted f = family). Mean abundance of each taxon is presented in each host and the mean taxa dissimilarity 
between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity (%) and cumulative dissimilarity (%) represents dominant taxa 
contributing to the dissimilarity between host communities. 

Class Taxa 
Mean 

Abundance 
V. vulgaris 

Mean 
Abundance 

V. germanica 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Mollicutes Spiroplasma 1.43 15.27 6.92 4.59 16.95 16.95 
Bacilli Lactobacillus 6.33 0.00 3.16 0.70 7.75 24.69 
Alphaproteobacteria Wolbachia 4.36 2.93 3.16 0.76 7.73 32.42 
Bacilli Fructobacillus 3.55 4.53 1.71 3.32 4.20 36.62 
Gammaproteobacteria Enterobacteriaceae (f) 4.50 5.28 1.43 1.40 3.50 40.12 
Gammaproteobacteria Pantoea 1.66 4.51 1.43 2.47 3.49 43.61 
Gammaproteobacteria Pseudomonas 3.51 1.45 1.13 1.44 2.76 46.37 
Bacilli Enterococcus 2.31 1.58 1.10 1.16 2.70 49.07 
Gammaproteobacteria Providencia 1.93 0.00 0.96 0.75 2.36 51.43 
Gammaproteobacteria Serratia 2.05 1.28 0.91 1.32 2.22 53.65 
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Table 3-6 SIMPER analysis comparing V. vulgaris and A. mellifera. Results representing class and lowest taxonomy of prokaryote mean abundances. 
Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Where the genus is not defined, the next 
closest taxonomic level was assigned (denoted f = family). Mean abundance of each taxon is presented in each host and the mean taxa dissimilarity 
between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity (%) and cumulative dissimilarity (%) represents dominant taxa 
contributing to the dissimilarity between host communities. 

Class Taxa 
Mean 

Abundance   
V. vulgaris 

Mean 
Abundance  
A. mellifera 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% Cumulative 
Contribution 

Alphaproteobacteria Wolbachia 4.36 2.73 3.09 0.77 7.43 7.43 
Bacilli Lactobacillus 6.33 0.98 2.94 0.71 7.08 14.51 
Mollicutes Spiroplasma 1.43 6.38 2.88 1.54 6.94 21.44 
Gammaproteobacteria Enterobacteriaceae (f) 4.50 1.27 2.04 1.54 4.90 26.34 
Bacilli Fructobacillus 3.55 4.34 1.68 3.22 4.05 30.39 
Phycisphaerae Tepidisphaeraceae (f) 4.17 7.29 1.56 1.73 3.76 34.15 
Spartobacteria DA101 soil group (f) 5.40 8.04 1.39 1.39 3.34 37.49 
Bacilli Enterococcus 2.31 1.52 1.25 1.20 3.01 40.50 
Gammaproteobacteria Providencia 1.93 0.84 0.99 1.01 2.38 42.88 
Gammaproteobacteria Gilliamella 1.50 1.29 0.98 0.90 2.35 45.23 
Gammaproteobacteria Serratia 2.05 0.63 0.97 1.08 2.32 47.55 
Gammaproteobacteria Pseudomonas 3.51 2.45 0.85 1.47 2.05 49.60 
Gammaproteobacteria Enterobacter 1.58 0.00 0.79 0.94 1.90 51.49 
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Table 3-7 SIMPER analysis comparing V. vulgaris and B. terrestris. Results representing class and lowest taxonomy of prokaryote mean abundances. Taxa 
presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Where the genus is not defined, the next closest 
taxonomic level was assigned (denoted f = family). Mean abundance of each taxon is presented in each host and the mean taxa dissimilarity between 
hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity (%) and cumulative dissimilarity (%) represents dominant taxa contributing 
to the dissimilarity between host communities. 

Class Taxa 
Mean 

Abundance 
V. vulgaris 

Mean 
Abundance 
B. terrestris 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Alphaproteobacteria Wolbachia 4.36 25.26 10.66 2.32 21.97 21.97 
Bacilli Lactobacillus 6.33 0.00 3.16 0.74 6.52 28.49 
Alphaproteobacteria Acetobacteraceae (f) 0.84 5.68 2.49 2.08 5.13 33.62 
Gammaproteobacteria Enterobacteriaceae (f) 4.50 0.00 2.25 1.32 4.63 38.25 
Actinobacteria Segniliparus 0.00 3.54 1.77 7.63 3.65 41.9 
Bacilli Fructobacillus 3.55 0.47 1.67 1.01 3.45 45.35 
Bacilli Enterococcus 2.31 0.25 1.11 0.83 2.29 47.64 
Betaproteobacteria Delftia 0.68 2.79 1.05 2.34 2.17 49.81 
Gammaproteobacteria Serratia 2.05 0.00 1.02 0.96 2.11 51.92 
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Table 3-8 SIMPER analysis comparing V. vulgaris and L. humile. Results representing class and lowest taxonomy of prokaryote mean abundances. Taxa 
presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Where the genus is not defined, the next closest 
taxonomic level was assigned (denoted f = family). Mean abundance of each taxon is presented in each host and the mean taxa dissimilarity between 
hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity (%) and cumulative dissimilarity (%) represents dominant taxa contributing 
to the dissimilarity between host communities. 

Class Taxa 

Mean 
Abundance 
V. vulgaris 

Mean 
Abundance 

L. humile 
Mean 

Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Bacilli Lactobacillus 6.33 11.24 4.63 2.49 10.37 10.37 
Gammaproteobacteria Enterobacteriaceae (f) 4.50 0.00 2.25 1.30 5.03 15.40 
Alphaproteobacteria Wolbachia 4.36 0.00 2.18 0.43 4.88 20.28 
Spartobacteria DA101 soil group (f) 5.40 9.03 1.81 2.17 4.06 24.34 
Bacilli Fructobacillus 3.55 0.58 1.62 0.97 3.63 27.97 
Phycisphaerae Tepidisphaeraceae (f) 4.17 7.30 1.57 1.90 3.50 31.48 
Bacilli Enterococcus 2.31 0.62 1.10 0.88 2.46 33.94 
Alphaproteobacteria Variibacter 3.07 5.23 1.08 2.10 2.42 36.36 
Gammaproteobacteria Serratia 2.05 0.00 1.02 0.95 2.29 40.97 
Gammaproteobacteria Providencia 1.93 0.00 0.96 0.78 2.16 43.13 
Bacilli Lactococcus 1.76 0.00 0.88 1.24 1.97 45.10 
Alphaproteobacteria Nitrobacter 2.49 4.10 0.80 3.06 1.80 46.90 
Gammaproteobacteria Pseudomonas 3.51 3.74 0.80 1.48 1.79 48.69 
Gammaproteobacteria Enterobacter 1.58 0.00 0.79 0.94 1.77 50.45 
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Table 3-9 SIMPER analysis comparing V. germanica and A. mellifera. Results representing class and lowest taxonomy of prokaryote mean abundances. 
Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Where the genus is not defined, the next 
closest taxonomic level was assigned (denoted f = family). Mean abundance of each taxon is presented in each host and the mean taxa dissimilarity 
between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity (%) and cumulative dissimilarity (%) represents dominant taxa 
contributing to the dissimilarity between host communities. 

Class Taxa 

Mean 
Abundance 

V. germanica 

Mean 
Abundance 
A. mellifera 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Mollicutes Spiroplasma 15.27 6.38 4.44 1.68 19.53 19.53 
Gammaproteobacteria Enterobacteriaceae (f) 5.28 1.27 2.01 2.24 8.82 28.35 
Gammaproteobacteria Pantoea 4.51 1.35 1.58 1.65 6.94 35.29 
Phycisphaerae Tepidisphaeraceae (f) 5.51 7.29 0.89 1.22 3.92 39.21 
Alphaproteobacteria Rhodobiaceae (f) 0.00 1.67 0.83 1.71 3.66 42.87 
Bacilli Enterococcus 1.58 1.52 0.76 17.12 3.34 46.21 
Gammaproteobacteria Enterobacter 1.45 0.00 0.73 0.32 3.20 49.40 
Spartobacteria DA101 soil group (f) 6.69 8.04 0.70 0.73 3.06 52.47 

Table 3-10 SIMPER analysis comparing V. germanica and B. terrestris. Results representing class and lowest taxonomy of prokaryote mean abundances. 
Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts.Where the genus is not defined, the next 
closest taxonomic level was assigned (denoted f=family). Mean abundance of each taxon is presented in each host and the mean taxa dissimilarity 
between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity (%) and cumulative dissimilarity (%) represents dominant taxa 
contributing to the dissimilarity between host communities. 

Class Taxa 

Mean 
Abundance 

V. germanica 

Mean 
Abundance 
B. terrestris 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Alphaproteobacteria Wolbachia 2.93 25.26 11.17 11.43 26.38 26.38 

Mollicutes Spiroplasma 15.27 1.31 6.98 51.83 16.48 42.86 

Alphaproteobacteria Acetobacteraceae (f) 0.00 5.68 2.84 2.55 6.71 49.57 

Gammaproteobacteria Enterobacteriaceae (f) 5.28 0.00 2.64 6.30 6.24 55.81 
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Table 3-11 SIMPER analysis comparing A. mellifera and B. terrestris. Results representing class and lowest taxonomy of prokaryote mean abundances. 
Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts.Where the genus is not defined, the next 
closest taxonomic level was assigned (denoted f=family). Mean abundance of each taxon is presented in each host and the mean taxa dissimilarity 
between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity (%) and cumulative dissimilarity (%) represents dominant taxa 
contributing to the dissimilarity between host communities. 

Class Taxa 

Mean 
Abundance 
A. mellifera 

Mean 
Abundance 
B. terrestris 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Alphaproteobacteria Wolbachia 2.73 25.26 11.27 12.55 29.93 29.93 

Alphaproteobacteria Acetobacteraceae (f) 0.00 5.68 2.84 2.85 7.54 37.47 

Mollicutes Spiroplasma 6.38 1.31 2.53 1.23 6.73 44.20 

Bacilli Fructobacillus 4.34 0.47 1.94 5.19 5.14 49.35 

Actinobacteria Segniliparus 0.00 3.54 1.77 7.16 4.70 54.05 

Table 3-12 SIMPER analysis comparing V. germanica and L. humile. Results representing class and lowest taxonomy of prokaryote mean abundances. 
Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Where the genus is not defined, the next 
closest taxonomic level was assigned (denoted f=family). Mean abundance of each taxon is presented in each host and the mean taxa dissimilarity 
between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity (%) and cumulative dissimilarity (%) represents dominant taxa 
contributing to the dissimilarity between host communities. 

Class Taxa 

Mean 
Abundance 

V. germanica 

Mean 
Abundance   

L. humile 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Mollicutes Spiroplasma 15.27 0.00 7.63 8.23 19.22 19.22 
Bacilli Lactobacillus 0.00 11.24 5.62 3.35 14.15 33.37 
Gammaproteobacteria Enterobacteriaceae (f) 5.28 0.00 2.64 6.25 6.65 40.01 
Bacilli Fructobacillus 4.53 0.58 1.97 4.79 4.97 44.98 
Gammaproteobacteria Pantoea 4.51 1.07 1.72 2.27 4.32 49.30 
Alphaproteobacteria Wolbachia 2.93 0.00 1.46 1.20 3.69 52.99 
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Table 3-13 SIMPER analysis comparing A. mellifera and L. humile. Results representing class and lowest taxonomy of prokaryote mean abundances. Taxa 
presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Where the genus is not defined, the next closest 
taxonomic level was assigned (denoted f=family). Mean abundance of each taxon is presented in each host and the mean taxa dissimilarity between 
hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity (%) and cumulative dissimilarity (%) represents dominant taxa contributing 
to the dissimilarity between host communities. 

Class Taxa 

Mean 
Abundance  
A. mellifera 

Mean 
Abundance   

L. humile 
Mean 

Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% Cumulative 
Contribution 

Bacilli Lactobacillus 0.98 11.24 5.13 3.46 18.54 18.54 
Mollicutes Spiroplasma 6.38 0.00 3.19 1.48 11.53 30.08 
Bacilli Fructobacillus 4.34 0.58 1.88 5.40 6.80 36.87 
Alphaproteobacteria Wolbachia 2.73 0.00 1.36 6.32 4.93 41.80 
Bacilli Lactococcus 1.62 0.00 0.81 2.18 2.94 48.48 
Bacilli Enterococcus 1.52 0.62 0.76 1.21 2.74 51.22 

 

Table 3-14 SIMPER analysis comparing B. terrestris and L. humile. Results representing class and lowest taxonomy of prokaryote mean abundances. Taxa 
presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Where the genus is not defined, the next closest 
taxonomic level was assigned (denoted f=family). Mean abundance of each taxon is presented in each host and the mean taxa dissimilarity between 
hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity (%) and cumulative dissimilarity (%) represents dominant taxa contributing 
to the dissimilarity between host communities. 

Class Taxa 

Mean 
Abundance 
B. terrestris 

Mean 
Abundance 

L. humile 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Alphaproteobacteria Wolbachia 25.26 0.00 12.63 14.45 30.24 30.24 

Bacilli Lactobacillus 0.00 11.24 5.62 4.32 13.45 43.69 

Alphaproteobacteria Acetobacteraceae (f) 5.68 0.00 2.84 2.85 6.80 50.49 
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Table 3-15 Results of G-tests group significance (log likelihood). Prokaryote taxa identified as significantly different between hymenopteran host 
communities. Mean abundance of each significant OTU taxa determined at the class level and lowest taxonomic level. Where the genus is not defined, 
the next closest taxonomic level was assigned (denoted f=family). The test statistic in addition to the Bonferroni corrected p value is provided showing 
significance among hymenopteran hosts. 

 

 

Class Taxon 
B. terrestris 

mean 
L. humile 

mean 
A. mellifera 

mean 
V. vulgaris 

mean 
V. germanica 

mean 
Test 

Statistic 

Bonferroni 
corrected 

p value 

 Alphaproteobacteria Acetobacteraceae (f) 13.70 0.00 0.00 1.60 0.00 36.63 0.00002 
 Mollicutes  Spiroplasma 1.90 0.00 7.90 2.10 17.60 33.29 0.00011 
 Mollicutes  Spiroplasma 2.20 0.00 7.60 1.60 17.20 32.91 0.00013 
 Actinobacteria  Segniliparus 11.00 0.00 0.00 0.00 0.00 32.50 0.00016 
 Bacilli  Lactobacillus 0.00 13.00 1.60 0.50 0.00 32.20 0.00018 
 Mollicutes  Spiroplasma 0.00 0.00 4.00 0.90 13.40 31.27 0.00028 
 Alphaproteobacteria  Wolbachia 13.50 0.00 1.60 2.20 0.00 30.57 0.00039 
 Bacilli  Lactobacillus 0.00 13.60 1.60 4.20 0.00 30.48 0.00041 
 Alphaproteobacteria  Wolbachia 13.50 0.00 0.00 2.30 3.10 29.38 0.00069 
 Alphaproteobacteria  Wolbachia 18.30 0.00 6.40 3.10 6.10 28.63 0.00098 
 Gammaproteobacteria Enterobacteriaceae (f) 0.00 0.00 4.00 3.90 13.60 28.61 0.00098 
 Alphaproteobacteria  Wolbachia 10.30 0.00 0.00 1.70 0.00 26.56 0.00257 
 Alphaproteobacteria  Wolbachia 8.90 0.00 0.00 1.50 0.00 22.60 0.01597 
 Gammaproteobacteria  Pantoea 0.00 2.90 4.30 6.20 14.30 21.72 0.02392 
 Gammaproteobacteria Enterobacteriaceae (f) 0.00 0.00 0.00 7.50 0.00 21.34 0.02850 
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3.5.3 Microbial Eukaryote Community Distinctions 

As in Chapter 1, the microbial eukaryote community profile was sparse in comparison to 

the prokaryote community. The mean richness of taxa was highest in A. mellifera (mean 

12.5 SE ± 4.49), L. humile (12.5 ± 1.22), V. germanica (11 ± 0) B. terrestris (8.3 ± 1.85) and 

lowest in V. vulgaris (7.8 ± 2.17). Shannon diversity revealed L. humile (mean 2.3 SE ± 0.21), 

V. germanica (2.27 ± 0) and A. mellifera (2.25 ± 0.32) had comparable mean diversity in 

comparison to the lower observed microbial eukaryote diversity in V. vulgaris (1.9 ± 0.27) 

and B. terrestris (1.9 ± 0.22). An ANOVA revealed no significant difference in richness and 

diversity between the number of OTUs detected in each host community  

(p <0.05) (Figure 3-6D).  

The group average cluster dendrogram illustrated clustering of host-microbial eukaryote 

communities. There was a high degree of dissimilarity found within each host sample 

community, potentially due to the sparse microbial eukaryote abundance (Figure 3-6A). In 

V. vulgaris samples alone there was up to 80 % dissimilarity observed between samples. 

However there was dissimilarity between hymenopteran host communities, with greater 

than 90% dissimilarity between V. vulgaris and the other host microbial eukaryote 

communities. B. terrestris communities clustered with A. mellifera although there was up 

to 80% dissimilarity seen between hosts. Microbial eukaryote communities in L. humile and 

V. germanica clustered together although with 90% dissimilarity observed. 

Host microbial eukaryote community clustering seen in the group average cluster 

dendogram, was further confirmed with the nMDS plot (Figure 3-6B). The nMDS showed a 

loose cluster of host sample communities although again demonstrating a degree of 

separation between host communities. Microbial eukaryote communities observed in  

B. terrestris clustered closest together, indicating a similarly shared community. Weak 

clustering was observed in V. vulgaris, A. mellifera and L. humile which potentially 

indicating higher variation seen among host samples. A CAP analysis was performed, 

illustrating microbial community distinction found between host sample communities 

(Figure 3-6C). The CAP analysis identified that each host’s sample communities clustered 

together, in addition to host communities clustering separately from one another 

indicating distinction between host microbial eukaryote communities. CAP analysis 

revealed A. mellifera B. terrestris and V. germanica communities, although distinct, 
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clustered near one another, in comparison V. vulgaris and L. humile microbial eukaryotes 

clustered further away from other hymenopteran hosts.This clustering of microbial 

eukaryote communities was owing to the overall mean abundances of five taxonomic 

groups, fungi, Acari (mite), nematode, protozoan and trypanosome (Figure 3-7).  

3.5.4 Characterisation of Microbial Eukaryote Host Communities 

The iToL phylogenetic tree illustrated similarities as well differences between 

hymenopteran host microbial eukaryote communities. Of the 69 microbial eukaryote taxa 

represented across all hymenopteran hosts, V. vulgaris hosted 30 taxa, A. mellifera 20 taxa, 

L. humile 17 taxa, B. terrestris 14 taxa, and V. germanica 12 taxa (Figure 3-8). Fungi were 

found present in all hymenopteran hosts, with L. humile, B. terrestris and  

V. germanica resulting in the highest mean abundances of fungi observed. Mites were 

present in both A. mellifera and B. terrestris; although higher mean abundances of mites 

were observed in B. terrestris. Nematode incidence was found in low abundances in  

L. humile and B. terrestris. Protozoan taxa were found present in all hymenopteran hosts 

except V. germanica, with highest incidences seen in L. humile. Trypanosome taxa were 

absent from both vespid wasps V. vulgaris and V. germanica but present in B. terrestris and 

L. humile and observed in high numbers in one the A. mellifera sample accounting for the 

high variability seen (Figure 3-7). SIMPER analyses Table 3-16 to Table 3-25 identified 

dominant taxa between each hymenopteran host community, and Log likelihood G-tests 

(Table 3-26) identified significantly abundant OTUs attributing to dominance in the 

microbial eukaryote community. SIMPER analysis revealed the hymenopteran host  

B. terrestris displayed most dissimilarity with all other hosts. This contrast in community 

dissimilarity was attributed to the community dominance of four taxa Leptomonas, 

Aleurogylphus Ovatus, Metschnikowia and Candida (Table 3-17, Table 3-18, Table 3-21 and 

Table 3-24). These four taxa had significantly higher mean abundances in B. terrestris 

compared with the other hymenopteran hosts (Table 3-26). The genera Leptomonas and 

Aleurogylphus alone accounted for up to 40% of the community dissimilarity with other 

hosts communities. Dominance of microbial eukaryotes in the A. mellifera community was 

attributed to the fungal taxa Kazachstania, Penicilliopsis, Hamigera and Kirkomyces as well 

as the trypanosome Crithidia (Table 3-16, Table 3-17, Table 3-19 and Table 3-22). Crithidia 

alone accounted for up to 10% of the dissimilarity seen in other hosts. Log-likelihood  
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G-tests confirmed Kazachstania, Hamigera, Penicilliopsis and Crithidia were significantly 

dominant in A. mellifera in comparison to other hymenopteran hosts (Table 3-26). The 

community dominance in L. humile was attributed to the taxa Allomyces, Adinetida 

Rhabditida and Blastocladiales in contrast to other hosts (Table 3-16, Table 3-18 and Table 

3-23). The fungus Allomyces alone accounted for up to 15% of the dissimilarity seen in 

other hosts. In the SIMPER analysis of L. humile and V. vulgaris, L. humile had greater 

abundances of Acrospermum Mecoptera, Taphrina and Pleosporales (Table 3-20). Of these 

taxa, only two were significantly more abundant in L. humile in comparison to other 

hymenopteran hosts, Allomyces and Acrospermum (Table 3-26).The taxa Capnodiales, 

Hamigera, Pleosporales, Exobasidiales and Meyerozyma, were dominant in V .germanica 

Table 3-22, Table 2-23, Table 3-24 and Table 3-25) and significantly dissimilar to the other 

hymenopteran host's (Table 3-26). Aspergillus was detected in both V. germanica and  

V. vulgaris, but in considerably higher abundances in V. germanica (Table 3-26), where it 

accounted for 15% of the dissimilarity in the SIMPER analysis. There were no significantly 

abundant taxa attributed to V. vulgaris. However the SIMPER analysis revealed higher 

mean abundances of the fungal genera Conidiobolus and Athelia in V. vulgaris in 

comparison to L. humile and A. mellifera (Table 3-19 and Table 3-20).
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Figure 3-6 Figures of microbial eukaryote host community based on a Bray-Curtis dissimilarity (A-C), richness and diversity (D) in five hymenopteran 
species, V. vulgaris (VV) (green triangle; * = Belgian samples), A. mellifera (AM) (red diamond), and B. terrestris (BT) (blue diamond), V. germanica (VG) 
(cyan square) and L. humile (pink circle)(n =northern sample; s = southern sample). (A) Group average cluster dendrogram, illustrating dissimilarity 
clustering distances of individual microbial eukaryote communities. (B) Non-metric multi-dimensional (nMDS) scaling plot illustrating dissimilarity 
distances of individual microbial eukaryote communities. Stress value: 0.07(≤ 0.1 is acceptable). (C) Canonical analysis of principal coordinates (CAP) 
illustrating individual microbial eukaryote community distinctness. (D) Mean richness and Shannon’s diversity metrics of microbial eukaryote 
communities, including the standard error.Note V. germanica n=1, therefore, there is no mean result or standard error. The colour of each bar 
corresponds to each hymenopteran species. 
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Figure 3-7 Figures of mean abundances of microbial eukaryote OTUs (log transformed) found in each host species. Mean abundance of organism group 
is denoted by the point, with error bars illustrating variance in host samples for each organism group. Organism groups present in each hymenopteran 
host sample indicated above by hymenopteran host name. Note the host V. germanica is represented by one sample (no error bars). In this one sample 
only fungi was detected. 
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Figure 3-8 iTol phylogenetic tree of 18S rRNA high abundant OTUs (>100 reads). Phylogeny of microbial eukaryote taxa identified from five 
hymenopteran species to the genus level where possible. This rooted maximum likelihood phylogeny reveals each host’s microbial eukaryote 
community presence, absence and specificity of taxa. Colours within the inner circle illustrate the phylum that the bacterial taxa are in, based on the 
OTUs assigned in SILVA (see Phylum legend). The first three outer concentric circles from the inside out displays the bacteria found in each 
hymenopteran host (V. vulgaris = green, A. mellifera = red, B. terrestris = blue, V. germanica = cyan and L. humile = pink). Where taxonomy was not 
assigned to the genus level, the lowest taxonomic level was assigned and denoted in brackets, i.e. (f) = family, (o) = order, (c) = class and (p) = phylum. 
Host colours listed in legend correspond to colours used in subsequent figures. 
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Table 3-16 SIMPER analysis comparing A. mellifera and L.humile. Results representing class and lowest taxonomy of microbial eukaryote mean 
abundances. Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Mean abundance of each 
taxon is presented in each host and the mean taxa dissimilarity between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity 
(%) and cumulative dissimilarity (%) represents dominant taxa contributing to the dissimilarity between host communities. 

Taxa 
Mean 

Abundance 
A .mellifera 

Mean 
Abundance    

L. humile 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% Dissimilarity 
Contribution 

% Cumulative 
Contribution 

Allomyces 0.00 3.25 11.07 0.99 11.07 11.07 
Kazachstania 2.09 0.00 7.76 1.87 7.76 18.83 
Crithidia 3.18 0.00 7.45 0.87 7.45 26.28 
Penicilliopsis 1.35 0.00 4.48 5.23 4.48 30.76 
Blastocladiales 0.00 1.15 3.88 0.79 3.88 34.64 
Adinetida 0.00 0.97 3.28 0.79 3.28 37.92 
Hamigera 0.69 0.00 3.27 0.86 3.27 41.19 
Kirkomyces 0.55 0.00 2.59 0.86 2.59 43.78 
Candida 1.10 0.00 2.57 0.87 2.57 46.35 
Rhabditida 0.00 0.69 2.56 0.78 2.56 48.91 
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Table 3-17 SIMPER analysis comparing A. mellifera and B. terrestris. Results representing class and lowest taxonomy of microbial eukaryote mean 
abundances. Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Mean abundance of each 
taxon is presented in each host and the mean taxa dissimilarity between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity 
(%) and cumulative dissimilarity (%) represents dominant taxa contributing to the dissimilarity between host communities. 

Taxa 
Mean   

Abundance 
A. mellifera 

Mean  
Abundance    
B. terrestris 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Leptomonas 0.55 6.67 15.67 2.65 18.87 18.87 
Aleuroglyphus 0.35 5.65 13.69 2.33 16.49 35.36 
Crithidia 3.18 0.00 5.97 0.91 7.19 42.55 
Metschnikowia 0.69 2.78 5.58 1.62 6.72 49.27 
Candida 1.10 2.84 5.43 1.05 6.55 55.82 

 

Table 3-18 SIMPER analysis comparing L. humile and B. terrestris. Results representing class and lowest taxonomy of microbial eukaryote mean 
abundances. Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Mean abundance of each 
taxon is presented in each host and the mean taxa dissimilarity between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity 
(%) and cumulative dissimilarity (%) represents dominant taxa contributing to the dissimilarity between host communities. 

Taxa 
Mean 

Abundance 
L. humile 

Mean 
Abundance    
B. terrestris 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Leptomonas 0.00 6.67 16.76 13.88 17.08 17.08 
Aleuroglyphus 0.00 5.65 14.38 4.36 14.66 31.74 
Allomyces 3.25 0.00 8.02 1.16 8.17 39.91 
Candida 0.00 2.84 7.10 1.94 7.24 47.15 
Metschnikowia 0.00 2.78 6.91 7.41 7.05 54.20 
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Table 3-19 SIMPER analysis comparing A. mellifera and V. vulgaris. Results representing class and lowest taxonomy of microbial eukaryote mean 
abundances. Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Mean abundance of each 
taxon is presented in each host and the mean taxa dissimilarity between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity 
(%) and cumulative dissimilarity (%) represents dominant taxa contributing to the dissimilarity between host communities. 

Taxa 
Mean 

Abundance 
A .mellifera 

Mean 
Abundance    
V. vulgaris 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Kazachstania 2.09 0.00 11.90 1.45 12.38 12.38 
Crithidia 3.18 0.00 9.07 0.94 9.44 21.81 
Penicilliopsis 1.35 0.18 5.80 1.60 6.03 27.84 
Hamigera 0.69 0.00 5.40 0.88 5.62 33.46 
Kirkomyces 0.55 0.00 4.28 0.88 4.45 37.92 
Conidiobolus 0.00 0.88 4.06 0.95 4.22 42.14 
Meyerozyma 0.90 0.23 3.49 0.76 3.63 45.77 
Athelia 0.00 0.66 3.45 1.03 3.59 49.36 
Candida 1.10 0.00 3.13 0.94 3.26 52.62 
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Table 3-20 SIMPER analysis comparing L .humile and V. vulgaris. Results representing class and lowest taxonomy of microbial eukaryote mean 
abundances. Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Mean abundance of each 
taxon is presented in each host and the mean taxa dissimilarity between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity 
(%) and cumulative dissimilarity (%) represents dominant taxa contributing to the dissimilarity between host communities. 

Taxa 
Mean 

Abundance 
L. humile 

Mean 
Abundance    
V. vulgaris 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Allomyces 3.25 0.00 14.73 1.20 15.03 15.03 

Blastocladiales 1.15 0.00 5.15 0.93 5.26 20.29 

Adinetida 0.97 0.00 4.35 0.93 4.44 24.74 

Conidiobolus 0.00 0.88 3.73 1.11 3.81 28.54 

Neuroptera 0.90 0.12 3.61 2.05 3.68 32.23 

Rhabditida 0.69 0.00 3.47 0.92 3.55 35.77 

Pleosporales 0.69 0.18 3.45 0.94 3.52 39.30 

Acrospermum 0.69 0.00 3.29 4.82 3.36 42.65 

Mecoptera 0.69 0.00 3.29 4.82 3.36 46.01 

Athelia 0.00 0.66 3.13 1.30 3.19 49.20 

Taphrina 0.55 0.00 2.75 0.92 2.81 52.01 
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Table 3-21 SIMPER analysis comparing B. terrestris and V. vulgaris. Results representing class and lowest taxonomy of microbial eukaryote mean 
abundances. Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Mean abundance of each 
taxon is presented in each host and the mean taxa dissimilarity between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity 
(%) and cumulative dissimilarity (%) represents dominant taxa contributing to the dissimilarity between host communities. 

Taxa 
Mean 

Abundance 
B. terrestris 

Mean 
Abundance 
V. vulgaris 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Leptomonas 6.67 0.00 20.83 6.31 21.35 21.35 

Aleuroglyphus 5.65 0.00 17.94 3.67 18.39 39.74 

Candida 2.84 0.00 8.81 1.99 9.03 48.77 

Metschnikowia 2.78 0.30 7.79 3.21 7.98 56.76 
 

Table 3-22 SIMPER analysis comparing A. mellifera and V. germanica. Results representing class and lowest taxonomy of microbial eukaryote mean 
abundances. Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Mean abundance of each 
taxon is presented in each host and the mean taxa dissimilarity between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity 
(%) and cumulative dissimilarity (%) represents dominant taxa contributing to the dissimilarity between host communities. 

Taxa 
Mean 

Abundance 
A .mellifera 

Mean 
Abundance 

V. germanica 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Aspergillus 0.00 3.26 11.17 2.15 12.60 12.60 
Kazachstania 2.09 0.00 7.52 1.56 8.49 21.09 
Crithidia 3.18 0.00 7.32 0.71 8.26 29.35 
Capnodiales 0.00 2.08 7.13 2.15 8.04 37.40 
Pleosporales 0.00 1.39 4.75 2.15 5.36 42.76 
Penicilliopsis 1.35 0.00 4.35 4.73 4.91 47.67 
Candida 1.10 1.10 3.77 2.15 4.25 51.92 
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Table 3-23 SIMPER analysis comparing L. humile and V. germanica. Results representing class and lowest taxonomy of microbial eukaryote mean 
abundances. Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Mean abundance of each 
taxon is presented in each host and the mean taxa dissimilarity between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity 
(%) and cumulative dissimilarity (%) represents dominant taxa contributing to the dissimilarity between host communities. 

Taxa 
Mean 

Abundance 
L. humile 

Mean 
Abundance 

V. germanica 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Aspergillus 0.00 3.26 10.94 18.26 12.30 12.30 

Allomyces 3.25 0.00 10.57 0.92 11.89 24.19 

Capnodiales 0.55 2.08 5.06 2.18 5.70 29.88 

Hamigera 0.00 1.39 4.65 18.26 5.23 35.12 

Blastocladiales 1.15 0.00 3.71 0.71 4.18 39.29 

Candida 0.00 1.10 3.69 18.26 4.15 43.44 

Exobasidiales 0.00 1.10 3.69 18.26 4.15 47.59 

Meyerozyma 0.00 1.10 3.69 18.26 4.15 51.74 
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Table 3-24 SIMPER analysis comparing B. terrestris and V. germanica. Results representing class and lowest taxonomy of microbial eukaryote mean 
abundances. Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Mean abundance of each 
taxon is presented in each host and the mean taxa dissimilarity between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity 
(%) and cumulative dissimilarity (%) represents dominant taxa contributing to the dissimilarity between host communities. 

Taxa 
Mean 

Abundance 
B. terrestris 

Mean 
Abundance 

V. germanica 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Leptomonas 6.67 0.00 16.45 14.20 18.03 18.03 
Aleuroglyphus 5.65 0.00 14.11 3.97 15.47 33.5 
Aspergillus 0.23 3.26 7.43 17.80 8.15 41.65 
Metschnikowia 2.78 0.00 6.78 6.74 7.44 49.08 
Acarus 2.3 0.00 5.68 14.69 6.23 55.31 

Table 3-25 SIMPER analysis comparing V. vulgaris and V. germanica. Results representing class and lowest taxonomy of microbial eukaryote mean 
abundances. Taxa presented in table contribute approximately 50% of the dissimilarity between the hymenopteran hosts. Mean abundance of each 
taxon is presented in each host and the mean taxa dissimilarity between hosts. Dissimilarity standard deviation shows variance of means. Dissimilarity 
(%) and cumulative dissimilarity (%) represents dominant taxa contributing to the dissimilarity between host communities. 

Taxa 
Mean 

Abundance 
V. vulgaris 

Mean 
Abundance 

V. germanica 

Mean 
Dissimilarity 

Dissimilarity 
Standard 
Deviation 

% 
Dissimilarity 
Contribution 

% 
Cumulative 

Contribution 

Aspergillus 0.18 3.26 14.29 3.46 14.96 14.96 
Capnodiales 0.00 2.08 9.50 5.00 9.95 24.91 
Hamigera 0.00 1.39 6.33 5.00 6.63 31.54 
Pleosporales 0.18 1.39 5.73 2.28 6.00 37.54 
Candida 0.00 1.10 5.02 5.00 5.26 42.80 
Exobasidiales 0.00 1.10 5.02 5.00 5.26 48.05 
Chaetothyriales 0.00 1.10 5.02 5.00 5.26 53.31 
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Table 3-26 Results of G-tests group significance (log likelihood). Microbial eukaryote taxa identified as significantly different between hymenopteran 
host communities. Mean (log transformed) abundance of each significant OTU taxa defined at the class level and lowest taxonomic level. The Bonferroni 
corrected p value is provided showing significance among hymenopteran hosts. 

 

Significant Taxa 
B. terrestris 

Mean Abundance 
L. humile 

Mean Abundance 
A. mellifera 

Mean Abundance 
V. vulgaris 

Mean Abundance 
V. germanica 

Mean Abundance 
Bonferroni 

Corrected  p-value 

Leptomonas 15.34 0.00 3.33 0.00 0.00 2.66E-06 
Aleuroglyphus 13.86 0.00 2.84 0.00 0.00 1.85E-05 
Allomyces 0.00 11.41 0.00 0.00 0.00 6.22E-05 
Kazachstania 5.32 0.00 9.47 0.00 0.00 0.0018 
Aspergillus 2.33 0.00 0.00 1.12 11.03 0.0044 
Candida 9.65 0.00 4.32 0.00 7.39 0.0101 
Acarus 8.89 0.00 2.84 0.00 0.00 0.0103 
Hamigera 0.00 0.00 4.62 0.00 7.97 0.0136 
Crithidia 0.00 0.00 7.41 0.00 0.00 0.0235 
Exobasidiales 0.00 0.00 0.00 0.00 7.39 0.0242 
Chaetothyriales 0.00 0.00 0.00 0.00 7.39 0.0242 
Penicilliopsis 0.00 0.00 8.15 1.25 0.00 0.0274 
Acrospermum 0.00 7.23 0.00 0.00 0.00 0.0305 
Metschnikowia 9.63 0.00 3.62 2.21 0.00 0.0338 
Capnodiales 1.85 3.90 0.00 0.00 9.19 0.0440 
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3.5.5 Virus Results 

MEGAN and Virusfinder2 analyses of 14 RNA samples revealed a total of 16 viruses (Table 

3-27). Total viral count data using both MEGAN and Virusfinder2 can accessed be observed 

in the Supplementary section (Supplementary Table 2). Of the viruses identified, four were 

assigned by both analyses, Rhopalosiphum padi virus (RhPV) Kashmir bee virus (KBV) Black 

Queen Cell Virus (BQCV), and Prunus Necrotic Ringspot Virus (PNRV). Overall a higher 

abundance of viral phylotypes was found in A. mellifera (7). Five virus phylotypes were 

identified in V. vulgaris, V. germanica and B. terrestris viral communities, while L. humile 

hosted four viral phylotypes. Previous analyses (Chapter 2), found RhPV present only in 

European V. vulgaris samples and KBV in New Zealand samples, however here all V. vulgaris 

samples are treated as one composite sample. Interestingly RhPV and KBV were also found 

in L. humile samples. Positive sequence matches for DWV were discovered using 

Virusfinder2 and found only in A. mellifera and V. germanica samples, with no positives in 

the MEGAN analysis (Table 3-27). The viral bacteriophage Enterobacteria phage DE3 was 

identified only in B. terrestris samples. The MEGAN analysis also revealed positive viral 

matches not seen in Virusfinder2. The virus ALPV and Enterobacteria phage VK were 

detected in V. vulgaris viral communities, while Kakugo Virus was found in V. vulgaris,  

A. mellifera and V. germanica. The viral phylotype Arabis mosaic virus was found present 

in A. mellifera, B. terrestris and V. germanica. There were also incidences of virus species 

unique to one host. Linepithema humile Virus 1 was found in L. humile, Raphanus latent 

virus in B. terrestris, Sacbrood virus in V. germanica and A. mellifera harboured Lake Sinai 

Virus 1 and Filamentous Virus (Table 3-27). 
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Table 3-27 Presence and absence of viral phylotypes found using MEGAN and Virusfinder2. Due to the differing results in the number of virus reads 
detected using each method; results are displayed as presence and absence of virus. A  is indicated for both analysis where virus presence was identified 
and a – where no virus was detected. See Appendix A-1 Supplementary Table 2 for viral counts using both methods. 

 Vespula vulgaris Apis mellifera Bombus terrestris Vespula germanica 
Linepithema 

humile 

Virus MEGAN 
Virusfinder 

2 
MEGAN 

Virusfinder 
2 

MEGAN 
Virusfinder 

2 
MEGAN 

Virusfinder 
2 

MEGAN 
Virusfinder 

2 

Rhopalosiphum padi virus (RhPV)   - - - - - -   
Kashmir bee virus (KBV)   - - - - - -  - 
Deformed Wing Virus (DWV) - - -  - - -  - - 
Aphid Lethal paralysis virus (ALPV)  - - - - - - - - - 
Black Queen Cell Virus (BQCV) - -  -    -  - 
Enterobacteria phage DE3 - - - - -  - - - - 
Prunus Necrotic Ringspot Virus - -   - - - - - - 
Linepithema humile Virus 1 - - - - - - - -  - 
Arabis Mosaic Virus - -  -  -  - - - 
Lake Sinai Virus 1 - -  - - - - - - - 
Raphanus latent Virus - - - -  - - - - - 
Sacbrood Virus - - - - - -  - - - 
Enterobacteria phage VK  - - - - - - - - - 
Kakugo Virus  -  - - -  - - - 
A. mellifera Filamentous Virus - -  - - - - - - - 
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 DISCUSSION 

In this comparative microbiome study, the microbial community diversity was 

characterised, focusing on the prokaryote, microbial eukaryote and viral diversity seen in 

five hymenopteran hosts (V. vulgaris, A. mellifera, B. terrestris, V. germanica and L. humile). 

These hosts were introduced into the New Zealand environment both intentionally as 

species widely considered as beneficial pollinators (A. mellifera and Bombus terrestris) and 

accidentally (V. vulgaris, V. germanica and L. humile), causing ecological and economic 

harm. It was hypothesised that there would be greater microbiota diversity in generalist 

feeders, vespid wasps (V. vulgaris and V. germanica) and Argentine ants (L. humile) 

compared with honey bee and bumble bee pollinators A. mellifera and B. terrestris. While 

it was noted V. vulgaris had greater prokaryote OTU reads, overall, microbial richness and 

diversity was not significantly higher in omnivorous vespid wasp samples and L. humile 

compared with palynivores A. mellifera and B. terrestris. This increased diversity seen in 

vespid was may have been due to sample disparity between hosts, in addition to low 

sample numbers.  

In similar comparative studies, diet as a controlling factor of microbiome diversity was 

found to be significant (K. E. Anderson et al., 2013; Yun et al., 2014). In the mammalian gut, 

diversity of bacteria increases according to host diet, from carnivores to omnivores to 

herbivores (Ley et al., 2008). In Insects, the richness of microbial species is reported to be 

highest in xylophagous insects, while bees and wasps harboured the least dverse bacterial 

communities (Colman et al., 2012). The capacity of insects to take on certain nutritional 

lifestyles is in association with microorganisms. This symbiosis promotes the acquisition 

and processing of food, providing the insect with supplementary nutrients (A E Douglas, 

2009). For example, gut bacteria in termites and aphids produce compounds essential in 

the digestion of detritus, phloem, sap, wood, and xylem, allowing the host to assimilate 

nutrients (Engel et al., 2012; N. A. Moran, McCutcheon, & Nakabachi, 2008; Tartar et al., 

2009). The bean bug, Riptortus pedestris, must acquire the symbiont Burkholderia orally, if 

unsuccessful in acquisition it can display stunted growth (Y. Kikuchi & Yumoto, 2013). 

On average this study reported 35.2 OTUs per sample (mean 35.2 SE ± 0.17), which is high 

in comparison to another study reporting low bacterial diversity, with fewer than eight OTU 



 

130 
 

phylotypes in each insect sample (Jones et al., 2013). However, another study reported 

84.3 OTUs per sample (Yun et al., 2014). The predominant phyla adding to the diversity 

across host hymenopterans examined, were Proteobacteria (39.9%) Verrucomicrobia 

(13.5%) and Firmicutes (12.5%), accounting for 65.9% of the total sequences aligned. In 

similar studies, Proteobacteria and Firmicutes were also predominant making up 85% of 

the cross taxon community (Yun et al., 2014). Another study sampling 81 insect gut 

samples, comprised 29.94% Proteobacteria and 56.98% Firmicutes of sequences (Colman 

et al., 2012) highlighting variation in community composition between studies. However, 

this study was not based on insect guts and instead on whole insects accounting for the 

possible contamination of soil bacteria as observed with the phyla Verrucomicrobia. 

3.6.1 Similarities in Host Species 

While no significant dissimilarity was found among host microbial communities, these 

comparative analyses revealed shared microbiota among hosts as well as observed 

differences. All hymenopteran hosts in this study shared similar relative abundances of 

nineteen prokaryote taxa from six phyla indicating that among hosts there is a shared or 

possible core microbiota. The dominance of these six phyla across five hymenopteran 

species, suggests these phyla comprise ecological attributes allowing them to reside in the 

host (Jones et al., 2013). Proteobacteria were the most prevalent shared phyla across all 

hosts with seven genera belonging to the order Rhizobiales and the Gammaproteobacteria 

genus Pseudomonas. Also common taxa seen across hosts included Acidobacteria, 

Actinobacteria (Acidothermus and Actinoplanes), Ktedonobacteria and the family 

Tepidisphaeraceae. These trends in shared microbiota have also been observed in other 

studies of insect-associated microbial communities and infer mutualistic importance in the 

evolution of insects (Jones et al., 2013; N. A. Moran et al., 2012). 

The shared abundance of nitrogen-fixing bacteria, suggests importance in hymenopteran 

hosts as seen in other insects, such as termites, stag beetles and fruit flies (Behar et al., 

2005; Breznak, Brill, Mertins, & Coppel, 1973; Kuranouchi et al., 2006; Ohkuma, Noda, & 

Kudo, 1999; Potrikus & Breznak, 1977). Nitrogen-fixing bacteria are suggested to enable 

insects to subsist on low nitrogen diets (Nardi, Mackie, & Dawson, 2002). However, the 

nutritional significance of nitrogen-fixing bacteria in insects remains uncertain (A E 

Douglas, 2009). In all hymenopteran hosts Lactic Acid Bacteria (LAB) were also prevalent, 
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with each sample hosting three or more genera. However nine LAB genera were found in 

V. vulgaris. The genera Fructobacillus and Enterococcus were detected in all samples. The 

genus Lactobacillus was not found in B. terrestris or V. germanica but found in relatively 

high abundance in L. humile. This high abundance of Lactobacillus is in agreement with a 

recent publication reporting on bacterial diversity along L. humile invasion pathway to New 

Zealand (Lester, Sébastien, Suarez, Barbieri, & Gruber, 2017). However, here I found no 

presence of Gluconobacter, Ralstonia or Achromobacter in L. humile as found in Lester et 

al. (2017b). Lactic Acid Bacteria are mutualistic in A. mellifera, with Enterococcus and 

Lactobacillus inferring pathogen defence (Forsgren et al., 2010; Vásquez et al., 2012). 

Acetic Acid Bacteria found in V. vulgaris B. terrestris and A. mellifera are suggested to be 

involved in the regulation of innate immune system homeostasis in Drosophila (Roh et al., 

2008). A study demonstrated, colonies of A. mellifera infested with high loads of Varroa 

also have a higher relative abundance of several taxa including Commensalibacter 

indicating a change in the microbial community as a result of an invading eukaryote 

parasite. (Jan Hubert et al., 2016).  

The presence of Candida and Metschnikowia and Kazachstania predominantly in both  

B. terrestris and A. mellifera may indicate a shared function. Yeasts commonly associated 

with A. mellifera, stingless bees and solitary bees (Rosa et al., 2003), produce and release 

enzymes that enhance, protect and preserve pollen. They also have a putative role as 

producers of antimycotic substances that safeguard hives from disease (Gilliam, 1997; Rosa 

et al., 2003). Bombus terrestris may also benefit from the presence of yeast on flowers. In 

a symbiotic relationship, yeasts improve flower recognition and nutritional enhancement 

of nectar for pollinators while enhancing dispersal abilities through pollinators in addition 

to overwintering in B. terrestris (Brysch-Herzberg, 2004). 

The metatranscriptomic analysis detected 16 viral phylotypes, with A. mellifera hosting 

seven viruses, identified in previous studies (Chen, Evans, & Feldlaufer, 2006; J. R. de 

Miranda, 2004; Joachim R. de Miranda et al., 2013; McMahon et al., 2015; Ravoet et al., 

2014). The results demonstrate that RNA viruses are shared among hymenopteran 

populations. Consequently, as found in other studies, known honey bee viruses are not 

restricted to the honey bee, but may be prevalent in other hymenopterans (Dobelmann 

et al., 2017; Evison et al., 2012; Levitt et al., 2013; McMahon et al., 2015). Interestingly, 
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KBV and RhPV were only detected in V. vulgaris and L. humile samples. Although not 

identified in the A. mellifera samples, KBV infects many types of bees including Apis 

mellifera (Joachim R. de Miranda et al., 2013), infecting both brood and adult bees, causing 

death within days of exposure (Berenyi et al., 2006). A recent study, found a 100% KBV 

infection rate in six different nests of V. vulgaris (Dobelmann et al., 2017), indicating 

that this is a widespread virus in V. vulgaris communities. The most cosmopolitan virus 

in this study was BQCV, identified in A. mellifera, B. terrestris, V. germanica and L. humile. 

BQCV is known to be widespread in bee populations, generally exhibiting low titre levels 

(McMahon et al., 2015).Typically associated with aphids, RhPV (Moon, Domier, McCoppin, 

D’Arcy, & Jin, 1998) is another common intestinal Dicistrovirus. Using the plant vascular 

system as a passive reservoir, RhPV transmits horizontally between aphids (Gildow & 

D’Arcy, 1988, 1990), where they primarily infect aphid gut tissues (Bonning, 2009). 

Relatively little research has been done on the impact of RhPV infection on hosts outside 

of aphids. However, RhPV has been found to decrease longevity and fecundity of the aphid 

host (Ban, Ahmed, Ninkovic, Delp, & Glinwood, 2008; Gildow & D’Arcy, 1990). Deformed 

wing virus is another Dicistrovirus known to commonly infect Apis mellifera via the vector 

Varroa (Möckel et al., 2011). RhPV has also been documented in other bee species, 

including B. terrestris, indicating it has a broader host specificity than previously 

anticipated (Levitt et al., 2013) as seen in this study with V. vulgaris larvae (Chapter 1) and 

V. germanica.  

It must be noted that there were instances where the two viral alignment tools used in this 

analysis, MEGAN and Virusfinder 2 conflicted in reporting presence and absence of some 

viral phylotypes. In addition to varying amounts of quantified virus reported (Table 2-24), 

there was a greater quantified viral presence using Virusfinder2 compared with the 

MEGAN analysis, likely to be attributed to the difference in analysis approaches. The 

MEGAN analysis is based on BLAST results of searches on GenBank databases using 

assembled contigs and a stricter lowest common ancestor algorithm (Huson et al., 2007), 

while Virusfinder2 uses unassembled paired-end reads which are aligned to the RINS 

(Bhaduri et al., 2012) database. 
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3.6.2 Distinctions in Host Specificity 

In addition to many similarities seen among hymenopteran host microbial communities, 

the analysis also highlighted host-specificity patterns of dominant members of the 

microbiome community. This distinctness was initially revealed through CAP analysis and 

observed in both prokaryote and microbial eukaryote communities illustrating the 

variation in microbiota among hosts. This variation was attributed to a few significant taxa. 

Most notable was the contribution of significant taxa to the dissimilarity seen in B. terrestris 

compared to the other hymenopteran hosts. Bombus terrestris had a considerable 

abundance of the prokaryotes Wolbachia, Segniliparus, Leptomonas and the family 

Acetobacteraceae in addition to the microbial eukaryotes Aleuroglyphus, Acarus and 

Metschnikowia. Compared to B. terrestris the specificity in microbiota decreased in the 

other hymenopteran hosts. However, both A. mellifera and V. germanica had significantly 

higher abundances of Spiroplasma. The vespid wasps V. vulgaris and V. germanica had 

significant abundances of the genus Pantoea and V. germanica alone had significant 

abundances of the family Enterobacteriaceae, in addition to the fungal genera Aspergillus 

and Capnodiales. Three microbial eukaryotes were highlighted as significant in A. mellifera, 

Kazachstania, Penicilliopsis, Crithidia and L. humile had significant amounts of 

Lactobacillus, Allomyces, and Acrospermum. Species specific microbiome community 

membership suggests these species are non-random members but relevant to host biology 

and evolution (Newton 2013). For example, herbivory in ants Cephalotes and 

Procryptocerus, is correlated with the presence of Rhizobiales, expanding the ability of the 

host to survive on a plant-based diet (Kautz et al., 2013; Russell et al., 2009). 

Members of the genus Wolbachia infect many members of the Arthropoda (Hilgenboecker, 

Hammerstein, Schlattmann, Telschow, & Werren, 2008; J H Werren & Windsor, 2000). 

However, studies report varying measures of Wolbachia prevalence in members of 

Arthropoda 17 to 35%,(Yoshitomo Kikuchi & Fukatsu, 2003; J. H. Werren, Windsor, & Guo, 

1995). In more recent studies up to 40% (Zug & Hammerstein, 2012) and 54.4% Wolbachia 

prevalence was reported (Yun et al., 2014). A previous study also confirmed the presence 

of Wolbachia in pollinators as found in this study (Evison et al., 2012). The absence of 

Wolbachia in the L. humile samples is also in agreement with other studies. Wolbachia 

infections in L. humile have been reported throughout their native Argentinian range, 
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however, Wolbachia has been documented in just one introduced population in Hawaii 

(Reuter, 2003; Tsutsui, Kauppinen, Oyafuso, & Grosberg, 2003). A recent study reported 

Wolbachia in addition to Rickettsia, as being lost in the L. humile invasion process from 

Argentina to New Zealand, further confirming the absence of Wolbachia in this study 

(Lester, Sébastien, et al., 2017). The endosymbionts Wolbachia and Spiroplasma are some 

of the most commonly found facultative bacteria in insects (Eleftherianos et al., 2013). 

Wolbachia is found as an intracellular symbiont and Spiroplasma are associated both 

endocellular and extracellularly (Ahn et al., 2012; Eleftherianos et al., 2013). In Drosophila, 

ladybird beetles and butterflies files, Spiroplasma has been known to cause female-biased 

sex ratios of their host insects caused by selective culling of male offspring at the 

embryogenesis stage (Haselkorn, 2010; Regassa, 2006). While Spiroplasma in Drosophila 

hydei has been implicated in the protection of the host against parasitoid wasps (Xie, Tiner, 

Vilchez, & Mateos, 2011; Xie, Vilchez, & Mateos, 2010). In some cases Wolbachia 

manipulates insect host reproductive systems by inducing parthenogenesis, male-killing, 

feminisation and most commonly, cytoplasmic incompatibility (Bourtzis, Pettigrew, & 

O’Neill, 2000; Evison et al., 2012; Merçot & Poinsot, 2009; Saridaki & Bourtzis, 2010; John 

H. Werren, Baldo, & Clark, 2008). Strains of Wolbachia have also been associated with 

aiding pathogenic resistance in their hosts, ranging from antiviral immune effects to 

general parasitic resistance in insects (Eleftherianos et al., 2013; Glaser & Meola, 2010; 

Hedges, Brownlie, O’Neill, & Johnson, 2008; Jupatanakul, Sim, & Dimopoulos, 2014; 

Kambris et al., 2010; Osborne, Iturbe-Ormaetxe, Brownlie, O’Neill, & Johnson, 2012; 

Osborne, Leong, O’Neill, & Johnson, 2009). One study demonstrated the stimulation of an 

immune system response in fruit flies by Wolbachia inhibiting viral infection (Hedges et al., 

2008).  

In B. terrestris samples, a significant abundance of the genus Segniliparus was detected, a 

recently identified new genus of Actinobacteria (W. R. Butler, 2005). Recently Segniliparus 

has been identified in Ixodes ricinus ticks (Tveten & Sjåstad, 2011), however, this is the first 

report of the genus Segniliparus infecting B. terrestris. Although little is known of the 

function of Segniliparus, the Actinobacteria class have been found to defend insects against 

harmful microorganisms by producing antibiotics (Bode, 2009; Kaltenpoth, 2009; 
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Kaltenpoth & Engl, 2014; Salem, Florez, Gerardo, & Kaltenpoth, 2015; Seipke et al., 2012; 

Visser, Nobre, Currie, Aanen, & Poulsen, 2012).  

The mite Aleuroglyphus ovatus was also identified in B. terrestris and Acarus mites in both 

A. mellifera and B. terrestris. Mites (Acari) are common parasites of social pollinators 

(Eickwort, 1990; Goka, Okabe, Yoneda, & Niwa, 2001; Michael Christopher Otterstatter & 

Whidden, 2004; H. H. Schwarz & Huck, 1997), the most commonly known to be the Varroa 

mite (Varroa destructor). This mite attacks honey bees, weakening the bee by sucking its 

fat bodies and in the process transmitting RNA viruses such as Deformed wing virus (DWV) 

to the host (Guzmán-Novoa et al., 2010). Aleuroglyphus ovatus is known to have a 

worldwide distribution, a common pest of various stored products (Xia, Luo, Zou, & Zhu, 

2009; Xin, J.L., Shen, 1964), but little is known of its effects on social insects. The 

trypanosome Leptomonas identified in B. terrestris has previously been identified in honey 

bees (Dornhaus & Chittka, 1999) but is highly similar to Crithidia mellificae with substantial 

genetic divergence among isolates (Cornman et al., 2012; R. Schmid-Hempel & Tognazzo, 

2010). Little is known about the function of Leptomonas, possibly due to its low 

pathogenicity (Ruiz-González & Brown, 2006), but similarly to these results, other studies 

have found it to be highly prevalent among workers and drones (Bailey & Ball, 1991; Morse, 

1978). Crithidia was found in significant abundance in one A. mellifera sample and is linked 

with winter mortality of A. mellifera colonies along with the microsporidian parasite 

Nosema ceranae (Ravoet et al., 2013).The high relative abundance of Allomyces, a genus 

of chytrid fungus, in one L. humile sample is likely to be environmental as there is little 

evidence of Allomyces in ant studies or other insects and currently no functional 

information is known. The fungal genus Aspergillus identified in both V. germanica and  

V. vulgaris was found in significantly higher abundances. Although the species of 

Aspergillus is not known, pathogenic Aspergillus flavus has previously been isolated from 

vespid wasps. These isolates inoculated onto V. germanica and V. vulgaris larvae 

demonstrated natural pathogenicity, with most larvae never emerging post infection 

(Glare et al., 1996). This effect on larval emergence may indicate that Aspergillus is a 

common pathogen of Vespula wasps in New Zealand. 

There were also incidences of viral specificity seen in hymenopteran samples. Presence of 

Linepithema humile Virus 1 (LHUV1) in L. humile confirms this recently identified virus as  
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L. humile specific (Gruber et al., 2017; Sébastien et al., 2015). In V. vulgaris ALPV was found, 

although it is also known to occur in A. mellifera (Chen et al., 2011; Joachim R. de Miranda 

et al., 2013; Runckel et al., 2011). The Aapis mellifera filamentous virus was also identified 

in A. mellifera, although to date it is not known if this virus is pathogenic as it has no 

physical symptoms (Joachim R. de Miranda et al., 2013). 

3.6.3 Transmission 

Research into the microbiome diversity in bees has investigated the social context of 

microbiome transmission. Microbiota assemblages both harmful or helpful can be 

transmitted vertically (mother to offspring) or horizontally (environment) (G. D. D. Hurst & 

Frost, 2015; Rosenberg, Koren, Reshef, Efrony, & Zilber-Rosenberg, 2007). Due to the 

pollinating nature of hosts in this study, with the exception of L. humile, horizontal 

transmission of microbiota may occur on shared resources such as flowers. Several studies 

have identified flowers as microbial transmission routes. One study identified the transfer 

of Lactobacilli from flowers to sweat bees (McFrederick et al., 2012).The trypanosomatid 

C. bombi, an intestinal parasite of bumble bees, in addition to RNA viruses have also been 

demonstrated to be horizontally transmitted from flowers to hymenopterans (Durrer & 

Schmid-Hempel, 1994; Singh et al., 2010). At the host level the frequency, population 

density and degree of interspecific contact in the environment may play a role in cross-

species transmission (Levitt et al., 2013). Several plant viruses were also detected including 

Prunus Necrotic Ringspot Virus, Arabis Mosaic Virus, and Raphanus latent Virus. Previous 

research on plant viruses indicates A. mellifera and possibly other pollinators play a role in 

the transmission of plant-borne viruses, by moving pollen from plant to plant (Bristow & 

Martin, 1999; Childress, 1987; Singh et al., 2010). This transfer of virus means pollinators 

may be reservoirs of plant viruses but may also become infected with a new virus 

introduced to the environment by another species, mediated by plant pollen (Singh, 2014). 

Infectious diseases can also arise through association with a host reservoir, where a change 

in the community through the arrival of a novel microbe may cause a latent opportunistic 

microbe to become pathogenic (McMahon et al., 2015). 

The act of robbing food stores in some hymenopterans, such as Vespula wasps and bumble 

bees has the potential to make the transmission or vectoring of parasites between taxa 

relatively frequent (Evison et al., 2012). In one study the presence of infective DWV 



 

137 
 

particles in honey indicates the potential spillover of DWV from A. mellifera to B. terrestris 

and Vespula wasps (Singh et al., 2010). In this study DWV was seen in high abundance in  

A. mellifera and presence of DWV in V .germanica may indicate possible spillover. In 

addition to their varied diet, the interaction of hosts on flowers and hive robbing may 

explain the lack of specificity and variability seen in V. vulgaris samples. This lack of a 

characteristic microbiota in vespid wasps indicates their non-dependence on gut flora for 

nutrition due to their wide and varied diet, similar to cockroaches (Cruden & Markovetz, 

1987; Evison et al., 2012; Reeson, Jankovic, Kasper, Rogers, & Austin, 2003). Microbial 

community variation may also be attributed to variation in habitat, with Vespula wasps 

typically foraging within a few hundred metres of their nest (Edwards 1980), which could 

promote the development of alternative bacterial communities via alternate diets (Evison 

et al., 2012). Variability in diet may also explain microbiota variability between V. vulgaris 

nests and ranges, as seen from the native to the invaded range. 

In addition to the transmission of microbiota, the host system must be receptive. For 

example, the insect immune system, through the production of antimicrobial peptides and 

reactive oxygen species may directly control introduced microbiota such as pathogens 

(Vallet-Gely, Lemaitre, & Boccard, 2008). The variety in gut morphology factors found in 

insects, such as pH and oxygen availability may also hinder certain microbiota, while being 

a haven for others (Dillon & Dillon, 2004; Engel & Moran, 2013).The resident gut flora is 

also important and may play an important protective role (Azambuja et al., 2005; Dillon & 

Dillon, 2004), producing antimicrobial substances (Forsgren et al., 2010), or through 

competitive exclusion of newly invading microbiota (Dillon et al., 2005). 

The identification of mites in this study also adds to the complexity of transmission routes 

in Hymenoptera especially so for B. terrestris and A. mellifera. Mites have been 

demonstrated to act as vectors of microbiota particularly RNA viruses such as DWV. 

Suggestings mites such as Varroa are a significant cause of infection in pollinators (Fürst, 

McMahon, Osborne, Paxton, & Brown, 2014; Genersch & Aubert, 2010). In one study it 

was suggested the tracheal mite Locustacarus buchneri might alter the foraging behaviour 

of the bumble bee Bombus impatiens, influencing interactions between plants and 

pollinators, as well as the reproductive output of bumble bee colonies (Michael C. 

Otterstatter, Gegear, Colla, & Thomson, 2005). 
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3.6.4 Conclusion 

This study presents a thorough investigation into the microbiota seen in each sample, 

characterising prokaryote, microbial eukaryote and viral associates observed in each 

hymenopteran host. Providing insights into the relationships between close hymenopteran 

species in a shared environment, and instances of certain microbiota not previously 

identified in these hosts. 

The five hymenopteran hosts analysed in this study displayed a range of microbiota 

indicating high community diversity. These results show that microbiota among 

hymenopteran hosts as well as between host samples can vary, potentially indicate there 

is a constant exchanging of microbiota between individuals, hosts, diet and environment. 

However, this study would also have benefitted from additional replication of samples and 

less disparity between host samples. Despite sample disparity, some microbial distinctions 

were observed, indicating specificity with possible relevance to host biology. Further 

investigations are needed to evaluate these significant taxa.  
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4 A METATRANSCRIPTOMIC ANALYSIS OF DISEASED AND HEALTHY WASP 

LARVAE AND TIME SERIES INFECTION ANALYSIS 

 ABSTRACT 

The interactions between hosts and pathogens are complex relationships in which the 

success of each organism depends on its ability to overcome the other. This chapter, 

investigates potential host-pathogen relationships in the invasive wasp Vespula vulgaris. 

Using Next Generation Sequencing (NGS) and subsequent metatranscriptomic analysis the 

transcriptome of V. vulgaris larvae was characterised from nests symptomatic of an 

unknown disease and apparent healthy larvae. From both healthy and diseased larvae, 27 

known phylotypes were identified, of which five candidates selected as potential 

pathogens and four observed in diseased samples alone (Moellerella wisconsensis, 

Aspergillus, Vavraia. culicis floridensis and Moku Virus). Kashmir Bee Virus was found to be 

present in both healthy and diseased larvae. To my knowledge this is the first time  

M. wisconsensis, V. culicis floridensis and Moku Virus has been identified in V. vulgaris. 

To test for prevalence of selected pathogens, putative diseased and healthy larvae were 

homogenised and orally fed to test and control V. vulgaris nests, in addition to test and 

control larvae, in a time series infection study. PCR and RT-qPCR molecular techniques 

were used to assess presence and virulence of pathogens, together with the immune gene 

Dicer testing immune gene expression of potential viral infections over time. PCR and 

subsequent Sanger sequencing using designed primers, confirmed the identity of  

M. wisconsensis, Aspergillus, KBV and Moku Virus. In the RT-qPCR analysis, there was a 

significant correlation between KBV and Dicer expression in V. vulgaris. M. wisconsensis 

and Aspergillus sp. were significantly correlated with KBV suggesting possible secondary or 

coinfections. Detailed knowledge of infection prevalence in vespid wasps is lacking. This 

study highlights potential new pathogens in V. vulgaris that may be important drivers of 

population decline leading to a natural biocontrol for invasive wasps. 
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 INTRODUCTION 

The increased potential of microbial control of insect pests over the past few decades has 

mostly been the result of the discovery and development of new species and strains of 

entomopathogens (Stock, Kaya, & Lacey, 2009). These entomopathogens cause disease 

through the effects of infection, parasitism and toxaemia and may not always be apparent 

in the host through gross pathology (Stock et al., 2009). The presence of opportunistic 

/saprophytic microbes can cause issues when identifying the causal agent of insect disease, 

in many cases; these microbes will develop rapidly in sick/dead insects and will overgrow 

the true disease agent. Therefore, the most abundant microbe affiliated with an insect may 

not be the causal agent (Boucias & Pendland, 1998). These issues in the identification of 

disease-causing agents may be clarified following Koch’s postulates for a more conclusive 

diagnosis (R. Koch, 1893). 

Koch’s Postulates 

1) Identify observed disease symptoms. 

2) Isolation and culture of the disease agent. 

3) Use a cultured agent to cause diseased state, when administered to susceptible hosts. 

4) Re-isolation of an infectious agent from inoculated hosts 

However, all these criteria may not always fit, due to the inability of specific 

microorganisms to be cultured. Therefore in some cases an in vivo approach may be used 

(Stock et al., 2009). Mode of transmission of an infectious agent is also critical, when and 

how it is passed from one host to another, in addition to the lifecycle of a disease in a 

biological system. Advances in molecular approaches in the identification of non-cultivable 

microorganisms as well their quantification add another dimension to fulfilling some if not 

all of Koch’s postulates (Cohen, 2017). 

Vespid wasps are a significant pest throughout global temperate regions (Edwards, 1980; 

J. Philip Spradbery, 1973) and continue to invade new ranges causing social, economic and 

ecological damage (J.R. Beggs et al., 2011; Crosland, 1991; Lester et al., 2013; Masciocchi 

& Corley, 2013; Matthews, Goodisman, Austin, & Bashford, 2000; J. Spradbery & Maywald, 

1992; Thomas & Moller, 1990). Even though vespid wasps are known pollinators, they are 

also predatory and opportunists. They cause extensive mortalities in native species and 
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continue to be an on-going biosecurity concern in New Zealand and around the world, 

resulting in a focused effort to develop control strategies (J.R. Beggs et al., 2011).  

Much research has been undertaken to find biocontrol candidates that could efficiently be 

used to reduce, or ideally eradicate, this proficient invader in new ranges (J.R. Beggs et al., 

2008; Fallis, 2013; Glare et al., 1996; R J Harris & Etheridge, 2001; Richard J Harris et al., 

2000; Merino, France, & Gerding, 2007; Rose et al., 1999). From this research, many 

pathogens and parasites have been identified, however to date no effective biocontrol has 

been successful, and vespid wasps continue to proliferate in newly acquired ranges such 

as New Zealand. 

The interaction of hosts and pathogens are complex relationships in which the success of 

each organism depends on its ability to overcome the other. Consequently, hosts have 

evolved surveillance and defence mechanisms to detect and eliminate invading 

microorganisms, whereas pathogens use sophisticated strategies to counteract such 

responses to enable host exploitation and overcome immune resistance (Liehl, Blight, 

Vodovar, Boccard, & Lemaitre, 2006). Therefore, there is considerable interest in the 

potential impact pathogens could have on the dynamics of insects and in particular social 

insects (Anderson & May, 1981; Payne, 1982; Bowers & Begon, 1991; Fuxa, 1991; Sait et 

al., 1994b; Briggs & Godfray, 1996; Boots & Norman, 2000; Briggs et al., 2000). These 

advances in invertebrate pathology and dynamic population models show that host 

populations can be profoundly influenced by their pathogens (Boots, 2004). 

Vespid wasp colonies are known to occasionally crash in the presence of diseases (J. Philip 

Spradbery, 1973). However, there is a lack of substantial evidence indicating pathogenic 

micro-organisms play an essential role in wasp colony dynamics (Spradberry 1973). 

Pathogenicity may also succumb to social immunity. The evolution of social immunity in 

social insects results from the cooperation of the individual group members to combat the 

increased risk of disease transmission that arises from sociality and group living (Cremer, 

Armitage, & Schmid-Hempel, 2007). Examples of social immunity include social fever in 

honey bees, fastidious nest hygiene, grooming, social exclusion, antimicrobial secretions 

and salivary regurgitations (Cremer et al., 2007; Gambino, 1993; Harcourt, 2002; Starks, 

Blackie, & Seeley, 2000). Therefore, for a pathogen to be successful as a biocontrol, it must 

overcome social immunity and be virulent enough to invade a host.  
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Wasp nests that are symptomatic of an infectious agent are consequently of interest in 

deciphering the cause and virulence of infection, highlighting possible biocontrols (Valles 

et al., 2012). Applying co-occurrence comparative microbiota analyses can also provide 

valuable information for characterising the biogeography, functional distribution or 

ecological interactions of microbes at the community scale (Williams, Howe, & Hofmockel, 

2014). The goal of this study was to identify potential candidate pathogens that may have 

caused pathology in common wasp (V. vulgaris) nests, and experimentally induce a time 

series infection study in V. vulgaris nests and larvae. Diseased V. vulgaris nests were found 

in a separate study investigating the effects of a mite on V. vulgaris nests (Brown, 2013) in 

the Canterbury region of New Zealand (Figure 4-1). Larvae from these nests were sampled 

to detect the pathogen causing the demise of the nests, with the hope of identifying a 

potential natural biocontrol for further study via molecular methods. 

  

Figure 4-1 This figure shows a worker V. vulgaris wasp, burdened by mites. The mites attach to 
wasps with their mouthparts and were located in areas difficult for the wasps to groom. Wing 
deformation was apparent in infected wasps, and heavily infected wasp colonies collapsed (Photo: 
Dr Bob Brown). 

It was noted at the time that the unknown pathogen was particularly virulent, causing 

infections in other close-by nests, and therefore a possible candidate for further 

investigation and possible infection study (Brown, 2013). These nests showed signs of 

deterioration with larvae presenting abnormal opaque discolouration beneath the cuticle, 

which was suspected as a protozoan infection, resulting in hypertrophied tissues (Stock et 

al., 2009) (Figure 4-2)  
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Figure 4-2 Photos A and B: V. vulgaris larvae presenting abnormal opaque discolouration beneath 
the cuticle, indicating a possible infection, resulting in hypertrophied tissues. Photo C: Apparent 
healthy larvae for visual comparison. 

This study aimed to identify the infectious agent causing pathology in the host using 

Illumina RNA-Seq NGS, and Polymerase Chain Reaction (PCR). Another aim was to test the 

infectivity and virulence of pathogen candidates by orally infecting apparent healthy larvae 

and whole V. vulgaris nest colonies in the lab to test prevalence and virulence on the host.  

Here I (i) add additional knowledge of the microbial community that may affect  

V. vulgaris health, by comparing diseased and healthy larvae from two separate nests (NGS 

metatranscriptome analysis) and confirming candidates (PCR and Sanger sequencing); (ii) 

Initiate a time series infection study, infecting larvae and nests with acquired diseased 

larvae symptomatic of an unknown pathogen; and (iii) quantify infection of potential 

pathogen candidates through RT-qPCR as well as the immune response expressed in the 

immune gene candidate Dicer.  
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 MATERIAL AND METHODS 

4.3.1 Sample Collection 

Six live diseased and six live apparent healthy V. vulgaris larvae were sampled aseptically 

into sterile DNA/RNA free vials from two separate nests (April 2016) from the Lincoln area 

in Canterbury. Larvae were transported live to Victoria University of Wellington. On arrival, 

live larvae were investigated for apparent signs of disease. Diseased larvae presented 

opaque tissues beneath the cuticle, whereas there were no similar observations noted for 

healthy larvae. Three larvae from each nest were snap frozen at -80ᵒC for subsequent RNA 

analysis. At the time of sampling, the cause of infection and virulence was unknown. 

Therefore, before freezing and the possible suppression of the unknown pathogen 

virulence, fresh larval samples were used immediately in an infection study.  

4.3.2 RNA Extractions and Illumina Library Preparation 

RNA-Seq was undertaken to investigate candidates for the cause of the infection, through 

a metatranscriptomic comparison of healthy and diseased larvae. Total RNA was aseptically 

extracted in a laminar flow hood, from three diseased and three healthy larvae which had 

been snap frozen at the time of collection (-80oC). RNA was extracted by bead-beating 

(BeadBeater 16, Biospec Products, USA) samples in GENEzol reagent (Geneaid, Taiwan) 

with 5% β-mercaptoethanol, followed by chloroform and isopropanol purification. RNA 

integrity was confirmed and quantified with an RNA 6000 Nano chip on the Agilent 2100 

Bioanalyser (Agilent Technologies Co. Ltd., Diegem, Belgium), according to the 

manufacturer’s instructions. Extracted RNA samples were then sent for Illumina RNA-seq. 

RNA samples, (test and control) were sequenced as 125 bp paired-end barcoded Trueseq 

libraries (Macrogen, South Korea), using Illumina Hiseq. Post-processing included quality 

control, excluding bases with quality scores Q > 30 and trimming of adapters. Illumina RNA-

Seq data was assembled using Trinity v 2.0.6 using read normalisation (B. J. Haas et al., 

2013). 

4.3.3 Bioinformatics Analysis 

To detect potential novel pathogen sequences in the assemblies, metatranscriptomic 

contigs from both diseased and healthy larvae were analysed. To elucidate the possible 

cause of infection sequences aligned (e-value of 0.001) to a binary non-redundant (nr) 

protein database (Zhang et al., 2000) using DIAMOND for faster processing times (Buchfink, 
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Xie, & Huson, 2015). Taxonomic identity was assigned in MEGAN6 community edition 

(Version 6.8.18) (Huson et al., 2016). The meganize function in MEGAN6 assigned 

taxonomy based on 97% identity to accession files provided (May 2017). The resulting 

meganized DIAMOND files were visualised and compared in MEGAN6 (Huson et al., 2016). 

BLASTx protein alignments were used to identify putative viral, microbial eukaryote and 

bacterial proteins. Known candidate pathogens were selected if they were present in the 

infected larvae only. These aligned candidate sequences were confirmed by extracting 

sequences from the assembly file and blasted in the Genbank NCBI database(Camacho et 

al., 2010).  

4.3.4 Infection Study Nests  

For the infection study, six subterranean V. vulgaris nests were extracted from several 

closely spaced sites within a 5 km radius in the Wainuiomata area of Lower Hutt, 

Wellington. Each live nest was transferred to buckets in the field and cooled in a -20oC 

freezer for an hour to disable stinging workers, but not kill them. From each nest, two 

combs were removed containing fourth and fifth instar V. vulgaris larvae for infection. One 

wasp comb was designated control while the other was used for subsequent larval 

infection. All combs were placed in storage containers with ventilation in a separate 

incubator kept at 27oC. Combs were glued to the lid of each storage container (Figure 4-3), 

so that when placed back on the box, combs faced downwards (Figure 4-4), mimicking the 

orientation in the natural environment. The remaining wasp nests were then transferred 

and sealed into a predesigned and fabricated wooden box (Figure 4-5). Three nests each 

were designated for pathogen infection and three used as control nests. Each nest was 

placed on a wire mesh hammock for suspension, to allow nest repair and continued 

growth. A foraging box area was attached to the nest box by a 1.5m pipe, where wasps 

were allowed to leave the nest box to forage. The foraging arena was where food was 

located and enabled monitoring of the wasp nest individuals for the duration of the 

experiment. All nests were acclimated for two days in a 27oC environmentally controlled 

room, where they were fed a 50:50 water and honey solution daily in the foraging arena. 
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1 2 3 4 5 Cm0  
Figure 4-3 Figure is displaying nest combs with a scale bar. Food was administered daily using a 
10ul pipette, feeding each larva individually. Nest combs are glued to the lids of a storage container 
and then placed on storage container box in the downwards position, mimicking comb orientation 
in the nest. 
 

1 2 3 4 5 Cm0  
Figure 4-4 Figure is showing glued nest combs to the lid of a storage container. All combs were 
orientated downwards, so when placed back on the box, combs mimicked the natural orientation 
in the nest. 
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10 20 30 40 50 Cm0

 
Figure 4-5 Wooden nest box connected to foraging arena. Once two combs were retrieved the 
remaining nests were transferred and sealed into a predesigned and fabricated wooden box, three 
nests designated test and three control. Each nest was placed on a wire mesh hammock so as 
suspended to allow nest repair and continued growth. A 1.5m pipe connected the wooden nest 
box to a foraging arena, where wasps travelled to back and forth, as seen in the picture. 

4.3.5 Nest and larvae Infection Study 

On the day of infection (Day 3), infected and apparently uninfected larvae were 

administered to the test and control wasp nests respectively (three test and three control). 

Wasp combs designated test and control were also orally administered infected and 

control larvae. All larvae were homogenised aseptically in a laminar flow hood using a 

Qiagen Tissuerupter® before being administered to larvae and nests. The test (infected) 

and control (healthy) larvae diet were separately homogenised, three pooled infected 

larvae (2.5g) and three pooled healthy larvae (2.5g).Homogenisation of both infected and 

healthy larvae took place in 50:50 honey (6mL) and water (6mL) to make up the test and 

control diet respectively. Nests were fed directly in the foraging arena while a subset of 

each diet was individually administered orally (5µL) to each larva in both test and control 
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combs by pipette. This measurement of 5ul was based on larvae reportedly, regurgitate up 

to 5 ul of saliva in a single trophallactic exchange (Harcourt, 2002). 

Post-infection day all nests and larvae were fed daily 50:50 water and honey with 

homogenised healthy larvae as a proteinaceous source for the remainder of the 

experiment. Sampling of three larvae from control and infected combs, as well as three 

workers from each control and infected nests, began two days before infection and was 

carried out for the duration of the experiment (Day 12). Subsequently, test and control 

larval samples were then used in an RT-qPCR time series analysis of pathogen expression 

in conjunction with one immune gene, Dicer. Dicer expression was used to test the immune 

gene expression in relation to KBV and Moku viral load temporally.  

4.3.6 Larvae Infection Study 

RNA Sample Extractions 

Total RNA was extracted from test and control larvae sampled from test and control combs 

at each time point. RNA was extracted by bead-beating (BeadBeater 16, Biospec Products, 

USA) samples in GENEzol reagent (Geneaid, Taiwan) with 5% β-mercaptoethanol, followed 

by chloroform and isopropanol purification. Concentrations of RNA were quantified with a 

NanoDrop spectrophotometer (Thermo Fisher Scientific Inc., Waltham, USA). 

PCR 

PCR primers were designed in Primer BLAST (Ye et al., 2012) and used to initially confirm 

candidate targets (Table 4-1). PCR reactions were run using REDTaq® DNA polymerase 

(SIGMA-ALDRICH®), 2 µL cDNA/reaction and designed primers. Following optimisation, all 

PCR reactions were run on a PCR thermocycler (Biometra, Germany) (Stage 1: 95°C, 2 mins; 

Stage 2: 40 cycles of 95°C, 20s; 60°C, 20s; 72°C, 30s Stage 3 72°C, 5 mins). Subsequent PCR 

products where clear bands were achieved were treated with ExoSAP-IT (USB) and 

sequenced by Massey Genome Service, Palmerston North, New Zealand. PCR product 

sequences were checked and aligned using MEGA6 (Tamura, Stecher, Peterson, Filipski, & 

Kumar, 2013). Based on positive sequence alignment on Genbank, qPCR designed primers 

designed for this experiment (Table 4-1) were used to test the prevalence of four potential 

pathogen targets and one viral immune gene. This time series analysis comparison included 

both test and control larvae. 
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Quantitative Reverse Transcription PCR (RT-qPCR)  

First strand cDNA synthesis was activated using SuperScript IV (Invitrogen/Thermo Fisher 

Scientific, Waltham, USA), on 1 µg of total RNA per sample, as per manufacturer 

instructions and run on a PCR thermocycler (Biometra, Germany). Next cDNA representing 

the time series of test and control samples were analysed in duplicate by RT-qPCR using 

PowerUp™ SYBR® Green Master Mix reagent (Applied Biosystems/Thermo Fisher 

Scientific, USA), 1 µL cDNA/reaction and designed primers (Table 4-1).  

Dicer was chosen as an immune gene based on the presence of two RNA viruses Moku and 

KBV. Endoribonuclease dicer proteins recognise double-stranded RNA and processed into 

siRNA, guiding a specific anti-viral immune response (Aliyari & Ding, 2009; Brutscher, 

Daughenbaugh, & Flenniken, 2015). The Dicer Immune gene sequence was selected from 

the Polistes canadensis and P. dominula genomes, and orthologs identified using a BLAST 

search on a common wasp draft transcriptome assembly. BLAST searches were run against 

the Victoria University of Wellington’s Science Faculty High-Performance Computing (Sci 

Fac HPC) Facility’s BLAST ver. 2.2.25 installation. Two reference gene orthologs were also 

identified in this search: eukaryotic translation initiation factor 3 subunit C (eIF3- S8) and 

Proteasome 54kD subunit (Pros54). These genes were previously shown to be stably 

expressed in the honey bee (R. C. Cameron, Duncan, & Dearden, 2013; Vannette, 

Mohamed, & Johnson, 2015) and were included to normalise gene expression, as 

recommended by MIQE guidelines (Bustin et al., 2009) (Table 4-1). At the time of testing 

no other immune genes were used to test the pathogen candidates Aspergillus and  

M. wisconsensis due to time constraints, however, additional testing would benefit further 

analysis. 

All qPCR reactions were run on QuantStudio 7 (Applied Biosystems/Thermo Fisher 

Scientific, USA) using fast cycling conditions and fluorescence detection during the 

elongation step (Stage 1: 95°C, 30s; Stage 2: 40 cycles of 95°C, 5s; 60°C, 15s; 72°C, 20s). 

Quantification cycle (Cq) values were used to calculate candidate microbial loads and Dicer 

expression. To account for variation in sample quality, an upper cycle threshold (Cq) of 35 

was set for expression levels, above which values were excluded from quantitative analysis. 



 

150 
 

4.3.7 Statistical Analyses 

To assess differences in pathogen prevalence and Dicer expression in larvae from the 

control and treatment groups after inoculation, we used a one-way ANCOVA in R (R Core 

Team, 2016). We included time since infection as a covariate. The response variables were 

log-transformed. We used the package PerformanceAnalytics (Peterson and Carl, 2015) to 

produce Pearson correlation statistics and plots to examine correlations between 

pathogens and the immune gene Dicer expression. To illustrate the the percentage of nest 

survival over the duration of the study (days), Kaplan–Meier survival curves were 

constructed in R (R Foundation for Statistical Computing, 2016). 
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Table 4-1 Table is detailing oligonucleotide primers designed and used in this study for PCR and real-time quantitative PCR. Reference genes Pros54 and 
eIF3-S8 and the immune gene Dicer were selected from the Polistes canadensis and P. dominula genomes, and orthologs identified using a BLAST search 
on a common wasp draft transcriptome assembly. Candidate pathogen primers for KBV, Moku virus, A. fumigatus and M. wisconsensis were designed 
using sequences extracted from the metatranscriptomic assembly in this study. All primers were designed using PRIMER Blast 

Target Forward Reverse Product Length 

Reference Gene: Pros54 (RT-qPCR) TGGTGAAATTAGCAAAACGACTCA GAACAGTGACGAGGTGGCTA 150 

Reference Gene: eIF3-S8 (RT-qPCR) AGAAGAGTATGGCTGATGGTGA TCACTCTCTGAATCGCTACCC 70 

Kashmir Bee Virus (PCR) TGATGGTGATTGTGGAGCCC TCGACTCCCGGATAACCTGT 690 

Kashmir Bee Virus (PCR & RT-qPCR) ACCAGGAAGTATTCCCATGGTAAG TGGAGCTATGGTTCCGTTCAG 79 

Moku Virus (PCR) ATCTGAACTGCCACCGTCAG TGCTGCTGCCTCATTAACCA 744 

Moku Virus (PCR & RT-qPCR) TGGTGCGATAGCTAAGCCTG GAACCCAGAATGGTGCTGGA 134 

Aspergillus fumigatus (PCR & RT-qPCR) CTAACTTTCGTTCCCTGATTAATG CTTGGATTTGCTGAAGACTAAC 76 

Moellerella wisconsensis (PCR & RT-qPCR) TACCGACAGAAGAAGCACCG CTTAATCAACCGCCTGCGTG 112 

Dicer (PCR & RT-qPCR) CAACTCCGAGATAGGTGACAGAAG AGAAGAGGGTCCGCATCCTT 73 
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 RESULTS 

4.4.1 Metatranscriptome Study 

We performed metatranscriptomic comparative analyses using RNA-seq to elucidate the 

cause of V. vulgaris larvae symptomatic of an unknown infection. The metatranscriptomic 

comparative analysis identified matches to 27 known microbiota phylotypes in both 

healthy and diseased communities (Figure 4-6). Differences in the comparison analysis 

highlighted five potential pathogen candidates, the bacterium Moellerella wisconsensis, 

the fungus Aspergillus, the microsporidian Vavraia cucilis subsp floridensis and two RNA 

dicistroviruses, Kashmir Bee Virus (KBV) and Moku Virus. The first four of these candidates 

were identified in the infected larvae alone, with KBV identified in both disease and healthy 

wasps. Sequences were extracted, and primers were designed to investigate further and 

confirm the identity of these five candidates (Table 4-1). The metatranscriptome analysis 

also highlighted the genus Penicillium found only in diseased larvae of which eleven species 

were identified. In general, Penicillium fungi are considered non-pathogenic (Gilliam, 

1997), therefore, this genus was not investigated further. Taxa present in healthy larvae 

and absent from infected larvae consisted of Burkholderiales, Escherichia coli, 

Acinetobacter baumannii, Mycobacterium abscessus subsp. Abscessus, Cutibacterium 

acnes, Streptococcus, Debaryomyces, Basidiomycota and Metschnikowia bicuspidata var. 

bicuspidate (Figure 4-6). 
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Figure 4-6 Phylogenetic tree comparison of diseased and healthy larvae microbiota constructed in MEGAN. This visual representation is of the 
metatranscriptome sequence reads that aligned at 97% identity to known sequences in NCBI nt and nr databases. These alignments to taxa represented 
here are the most likely candidates. However confirmation is always needed.  Lowest taxa identified are displayed with the number of read sequences 
aligned healthy larvae (green) and diseased (pink). Bilateria sequences include all host sequences, the majority of which aligned to P. dominula and P. 
canadensis. These genomes are the most closely related annotated wasp genomes to V. vulgaris.  
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4.4.2 Molecular Analysis 

To analyse pathogen load, primers were designed for M. wisconsensis, A. flavus, V. culicis 

floridensis, KBV and Moku Virus. Primers were initially designed for RT-qPCR analysis. 

Therefore, products were short. These products were sent for Sanger sequencing and 

confirmed on Genbank (Supplementary Table 3). Viral candidates Moku Virus and KBV were 

further confirmed using long-range primers, resulting in more extended confirmatory 

products and again confirmed on Genbank (Supplementary Table 4). Analysis of nucleotide 

sequences confirmed the identity of all candidates apart from V. culicis floridensis which was 

based on alignment to a V. culicis floridensis hypothetical mRNA protein (XM_008075167.1). 

Therefore, this target was not investigated further. The candidate sequence M. wisconsensis 

also aligned to Hafnia sp. (98% identity) and Hafnia alvei (97% identity), which is a related 

bacterium. Given the limited knowledge of bacteria and pathogens in these wasps, we are not 

confident that the bacterium identified is actually Moellerella wisconsensis or that the fungus 

is Aspergillus fumigatus. Typically, A. fumigatus is described as a pathogen of mammals that 

does not cause mortality to insects after injection (St. Leger, Screen, & Shams-Pirzadeh, 2000). 

Similarly, M. wisconsensis is a known human pathogen (Hickman-Brenner, Huntley-Carter, & 

Saitoh, 1984). Consequently, from this point forward I refer to each as Moellerella sp. and 

Aspergillus sp., respectively.  

4.4.3 Experiemental Infection of Wasp Nests 

Whole wasp nests were fed either homogenised wasp larvae presenting infection symptoms 

(treatment), or the same weight of homogenized larvae from an apparently healthy nest 

(control). Worker and queen samples were sampled at each time point. However, molecular 

analysis was not conducted in this study.  

A Cox Proportional Hazards model indicated a significant difference in the survivorship 

between the control and treated nests (ß= -0.913  0.283 SE; exp(ß)= 0.401; p= 0.001) (Figure 

4-7). Two of the three control nests survived the entire duration of the study, while the third 

untreated nest died 6 days after treatment. This nest was relatively small and produced only 

males (which do not forage or feed themselves), likely indicating that the queen had died or 

was not producing viable diploid workers. Colony death would be expected if only males are 

produced because they do not forage or contribute to the colony maintenance. All the nests 

in the infection treatment initially appeared large and healthy at the beginning of the study. 
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These treated nests infected with diseased larvae died after 4, 7 and 19 days. We were, 

unfortunately, unable to monitor for disease in the nests over the duration of the experiment 

because such sampling would require substantial disturbance in the form of anesthetising the 

entire colony, and then breaking it apart to sample larvae. 

  

Figure 4-7 Kaplan–Meier survival curves showing the percentage of nest survival over the duration of 
the study (days). Green indicating control nests that were inoculated with homogenized wasp larvae 
from a separate and apparently healthy nest, and red indicating nests that feed homogenized larvae 
from a separate wasp nest showing signs of disease. Shaded areas represent the 95% confidence 
intervals, n= 3 nests per treatment. A Cox's proportional hazards model indicated a significant 

difference between the treatments (ß= -0.913  0.283 SE; exp (ß)= 0.401; p= 0.001). 

 

4.4.4 Experimental Infection of Wasp Larvae  

Following the infection study of treated and control larvae and subsequent RT-qPCR of 

sampled larvae, pathogen prevalence was quantified and Dicer immune expression over time. 

GLMM analysis determined that prevalence of the four target pathogens and Dicer expression 

did not significantly increase following time of infection (Figure 4-8; Table 4-2). Surprisingly, 

all larvae showed expression of all bacteria and viruses that we examined, though with 

considerable variability over time. The expression of KBV, for example, seemed to fluctuate 

substantially from low levels of infection on day 5, to much higher levels on day 6, then back 

again to a low infection on day 7 (Figure 4-8i). Moku virus and Moellerella sp. showed a similar 
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pattern (Figure 4-8). KBV typically was present in an order of magnitude higher levels that 

Moku virus. 

Because there were no significant differences in expression values between treatments, we 

combined the data to analyse for correlations between pathogens and the immune gene 

Dicer. Four of the 10 correlation analyses showed significant positive correlations  

(p < 0.05). These included KBV and Moku virus, KBV and Aspergillus sp., and KBV and the 

immune gene Dicer (Figure 4-9). The Pearson’s correlation coefficient r between KBV and 

Moku virus was 0.46 (n= 59; p < 0.001), though when all 0 values were removed so that 

relationship was examined only when both viruses were present, this value increased to 0.75 

(n=41; p < 0.001). Similarly, the correlation coefficient between KBV and Aspergillus sp. 

increased from 0.26 (n= 59; p < 0.05) to 0.69 (n= 44; p < 0.001) when analysing data only when 

both species were detected. 
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Table 4-2 Results of one-way ANCOVA analyses comparing Moellerella wisconsensis, Aspergillus 
fumigatus, Kashmir Bee Virus and Moku virus prevalence, and Dicer expression between treatment 
and control larvae. Interactions were not significant and are not reported. 

Target  Estimate (± SE)  t Statistic p-value 

Kashmir Bee Virus (KBV) Treatment -0.270 (1.093) -0.246 0.806 

 Time  -0.051 (0.112) -0.454 0.652 

Moku virus Treatment -0.028 (0.096) -0.294 0.770 

 Time 0.203 (0.983 0.207 0.836 

Moellerella sp.  Treatment 0.185 (0.637) 0.290 0.773 

 Time 0.089 (0.065) 1.380 0.173 

Aspergillus sp. Treatment -0.035 (0.954) -0.037 0.971 

 Time 0.084 (0.098) 0.865 0.390 

Dicer expression Treatment 0.013 (0.702) 0.019 0.985 

  Time 0.023 (0.072) 0.322 0.748 
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Figure 4-8 The mean prevalence expression of Kashmir Bee Virus (i), Moku virus (ii), Moellerella sp. 
(iii), Aspergillus sp. (iv) and Dicer (v) in V. vulgaris larvae relative to the reference genes Pros54 and 
eIF3-S8. Mean relative expression was achieved averaging the target RT-qPCR cq values from larvae 
sampled from four separate nest combs at each time point. The inoculation of homogenised diseased 
larvae or homogenised healthy larvae for the control, on day 3 is signified by the black arrow. Three 
larvae were sampled at each time point from control and test combs extracted from four V. vulgaris 
nests. (vi) shows larvae being fed via a pipette. 
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Figure 4-9 Correlations between the four potential pathogens and the immune gene Dicer, quantified 
using RT-qPCR in larval wasps. The frequency distribution of each is shown in the central diagonal. The 
scatterplot is shown with a loess fit in red and on the corresponding side for each pairing is the Pearson 
correlation coefficient r. Statistical significance is denoted by: * p < 0.05; ** p < 0.01; *** p < 0.001. 
Values for all viruses and bacteria were log(x+1) transformed prior to analysis. 
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 DISCUSSION 

Vespula vulgaris is known to host a range of pathogens (Dobelmann et al., 2017; Evison et 

al., 2012; Glare et al., 1996; Harcourt, 2002; Richard J Harris et al., 2000; Lester et al., 2015; 

Rose et al., 1999). This study aimed to investigate the causative agent of diseased  

V. vulgaris nests isolated from the south island of New Zealand.  

The experimental infection of entire wasp colonies in the laboratory resulted in the 

complete mortality of initially healthy nests after 4, 7 and 19 days. This experiment 

demonstrated that the pathogens responsible are infectious and can kill both adult and 

juvenile wasps. Few researchers have experimentally infected wasps with pathogens, 

though the published work that exists supports our observed mortality timelines. Two 

other studies infecting wasp workers with Aspergillus have found disease symptoms within 

24 h, substantially reduced pupation rates, or adult mortality in as short a period as 2 days 

(Glare et al., 1996; Harcourt, 2002). Other bacterial pathogens such as Beauveria bassiana 

and Metarhizium anisopliae can also kill workers in less than 10 days (Harcourt, 2002; 

Merino et al., 2007). We would have liked to have additional experimental nests and to 

have been able to sample the larvae within the nests during the experiment. Nevertheless 

these experiments demonstrated that the pathogen involved is infectious, present in 

larvae, and is pathogenic to all wasp life stages.  

Through a metatranscriptomic approach, four potential pathogens candidates were 

identified, using MEGAN analysis. Candidate pathogens were successfully sequenced and 

aligned to KBV, Moku Virus, Aspergillus sp. and M. wisconsensis. The candidate  

M. wisconsensis also aligned to Hafnia sp. (98% identity) and Hafnia alvei (97% identity), 

which are closely related to each other in addition to Providencia species (Hickman-

Brenner et al., 1984). Moellerella wisconsensis known to be pathogenic in humans and 

other vertebrates including sharks (Hickman-Brenner et al., 1984) but is not known from 

invertebrates. However, Hafnia alvei has been found to occur in codling moth Cydia 

pomonella, B. terrestris and A. mellifera, where it has been highlighted as an opportunistic 

environmental bacteria (Kwong & Moran, 2013; J. Li et al., 2015; Zimmermann, Huger, & 

Kleespies, 2013). Therefore, it is likely that the MEGAN analysis misidentified  

M. wisconsensis due to the close relation with Hafnia sp.  
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Moku virus was recently discovered and described from wasps (Vespula pensylvanica), 

Honeybees (Apis. mellifera) and mites (Varroa destructor) on the Big Island of Hawai’i 

(Mordecai et al., 2016). It is unknown what effects Moku virus has on their hosts. However, 

it was suggested that Moku virus has the potential to be highly virulent in A. mellifera, as 

is the closely related Slow bee paralysis virus (Mordecai et al., 2016). This is the first known 

incidence of Moku virus in V. vulgaris found in New Zealand.  

KBV was also identified in the MEGAN analysis as present in both healthy and infected 

larvae. KBV has been identified in a number of social insects and seems to be a commonly 

found pathogen in V. vulgaris, honey bees and even invasive ants in New Zealand 

(Dobelmann et al., 2017; Gruber et al., 2017; Lester et al., 2015; Mondet, de Miranda, 

Kretzschmar, Le Conte, & Mercer, 2014). The significant correlation between KBV 

prevalence and subsequent Dicer expression found in this study agrees with findings 

suggesting KBV levels influence a viral immune response and can influence wasp fitness 

(Dobelmann et al., 2017). KBV has also been described as part of a pathosphere implicated 

in honey bee colony collapse disorder (R. S. Schwarz, Huang, & Evans, 2015) and can be 

extremely virulent when in high titres (Joachim R. de Miranda, Cordoni, & Budge, 2010). 

We found that KBV was present in wasp larvae at titres often an order of magnitude higher 

than Moku virus. However, it is still unclear as to the pathogenicity of KBV in these  

V. vulgaris samples, as it may potentially be latent virus (Shen, Cui, Ostiguy, & Cox-Foster, 

2005).  

The fungal pathogen Aspergillus sp., has previously been identified as a pathogen of vespid 

wasps (Glare et al., 1996) and are also part of the known pathosphere of honeybees 

(Schwarz et al., 2015). Aspergillus are generalistic and opportunistic pathogens that often 

require wounds or weakened hosts (St Leger et al., 2000). Aspergillus are known to release 

mycotoxins and cause the bee larval disease stonebrood (Schwarz et al., 2015). The disease 

symptoms are similar to those we observed in infected wasp larvae. In New Zealand, the 

collapse and death of wasp nests has been associated with the mite Pneumolaelaps 

niutirani (Brown, 2013; Fan, Zhang, Brown, France, & Bennett, 2016). This genus of mites 

is a known detritivore. They have, however, also been observed feeding on secretions 

around the mouths of wasp larvae. Aspergillus are known symbionts of detritivorous mites 

that may contribute to mite micronutrient diet deficits (Hay, Hart, & Douglas, 1993). It is 

possible that the mite transmits Aspergillus during this feeding, though any Aspergillus 
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infection may still be secondary and opportunistic after wounding by other pathogen(s). 

The correlations we observed between pathogens including KBV and Aspergillus may 

support an opportunistic infection by this pathogen.The metatranscriptome analysis also 

highlighted the microsporidian Vavraia culicis. This pathogen can be induced by oral 

feeding and has a very broad host range that includes shrimp, beetles and butterflies 

(Andreadis, 2007) . Attempts have been made at using V. culicis for biological control of 

mosquitos. The pathogen can reduce adult survival, increase adult female mosquito age-

dependent mortality, and reduce female fecundity (Sy et al., 2014) Our primers designed 

for V. culicis, and published primers, were unsuccessful in amplifying desired sequences in 

the PCR and RT-qPCR analysis. However, MEGAN analysis identified this candidate only in 

diseased larvae, suggesting it is still a potential pathogen causing infection.  

The isolation and experimental infection of larvae was designed to enable a close 

examination of pathogen dynamics over time. The experiment required the removal of 

combs, positioning them in containers, and the daily artificially feeding the larvae. No 

contact with adult wasp workers was allowed. The results showed no clear differences in 

pathogen abundance between larvae that were fed a homogenate of diseased or healthy 

larvae from other nests. The absence of workers may have resulted in unhygienic 

conditions for larvae. Post feeding, on a number of occasions, both control and test larvae 

were observed on the bottom of the storage container having abandoned their comb cells 

and died. This unnatural environment may have stressed larvae incurring increases in 

opportunistic pathogens as seen in this study in addition to the two day periodicity seen in 

pathogen prevalence (Figure 4-8). Typically worker wasps carry out domestic duties 

including the distribution of food to larvae, nest cleaning and clearing of comb cells 

(Spradbery, 1973) . Therefore, maintaining larvae in a lab situation may need to include 

workers to ensure unnatural surroundings are not the cause of stress and disease, and 

mimic a more natural response. It is also conceivable that infected larvae were suffering 

from the inoculum received in this study and may have been presenting disease symptoms 

from a pathogen not tested by us. Larvae dropping from their cells is a symptom of disease 

(Spradbery, 1973).  
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 CONCLUSION 

It is clear from this study, that an array of pathogens are present in V. vulgaris. Some of 

these pathogens appear to be initiating an immune response within the wasps, and may 

even result in entire nest mortality. Primary infection on average can generate more than 

one secondary infection by weakening the host, allowing coinfections of pathogens 

capable of invading the hymenopteran hosts (Michael C. Otterstatter & Thomson, 2006). 

These wasps have a ‘pathosphere’ (R. S. Schwarz et al., 2015) that includes pathogens 

found in many other organisms. Some may be symbiotic in nature while others are 

potential pathogens that can decimate a nest. This study highlights candidate pathogens 

for further investigation. Isolation of pathogens in culture and additional 

metatranscriptome analyses would allow a more controlled and quantifiable investigation, 

confirming prevalence and virulence of identified pathogens.  
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5 GENERAL DISCUSSION 

Insects are by far the most diverse and abundant clade of metazoans (Basset et al., 2012; 

Labandeira & Sepkoski, 1993; Stork, 1988). They are also exceptional invaders with 

outstanding dispersal abilities, as seen in vespid wasps. Vespula vulgaris dispersal is 

facilitated in part to their broad diets, effective predator defences and superior 

competitive abilities in addition to high reproductive rates, dominating the novel ecological 

community (Moller, 1996; John H. Werren et al., 2010). However, successful biological 

invasions involve complex interactions between the invading species and the physical and 

biological characteristics of the recipient environment (Hayes & Barry 2008). The 

microbiome is another factor that potentially increases the chance of invasion success. The 

term microbiota refers to the microbial community that stably or transiently colonises the 

insect epithelium, organs and their intracellular compartments. These communities 

include varied taxa from bacteria to viruses, yeasts and protists (Villegas 2014).  

Many studies have focused on the ecological impacts that V. vulgaris have imposed in their 

introduced ranges. The primary goal of this research was to study aspects of the microbial 

diversity pertaining to these wasps and their invasion success. This research aimed to 

develop an understanding of the processes and interactions between wasps and their 

microbiota as well as the broader hymenopteran community. To my knowledge, this is the 

first examination of the bacterial, microbial eukaryote and viral microbiota present in the 

common wasp, V. vulgaris. This body of work has been achieved through a detailed 

investigation of the microbiota using NGS/molecular and bioinformatic techniques. 

The overall aims were to document and investigate V. vulgaris microbiota between life 

stages and ranges to elucidate possible reasons for the invasive success of V. vulgaris. 

Evidence was also sought of microbiota specificity in V. vulgaris when compared to the 

microbiome of four introduced hymenopterans. In addition, the final aim was to elucidate 

the cause of pathology in putatively infectious larvae sampled from an observed diseased 

nest and investigate the transmissibility and prevalence of identified putative pathogens in 

a time series infection study. 
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 RESEARCH SUMMARY 

Chapter 2 provides the first descriptive account of the microbiome in V. vulgaris. This 

analysis tested the hypothesis that there would be differences observed between microbial 

communities between life stages (larvae, worker and queen (gyne)). There was no 

significant difference in community dissimilarity between life stages. However, larvae were 

observed to host greater bacterial, microbial eukaryote and viral sequence diversity 

compared with that of workers and queens. Further examinations of life stages in each 

range, revealed significant differences observed between life stages in the native range. 

These differences, seen in the dissimilarity between the prokaryote community of larvae 

and queens. Surprisingly, queens were free of many Bacilli, Gammaproteobacteria and 

mostly free of known microbial eukaryotes and completely free of known RNA viruses. The 

core microbiome at the life stage level also revealed queens had the highest number of 

core taxa, in comparison to workers and larvae, with eleven unique taxa found in Queens. 

A core microbiome was also presented a representative of all life stages, highlighting 

microbiota that is potentially important for V. vulgaris host survival. This analysis 

emphasised the possible importance of nitrogen-fixing bacteria from the order Rhizobiales, 

in addition to Actinobacteria and the genus Pseudomonas, known beneficial bacteria 

producing antibiotics for microbial defence.  

It was also hypothesised that there would be a change in diversity from the native to the 

invaded range. This was perhaps the most interesting result of Chapter 2. Comparative 

range analysis revealed significant dissimilarity in the prokaryote community, attributed to 

both losses and gains in microbiota from the native Belgian to invaded New Zealand range 

(although I note that with more sampling, more and different taxa would have been 

observed in both the native and introduced range). This microbial shift observed 

abundances of Bacilli, and Gammaproteobacteria in the native range, replaced by new 

instances and increased abundances of A. mellifera and B. terrestris endosymbionts in the 

invaded range. The diversity of Bacilli also changed with more diversity seen in the native 

range compared to Enterococcus and Lactobacillus in the invaded range. The viral analysis 

also indicated a wide prevalence of RNA viruses in V. vulgaris. However there were distinct 

differences between the ranges, with Belgian wasps exhibiting a high prevalence of RhPV 

not seen in the invaded range and high prevalence of KBV not seen in the native range. 
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Chapter 3, characterised microbiomes of wasps, bees and ants to elucidate microbiome 

similarities as well as differences within five hymenopteran hosts. It was hypothesised that 

there would be greater richness and diversity of microbiota in omnivorous hosts such as V. 

vulgaris, V. germanica and L. humile in comparison to palynivorous species  

A. mellifera and B. terrestris. No significant community dissimilarity was observed among 

host microbial communities, suggesting a shared microbiota. All hymenopteran hosts 

shared similar relative abundances of nineteen prokaryote taxa from six phyla. This 

indicated a cross taxon host core microbiota. Some of the observed similarities included an 

abundance of nitrogen-fixing bacteria, and Lactic Acid Bacteria (LAB). No shared microbial 

eukaryotes were observed among all the hymenopteran hosts. However,  

B. terrestris and A. mellifera both had incidences of Leptomonas, Acari, Candida, and 

Kazachstania not seen in other hosts. There were also significant differences in abundances 

observed with specific microbes among hosts. Linepithema humile had an abundance of 

Lactobacillus the only LAB bacteria found. The genera Spiroplasma and Wolbachia were 

found in all hosts except L. humile. However, Spiroplasma was in significant higher 

abundances in A. mellifera and V. germanica and Wolbachia in higher abundances in B. 

terrestris. An array of virus phylotypes were also documented, with known A. mellifera 

viruses identified in other hymenopteran hosts, highlighting these viruses are not 

restricted to the honey bee. The most host diverse virus, BQCV was found in all hosts 

except for L. humile. The BQCV has been observed in L. humile in our other work (Gruber 

et al. 2017; see appendix 7.3) and I note that additional sampling would likely have 

resulted in the discovery of this and more microbial taxa, especially for species like V. 

germanica which had only one sample in this analysis.  

In Chapter 4, the aim was to identify the potential causative agent of diseased V. vulgaris 

nests. Following a metatranscriptomic analysis of putatively infected and healthy larvae, 

five potential pathogen candidates were highlighted (M. wisconsensis, Aspergillus sp., 

Vavraia culicis floridensis, KBV and Moku Virus). To my knowledge this is the first time  

M. wisconsensis, V. culicis floridensis and Moku Virus have been identified in V. vulgaris. 

Interestingly Moku virus was not found in previous analyses (Chapter 2 and 3), which may 

have been down to the timing of the analysis and deposition of Moku virus sequences in 

Genbank (2016).Following this analysis, primers were designed to amplify sequences and 
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confirm through Sanger sequencing. Four pathogen targets were successfully sequenced, 

KBV, Moku virus, Aspergillus sp. and M. wisconsensis. The second aim of Chapter 4 was to 

test these four candidate pathogen targets for prevalence and virulence. V. vulgaris nests 

in addition to larvae were orally administered homogenised infected larvae. Time series 

sampling of inoculated larvae pre and post infection was undertaken daily until the end of 

the experiment. RT-qPCR was then used to assess the presence and quantify pathogen 

loads, together with the immune gene Dicer testing immune gene expression of potential 

viral infections over time. 

Results highlighted the presence of candidate pathogens before inoculation. However, 

there was a significant positive correlation between KBV and Dicer in infected larvae. Also, 

both control and test larvae had significant negative correlation between Moku virus and 

the immune gene Dicer. The pathogen candidates M. wisconsensis and Aspergillus sp. were 

significantly correlated with KBV suggesting possible secondary or coinfections. This study 

presents incidences of potential new pathogens in V. vulgaris that may be relevant drivers 

of population decline. 

 SYNTHESIS 

Populations of V. vulgaris have increased in their invaded ranges in comparison to the 

native Eurasian range (Archer, 1981, 1985, 2001; Barlow et al., 2002; J.R. Beggs et al., 2011; 

Burne, Haywood, & Lester, 2014; Crosland, 1991; Lester, Gruber, et al., 2014; Matthews et 

al., 2000; J. Spradbery & Maywald, 1992). Within their native range, population densities 

of this wasp fluctuate dramatically, with queen productivity varying by a factor of 100 

between nests and years (Archer, 1981). Exceptional years of high abundance in the native 

range are frequently followed by years of scarcity (Archer, 1985). This variation of 

abundance is not observed in the invasive range, including New Zealand. New Zealand nest 

densities can fluctuate annually by only a two to three-fold difference (Archer, 1985; 

Barlow et al., 2002).  

The niche hypothesis may explain why some introduced species reach higher densities than 

in their native range. Factors such as more abundant or higher quality resources, a milder 

climate and a more suitable physical environment may lead to an increase in invasive 
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species populations (MacLeod, Newson, Blackwell, & Duncan, 2009). A recent statistical 

study analysed V. vulgaris population dynamics in England and New Zealand. This study 

demonstrated that the primary determining factor of wasp abundances was wasp 

abundance from the previous year as well as increases in rainfall in spring, summer and 

winter associated with reduced wasp abundances(Lester, Haywood, et al., 2017). 

However, V. vulgaris is known to host a range of pathogens (Dobelmann et al., 2017; Evison 

et al., 2012; Glare et al., 1996; Harcourt, 2002; Richard J Harris et al., 2000; Lester et al., 

2015; Rose et al., 1999). The Enemy Release Hypothesis (ERH) predicts that an exotic 

species introduced to a new region will become invasive because key natural enemies are 

absent  (Colautti et al., 2004; Heger & Jeschke, 2014; Keane & Crawley, 2002). Studies have 

reported the lack of evidence for this hypothesis in V. vulgaris populations, demonstrating 

no evidence of microbiota differences between the native and introduced range (Lester et 

al., 2015; Lester, Gruber, et al., 2014). 

Is there evidence that the microbiome of V. vulgaris can positively increase fitness? 

This is the first study to characterise the microbiome of V. vulgaris, documenting microbial 

diversity in three distinct life stages. Life stage diversity across two ranges was not 

significant. However, the dissimilarity between the prokaryote community in larvae and 

queens from the native range highlights that there is a potential trend exhibiting a distinct 

queen microbiome. The lack of abundance of microbial eukaryotes, as well as the absence 

of known viral phylotypes in both ranges further, confirms queen microbiome distinction. 

This absence of a variety of viral, microbial eukaryotes and bacterial microbiota in the 

queen life stage, which is seen in the larvae and worker life stages, potentially highlights a 

more specific microbiome. This overall change or segregation of specific microbiota in life 

stages is interesting due to the social nature of vespids with food resources shared through 

the process of trophallaxis. It seems highly likely that newly produced queen wasps within 

a nest would have been exposed to many of the viruses and bacterial taxa observed in 

workers, though these did not infect the new queens. This may in part be due to an 

alternative food source or possibly increased nest hygiene in queen combs, inferring 

methods of protection that potentially select symbionts and exclude non-symbionts. 
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Few hymenopteran studies are focusing on the microbiome community of Queens. One 

extensive study demonstrated the gut microbiome of A. mellifera queens did not reflect 

those of workers who tended them, lacking many bacteria considered vital to workers 

(David R. Tarpy et al., 2015). Specific Alphaproteobacteria from the family 

Acetobacteraceae dominate the mature queen, also, low abundances of core honey bee 

bacteria are also present in the mature queen microbiome (Lactobacillus, Bifidobacterium, 

Snodgrassella and other Alphaproteobacteria from the family Acetobacteraceae) (David R. 

Tarpy et al., 2015). Similar bacteria are seen in V. vulgaris, such as Acetobacteraceae in 

addition to Gilliamella, Snodgrassella, Saccharibacter and Bifidobacterium in the invaded 

range. However, these bacteria were not exclusive to the queen life stage. What’s 

interesting is the associated Acetobacteraceae in A. mellifera, are known to be harboured 

by the worker hypopharyngeal glands. These glands produce royal jelly known for its 

antiseptic properties, which is continually fed to queens by attending workers maintaining 

this microbiota in A. mellifera queens (Elango, Hunt, Goodisman, & Yi, 2009; Mattila, Rios, 

Walker-Sperling, Roeselers, & Newton, 2012). V. vulgaris workers are known to produce a 

strong antibiotic substance in their saliva potentially produced from the hypopharyngeal 

gland as in honey bees. It has been demonstrated, that V. vulgaris saliva can inhibit the 

growth of Bacillus spp. and Serratia spp. (Harcourt, 2002). This inhibition of microbiota may 

indicate a similar process in wasps as in honey bees. Where workers feed queens/gynes a 

distinct diet produced from their hypopharyngeal glands. This potent antimicrobial cocktail 

may be capable of restricting the growth of specific microbes such as microbial eukaryote 

and viral phylotypes not seen in queens in this study. This lack of viruses and microbial 

eukaryotes seen in queen wasps may indicate a reduction in potential pathogens and in 

turn positively increase fitness of gynes and founder colonies. Previously published work 

(Appendix 7.2) also demonstrated that polyandry, viral load and expression of an immune 

gene are significant predictors of variation in nest size. Wasp colonies that had higher 

genetic diversity tended to be significantly larger and produce more queens. This study also 

highlighted the effect KBV can have on the immune system of a wasp demonstrating that 

V. vulgaris can suffer from pathogens effects, expending immune resources, in the control 

of pathogens such as KBV (Dobelmann et al., 2017). 



 

170 
 

Is there evidence that the microbiome of V. vulgaris has changed from the native to the 

invaded range? 

Invasive species typically present a lower genetic diversity in their invasive range than in 

their home range, compounded by propagule pressure causing genetic bottlenecks and 

low genetic diversity (Dlugosch & Parker, 2008; Puillandre et al., 2008). Since occurring 

sporadically in New Zealand since 1921 (B. Donovan, 1984), populations of V. vulgaris have 

established in high numbers. Six haplotypes have been identified in the New Zealand range, 

confirming multiple incursions from Europe with similar haplotypes (Lester, Gruber, et al., 

2014). In addition to genetic diversity, microbial diversity may also decrease along the 

invasion pathway. As a consequence of serial bottlenecks, invasive species may lose 

microbial symbionts including pathogenic taxa (the enemy release hypothesis) (Lester, 

Sébastien, et al., 2017). The enemy release hypothesis states that invasive species can 

become abundant due to the absence of co-evolved natural enemies such as pathogens 

and parasites (Keane & Crawley, 2002; Torchin et al., 2003). In Chapter 2, the preliminary 

analysis of the microbiome between the native Belgian range and invaded New Zealand 

range highlights a shift in the microbiome. This shift identified a number of significant 

prokaryotes, in addition to microbial eukaryote and viral taxa present in the native Belgian 

range not seen in the Invaded New Zealand range. This loss of taxa may indicate a release 

from enemies and increase in fitness in the invaded range. These losses of microbiota have 

not affected V. vulgaris in their invasive success, and it is likely the retention of a core 

microbiome as defined in Chapter 2 may contribute to V. vulgaris fitness. However, it is 

unclear if these bacterial taxa lost from the native range are pathogens of this wasp. In 

addition to losses, there was the acquisition of microbiota in the invaded range. 

Prokaryotes such as LAB, Bacilli and Alphaproteobacteria genera found in the native range 

appear to be replaced in the invaded range life stages with honey bee and bumble bee 

associated core endosymbionts. This acquisition may indicate these endosymbiotic 

bacteria are now important associates of V. vulgaris in the invaded range as they are in 

honey bee and bumble bee health (Cariveau et al., 2014; E. Crotti et al., 2010; Engel et al., 

2012; Kwong & Moran, 2013; J. Li et al., 2015; Martinson et al., 2011; N. A. Moran & Kwong, 

2016). This provides evidence that the purported ‘honey bee endosymbionts’ may not be 
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restricted to the genus Apis or Bombus and may facilitate V. vulgaris in their invasive 

success.  

This preliminary evidence of microbial change is likely due to the social relationship 

between V. vulgaris, and A. mellifera observed in New Zealand where microbiota may be 

transmitted horizontally from honey bee to wasp. This transmission may occur via shared 

resources such as flowers and robbing of food resources resulting in the spillover of 

microbiota (Colman et al., 2012; Santo Domingo et al., 1998; Yun et al., 2014). This 

potential spillover may also explain the abundance of KBV seen in New Zealand  

V. vulgaris wasps (Chapter 2 &3;(Dobelmann et al., 2017) ). In New Zealand, honey 

production is on the increase, due to strong market demand for mānuka honey driving the 

increase in hive numbers, increasing by 21% in the last year alone (New Zealand Ministry 

for Primary Industries, 2016). This report also highlighted the concern beekeepers have in 

keeping bees in heavily wasp infected areas. This increase in honey production may mean 

increased future competition between honey bees and vespid wasps. These higher 

densities of both honey bee and V. vulgaris wasps may mean greater incidences of 

pathogen spillover. However, more evidence is needed to confirm potential transmission 

of microbiota, including increased sample size. 

Is the microbiome of V. vulgaris similar to microbiomes of related hymenopterans? 

Throughout nature, hosts provide niche microhabitats with each with distinct abiotic 

environments, which shape the structure and functioning of microbial communities. 

Despite these different factors influencing microbial community structures, microbiota 

between communities is connected to each other and share microbial diversity (Berg, 

Krause, & Mendes, 2015). The hologenome theory of evolution, states that this microbial 

diversity about a host can be viewed as a superorganism, where microorganisms play a 

crucial role in the evolution of the host (Rosenberg & Zilber-Rosenberg, 2013).  

Most insects have dozens of microbial species in their guts, while the more complex 

mammalian guts may contain thousands, increasing in diversity in herbivores (Dillon & 

Dillon, 2004; Ley et al., 2008). Certain insects have distinct gut structures which create 

microhabitats for microbiota. These structures such as midgut sacs and tubular outgrowths 

called ceca or crypts can then host specific bacteria (Y. Kikuchi, Hosokawa, & Fukatsu, 
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2008), and others with less complicated guts may regulate microbiota through pH and 

oxygen gradients (Brune, Emerson, & Breznak, 1995). These differences in gut morphology 

and conditions can cause specificity in the microbiota. However, there are cross-kingdom 

similarities seen in microbiome ecology as is observed in interspecies insect systems (Berg 

et al., 2015). 

In this study (Chapter 3), although no significant dissimilarity was found among host 

microbial communities, these comparative analyses revealed shared microbiota among 

hosts as well as well observed differences. The similarity across hosts, of nineteen 

prokaryote taxa from six phyla, indicates that among hosts there is a shared or possible 

core microbiota. Maintaining a core set of functional diversity is likely through vertical 

transmission allowing persistence and evolution through the generations (Berg et al., 

2015). Proteobacteria were the most prevalent shared phyla across all hosts with seven 

genera belonging to the order Rhizobiales and the Gammaproteobacteria genus 

Pseudomonas. Nitrogen-fixing bacteria are common across insect species and similarly in 

plant roots provides a nitrogen source in insects (Behar et al., 2005; Desai & Brune, 2012). 

In particular, this commonality of Rhizobiales Pseudomonas and Streptomyces in roots and 

gut systems have been demonstrated to have similar functions (Ramirez-Puebla et al., 

2013). In addition, less abundant shared taxa observed across hosts included 

Acidobacteria, Actinobacteria (Acidothermus and Actinoplanes), Ktedonobacteria and the 

family Tepidisphaeraceae. These trends in shared microbiota have also been observed in 

other studies of insect-associated microbial communities and infer mutualistic importance 

in the evolution of insects (Jones et al., 2013; N. A. Moran et al., 2012). 

All hymenopteran hosts were observed to host Lactic Acid Bacteria (LAB), with each 

hymenopteran hosting three or more genera. However nine LAB genera were found in  

V. vulgaris. LAB in insects are modulators of insect health (Vásquez et al., 2012). Known in 

honey bees and bumble bees in particular (Praet et al., 2015; Rokop et al., 2015) as an 

endosymbiont providing antimicrobial properties for pathogen defence (Forsgren et al., 

2010; Vásquez et al., 2012). 

The microbiome of V. vulgaris was variable among samples, and overall it was difficult to 

infer similarity to other hosts. Based on the wide-ranging microbiota seen in V. vulgaris, 

similarities of microbiota were seen in each hymenopteran host, highlighting the lack of 
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characteristic microbiota in V. vulgaris, suggesting a non-dependence on gut flora for 

nutrition due to their extensive and varied diet, as observed in other studies (Cruden & 

Markovetz, 1987; Evison et al., 2012; Reeson et al., 2003). This variation seen in  

V. vulgaris samples may be attributed to variation in habitat, with Vespula wasps typically 

foraging within a few hundred metres of their nest (Edwards 1980). As three nests were 

from two differing ranges, this may also contribute to the lack of characteristic microbiota 

and variation in samples. 

Is there specificity seen in the microbiome of V. vulgaris and related hymenopterans? 

In the past, host microbiome research has focused on the specificity of host pathogens in 

search of biological controls (Federici & Maddox, 1996). While pathogen specificity is an 

important avenue of investigation, endosymbiont specificity is also paramount in 

elucidating microbial functioning and the roles these microbiotas have in the host (Bignell, 

2016; E. Crotti et al., 2010; Elena Crotti et al., 2013; Feldhaar, 2011; Hughes, Pierce, & 

Boomsma, 2008; Salem, Kreutzer, Sudakaran, & Kaltenpoth, 2013). 

There was a lack of dissimilarity between host hymenopteran communities seen in this 

study (Chapter 3), however there were incidences of specific microbiota observed in hosts. 

The V. vulgaris microbiome community consisted of 13 prokaryotic, 20 microbial 

eukaryotes and two viral taxa, illustrating the most diversity unique to one host. However, 

this result is based on counts and may be a resultof sample disparity and low replication of 

samples in other hymenopteran hosts. Specificity was also observed in the other 

hymenopteran hosts. Linepithema humile had no specific prokaryotes, but harboured 14 

additional microbial eukaryotes not seen in the other hosts, in addition to Linepithema 

humile Virus 1. Vespula germanica also had no specific prokaryotes but hosted five 

additional microbial eukaryotes and Sacbrood virus. One prokaryote was unique to  

B. terrestris, the genus Segniliparus in addition to four microbial eukaryotes and Raphanus 

latent Virus. Viral specificity was seen in the A. mellifera microbiome, hosting three viral 

phylotypes Prunus Necrotic Ringspot Virus, Lake Sinai Virus 1 and A. mellifera Filamentous 

Virus in addition to seven microbial eukaryotes. 

The relative abundance of taxa may also demonstrate specificity, potentially indicating an 

important function in the host. For example, all hymenopteran hosts hosted Wolbachia 
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and Spiroplasma with the exception of L. humile. However, the significant relative 

abundance of Wolbachia seen in B. terrestris, and Spiroplasma in A. mellifera and  

V. germanica was notable. All three B. terrestris samples exhibited similar relative 

abundances of Wolbachia (23-27%), each taken from separate sites.  

Wolbachia and Spiroplasma are known to infect many insects (Anbutsu & Fukatsu, 2011; 

Hilgenboecker et al., 2008; J. H. Werren et al., 1995; J H Werren & Windsor, 2000; Zug & 

Hammerstein, 2015). Both of these genera also have varying strains, displaying varying 

functions. However, both Spiroplasma and Wolbachia have been implicated in host 

protection in addition to host reproductive system manipulations, potentially inferring the 

same functions in these hymenopterans (Bourtzis et al., 2000; Eleftherianos et al., 2013; 

Glaser & Meola, 2010; Haselkorn, 2010; Hedges et al., 2008; Jupatanakul et al., 2014; 

Kambris et al., 2010; Merçot & Poinsot, 2009; Osborne et al., 2009; Regassa, 2006; John H. 

Werren et al., 2008; Xie et al., 2011, 2010). 

Mites were specific to A. mellifera and B. terrestris microbial eukaryote communities. 

However mites can invade multiple host species (Eyer, Chen, Schäfer, Pettis, & Neumann, 

2009). Mites such as the genus Varroa have been found to have a profound effect on honey 

bees. One study demonstrated the morphological deformities these mites have on 

individual colony members (Bowen-Walker & Gunn, 2001). Pathogens can also be 

horizontally transmitted from mite to host. This is particularly true for honey bee viruses 

including the widespread DWV (Ribière, Ball, & Aubert, n.d.). In this study A. mellifera 

hosted the highest diversity of viruses, indicating a potential correlation with mite 

presence and the potential spillover of infections from mites to bees. Bombus terrestris 

also had two mite taxa present. However, the diversity of virus was reduced in comparison 

to A. mellifera. Also only one bee pathogen was present (BQCV) in addition to two plant 

virus, Arabis Mosaic Virus and Raphanus latent virus. The reduction in viral phylotypes may 

correlate to the increase in Wolbachia seen in B. terrestris, which may infer protection 

against horizontal transmission of the virus from mite to the host bumble bee. 

Elucidating the specificity of microbiomes of related hymenopteran hosts both invading 

and beneficial hymenopterans broadens our knowledge of microbiota and possible 

transmission routes of pathogens This allows for better management of invaders and 

protection of beneficial pollinators. 
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Potential pathogens of V. vulgaris 

Through bioinformatic analyses (Chapter 2 & 4) potential pathogens were highlighted and 

in some cases investigated further. Research suggests that V. vulgaris host a variety of 

pathogens having the potential to induce population crashes (S. A. Cameron et al., 2011; 

Evison et al., 2012; Richard J Harris et al., 2000; Rose et al., 1999). In Chapter 2, a shift in 

the microbiota from the native to the invaded range was observed. With this change, there 

was a loss seen in the invaded range, ERH (Heger & Jeschke, 2014; Roy, Lawson Handley, 

Schönrogge, Poland, & Purse, 2011) potentially explaining increased fitness in the invaded 

range. Native range genera from the class Gammaproteobacteria (Ricketsiella, 

Diploricketsia, Serratia Enterobacter, Pantoea, Erwinia and Providencia) and Bacilli 

(Fructobacillus, Convivina, Leuconostoc, Lactococcus, Vagococcus) were not seen in the 

invaded range.  

It is unclear if these genera have pathogen qualities in V. vulgaris. However some of these 

have been observed as pathogenic in previous studies. The genus Diplorickettsia has 

previously been isolated from Ixodes ricinus ticks, and the species Diplorickettsia 

massiliensis has been confirmed as a human pathogen in tick-borne infections (Mathew et 

al., 2012; Subramanian et al., 2012). Members of the genus Rickettsiella, Providencia 

Serratia, have also been described as pathogens of diverse invertebrates (Bouchon et al., 

2012; Cruden & Markovetz, 1987; Feldhaar & Gross, 2009; Hamdi et al., 2011; Juneja & 

Lazzaro, 2009; Lauzon et al., 2003; Villegas & Pimenta, 2014). Candidatus Rhabdochlamydia 

was found in native larvae, however in low abundances. This genus has previously been 

found in yellow crazy ants A. gracilipes (Cooling, 2015) and the cockroach Blatta orientalis, 

where it was shown to be an intracellular bacterial pathogen, causing swelling of the 

abdomen and infecting ovaries and fat bodies (Corsaro et al., 2007). The protozoan 

Mattesia was identified in the native range and is reported to cause Yellow-head disease 

in populations of the red imported fire ant (Pereira et al., 2002). In the New Zealand range, 

another protozoan was identified CCA5 previously identified in arctic environments 

although the possible role in microbial communities remains unexplored (Stoeck et al., 

2007). The entomopathogen Conidiobolus was found in both ranges but in higher 

abundances in the Belgian range. Infection with Conidiobolus coronatus in Galleria 
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mellonella was shown to increase phagocytic activity suggesting this species is pathogenic 

(Kȩdra et al., 2006). 

In Chapter 2 there was a clear distinction of known virus found in larvae and workers that 

were absent in queen samples. The viral landscape was also different with the native 

Belgian samples predominantly hosting RhPV, and ALPV while the invaded New Zealand 

samples hosting the bee-related virus KBV, with both ranges, with DWV. To date, the effect 

these viruses have on V. vulgaris is unknown, and testing for active replication in  

V. vulgaris would eliminate the presence of this virus as a product of nutritional intake 

alone. A recent study confirmed the presence and replication of KBV in New Zealand  

V. vulgaris colonies and observed its high prevalence in wasps sampled (Dobelmann et al., 

2017). The presence of DWV and KBV in the invaded range wasps may indicate the spill-

over of these predominantly honey bee viruses potentially from the same route  

V. vulgaris acquired beneficial honey bee endosymbionts. 

In Chapter 4, V. vulgaris nests symptomatic of an unknown pathogen was investigated. In 

this analysis 27 known phylotypes were identified, of which five candidates were selected 

as potential pathogens, Moellerella wisconsensis, Aspergillus, Vavraia culicis floridensis, 

KBV and Moku Virus). PCR and subsequent Sanger sequencing using designed primers, 

confirmed the identity of M. wisconsensis, Aspergillus, KBV and Moku Virus.  

KBV and Aspergillus have previously been identified as potential pathogens in V. vulgaris 

(Dobelmann et al., 2017; Glare et al., 1996; Richard J Harris et al., 2000; Lester et al., 2015). 

However, this is the first time M. wisconsensis, V. culicis floridensis and Moku Virus have 

been identified in V. vulgaris wasps in New Zealand. Moellerella wisconsensis is a newly 

identified species and is known to be pathogenic in humans (Hickman-Brenner et al., 1984; 

Quevedo, Martín, & Velasco, 2006), however, there is no evidence that it is a pathogen of 

insects. Blasted M. wisconsensis Sanger sequences also matched to Hafnia alvei, with a 

97% identity, which is a more likely match as it is a known opportunistic pathogen of insects 

(Kwong & Moran, 2016; J. Li et al., 2015; Zimmermann et al., 2013). Moku virus has been 

identified infecting Vespula pensylvanica, A. mellifera and Varroa mites in the same area 

of Hawaii, indicating it is highly virulent, although there is no evidence to date of its 

pathogenicity (Mordecai et al., 2016). 
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In Chapter 4 the metatranscriptome analysis indicated the presence of Vavraia culicis subsp 

floridensis in diseased V. vulgaris larvae. Unfortunately, primers designed and tested for 

this microsporidian were unsuccessful in amplifying desired sequences in the PCR and RT-

qPCR analyses. The lack of amplification in V. culicis floridensis might be due to primers 

being designed based on alignment to a hypothetical mRNA protein and needs to be 

investigated further. Hypothetical proteins are uncharacterised or unknown proteins 

(Sivashankari, S Shanmughavel, 2006). However, it may be a potential pathogen for  

V. vulgaris as it is of Culex spp. mosquitoes, producing larval mortality (Andreadis, 2007). 

Vavraia culicis has been investigated as a biocontrol for mosquitos; spore infection reduced 

mosquito longevity and fecundity. However infection did not persist in the Mosquito 

population (Anthony et al., 1978; Reynolds, 1972; Vavra & Becnel, 2007). Although 

unsuccessful in this instance it is anticipated that V. culicis can potentially be used as a 

control agent of malaria by shortening the lifespan of female Anopheles gambiae 

mosquitoes prior to malaria transmission to humans (Lorenz & Koella, 2011). 

Though, there was an association between the presence of five potential parasites in  

V. vulgaris, RT-qPCR analysis was inconclusive in identifying the cause of infection in these 

diseased nests. There was no distinct pattern in ‘time since infection’ and expression of 

pathogen loads. The potential presence of these pathogens prior to infection suggest there 

may be an alternative pathogen that has not been identified in this study causing the 

disease. Therefore further investigation is needed.  

 CONSTRAINTS AND FUTURE RESEARCH 

The characterisation of the V. vulgaris microbiome provides new knowledge of microbial 

fitness effects in an invasive host. However, this study would benefit from a robust network 

analysis of these wasps in the native and invaded ranges, identifying mechanisms that 

facilitate invasiveness.  

The overall aim of this thesis was to carry out a network analysis, with a large number of 

samples in both the native and invaded range, to confirm patterns in microbial taxa 

observed here. However, due to time constraints, this investigation was unable to be 

completed before submission. A substantial sample set was collect but not analysed in this 
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dissertation. Over three seasons (2013-2016) 89 nests were extracted from the native 

Belgian and invaded New Zealand range, totalling 228 samples of larvae, workers and 

queens. Each nest was quantified for the area in addition to worker and queen cell number 

using Image J software (Schindelin, Rueden, Hiner, & Eliceiri, 2015). The nests were 

collected in autumn when the new queen wasps were produced. The productivity of 

queens in each nest was used as an estimate for nest fitness. The goal was to directly relate 

microbial networks to the fitness of wasps in the native and introduced range. This data 

has been collected but was unable to be included here.  

A subset of these nest measurements, in addition to samples and designed primers, were 

used in a co-authored paper “Fitness in invasive social wasps: the role of variation in viral 

load, immune response and paternity in predicting nest size and reproductive output”, 

published in Oikos (Appendix 7.2). This study indicated that immunity and pathogens could 

play a role in the relative fitness of these wasp populations.  

Fat analysis data was also collected in the New Zealand range following Richards and Packer 

(1994) methods (Richards & Packer, 1994). Fat in insects is an indicator of general health 

and linked to immunity (Fellous & Lazzaro, 2011). In this analysis, I measured fat in workers, 

queens and drones from one season in the invaded range 

As part of this thesis and network analysis of native and invaded range V. vulgaris samples,  

an RT-qPCR microarray plate was developed using designed primers and probes to target 

48 microbial candidates (prokaryote, microbial eukaryote and viruses) in addition to 

immune genes (spanning the insect immune gene pathways). These targets previously 

identified in the metagenomics analysis (Chapter 2, 3 & 4). This target identification 

allowed for high throughput testing and quantification of the 228 V. vulgaris samples. 

These targeted microbial and immune gene results from the native and invaded range 

together with nest data, and fat analysis data will be anaslysed as part of a network 

analysis. This network analysis (Deng et al., 2012) will test the hypothesis that a complex 

interplay between a diversity of pathogens, parasites, symbionts determines the 

abundance and dominance of invasive species. 

Sampling was a considerable constraint in this study. Initially, when the study was 

conceived, sampling was planned for two native range sites (England and Belgium), and 



 

179 
 

two invaded range sites (New Zealand and Argentina). The abundance of wasp populations 

in New Zealand and Argentina allowed for easy sampling. However in the native range 

especially England it was difficult to find sites due to bad wasp years (low abundances). In 

both native ranges, there was reliance on calls from the public to notify locations of nests, 

usually in people’s gardens and homes, which were scarce. Therefore it was decided to 

focus on Belgium alone for representation of the native range. 

In the invaded Argentina I had hoped to collect a subsequent set of samples to potentially 

add weight to the ‘enemy release hypothesis’ argument, that through the invasion 

pathway, V. vulgaris lost enemies leading to increased fitness in the invaded ranges. 

However, Mother Nature had other ideas. After successfully collecting a quota of samples 

in Argentina (Patagonia), I was unfortunately caught up in a volcanic eruption close to my 

sampling sites. This meant all my flights were cancelled and I had to endure a 30+ hour bus 

trip with luggage in addition to a 40kg dry shipper filled with wasp samples and liquid N2, 

to make a connecting flight in Santiago Chile. To complete my journey I had to cross the 

Argentina/Chile border. Here I was detained by border police and questioned for hours due 

to the frozen contents of the dry shipper. This ended in my ejection from the border back 

into Argentina. Sadly after much effort to save my samples, I had to abandon the dry 

shipper in Mendoza to a random friend of a friend ‘Diego’ who would send samples ASAP 

to our lab in NZ. This enabled me to make my connecting flight in Chile. Six weeks later 

after a round trip around the Americas the samples arrived in New Zealand, however, they 

were putrefied and unusable, resulting in one native (Belgian) and one introduced (New 

Zealand) range (Figure 5-1). 
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Figure 5-1 Argentina sampling trip: escaping the ash cloud. Covered in ash:  the dry shipper had 
seen better days. My carefully collected samples from Argentina were subsequently destroyed. 

Sample replication in Chapter 2 was also low. However this study was a preliminary look at 

characterising the microbiota in both ranges, with the aim of elucidating targets for the 

Microarray. Chapter 3 analysis would also have benefitted from equal replication of 

samples, reducing the disparity in samples used. At the time of Illumina sequencing, I used 

a local provider NZGL. However there were many issues with the provider sequencing the 

samples and due to a substantial delay (9 months), I ended up with the resulting number 

of samples detailed in Chapter 3.  

In the first collection season, samples were collected in RNALater. It was noticed that these 

samples once extracted had a high carryover of contaminating salt in the extract which 

needed to be purified further to prevent complications in the downstream analysis. Based 

on the salt contamination of samples in the first sampling season, it was decided to collect 

all subsequent samples and snap freeze in liquid N2, thus improving the DNA and RNA 

extraction process. I would recommend in any future studies that samples are collected 

directly into liquid nitrogen.   
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Over the course of this thesis, bioinformatics was a significant theme behind much of the 

analyses. The primary challenge was the steep learning curve and understanding how to 

handle the massive datasets, as well as deciphering patterns in microbial abundance. 

Generally, when studies talk about the microbiome, they are talking about prokaryotes. 

Here I conducted an in-depth study of three datasets prokaryote, microbial eukaryote and 

viral. Another constraint in bioinformatics was the initial method of microbial classification. 

Iterations of databases such as Greengenes, (McDonald et al., 2012) recommend by QIIME, 

resulted in many analyses, lost time and effort. My analysis started with greengenes 

however due to it not being updated since 2013; I found it mostly outdated. During the 

analysis I noticed many taxa not identified to a low level and opted to redo all my analyses 

again using SILVA (Quast et al., 2013) databases which proved more fruitful. A lot of the 

significant taxa not identified in Greengenes were now identified using SILVA. An example 

of this was the identification of honey bee endosymbionts in Chapter 2. Greengenes 

identified two taxa as Neiserraceae and Pasturellaceae. However SILVA was successful in 

identifying these taxa to the genus level Snodgrassella and Gilliamella. This reclassification 

of taxa, using alternate databases enabled a more rounded understanding of trends and 

patterns seen in microbiome communities. Bioinformatics is moving at a fast pace, and it 

pays to have the most up to date reference databases. For example in chapter 4 analysis, I 

was able to identify Moku virus as it was recently submitted to Genbank, it remains to be 

seen will my other samples from Chapter 2, and 3 also have the presence of Moku virus. 

From these analyses I recommend having the most up to date sequence databases prior to 

alignment of sequences, keeping your dataset relevant. 

Classification of sequence alignments also highlights the occasional uncertainty observed 

in bioinformatic methods. Most studies are completed at the 97% identity which is not 

always confirmatory. For example the alignment of sequences to the bacteria M. 

wisconsensis in the metatranscriptome analysis, when blasted also aligned to Hafnia sp. 

Therefore, other significant microbial taxa (Chapter 2 and 3), would benefit further 

confirmatory analyses. It would be beneficial to have further confirmatory analyses on 

these samples, as we did for Gruber et al. (2017). 

Time was a limiting factor in Chapter 4. Due to receiving samples late in the season, many 

quick decisions had to be made, locating nests, acclimatising nests, and inoculating with an 
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unknown pathogen. In hindsight this chapter may have benefitted more from a more 

concise order of events, following Koch’s postulates more closely. Failure to identify the 

pathogen prior to infection meant I was unable to quantify an effective inoculating dose. 

The unknown pathogen and lack of dose information may have limited the comparisons 

that could be drawn between test and control treatments. Individuality in samples may 

also have played a part in the variability in prevalence and lack of infection trend seen in 

this study. Identification of the pathogen before infection may have allowed for the 

isolation and growing of the pathogen in vitro.This study would also have benefitted from 

using more immune genes to quantify immune gene expression of bacterial (M. 

wisconsensis) and fungal (Aspergillus) pathogen loads. For the RT-qPCR microarray I did 

design primers and probes for immune genes, with confirmatory testing, but these failed 

on the designed microarray.  

 CONCLUSION 

The microbiomes, including bacteria, fungi, and viruses, live within and upon all organisms 

and have become a growing area of research. With the advances of new technologies, it is 

now possible to entangle complex microbial communities found across animal kingdoms 

(Bahrndorff, Alemu, Alemneh, & Lund Nielsen, 2016).The bioinformatics and molecular 

techniques used over the course of this thesis was successful in identifying and 

characterising the microbiome of V. vulgaris. This characterisation provided a baseline of 

microbiota associated with V. vulgaris, highlighting potential candidate symbionts and 

pathogens for further investigation. It also allows for a more targeted approach, improving 

V. vulgaris comparative microbiome research. Therefore, broadening our understanding of 

the interactions among insects, endosymbionts and their environments. 
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 SUPPLEMENTARY DATA 

Supplementary Table 1 Absolute values of microbial eukaryote taxa found in each range life stage, seen in Vespula vulgaris. Taxon described includes 
phylum and class and assigned to the genus level where possible. If the genus was not assigned the next lowest taxonomy was assigned (denoted (o) 
=order, (f) =family, (c) =class). The table is continued on next page  

Phylum Class Lowest Taxon 
Belgian 
Larvae 

Belgian 
Workers 

Belgian 
Queens 

New 
Zealand 
Larvae 

New 
Zealand 
Workers 

New 
Zealand 
Queens 

Basidiomycota Tremellomycetes Cryptococcus 26 0 0 8 0 0 
Basidiomycota Agaricomycetes Hygrocybe 0 0 0 29 0 1 
Basidiomycota Exobasidiomycetes Sympodiomycopsis 20 6 0 0 0 0 
Basidiomycota Tremellomycetes Dioszegia 13 0 0 0 0 0 
Basidiomycota Pucciniomycetes Pucciniales (o) 0 0 0 12 0 0 
Basidiomycota Exobasidiomycetes Exobasidium 0 0 0 10 0 0 
Basidiomycota Agaricomycetes Hypsizygus 0 0 0 8 0 0 
Basidiomycota Tremellomycetes Tremellales (o) 6 2 0 0 0 0 
Basidiomycota Agaricomycetes Athelia 0 3 0 0 4 0 
Basidiomycota Agaricomycetes Lactarius 0 0 0 2 0 3 
Basidiomycota Agaricomycetes Athelia 0 0 0 3 0 1 
Basidiomycota Agaricomycetes Suillus 0 0 0 0 0 4 
Basidiomycota Agaricomycetes Aleurodiscus 0 0 0 4 0 0 
Basidiomycota Agaricomycetes Repetobasidium 0 0 0 3 0 0 
Basidiomycota Agaricomycetes Lentinus 0 0 0 3 0 0 
Basidiomycota Tremellomycetes Derxomyces 3 0 0 0 0 0 
Basidiomycota Microbotryomycetes Sporobolomyces 1 1 0 1 0 0 
Basidiomycota Ustilaginomycetes Ustilago 3 0 0 0 0 0 
Basidiomycota Agaricomycetes Mycocalia 0 0 0 2 0 0 
Basidiomycota Agaricomycetes Tulasnella 0 0 0 2 0 0 
Basidiomycota Agaricomycetes Resinicium 0 0 0 2 0 0 
Basidiomycota Agaricomycetes Hydnodontaceae (f) 0 2 0 0 0 0 
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Supplementary Table 1 continued 

Phylum Class Lowest Taxon 
Belgian 
Larvae 

Belgian 
Workers 

Belgian 
Queens 

New 
Zealand 
Larvae 

New 
Zealand 
Workers 

New 
Zealand 
Queens 

Basidiomycota Tremellomycetes Sebacina 0 0 0 0 0 2 
Basidiomycota Tremellomycetes Tremellales (o) 0 0 0 2 0 0 
Basidiomycota Tremellomycetes Trichosporon 0 0 0 1 1 0 
Basidiomycota Microbotryomycetes Sporidiobolus 2 0 0 0 0 0 
Basidiomycota Pucciniomycetes Pucciniales (o) 0 0 0 2 0 0 
Basidiomycota Exobasidiomycetes Microstroma 2 0 0 0 0 0 
Chytridiomycota Chytridiomycetes Chytridiomycetes (c) 0 0 0 2 0 0 
Mucoromycotina Mucoromycotina Mucor 0 2 0 0 0 0 
Zygomycota Entomophthorales (o)  Conidiobolus 1 15 0 16 1 0 
Ascomycota Saccharomycetes Debaryomyces 1 0 0 59 9 5 
Ascomycota Sordariomycetes Bionectria 0 0 0 30 0 0 
Ascomycota Eurotiomycetes Penicilliopsis 2 0 3 0 7 16 
Ascomycota Saccharomycetes Lachancea 4 0 0 16 0 0 
Ascomycota Saccharomycetes Metschnikowia 3 2 0 6 1 7 
Ascomycota Saccharomycetes Saccharomycetales (o) 0 0 0 13 4 0 
Ascomycota Saccharomycetes Priceomyces 6 0 1 0 10 0 
Ascomycota Dothideomycetes Dothideales (o) 12 2 0 0 0 0 
Ascomycota Eurotiomycetes Paracoccidioides 0 0 0 0 0 14 
Ascomycota Eurotiomycetes Talaromyces 0 0 0 2 6 5 
Ascomycota Leotiomycetes Helotiales (o) 8 0 0 2 0 3 
Ascomycota Taphrinomycetes Protomyces 7 2 0 3 1 0 
Ascomycota Dothideomycetes Cladosporium 5 6 0 0 1 0 
Ascomycota Leotiomycetes Glarea 0 0 0 9 0 0 
Ascomycota Eurotiomycetes Chaetothyriales (o) 0 0 0 8 0 0 
Ascomycota Eurotiomycetes Eurotiales (o) 0 0 1 4 3 0 
Ascomycota Leotiomycetes Meliniomyces 0 0 0 6 0 0 
Ascomycota Saccharomycetes Candida 3 0 0 3 0 0 

https://en.wikipedia.org/wiki/Entomophthorales
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Supplementary Table 1 continued 

Phylum Class Lowest Taxon 
Belgian 
Larvae 

Belgian 
Workers 

Belgian 
Queens 

New 
Zealand 
Larvae 

New 
Zealand 
Workers 

New 
Zealand 
Queens 

Ascomycota Eurotiomycetes Exophiala 0 0 0 4 0 0 
Ascomycota Eurotiomycetes Aspergillus 0 2 0 0 0 2 
Ascomycota Saccharomycetes Cyberlindnera 4 0 0 0 0 0 
Ascomycota Saccharomycetes Pichia 4 0 0 0 0 0 
Ascomycota Dothideomycetes Peltaster 0 1 0 1 1 0 
Ascomycota Leotiomycetes  Leotiomycetes (c) 0 0 0 3 0 0 
Ascomycota Leotiomycetes Neobulgaria 0 0 0 0 1 2 
Ascomycota Leotiomycetes Botryotinia 3 0 0 0 0 0 
Ascomycota Leotiomycetes Collophora 0 0 0 3 0 0 
Ascomycota Leotiomycetes Thelebolales (o) 0 0 0 0 0 3 
Ascomycota Saccharomycetes Hanseniaspora 3 0 0 0 0 0 
Ascomycota Dothideomycetes Pleosporales (o) 0 2 0 1 1 0 
Ascomycota Dothideomycetes Fodinomyces 0 0 0 2 0 0 
Ascomycota Eurotiomycetes Penicillium 0 0 0 1 1 0 
Ascomycota Incertae Sedis Symbiotaphrina 0 2 0 0 0 0 
Ascomycota Lecanoromycetes Acarospora 0 0 0 0 0 2 
Ascomycota Leotiomycetes Oidiodendron 0 0 0 0 2 0 
Ascomycota Pezizomycetes Urnula 0 2 0 0 0 0 
Ascomycota Saccharomycetes Kazachstania 0 0 0 2 0 0 
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Supplementary Table 1 continued 

Phylum Class Lowest Taxon 
Belgian 
Larvae 

Belgian 
Workers 

Belgian 
Queens 

New 
Zealand 
Larvae 

New 
Zealand 
Workers 

New 
Zealand 
Queens 

Protists             

Apicomplexa Conoidasida CCA5 0 0 0 25 12 0 
Apicomplexa Gregarinasina Ascogregarina 0 0 0 0 0 2 
Apicomplexa Neogregarinorida Mattesia 3 1 0 0 0 0 
Intramacronucleata Conthreep Dexiotricha 2 0 0 0 0 0 
Euglenozoa Kinetoplastea Crithidia 3 0 0 2 1 0 
Microsporidia Incertae Sedis Berwaldia (f) 0 0 0 6 0 0 
Cercomonas Cercozoa Cercomonas (o) 0 0 0 3 0 0 

Nematoda       
Nematoda Chromadorea Tylenchida 0 0 0 3 0 0 
Nematomorpha Gordioida Chordodea 0 0 0 2 0 0 

 

  

https://en.wikipedia.org/wiki/Kinetoplastida
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Supplementary Table 2 Viral counts using two anlysis methods MEGAN and Virusfinder2. Both methods also had varying results of virus presence and 
absence, indicating further confirmatory work.  A  is indicated for both analysis where virus presence was detected and a – where no virus was detected. 

 

 Vespula vulgaris Apis mellifera Bombus terrestris Vespula germanica Line humile 

Virus MEGAN 
Virusfinder 

2 
MEGAN 

Virusfinder 
2 

MEGAN 
Virusfinder 

2 
MEGAN 

Virusfinder 
2 

MEGAN 
Virusfinder 

2 

Rhopalosiphum padi virus (RhPV) 16 13899 - - - - - - 14 20 
Kashmir bee virus (KBV) 9 107 - - - - - - 9 - 
Deformed Wing Virus (DWV) - - - 5292564 - - - 10 - - 
Aphid Lethal paralysis virus (ALPV) 5 - - - - - - - - - 
Black Queen Cell Virus (BQCV) - - 6 - 3 10 1 - 4 - 
Enterobacteria phage DE3 - - - - - 17 - - - - 
Prunus Necrotic Ringspot Virus - - 7 455 - - - - - - 
Linepithema humuile Virus 1 - - - - - - - - 4 - 
Arabis Mosaic Virus - - 20 - 3 - 6 - - - 
Lake Sinai Virus 1 - - 3 - - - - - - - 
Raphanus latent Virus - - - - 4 - - - - - 
Sacbrood Virus - - - - - - 1 - - - 
Enterobacteria phage VK 1 - - - - - - - - - 
Kakugo Virus 1 - 3 - - - 1 - - - 
Apis mellifera Filamentous Virus - - 1 - - - - - - - 
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Supplementary Table 3 Forward and reverse primers used to sequence short products for PCR and RT-qPCR. Sanger sequenced products were aligned to 
taxa in Genbank and the resulting percentage identity and product length is provided, along with the sequence and closets taxa match. 

Candidate Forward Primer Reverse Primer Identity Product 
Length 

Sequence Match 

Moku Virus 
TGGTGCGATAGCT
AAGCCTG 

GAACCCAGAATGGT
GCTGGA 

95% 134 
Moku Virus isolate Big Island, complete genome KU645789.1 
GGGGGAGGCTTGATTTGGTTAGATGTAGCTGGAACTGTCGACAAAGTTTTAGGAG
ATATAAATTGCGATAATCCACCAGATACTCGTCCAGCACCATTCTGGGTTCA 

Moellerella 
wisconsensis 

TACCGACAGAAGA
AGCACCG 

CTTAATCAACCGCC
TGCGTG 

98% 112 

Hafnia sp. CB1(2010) 16S ribosomal RNA gene, partial sequence 
GU944485.1 
ATACGGGGGAGGGGGTGGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCAC
GCAGGCRGTTGATTAAGA 

97% 112 

Moellerella wisconsensis strain NTS31501793 16S ribosomal RNA gene, 
partial sequence 
GenBank: KR339013.1 
ATACGGGGGAGGGGGTGGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCAC
GCAGGCRGTTGATTAAGA 

Dicer 
CAACTCCGAGATA
GGTGACAGAAG 
 

AGAAGAGGGTCCG
CATCCTT 
 

93% 36 
PREDICTED: Polistes canadensis endoribonuclease Dicer (LOC106783690), 
mRNA GenBank: XM_014742462.1 
TTATATTATTGTGGCACCAAAAAGTCCATCAGCAGA 

Aspergillus 
fumigatus 
 

CTAACTTTCGTTCC
CTGATTAATG 

CTTGGATTTGCTGA
AGACTAAC 

93% 76 
Aspergillus sp. 18003 18S ribosomal RNA gene, partial sequence GenBank: 
EU710836.1 
TTGGCCAACGTATGTTTTCATTATCAGGGAACGAAAGTTAGA 

Kashmir bee 
virus 
 

ACCAGGAAGTATT
CCCATGGTAAG 
 

TGGAGCTATGGTTC
CGTTCAG 
 

100% 79 

Kashmir bee virus isolate 950406b-6 structural protein gene, partial cds 
Genbank: AF263732.1 
TAAAAAATTTTATGGACCTGAATCATCACAACTGAACGGAACCATAGCTCCAA 
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Supplementary Table 4 Forward and reverse primers used in PCR to sequence long products for confirmatory identification of Kashmir Bee virus and Moku 
virus. PCR and RT-qPCR. Sanger sequenced products were aligned to taxa in Genbank and the resulting percentage identity and product length is provided, 
along with the sequence and closets taxa match. 

Moku Virus 
Forward Primer 

ATCTGAACTGCCACCGTCAG 

Reverse Primer 

TGCTGCTGCCTCATTAACCA 

Identity: 

89% 
Sanger product length: 744 

Moku virus isolate Big Island, complete genome GenBank: KU645789.1 

GAAATAGAAATCTGCTTTTAATTGAACTTGTTAGACGTGAGAAAGAATTAATTTTCGAAATAGGATGATTGCGGCATATGCTTTAGACCCGGATTATACTCAATTGGATGAATTAAATTATG

TCCACGGATCTACCTTACCCACTACTACATTACATGAACTATTCATCCACCAGCGGAATGAAGCTCGACGTATTCTATATGCAGCACCGCCCTCTGTCGAAGAGGAGGAAGACCCGTATTTG

TATAATATTTTACAACGATTCCGATACTTATGGGAACCACCTGAAACACCACAACCTGAAATGGATGAACCATCATGTAGCTGGGAGTTCGATCCTACACGAATTGTTAGTAACAGTATGTT

CAGAGAGAGAGAACGAATAATGCAAGTATTGTTGGGTGATCGAGTTAAGATGGATAGAGGTGCTCTTCTGAAGTTGGTTTCGGGTGGGATAGATGTTACAGAGGATGACATAAGAGGTT

TATCATAGATCCCACATTCGAAAAGGTTTATTCGAAAAAGCTGGTTCAACTGACGGTATCTGGTCTAGGTTTTTGTTTGTGTTTTGAATATAATTCTATGTGGCCGATGATTTAACAGATGG

ATGTCAAAAACGATGTTTATGACTTCGTCGCATACGGAGGAGAATATAACACATATGAGATTTTACCTTCTTGGGAAGATGAACTGGACTGATTGTTAAGATCTTTAGGTATATTGGTTAA

GAGCAGCAGCTAATGT 

Kashmir Bee Virus 
Forward Primer 

TGATGGTGATTGTGGAGCCC 

Reverse Primer 

TCGACTCCCGGATAACCTGT 

Identity: 

97% 
Sanger product length: 690 

Kashmir bee virus, complete genome GenBank :AY275710.1 

TACATGTTGCTGGTGCAGCATGKGGTCGAGCTTATGCAGAATCTATAACCCAGAAAGATTTGGAGCGTACATTTAGTAAAATAGATGTTACAATGCAAATCCAATTGGATTTAGATTCTTC

ATTAGATTTTTCTAGAATCGAACCCAAAATCCCTACTGGAGTTGAATTTGGACCGGAAGCTCTCACTTTTTGTGATCTTCCAGCCCTTAAGATGATACCAGTAGGACGACTTCCCGAACCCCT

ATTTGAACCAGGCAAAACAGATATTAGGCCTTCCTTAGTGCATGGAATGATTTCTGATATTAAGACTAAACCAGCTTACTTACGTAATGTAAGAGTAGATGGCGAAGTCRTAAATATGAAA

CACAGAAATTTAATGAAATGTGCTATGGATACACCTCATATCGACAAGGACATGATCGAAGAAGCATATCAATTGACTAAATCTGTTTGGCTAAAAGGTATGCGAGATGAATTGAAAAAG

GTTCTCACTTATGAAGAAGCCATTTGTGGCTCTGAAGTAAGTGAATACATTTCTTCAATTAACAGGAGTAGTTCCCCAGGATATCCTTGGATAAAGGATAGAGTGAAAGGAACTAAAGGAA

AACAAGGTTGGTTTGGCACTGATGGAGAATTTATTCTCAATGAAAATGTCGAATTAGCCGTACAACAACGACTACAAGCAGCTC 
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 Abstract 

Within any one habitat, the relative fitness of organisms in a population can vary 

substantially. Social insects like the common wasp are among the most successful invasive 

animals, but show enormous variation in nest size and other fitness-related traits. Some of 

this variation may be caused by pathogens such as viruses that can have serious 

consequences in social insects, which range from reduced productivity to colony death. 

Both individual immune responses and colony-level traits such as genetic diversity are 

likely to influence effects of pathogen infections on colony fitness. Here we investigate how 

infections with Kashmir Bee Virus (KBV), immune response and intracolony genetic 

diversity (due to queen polyandry) affect nest size in the invasive common wasp, Vespula 

vulgaris. We show that KBV is highly prevalent in wasps and expression of antiviral immune 

genes is significantly increased with higher viral loads across individuals. Patriline 

membership within a nest did not influence KBV susceptibility or immune response. A 

permutational MANCOVA revealed that polyandry, viral load, and expression of the 

immune gene Dicer were significant predictors of variation in nest size. High intracolony 

genetic diversity due to polyandry has previously been hypothesized to improve colony-

level resistance to parasites and pathogens. Consistent with this hypothesis, we observed 

genetically diverse colonies to be significantly larger and to produce more queens, 

although this effect was not driven by the pathogen we investigated. Invasive wasps clearly 

suffer from pathogens and expend resources, as indicated here by elevated immune gene 

expression, toward reducing pathogen-impact on colony fitness.   
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INTRODUCTION 

Considerable variation is frequently observed in the reproductive output and relative 

fitness of organisms within populations. Organisms might survive to maturity but produce 

few or no offspring, while the reproductive output of other population members can be 

many orders of magnitude higher. Environmental variation, including temperature or 

nutrient variation, as well as pathogens (Lazzaro and Little 2009), can be a key driver in 

these disparate fitness outcomes, which is especially apparent in ectothermic animals such 

as insects (Kingsolver and Huey 2008). The distribution of pathogens is one key 

environmental factor that influences fitness (Lachish et al. 2011). In order to reduce fitness 

costs of pathogens and parasites, immune defence, which is costly, may be traded off 

against other fitness components (Sheldon and Verhulst, 1996). In addition, within-

population genetic variation in immune traits can dramatically influence reproductive 

success (Lazzaro and Little 2009). Determining the relative roles of pathogen infection and 

immune response on fitness is important for understanding population dynamics, and can 

inform the management of invasive species.  

Pathogens such as viruses can be extremely important for health in insect communities. 

The social behaviour of eusocial Hymenoptera (ants, bees and wasps) facilitates the 

transmission of pathogens and pathogen associations, which has been best studied in the 

honey bee (Evans and Schwarz 2011) but remains poorly understood in non-model 

organisms. Increased pathogen loads and the presence of RNA viruses such as Deformed 

Wing Virus (DWV), Israeli Acute Paralysis Virus (IAPV) and Kashmir Bee Virus (KBV) are 

emerging as key factors associated with colony collapse in honey bees (Cornman et al. 

2012, McMenamin and Genersch 2015). KBV becomes extremely virulent when in high 

titres in bees, but is frequently observed only at low abundance, and with bees showing no 

obvious symptoms on infection (de Miranda et al. 2010). Viruses like KBV can be induced 

to change from symptomless or covert infections, to pathogenic or overt infections in bees 

by the acquisition of biologically active substances (Dall 1985, 1987). Once introduced, 

viruses can quickly spread throughout entire hives or nests. For example, KBV in Apis 

mellifera colonies was found to be transmitted both horizontally between workers or from 

workers to larvae, and vertically from queens to eggs (Shen et al. 2005). Additional 

horizontal transmission routes for viruses are likely, such as through interactions while 
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foraging in the same area (Singh et al. 2010). A wide variety of insects can host these viruses 

(Levitt et al. 2013), including social wasps (Singh et al. 2010; Lester et al. 2015).  

The RNA interference (RNAi) pathway provides a key antiviral immune response in insects 

including hymenopterans. Individual insect immune defence includes humoral responses 

through the activation of immune pathways that result in the production of antimicrobial 

peptides and cellular immune responses (Lemaitre and Hoffmann 2007). The best studied 

antiviral response is within the small interfering RNA (siRNA) pathway (Ding, 2010). Double-

stranded RNA is recognised by endoribonuclease dicer proteins and processed into siRNA 

that can guide a specific antiviral immune response (Brutscher et al. 2015, Aliyari and Ding 

2009). Another recently discovered potential antiviral immune response gene in wasps is 

the RNA helicase Skiv2l2 (Superkiller Viralicidic Activity 2-Like 2), that is paralogue to yeast 

antiviral Ski2p and may be involved in regulation of viral RNA (Dangel, Shen, Mendoza, Wu, 

& Yu, 1995). The immune response via the siRNA pathway was found to increase with viral 

load in honey bees (Niu et al. 2014). Comparative genomics have revealed immune 

pathways in honey bees that are orthologous to fruit flies and mosquitoes, suggesting 

these responses may be conserved across a range of social hymenopteran species (Evans 

et al. 2006). 

In addition to individual immunity, colony-level properties such as genetic diversity and 

colony size are predicted to mediate the degree to which colonies are affected by 

pathogens (Cremer et al. 2007). High intracolony genetic diversity has been hypothesized 

to improve colony-level resistance to parasites and pathogens by reducing transmission 

among colony members (Schmid-Hempel 1994). This increase in resistance could occur if 

pathogens or parasites adapt to host genotypes, resulting in variable infection 

susceptibility within a genetically diverse colony (Sherman et al. 1988; Schmid-Hempel 

1994; Crozier and Fjerdingstad 2001; van Baalen and Beekman 2006). In many social insects 

with single queens, including social vespine wasps, intracolony genetic diversity is 

determined by polyandry (i.e. the degree to which queens mate multiply; Strassmann 

2001). In Vespula wasps, polyandry has been positively associated with colony fitness 

(Goodisman, Kovacs, & Hoffman, 2007) and average intracolony genetic diversity is 

positively correlated with average colony size across species of Vespinae wasps (Loope et 

al., 2014). More direct support for the link between genetic diversity and pathogen 
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resistance comes from studies in honey bees, where experimentally enhanced polyandry 

was associated with lower disease rates (Tarpy 2003, Seeley and Tarpy 2007). While the 

benefits of genetic diversity in social insect colonies extend beyond disease resistance and 

are well demonstrated (e.g. Mattila and Seeley 2007), few studies have explored the 

mechanisms by which colonies gain immune benefits from genetic diversity (but see 

Hughes and Boomsma 2004).  

The common wasp, Vespula vulgaris, is an invasive species that was first observed in New 

Zealand in 1921 and became widely established in the 1980s (B. Donovan, 1984). This wasp 

species is an abundant pest in New Zealand that harms native birds and insects through 

predation and competition for food sources (Moller 1990, Moller et al. 1991, Toft and Rees 

1998, Burne et al. 2014). Wasps are observed in extremely high densities in South Island 

beech forests where they can dominate honeydew resources (Harris et al. 1994; Beggs and 

Rees 1999). Densities of up to 370 wasps per m2 of tree trunk have been observed (Moller 

et al. 1991). Colonies are founded by a single hibernating queen in early spring. The annual 

nest is extended throughout the season by workers, and at the end of the season colonies 

produce males and new reproductive queens (Archer, 1981). These nests can vary 

substantially in size and queen productivity (Barlow et al., 2002). The expansion of a 

species’ range has been associated with changes in immunocompetence (Cornet et al. 

2016) and it has been hypothesized that low genetic diversity in social invasive species may 

affect immune responses on colony and individual level (Ugelvig and Cremer 2012). 

Recently, the common wasp has been shown to carry viral pathogens. The honey bee 

viruses KBV and DWV were found to be present in the common wasp populations in New 

Zealand, with KBV sequences closely matching those from local honey bees (Lester et al., 

2015).  

In this study, we examined the evidence that viral load, immune gene expression and 

intracolony genetic diversity interact to affect nest size and productivity in the common 

wasp. In order to test this hypothesis, we examined a large number of individual wasps 

from randomly chosen nests that varied considerably in size and productivity. Preliminary 

work showed KBV but not DWV presence in the studied location. We first determined KBV 

infection prevalence and load variation between and within nests. Secondly, we looked at 

the relationship between KBV infection rates and immune responses of individual wasps. 
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Thirdly, we determined the variation in polyandry among nests and looked at associations 

between KBV infections and immune responses with patriline membership (father identity) 

within nests.  

METHODS 

SAMPLING 

To limit environmental variation and better estimate intracolony variation, we examined a 

large number of individual V. vulgaris workers (n = 182) in six spatially aggregated nests. 

All nests were obtained from an environmentally homogenous habitat and were separated 

by less than 150 m in Fuscospora beech forest of Nelson Lakes National Park (41°46'S, 

172°57'E), New Zealand. Sampling was undertaken in late March 2016. The presence of 

new queens and drones, which are annually produced by this time, represents the whole 

reproductive output of a colony. Nests were located by observing foraging workers and 

anaesthetised with diethyl ether before being excavated and transferred into a sealed 

bucket. Buckets were then chilled at -20°C for ~2h. After chilling, all wasps were still alive, 

but were able to be handled without stinging. A subset of ~30 live adult workers was 

randomly collected from every nest and snap frozen in liquid nitrogen at -196°C in a dry-

shipper. Samples were then stored at -80°C for 3 weeks before RNA extraction and 

dissection. One hind leg was removed on dry ice for genotyping and heads were removed 

for another study. The remaining body was used to determine immune gene expression 

and viral loads. 

To assess colony productivity, nest paper was removed and combs were cut out and placed 

flat on a table. Photos were taken to analyse the number of worker and queen cells. Worker 

cells are used to rear workers and the majority of males, whereas the larger queen cells 

are used to rear new queens (J.P. Spradbery, 1971) and therefore used as an indicator of 

colony fitness. We used ImageJ2 software (Schindelin et al., 2015) to measure the size of a 

minimum of 10 large queen cells and 10 small worker cells from photographs of each nest. 

Then total areas of worker and queen cells were divided by the mean cell size to calculate 

cell number for each nest.  

  

This content is unavailable. 

Please consult the print version for access or access the published 

paper online. 



 

252 
 

RNA EXTRACTION AND cDNA SYTHESIS 

We extracted RNA from 142 individual wasps (24 workers per colony, with 22 in colony A) 

to examine viral loads and immune gene expression. Samples were homogenized by bead 

beating (Mini-Beadbeater-16, BioSpec, USA) in a mix of 950 µL GENEzol™ (Geneaid Biotech, 

Taiwan) and 50 µL β-mercaptoethanol (Sigma Aldrich, USA) followed by incubation at 65°C 

for 15 min. The product was purified with chloroform (Sigma Aldrich, USA) and RNA was 

precipitated with isopropanol (Sigma Aldrich, USA) followed by 70% ethanol. RNA pellets 

were then resuspended in 100 µL nuclease-free water and quantified on a NanoDrop ND-

1000 Spectrophometer (NanoDrop, USA). Residual DNA was removed from 100 ng RNA 

using 0.5 units PerFecta DNase I (Quanta BioSciences, USA) in a 10 µL reaction carried out 

according to manufacturer’s instructions. cDNA was prepared by reverse transcription of 8 

µL RNA (80 ng) with random hexamers and oligo(dT) primers using qScript cDNA SuperMix 

(Quanta BioSciences, USA) in a 10 µL reaction. The thermal incubation consisted of 5 min 

at 25°C, 60 min at 42°C and 5 min at 85°C. The resulting cDNA was diluted 1:10 with 

nuclease-free water (final concentration approx. 0.8 ng/µL).  

IMMUNE GENE EXPRESSION AND VIRUS QUANTIFICATION 

Quantitative real-time PCR (qPCR) was performed to detect mRNA expression of Dicer and 

Superkiller genes, and the RNA virus KBV. We used a primer pair specific to KBV, targeting 

the virus particle protein VP3, making cross-amplification of other Dicistroviridae viruses 

unlikely (Chantawannakul et al. 2006; de Miranda et al. 2010). Immune genes were 

selected from the Polistes canadensis and P. dominula genomes, and orthologs identified 

using a BLAST search on a common wasp draft transcriptome assembly. BLAST searches 

were run against the Victoria University of Wellington's Science Faculty High Performance 

Computing (Sci Fac HPC) Facility's BLAST v 2.2.25 installation. Two reference gene orthologs 

were also identified in this search: eukaryotic translation initiation factor 3 subunit C (eIF3-

S8) and Proteasome 54kD subunit (Pros54). These genes were previously shown to be 

stably expressed in the honey bee (R. C. Cameron et al., 2013; Vannette et al., 2015) and 

were included to normalize gene expression, as the use of multiple references is 

recommended by the MIQE guidelines (Bustin et al., 2009). Primers were designed using 

PrimerBLAST software (www.ncbi.nlm.nih.gov/tools/primer-blast) (Supplementary 

material Appendix 1, Table A1). Gene expression was analysed in two technical replicates 
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run in parallel on a qPCR cycler (mic qPCR, Bio Molecular Systems, Australia). Reaction 

mixes of 12.5 µL contained 5 µL Perfecta™ SYBR® Green FastMix™ (Quanta Biosciences, 

USA), 4 ng template and 250 nM of each forward and reverse primer. The thermal protocol 

for the KBV assay consisted of 2 min at 95°C, followed by 40 cycles of a three-step protocol 

with 30 s denaturation at 95°C, 15 s annealing at 54°C and 30 s extension at 72°C. All other 

assays were carried out with 30 s initial denaturation at 95°C, 40 cycles of 5 s at 95°C, 15 s 

at 60°C and 10 s at 68°C. Fluorescence was measured during the extension step. A final 

slow increase in temperature to 95°C for the melt analysis was performed to verify 

expected target amplification. Two no-template controls were run in parallel for every 

primer pair to ensure absence of contamination and primer-dimer artefacts. Mean of 

duplicates was taken as quantification cycle (Cq) values. ΔCq values normalised against the 

average reference gene expression were calculated for further analysis. Primer specificity 

was confirmed by 2% agarose gel electrophoresis with SYBR safe stain (Invitrogen, Thermo 

Fisher Scientific, USA) and amplicons were purified using ExoSAP-IT (Affymetrix, Thermo 

Fisher Scientific, USA) and sequenced by the Massey Genome Service, Palmerston North, 

New Zealand. We confirmed active replication of positive-sense KBV by detecting the 

negative viral strand using reverse transcription (SuperScript IV, Invitrogen, Thermo Fisher 

Scientific, USA) with tagged primer tag-KBV_F followed by PCR using the primers KBV_R 

and Tag (Supplementary material Appendix 1, Table A1).  

PHYLOGENETIC ANALYSIS 

For phylogenetic relationship analysis, we amplified sequences of KBV, Dicer and 

Superkiller. Reverse transcribed template cDNA was amplified in 15 µL PCR reaction using 

the same primers and cycling conditions used in the qPCR assays. Reactions consisted of 

10ng cDNA, 1 x PCR Buffer, 1.5 mM MgCl2, 200 nM of each dNTP, 0.4 nM of each primer 

and 0.5 units of Taq DNA Polymerase (Invitrogen, Thermo Fisher Scientific, USA). Samples 

from every nest were analysed in MEGA7 (Kumar et al. 2016). We used the ClustalW 

alignment and the Bayesian information criterion to choose evolutionary models. Trees 

were built using the Kimura 2-parameter model (Kimura 1980) for Superkiller, and the Jukes 

Cantor model (Jukes and Cantor 1969) for KBV and Dicer with 500 bootstrap replicates. 
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MICROSATELLITE ANALYSIS OD POLYANDRY 

We obtained genotypes for 30 workers from each colony at seven microsatellite loci, and 

used these genotypes to assign workers to patrilines. Methods followed a previous study 

of paternity in Vespula (Loope et al., 2014). Briefly, DNA was extracted from frozen legs 

using a Chelex protocol (Walsh et al. 1991), and 1 µL of extracted DNA (~100ng/ µL) was 

used in each of two 5.5 µL multiplex PCR reactions. Mix 1 contained FAM, HEX, NED and 

PET dye-labelled primers for List2018, List2001, Rufa15, Rufa19 (Daly et al 2002; Thorén et 

al. 1995), and Mix 2 contained primers for VMA3, VMA6, Rufa18 (Hasegawa et al. 2002, 

Thorén et al. 1995). We used Qiagen Type-It Kits for Mix 1, and Kapa2G multiplex PCR kits 

for Mix 2. Both reactions were improved by the addition of SolutionQ from the Qiagen kit. 

PCR reactions for Mix 1 were 15 min at 95°C, 33 cycles of 30 s at 95°C, 45 s at 55°C, 60 s at 

72°C, 30 min at 60°C. Mix 2 reaction conditions were identical, except for an annealing 

temperature of 51°C and a total of 36 cycles. One microliter of each PCR product was 

combined with 10 µL of diluted MCLabs Orange 500 size standard (MCLabs) in SuperDi 

Formamide (MCLabs), and fragment analysis was performed on a ABI 3730XL (Applied 

Biosystems). Genotypes were called in GeneMarker (SoftGenetics), each checked by eye. 

We re-amplified and re-genotyped 88 samples that successfully amplified the first time to 

check for genotyping errors but found no evidence of dropout or other errors. Paternity 

was assigned to workers by assuming a single mother queen in each colony (all genotypes 

were consistent with a single mother), and deducing the minimum number of males 

necessary to explain worker genotypes. We also used the maximum likelihood method of 

the program Colony2 (Jones and Wang 2010) to assign workers to patrilines. Colony2 

parameters were polyandry for females, monandry for males, allele frequency updating, 

no inbreeding, maternal sibship for all daughters from each colony, and a weak paternal 

sibship size prior of 16, chosen based on the results of a previous paternity study in this 

species (Foster and Ratnieks 2001). These two approaches resulted in identical paternity 

assignments in all cases. Within each colony, we then calculated patriline number and 

effective paternity, which describes the queen mating frequency and accounts for 

unevenness in the frequency of offspring from each patriline and the sample size of 

daughters analysed (ke3; Nielsen et al. 2003). This latter measure is an effective descriptor 

of genetic diversity within colonies and is inversely related to intracolony relatedness. The 
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allele frequencies at the seven microsatellite loci, estimated by Colony 2, were used to 

calculate the population-level non-detection error, which is the probability that two males 

have the same genotype and thus a male mate goes undetected (Jaffé 2014). 

DATA ANALYSIS 

Our design had a small number of nests, but a large number of wasps were sampled from 

within each nest.  

Individual-level effects Correlations between individual KBV loads and immune gene 

expression were analysed with linear regression. To test for effects of patriline membership 

on individual wasp viral loads or immune gene expression, of Dicer or Superkiller, we 

created linear models (lm() function in R 3.3.0) and used model selection calculating the 

corrected Akaike information criterion (AICc) and model weights with the MuMIn package 

(Barton 2016). Since patriline membership and colony membership are not independent 

(because patrilines are unique to colonies), it was not possible to include them both in the 

same model. Furthermore, a model with just patriline membership as a predictor could 

show a significant effect merely as a result of differences between colonies, since patrilines 

are unique to colonies. To overcome this problem, we compared three models for each 

response variable: a model with no predictors (null), a model with colony membership as 

the only predictor, and a model with patriline as the only predictor. If patriline membership 

explained most of variation in a response variable (beyond information present in colony 

membership), the patriline-only model would be preferred relative to the colony-only 

model. AICc model weights were used to determine the preferred model. Such 

information-theoretic model comparisons do not involve p-values to determine the 

importance of predictors: if predictors were not important, the null model would be 

preferred (Burnham et al 2011). To complement this analysis, within nests we used unequal 

variances t-tests or one-way ANOVA (for colonies with two or three patrilines with at least 

five workers within each, respectively) to see if patriline membership affected KBV loads 

or gene expression.  

Colony-level effects To test our hypothesis that wasp nest size (represented by total cell 

number) varies with viral load, immune response and effective paternity (ke3) we used a 

permutational MANCOVA, with 999 permutations. We used the adonis function in the 
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vegan package in R (Oksanen et al. 2016). We included ke3 as a predictive variable in the 

model despite having only one value per nest, as it explained a considerable amount of 

variation among nests and enabled us to estimate the role of covariates. Viral load and the 

expression of Dicer and Superkiller were used as covariates because they varied in value 

among wasps within each nest. We used a blocked design based on levels of queen 

production, with three levels each containing two nests: no queens produced, a small 

number of queens (< 1000 cells), and large queen numbers (> 1000 cells) (Fig. 1A). We then 

used Pearson correlation to test if the factors have positive or negative correlations with 

colony cell number. 

All boxplot and scatterplot graphs were created using the ggplot2 package in R (Wickham 

2009). Boxplots show the mean, the 25th and 75th percentiles, with whiskers extending 

from the hinge to the highest or lowest value that is within 1.5 × the inter-quartile range 

of the hinge. Outliers are automatically classified as values >1.5 fold higher than the inter-

quartile range, but were not excluded from the statistical analyses.  

DATA DEPOSITION 

Data available from the Dryad Digital Repository:<http://dx.doi.org/10.5061/dryad.pb2rp> 

(Dobelmann et al. 2017). 

RESULTS 

The six collected wasp nests varied considerably in size and queen production. For the 

purpose of presentation, we rank ordered nests by their size from smallest to largest based 

on worker cell number and named them A to F (Fig. 1A). Two nests (A and C) failed to 

produce queen cells, whereas nests B and D showed a medium queen cell production (up 

to 1,000 cells), and the largest nests E and F were highly reproductive (over 1,000 cells) 

(Supplementary material Appendix 1 Table A2). Nest A was the smallest nest containing 

740 worker cells and no queen cells. The largest nest (Nest F) had the highest number of 

queen cells (2246).  

We determined KBV prevalence and viral loads within and among nests. All wasps were 

found to be infected with this virus, but viral loads differed substantially among individuals 

within nests (Fig. 1B). Every nest contained workers with relatively low infection levels. 
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Highly infected workers were found in nest A, D, and F. However, in nest D only a single 

worker with a high viral load was identified as an outlier. Nest A showed the most variable 

viral loads among wasps, with an overall highest mean KBV load. KBV replication, indicating 

parasitism by the virus, was detected in individual wasp samples from every nest.  

The variation in immune gene expression across nests was much smaller than the variation 

in viral loads. The RNAi pathway gene Dicer (Fig. 2A) showed the highest mean expression 

levels in nest A and lowest levels were found in nest C and F. The second immune gene 

Superkiller (Fig. 2B) showed lower expression values compared to Dicer with less variation 

across nests, although variation within nests remained high. We observed statistically 

significant positive relationships between the expression of Dicer and Superkiller with KBV 

infection levels (Pearson r = 0.206, p = 0.023 and r = 0.182, p = 0.046, respectively; Fig. 2C 

and 2D). The effect, however, was not strong, with less than 4% of the variation in immune 

gene expression explained by KBV loads. Amplified sequences did not vary between nests, 

which is consistent with a single strain being present, and closely matched KBV found in A. 

mellifera (Fig. 3). Phylogenetic analysis of immune genes, Dicer and Superkiller, positioned 

amplified sequences of V. vulgaris with other hymenopteran species (Fig. 3). 

Next we examined the variation and effects of polyandry on wasp colonies. All workers in 

a nest had microsatellite genotypes consistent with a single mother, suggesting that no 

foreign queens or workers had been recruited. Two to three patrilines were observed in 

each colony. The estimate of non-detection error was 0.00093, indicating that the 

probability of two males possessing indistinguishable genotypes is extremely negligible, 

and thus that our loci had sufficient genetic diversity to accurately determine paternity. No 

two inferred father genotypes from different colonies were genetically identical, indicating 

that each colony contained unique fathers. The (harmonic) mean effective paternity (ke3), 

which takes into account the relative contribution of each male to the progeny, was 1.87 

across the six colonies. Among colonies, the effective paternity varied from 1.21 in nest B 

to 3.14 in nest F (Supplementary material Appendix 1 Table A2).  

For individuals, we examined the effect of patriline membership on gene expression and 

KBV loads. We found no evidence that patriline membership affected any of these 

response variables. To see if patriline membership explained variation in KBV load, Dicer or 

Superkiller expression better than colony membership alone, we compared the AICc values 

This content is unavailable. 

Please consult the print version for access or access the published 

paper online. 



 

258 
 

of three linear models (null, colony, patriline). The best supported model for KBV and Dicer 

contained “colony” as a predictor (Table 1), indicating that adding information about 

patriline membership does not explain more of the variation in individual KBV load. For 

Superkiller the best supported model is the “null” model (Table 1) showing that patriline 

and colony membership do not affect the expression. Extremely low model weights for 

models with patriline membership as a predictor (Table 1) mean that we have high 

confidence that patriline is not informative for these response variables. To see if there 

were patriline effects within just some of the colonies, we compared the two or three 

predominant patrilines within each colony. Patrilines did not differ in KBV load, Dicer 

expression or Superkiller expression (all p > 0.05, Supplementary material Appendix 1 Table 

A3). Although the differences were not significant, an example of the variation in immune 

genes and KBV infection rates between patrilines is given in Fig. 4, for nest F, showing that 

KBV susceptibility could be higher in one patriline.  

To assess the factors that influence colony fitness in V. vulgaris, we used a permutational 

MANCOVA with ke3, Dicer and Superkiller expression, and KBV load as predictors for the 

number of cells in a nest. Our results show that nest size was significantly affected by 

effective paternity, viral load, and Dicer, whereas Superkiller expression had no significant 

effect on the nest size (Table 2). Ke3 had a strong, positive correlation with cell number 

(Pearson r = 0.868, P < 0.001), while Dicer negatively affect cell number (Person r = -0.234, 

P = 0.011). KBV load, although significantly affecting nest size in the permutational 

MANCOVA, and Superkiller expression showed weak, non-significant correlations with cell 

number (Pearson r = -0.031, p = 0.7332 and r = 0.028, p = 0.763, respectively). While Dicer 

and KBV load significantly affect cell number, there is considerable variation in colony 

fitness that is not explained by these variables (see Fig. 1 and 2A). 

  

This content is unavailable. 

Please consult the print version for access or access the published 

paper online. 



 

259 
 

DISCUSSION 

The goal of this study was to observe effects of viral infections, immune response and 

polyandry on fitness traits in V. vulgaris. The insights into the wasp antiviral immune 

response and assessment of fitness influencing factors can improve management of 

invasive wasp species. Colonies sampled from a single location showed enormous variation 

in size with larger colonies producing large numbers of new queens, substantially 

outperforming medium and small sized nests.  

Kashmir Bee Virus was observed to be highly prevalent and was detected in every individual 

wasp that we sampled. KBV can have substantial effects on social insect populations and 

significantly affected cell number in the studied colonies. Along with other viruses, KBV has 

been repeatedly associated with colony collapse in honey bees (Schwarz et al. 2015). 

Although effects of KBV on honey bees are well-studied, effects on other insects are poorly 

understood. Bumble bee colonies infected orally with KBV showed reduced drone 

production (Meeus et al. 2014). While the original host of KBV is still unknown (de Miranda 

et al. 2010), the high prevalence shown here in wasps provides further evidence that the 

effects of KBV are not limited to honey bees. High viral loads observed in some individuals 

and confirmation of viral replication in the common wasp indicate that KBV is parasitic in 

wasps. Colony A, which hosted the highest KBV levels, failed to reproduce new queens. It 

is possible that KBV occurs in coinfection with other parasites or even other viruses. 

Individual honey bees were shown to be infected with up to 3 more viruses additionally to 

KBV (Chen et al. 2004). However, it remains to be tested if KBV becomes pathogenic as a 

secondary infection when other viruses are present or weakens the hosts defence 

mechanisms and allows other pathogens to infect wasp colonies, causing immune 

response and colony decline. Controlled infection studies could provide insight about 

virulence in wasps.  

The timing of our sampling likely played a large role in the high observed viral abundances. 

We collected wasp colonies in autumn, near the end of the colony life cycle. Some insect 

viruses, like Black queen cell virus, have been found to accumulate in bees over the summer 

and peak in abundance in autumn, although other viruses show different patterns (Runckel 

et al. 2011). Sampling colonies at the end of the season does not allow us to determine 
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when a colony becomes infected and for how long it has been parasitized, but is more likely 

to reveal effects of virus load on fitness. It seems likely that colonies infected early in the 

season might show slow growth and delayed offspring production compared to colonies 

infected later. Future studies with multiple samples taken across the season could reveal 

whether the timing of infection explains mature colony viral load. Alternatively, intrinsic 

resistance, or coinfection with other pathogens, may explain colony-level variation in virus 

load and colony response to infection. Regardless of the mechanism by which KBV infection 

influences colonies, our work agrees with previous studies that indicate KBV can be 

prevalent in wasps (Lester et al. 2015), and tentatively suggests that it may have colony-

level consequences. Although the effect on colony productivity was statistically significant, 

the correlation between viral load and colony size was weak and insignificant. Our sample 

was quite small (six colonies), which could have affected the permutational MANCOVA, 

and a larger sample may make this effect more pronounced. Furthermore, the fact that 

KBV levels predict viral immune response at the individual level suggests that wasps likely 

expend resources to combat KBV infections, making an effect of KBV likely.  

The correlation we observed between KBV and Dicer expression corresponds with previous 

work showing increased Dicer-2 expression upon Dicistroviridae infections in bumble bees 

(Niu et al. 2016). The expression effects we detected were small, but sampled workers 

were randomly selected, not age-controlled. The presence of highly infected group 

members can lead to changes in physiological immune response by social immunization 

(Masri and Cremer 2014), which would weaken the individual-level association between 

viral load and immune response. Of the factors we studied, our analysis indicated that Dicer 

expression was one of the main predictors of colony fitness, and indicated that Dicer-

mediated immune response via RNAi is important in viral defence in wasps. Immune 

defence is costly and requires resources (Hawley and Altizer 2011) which could result in 

reduced colony productivity and reproduction. 

Colony-level properties such as genetic diversity are predicted to mediate the degree to 

which colonies are affected by pathogens (Cremer et al. 2007). Pathogens such as KBV may 

not be equally adapted to all host genotypes present within the wasp nests, this 

phenomenon may be observed if some patrilines had consistently different infection rates 

(Sherman et al. 1988; Schmid-Hempel 1994; Crozier and Fjerdingstad 2001; van Baalen and 

This content is unavailable. 

Please consult the print version for access or access the published 

paper online. 



 

261 
 

Beekman 2006). Support for this hypothesis comes from experiments with leaf-cutter ants, 

where resistance to a fungal parasite varied between patrilines (Hughes and Boomsma 

2004). In contrast, we found no evidence that patrilines differ in their susceptibility or 

immune gene response to KBV infection. However, a strong association between genetic 

diversity and colony reproduction across our six study colonies reinforces the benefits of 

polyandry for wasp colony fitness (Goodisman et al. 2007; Johnson et al. 2009). It is 

noteworthy that the average effective paternity that we observed in this invaded range of 

V. vulgaris (average effective paternity 1.87) corresponds with estimates from the native 

range (average effective paternity 1.9; Foster and Ratnieks 2001).  

Taken together, this means that although polyandry and viral immune gene expression are 

both likely to influence colony fitness in V. vulgaris, the benefits of polyandry do not accrue 

by conferring colony-level resistance specifically to KBV or by variation in RNAi immune 

response. We examined the evidence that patrilines in a genetically diverse colony affect 

KBV susceptibility and immune gene expression but no effects of patriline membership 

could be detected. These results indicate that there is no genetic variation in KBV 

susceptibility or immunocompetence in this invasive V. vulgaris population. Such variation 

might occur in different populations of these wasps within the invaded or native range. 

Whether polyandry benefits result from effects of other, yet unmeasured pathogens, or 

whether they come from effects unrelated to disease (Crozier and Fjerdingstad 2001) 

remain to be determined.  
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Fig. 1 (a) The size of the six common wasp nests used in the study, shown in the number of 

cells for both workers and queens. There was a 19-fold difference in the range of nest size, 

with two nests producing no new queens at all. (b) Relative viral loads between nests. Data 

shown are the amounts of RNA from the KBV primer relative to the reference genes Pros54 

and eIF3-S8 (Supplementary material Appendix 1 Table A1). No wasp sampled was devoid 

of KBV. Outliers are identified by the grey circles. 
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Fig. 2 (a & b) The expression of the immune genes Dicer and Superkiller in wasps relative 

to the reference genes Pros54 and eIF3-S8. Outliers are identified by the grey circles. (c & 

d) The relationship between the expression of the immune genes and KBV load, per wasp. 

Dashed lines show linear regression with standard error in grey. Wasps are coded in grey 

scale as being from small or larger nests. 
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Fig 3 (a) Maximum composite likelihood tree for Kashmir Bee Virus (24bp of amplified 

sequence) and other Dicistroviridae (Acute Bee Paralysis Virus (ABPV), Israeli Acute 

Paralysis Virus (IAPV), Cricket Paralysis Virus (CrPV), Deformed Wing Virus (DWV) is the 

outgroup. (b &c) Maximum composite likelihood tree for immune genes Dicer (24bp) and 

Superkiller (96bp) in Vespula vulgaris  and other hymenopterans. Trees are based on 500 

bootstraps of Kimura 2-parameter model (Superkiller) or Jukes-Cantor model (Dicer and 

KBV). MEGA7 was used to conduct trees and scales show substitutions per site. 
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Fig.4. An example of within-nest variation, according to patriline, for KBV loads and the 

immune genes Dicer and Superkiller. This data is from Nest ‘F’, but similarly no significant 

difference in KBV, Dicer or Superkiller expression was observed for any nest. Outliers are 

identified by the grey circles. 
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Table 1. Results of model selection on KBV load, Superkiller and Dicer expression. Models 

are ranked by ΔAICc; preferred model in bold. 

Response model ΔAICc weight 
 colony 0 0.98 

KBV  
 

patriline 8.7 0.01 

 1 11.8 0 
 1 0 0.92 

Superkiller  colony 4.97 0.08 
 patriline 24.33 0 
 colony 0 0.99 

Dicer  patriline 10.33 0.01 
 1 19.85 0 

 

Table 2. Nonparametric permutational MANCOVA with parameters describing total cell 

number in a nest. Showing sum of squares (SS), F-statistic (F) and P-value (P) for effective 

paternity (ke3), the Kashmir Bee Virus load (KBV) and expression of the immune genes 

Dicer and Superkiller. 

Source SS F P 

ke3 5.793 72.782 0.001 

KBV 1.169 14.680 0.002 

Dicer 0.280 3.517 0.037 

Superkiller 0.007 0.085 0.860 

Residual 9.233 - - 

Total 16.481 - - 
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Social insects host a diversity of viruses. We examined New Zealand populations of the 

globally widely distributed invasive Argentine ant (Linepithema humile) for RNA viruses. 

We used metatranscriptomic analysis, which identified six potential novel viruses in the 

Dicistroviridae family. Of these, three contigs.were confirmed by Sanger sequencing as 

Linepithema humile virus-1 (LHUV-1), a novel strain of Kashmir bee virus (KBV) and Black 

queen cell virus (BQCV), while the others were chimeric or misassembled sequences. We 

extended the known sequence of LHUV-1 to confirm its placement in the Dicistroviridae 

and categorised its relationship to closest relatives, which were all viruses infecting 

Hymenoptera. We examined further for known viruses by mapping our 

metatranscriptomic sequences to all viral genomes, and confirmed KBV, BQCV, LHUV-1 and 

Deformed wing virus (DWV) presence using qRT-PCR. Viral replication was confirmed for 

DWV, KBV and LHUV-1. Viral titers in ants were higher in the presence of honey bee hives. 
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Argentine ants appear to host a range of ’honey bee’ pathogens in addition to a virus 

currently described only from this invasive ant. The role of these viruses in the population 

dynamics of the ant remain to be determined, but offer potential targets for biocontrol 

approaches.       

Introduction 

Social insects carry a range of viruses that can have a major effect on host population 

dynamics. Perhaps the best known viral community is from honey bees, which has been 

the focus of considerable study due to their economic importance. A range of different 

factors are likely to contribute to colony collapse and bee declines in general, with viruses 

frequently considered key players 1,2. A recent review noted honey bees host 24 viruses, 

primarily in the Dicistroviridae and Iflaviridae families 3. Of these, the Deformed wing virus 

(DWV) has been suggested as a likely candidate for the majority of global honey bee colony 

losses during the past 50 years 4. Such viruses, however, are not restricted to honey bees. 

There is increasing evidence that these ‘honey bee’ viruses are common in a wide range of 

insect hosts 5-7.     

 Other social insects have been found to carry their own unique suites of viral 

pathogens. For example, over the last decade four viruses have been described from the 

red imported fire ant (Solenopsis invicta) 8. These were the first viruses fully described from 

ants. Three of these viruses are positive-sense, single-stranded RNA (ssRNA) viruses, with 

one (Solenopsis invicta virus-1, SINV-1) assigned taxonomically to the Dicistroviridae family, 

one (Solenopsis invicta virus-3, SINV-3) in a proposed new family, Solinviviridae 9 and the 

third currently unclassified (Solenopsis invicta virus-2, SINV-2;8,9). The fourth virus is a DNA 

virus, and has been placed in the family Parvoviridae 10. One of the three ssRNA viruses, 

SINV-3, shows promise as a biocontrol agent as it can cause significant mortality in 

laboratory fire ant colonies 11. Metatranscriptomic and pyrosequencing techniques have 

proven particularly useful for viral discovery in these and other ant species (e.g. Valles et 

al. 9, Johanssen et al. 12, Valles et al. 13). Using these and complementary approaches we 

have found the invasive Argentine ant (Linepithema humile) to host a previously 

undescribed virus Linepithema humile virus-1 (LHUV-1) and DWV 7. Replication of both 

viruses was confirmed within Argentine ants indicating that these viruses were parasitizing 
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their hosts. Our previous work recovered 1,200 nucleotides of the LHUV-1 virus, but did 

not recover the entire non-structural polyprotein region which would have confirmed 

accurate phylogenetic placement. In that work we also noted evidence for the likely 

presence of other novel and known viruses. We found other novel contigs of viral origin 

(n1905, n1000 and n1050), but were unable to characterise these further. 

 Argentine ants have been described as one of the six most widespread, abundant 

and damaging invasive ants 14. They are a globally distributed pest species with biodiversity, 

social and economic impacts estimated to annually cost millions of dollars to countries 

including New Zealand 15. Population collapse and substantial reduction in range 

distributions have been previously observed in Argentine ants 16,17. Pathogens such as 

viruses have been hypothesized to be responsible for these collapses 16. Argentine and 

other invasive ants are thought to be susceptible to pathogens because of their limited 

genetic diversity, their high abundance, and a ‘unicolonial’ lifestyle that could facilitate 

pathogen spread due to ant workers frequently moving between nests 18. We examined 

New Zealand populations of this ant to determine the diversity of known and novel RNA 

viruses that they host using metatranscriptomic approaches. The metatranscriptomic 

sequencing results were then confirmed, and an indication of the relative infection level 

for the detected viruses assessed using qRT-PCR. We used Sanger sequencing to confirm 

and further define the genomes and phylogenetic placement of the novel viruses from 

these invasive ants. We also comment on the use of multiple metatranscriptomic 

approaches to recover virus data. 

Results 

Metatranscriptomic virus detection and discovery 

Our metatranscriptomic detection of viruses and discovery of potential novel viruses used 

ants that were collected from northern and southern locations in New Zealand (Figure 1). 

Illumina RNA-seq followed by assembly with Trinity v 2.0.6 19 generated 

metatranscriptomic contigs. The metatranscriptomic contigs were taxonomically assigned 

to viruses using MEGAN 20. Our MEGAN analysis determined the new metatranscriptomic 

contigs to be have a high degree of similarity to the bee viruses Kashmir bee virus (KBV), 

Black queen cell virus (BQCV), and Acute bee paralysis virus (ABPV), as well as other ssRNA 
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viruses known to affect insects, and two dsDNA viruses (Figure 2). All RNA virus matches 

were to members of the Dicistroviridae family. Our results revealed differences in 

composition of matches between the northern and southern samples. In contrast to the 

northern samples, our southern samples revealed no matches to Aphid lethal paralysis 

virus (ALPV), BQCV or Drosophila C virus (Figure 2). We note that additional sampling would 

be required to definitively confirm the absence of these viruses from these southern sites 

and populations. 

We identified six putative viral contigs using Blast2GO 21, based on their similarity to known 

virus coding proteins (TR30069|c0, TR30069|c1, TR30079|c2, TR31304|c0, TR86646|c0 

and TR94176|c0;Supplementary Table S1). To confirm our new contig sequences were not 

chimeric we designed primer sets to recover their entire length. We could only recover 

contigs TR30069|c0, TR30069|c1, and TR31304|c0. We recovered 3585 base pairs for 

TR31304|c0. This sequence matched most closely to BQCV non-structural polyprotein. An 

open reading frame (ORF) of 1016 codons was predicted by HHpred 22 to span the viral 

Helicase protein (100% probability, p <0.001), and was identical to the Helicase protein for 

BQCV (GenBank accession ABS82427). For TR30069|c0 1519 base pairs were recovered, 

which, matched most closely to KBV, IAPV, ABPV and Formica exsecta 1 virus (FEX-1) non-

structural polyprotein. HHpred predicted an ORF of 313 codons to partially include the RNA 

dependent RNA polymerase (RdRp) protein (100% probability, p <0.001) most closely 

matching KBV. As we could not recover the entire RdRp protein for TR30069|c0 we do not 

present further results for this contig. TR30069|c1 was recovered in 3 fragments (1360, 

590 and 846 bases). GenBank blastp searches matched all fragments most closely to Israeli 

acute paralysis virus (IAPV), KBV, FEX-1 and ABPV. HHpred did not predict functional viral 

proteins in the longest fragment. The second fragment contained an ORF of 100 codons 

that HHpred predicted to include part of Protease 3CG (100% probability, p <0.001). 

HHpred predicted the third fragment with an ORF of 252 codons to partially span RdRp 

(100% probability, p <0.001). The TR30069|c1 RdRp fragment matched LHUV-1 RdRp, and 

the Protease 3CG matched contig n1905. We concluded the TR30069|c1 contig was 

chimeric owing to misassembly, and thus excluded it from further analysis.  
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Further characterization of LHUV-1 and putative novel viruses 

We used the Iterative Viral Assembler (IVA) 23 to computationally extend the sequence 

information for LHUV-1 from 1,200 to 8,268 bases, and designed primers for confirmatory 

Sanger sequencing (Supplementary methods). Sanger sequencing recovered 7,239 bases. 

None of the newly identified contigs (TR30069|c0, TR30069|c1, and TR31304|c0) or 

previously identified contigs (n1000, n1050, n1905 7) aligned with the extended LHUV-1 

sequence. The LHUV-1 sequence translated into a single large ORF (Figure 3), which blastp 

searches identified as most closely matching the viral non-structural polyproteins 

(Helicase, Protease, RdRp) of the FEX-1 and IAPV viruses (99% coverage and 50% identity). 

The entire coding regions of these proteins were recovered. Of the top 100 BLAST hits the 

closest matches of our LHUV-1 ORF1 and proteins were to the Dicistroviridae family. In 

addition we recovered 164 residues of that most closely matched ORF2 (the structural 

polyprotein coding region) of Dicistroviridae (e.g. KBV, IAPV, ABPV). The ORF2 sequence 

included the partial sequence of the capsid gene (Figure 3).  

We extended the n1905 contig to 5,840 bases using IVA, which was further extended to 

9,450 bases by Sanger sequencing. The resulting sequence matched closely to the two KBV 

genomes on GenBank (100% coverage and 92 - 96% identity). The n1905 contig contained 

a one large (1683 amino acids) and one smaller (843 amino acids) ORF. Like other 

Dicistroviridae, the first ORF of n1905 encodes the non-structural polyproteins (Helicase, 

Protease, RdRp), and matched the KBV non-structural polyproteins on GenBank with 100% 

coverage and 99% identity. In Dicistroviridae the second ORF codes for the structural 

polyproteins. Our second ORF coded for capsid polyproteins, and matched KBV ORFs on 

GenBank with 100% coverage and 98% identity.  

Poly(A) tails were not recovered for either LHUV-1 or n1905 extended sequences, 

indicating that we did not fully recover the genomes of either virus. Based on the published 

KBV genomes we recovered all but 37 5’ bases and 25 3’ bases (excluding the poly(A) tail). 

As LHUV-1 is a novel virus we do not know how much of the genome we recovered. 

However, other Dicistroviridae viruses have genomes ranging from 8.5-10.2 kb. Thus we 

likely recovered at least 70% of the LHUV-1 genome, including the complete ORF1 region 

(non-structural polyproteins) and part of ORF2. The TR31304, TR30069|c0, TTR30069|c1, 
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n1000 and n1050 contigs failed to extend using IVA, possibly because these were chimeric 

or fragmented assemblies.  

Our phylogenetic analysis to place the n1905 and LHUV-1 extended contigs within the 

Dicistroviridae family was based on the complete ORF1 coding regions (including the 

Helicase, Protease and RdRp domains and intergenic regions) (Figure 4). The n1905 contig 

ORF1 differed from the published ORF1’s of KBV (GenBank accessions NP851493 

[Pennsylvania] and AHL84399 [Korea]) by 27 and 108 amino acids respectively. The 

published genotypes differ from each other by 107 amino acids. We consider this 

difference sufficient to propose the n1905 contig as a new genotype or strain of KBV. LHUV-

1 was positioned intermediate to SINV-1 (664 amino acid differences) and ABPV (864 amino 

acid differences) and is thus somewhat distinct from other Dicistroviridae (Figure 4). 

Our phylogenetic tree of RdRp sequences for known and predicted viruses of ants and 

other Hymenoptera assigned LHUV-1 and the new strain of KBV consistently with our tree 

based on ORF1. The placement of these and other viruses was consistent with the 

phylogeny of picorna-like viruses 9 (Figure 5). 

Additional screening and quantification of known viruses 

As well as using MEGAN to screen for novel viruses, we mapped our RNA-seq sequences to 

selected known ant and bee RNA viruses (SINV-1, SINV-2, SINV-3, FEX-1, IAPV, DWV, KBV, 

BQCV, ABPV, Chronic bee paralysis virus (CBPV), Varroa destructor virus 1 (VDV-1) and 

Sacbrood virus) using Bowtie 2 24 and to all known viruses using Virusfinder 25. To determine 

whether we had contamination we also mapped our negative control sequences, of which 

a single sequence Bowtie 2 mapped to FEX-1. Our sample sequences mapped most closely 

to KBV, with fewer matches to FEX-1, IAPV, ABPV, BQCV and SINV-1 (Table 1). Virusfinder 

produced similar results but detected only ABPV, CBPV, IAPV and KBV sequences. 

We used qRT-PCR to screen samples for the presence of viruses we had detected using 

Bowtie 2 and Virusfinder, together with honey bee viruses that have been recorded 

previously in ants. The presence of KBV, BQCV, LHUV-1 and DWV was confirmed by qRT-

PCR (Figure 1). Ants from sites where ants interacted with bees had the highest viral loads. 

Where ants did not interact with bees, we found a lower prevalence of DWV relative to 

other viruses. LHUV-1 viral loads were similar among all sites. We found no difference in 
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viral loads between northern and southern sites. Viral replication was confirmed for three 

of these four viruses (LHUV-1 7, DWV, and KBV). No amplification was observed in RT-PCR 

for ABPV, CBPV, IAPV, VDV-1, SINV-1 or FEX-1. 

Discussion 

The first virus was described from ants only 13 years ago 8,26. Since that publication next 

generation sequencing approaches have been used to discover other viruses, but only for 

a limited number of ant species and locations 7,9,10,12. Our study has demonstrated that the 

invasive Argentine ant hosts a range of viruses. Our metatranscriptomic analysis detected 

six novel putative viral contigs, three of which we were able to partially or fully recover by 

Sanger sequencing. Of the putative novel viruses for which we recovered extended 

sequences, one (which partially matched the previously detected n1905 contig 7), , was 

resolved as a new strain of KBV. The second matched the LHUV-1 sequence when 

recovered by Sanger sequencing, and the third matched BQCV. We extended the known 

sequence of the Argentine ant LHUV-1 virus to approximately 70% of the genome. Our qRT-

PCR results detected BQCV, KBV, LHUV-1 and DWV, of which viral replication (i.e. 

parasitism by viruses of the ants) was confirmed for all but BQCV. A lack of observed 

replication for BQCV may indicate that these ants are not true hosts for this virus and it is 

not parasitizing them, or that the method used was not sensitive enough to detect 

replication at low virus titers (abundance). However, BQCV might replicate in Argentine 

ants under conditions or at time points missed in our survey. Viral replication does not 

occur at all times in all infected hosts 27,28.   

Our results demonstrate that populations of the invasive Argentine ant in New Zealand 

host a range of RNA viruses. As well as the Argentine ant LHUV-1 virus, the ants also host 

viruses that are associated with disease in honey bees, including KBV and DWV. These are 

globally widespread and important viruses. DWV, for example, has been hypothesised as 

the most likely candidate for the majority of global honey bee colony during the past 50 

years 4. These viruses are clearly also parasitizing Argentine ants, as replication was 

confirmed. While DWV has been detected in Argentine ants previously 7,29, our study is the 

first record of these or any ants hosting KBV (and possibly BQCV).  
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Although the abundance of viruses (titer or viral load) such as LHUV-1 and DWV in 

Argentine ant populations in New Zealand is known to vary over time, the viruses appear 

to be consistently present in these ant populations 29. In areas where these ants are 

associated with honey bee colonies, the honey bees appear to be infected with 

substantially higher DWV loads. In honey bee populations, viruses like DWV and KBV are 

associated with colony collapse, but only when viral load is high 30. In New Zealand, another 

study demonstrated that the presence of Argentine ants was associated with higher DWV 

loads in honey bees and an average 47% mortality of hives over a 6-month period 29. The 

same DWV strain was observed in both Argentine ants and bees. Argentine ants appear to 

have the dual effects of substantially elevating DWV titers in bees and raiding their hives 

for honey and brood 29. We found that viral load of both DWV and KBV was also higher in 

Argentine ants when these ants were interacting with bees: markedly so for DWV, with 

viral concentrations five orders of magnitude higher when the ants were present in honey 

bee apiaries. These viruses were also present at all other sites, including in urban areas 

where there were no bee hives with several hundred meters of the sample collection 

location. Viruses such as DWV, KBV and BQCV are clearly present in these invasive ants in 

the absence of close contact with bees. 

Some researches might suggest that the viruses we detected could alternatively or 

additionally be infecting bacterial symbionts or pathogens within Argentine ants. 

Bacteriophages, however, tend to belong to specific families and none have been 

previously found in the Dicistroviridae family. Viral infection of bacteria within Argentine 

ants thus seems highly unlikely. Although these viruses are clearly parasitizing Argentine 

ants (or possibly their endosymbionts), as shown by active replication, we do not know 

what their effect is on ant colonies, and studies have yet to investigate the effects of honey 

bee viruses on ant population dynamics. We hypothesise, however, that these viruses 

contribute to the population collapse of Argentine ants in New Zealand and elsewhere 18. 

Possibly these viruses remain in a latent state until environmental or other conditions 

stimulate virulence. If so, it could be possible to induce virulence as a novel biocontrol, 

potentially by compromising the immunity of these ants. 

Other studies have suggested that interactions between other host species result in honey 

bee viruses being shared between many Hymenopteran and non-Hymenopteran hosts       
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(e.g. Levitt et al. 6, Furst et al. 31). DWV has previously been found in Camponotus ant 

species, together with IAPV 6 and CBPV 32, which was also hosted by the ant Formica rufa 

32. No ant viruses have been reported from honey bees, although this may be due to few 

studies specifically examining honey bees for ant viruses. To our knowledge honey bees 

have only been examined for LHUV-1 and SINV-3 29,33. Moreover, host specificity tests of 

SINV-3 have found that it does not infect ant species other than Solenopsis invicta, 

including closely related ant species 34. Viruses continue to remain under-studied outside 

of model organisms 35, and their prevalence within species, and degree of inter-specific 

transmission is still not well understood. 

We detected a novel strain of KBV by extending a contig that previously appeared likely to 

be a novel ant virus 7. We recovered a total of 9,450 bases of this KBV strain, allowing 

definitive phylogenetic placement. Our data matched closely to the two KBV genomes on 

GenBank, but differences in ORFs indicate this is a new strain of the virus. KBV has not 

previously been reported in ants, although it is a common and globally widespread virus of 

honey bees 36. One study indicated between 30-40% of New Zealand honey bees are 

infected with KBV 37. Another New Zealand study found a 100% KBV infection rate in six 

different nests of common wasps (Vespula vulgaris) 38. KBV was not detected in our earlier 

study on Argentine ants using RT-PCR 7, although it appears from our current results to be 

highly prevalent, particularly where ants interact with bees. The lack of detection in earlier 

work may be due to the differences in the RT-PCR primers used between studies not being 

able to detect the proposed new strain. If this is the case, variant strains of KBV might exist 

undetected in ant (and potentially honey bee) populations. We know that some virus 

strains are more virulent than others 39. But we do not know which KBV strains are present 

in New Zealand honey bees or the distribution of the new strain globally, their relative 

virulence, and the degree of transmission between species.  

We extended the known genomic sequence of the LHUV-1 virus to cover approximately 

70% of the estimated genome. Our phylogenetic analysis of both the entire ORF1 and RdRp 

gene clearly place LHUV-1 as an Aparavirus in the Dicistroviridae family, phylogenetically 

positioned intermediate to ABPV and SINV-1. ABPV and SINV-1 have been found to be 

similarly related in other work using amino acid sequences of the capsid proteins (e.g. Tufts 

et al. 40). We recovered ORF1 for LHUV-1, which included all viral non-structural coding 
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regions. We have thus characterized the virus sufficiently to confirm its identity as a novel 

virus infecting Argentine ants. Our previous work has indicated LHUV-1 to be present in the 

ant’s home range of Argentina, and in the invaded range of Australia and New Zealand 7. 

The virus is thus likely to be distributed throughout the ant’s invaded range.  

The ssRNA viruses that to date are known to be hosted by ants typically occur within three 

viral families: Iflaviridae (DWV 6); Dicistroviridae (SINV-1 26, LHUV-1 7, KBV - this study, IAPV 

6, and possibly BQCV - this study); and Solinviviridae (SINV-3, Nylanderia fulva virus 1, and 

a potential virus infecting the ant Monomorium pharaonis 9). The SINV-2 virus has not been 

placed within a family, but like the other viruses associated with ants, it is a picorna-like 

virus 9. Similarly, CBPV, which has also been found in ants 32 is currently an unclassified 

ssRNA virus. Perhaps this apparent phylogenetic restriction to a few families is owing to a 

co-evolutionary history. However it might also be due to a lack of studies, or the ease of 

detection of ssRNA viruses relative to other viral groups. 

We used complementary methods in our virus discovery and confirmation in order to 

maximise our ability to detect potential novel viruses. We found that IVA 23 effectively 

enabled us to extend the sequence length of putative novel viruses and strains. We could 

then use this sequence as a template for confirmation of presence via standard PCR and 

Sanger sequencing. Typically, RACE is used to extend these sequences (e.g. Oi et al. 9). RACE 

can be expensive compared with standard PCR 41. Thus our approach offers a cost effective 

alternative, particularly for narrowing the list of candidates for confirmation. While our 

approach enabled recovery of nearly an entire novel strain, in order to recover a full novel 

genome, some RACE or similar sequencing approach (e.g. Dallmeier & Neyts 41) will most 

likely be needed.  

We used Bowtie 2 24, Virusfinder 25 and MEGAN 20 to identify known and novel viruses. 

Although Bowtie 2 and Virusfinder indicated the potential presence of more bee viruses 

than MEGAN, the latter results were more consistent with qRT-PCR confirmatory analysis. 

These differences in results can likely be attributed to the difference in analysis 

approaches: MEGAN analysis is based on blast results of searches on GenBank databases 

using assembled contigs, while Bowtie 2 and Virusfinder use individual RNA-seq reads to 

map entire known genomes. We therefore advise caution when using single in-silico 

analyses to make definitive conclusions. 
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One inconsistency continues to baffle us. Neither this study, nor our earlier work 7 detected 

DWV using RNA-seq data. This virus was not observed in any assembly, or in our MEGAN 

analysis, or in mapping (with the exception of one single read). However, DWV has been 

positively confirmed in these samples via qRT-PCR here and in other species 7,29. We know 

that this is not a general failure of RNA-seq to detect DWV as we detected this virus in RNA-

seq data of honey bee samples that were sequenced in the same run as our ant samples, 

as others have also found (e.g. Cornman et al. 42). For the same reason this false negative 

result cannot be attributed to a biological feature of the virus that would make it 

undetectable by RNA-seq. Our qRT-PCR results showed a much lower prevalence of DWV 

in sites where Argentine ants were not present with bees, so it seems most likely that the 

virus was at undetectable prevalence in our current and earlier RNA-seq samples (which 

were from sites where ants and bees did not interact). 

Ant populations are known to undergo substantial fluctuation and even local population 

extinction 18. The current study and other publications demonstrate a substantial 

microbiota associated with Argentine ant populations 7,43. Several of these pathogens can 

substantially influence the population dynamics of other social insects, such as the 

involvement of DWV and KBV in collapses of honey bee populations 42,44. However, it 

remains to be determined if the viruses we observed have any involvement in the local 

collapse of Argentine ant populations in New Zealand 16 or elsewhere 17.   

Methods 

Metatranscriptomic virus detection and discovery 

We used two pooled groups of ants for the metatranscriptomic detection of viruses and 

discovery of potential novel viruses. In November 2014 we sampled a northern population 

(Auckland: three sites), and in November 2014 and June 2015 we sampled a southern 

population (six sites: Paraparaumu, Picton, New Plymouth, Christchurch, Petone, Gisborne) 

(Figure 1; Supplementary Table S3). Ants were collected in RNAlater Stabilization Solution 

(AMBION Inc., Austin, USA). RNA was extracted from pools of whole ants from the northern 

(150 ants) and southern populations (120 ants). Purification of total RNA was carried out 

using a PureLink RNA Mini Kit® (Thermo Fisher Scientific Inc., Waltham, USA) according to 

the manufacturer instructions, after homogenisation with a Qiagen Tissuerupter (QIAGEN, 

This content is unavailable. 

Please consult the print version for access or access the published 

paper online. 



 

284 
 

Tokyo, Japan). RNA integrity was confirmed and quantified with an RNA 6000 Nano chip on 

the Agilent 2100 Bioanalyser (Agilent Technologies Co. Ltd., Diegem, Belgium), according 

to the manufacturer’s instructions. The two pooled samples together with a negative 

control were sequenced as 125 base paired end barcoded Trueseq libraries on an Illumina 

Hiseq by New Zealand Genomics Limited (NZGL) at the University of Otago. Post-processing 

at NZGL included quality control, excluding bases with quality scores Q > 30 and trimming 

of adapters. We assembled the RNA-seq data using Trinity v 2.0.6 19 using read 

normalization. 

To detect potential novel viral pathogen sequences in the assemblies, we used the Trinity 

assembled contigs to query the National Center for Biotechnology Information (NCBI) 

GenBank databases using BLAST 45. The nr and nt databases were downloaded from NCBI 

GenBank (ftp://ftp.ncbi.nlm.nih.gov/blast/db/) on 1 December 2015. BLAST searches were 

run using an installation of BLAST v 2.2.25, on the Victoria University of Wellington Science 

Faculty's High Performance Computing Facility. We used blastx searches to identify 

putative viral proteins. Searches of the nr database are time consuming for a large number 

of input sequences, and generate large amounts of data when the default xml output 

format is used. As we were specifically targeting viruses, and the majority of sequences 

were likely to be non-viral, we pre-processed the data using blastn searches of the NCBI 

Genbank nt databases to include sequences that matched virus and viroid taxa, which we 

output in tabular format. We restricted searches to a threshold e-value of 0.0001 and 90% 

percent identity or better to enhance search specificity. Taxonomic information was 

assigned to the tabular output using a custom Perl script 

(https://github.com/AnnaFriedlander/taxon4blast). From the resulting assignments we 

filtered the input data for virus taxa using a Perl script. We then used these filtered contigs 

as input for a blastx search of the nr database with searches restricted to a threshold e-

value of 0.001, percent identity of 90, best_hit_overhang of 0.25 and best_hit_score_edge 

of 0.05. The blastx results were visualised in MEGAN 5.10.7 20. To confirm these as virus 

candidates we identified coding sequences of novel viral origin in our contigs by visualising 

our blastx results in Blast2GO 21, and translating these contigs using ExPASy (Bioinformatics 

Resource Portal, Swiss Institute of Bioinformatics, http://web.expasy.org/) to determine 

the appropriate reading frame.  
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Six contigs were identified as potential novel viruses (Supplementary Table S1), based on 

their similarity to known virus coding proteins. We excluded TR86646|c0 and TR94176|c0 

contigs at this point as they were relatively short sequences (529 and 619 bases 

respectively) and less likely to yield further informative data. To confirm the remaining 

contigs (TR30069|c0, TR30069|c1, TR30079|c2 and TR31304|c0) were not chimeric due 

to misassembly we designed overlapping primer sets to recover the entire length of the 

contigs. These were Sanger sequenced, then checked and aligned using MEGA7 46. Reliable 

sequences could only be retrieved for TR30069|c0, TR30069|c1, and TR31304|c0. We 

translated the sequences using ExPASy and used GenBank blastp searches within MEGA7 

to identify the most closely matching viral proteins 

Characterization of LHUV-1 and putative novel viruses 

We used IVA 23 to extend the sequence information for the LHUV-1 virus using the RNA-

seq data, and aligned the newly identified contigs (TR30069|c0, TR30069|c1, and 

TR31304|c0) and previously identified contigs (n1000, n1050, n1905 7) with the extended 

LHUV-1 sequence in MEGA7. We also used IVA to extend the newly identified and 

previously identified contigs, and Sanger sequenced those that could be extended 

(Supplementary Table S2). For n1905, which appeared to closely match KBV, we extended 

the 3’ end using primers based on the KBV genomes published in GenBank.  

We translated the extended contigs using ExPASy and identified the most closely matching 

viral proteins with HHpred 22. We created a maximum likelihood phylogenetic tree for the 

n1905 and LHUV-1 ORF1s, together with other Aparavirus complete ORF1 sequences from 

GenBank to determine the placement of our sequences within the group. Finally, we 

created a single phylogenetic tree from complete Ribosomal dependent RNA polymerase 

(RdRp) sequences together with sequences from GenBank and one TSA sequence 

predicted to be a virus of ants and other Hymenoptera (Supplementary Table S1 in Valles 

et al. 9). We restricted the analysis to ants and othe Hymenoptera as these groups were 

the closest matches to our protein sequences on GenBank. We translated the TSA 

sequence to obtain the RdRp region for comparison. Sequences were aligned using 

MUSCLE 47 and phylogenetic trees were constructed in MEGA7.The alignments for both 

phylogenetic analyses are provided in the Microsoft Excel spreadsheet associated with 

Supplementary Table S5.  

This content is unavailable. 

Please consult the print version for access or access the published 

paper online. 



 

286 
 

Additional screening and quantification of known viruses 

As well as using MEGAN to screen for all viruses, we screened our sequences for viruses 

known to infect bees and ants by mapping the RNA-seq reads to those virus genomes using 

Bowtie 2 24 and Virusfinder 25, which uses the nr database as a reference, to identify all 

known viruses. For all putative viruses detected by MEGAN, we mapped the RNA-seq reads 

directly to their viral genomes using Bowtie 2 to identify potential true and false positives. 

We then used Virusfinder to also identify potential false positives and false negatives. We 

then used RT-PCR to confirm the positive results from Bowtie 2 and Virusfinder. We also 

used RT-PCR to confirm false negatives and true negatives using selected viruses, and 

confirm true positives and true negatives of the viruses identified by Virusfinder and 

Bowtie 2 (Table 1). Viruses screened with Bowtie 2 included the ant RNA viruses: Solenopsis 

invicta virus 1,2 and 3 (SINV-1, SINV-2, SINV-3), Formica exsecta virus 1 (FEX-1),and viruses 

commonly infecting honey bees: DWV, Kashmir bee virus (KBV), Acute bee paralysis virus 

(ABPV), Black queen cell virus (BQCV) and Israeli acute paralysis virus (IAPV), Chronic bee 

paralysis virus (CBPV), Varroa destructor virus 1 (VDV-1) and Sacbrood virus.  

Additional samples of Argentine ants were collected to both confirm the presence and 

compare the relative infection level of identified viruses (Figure 1). Viruses were detected 

and loads were quantified (where applicable) in Argentine ant samples using qRT-PCR for 

KBV, LHUV-1, BQCV, DWV, and RT-PCR for ABPV, CBPV, IAPV, SINV-1 and FEX-1. Three 

composite samples were used in this analysis: a sample from southern sites (Blenheim, 

Christchurch, New Plymouth, and Paraparaumu), a northern sample (two sites in Auckland, 

and one in Dargaville), and three sites in Northland where Argentine ants were found to 

be attacking bee hives (Rangiputa, Te Kao, and Waipapa) (Figure 1; Supplementary Table 

S3). All ants were collected alive and snap frozen at either -80C or in liquid nitrogen. 

RNA was extracted from 24-30 whole ants from each site by bead-beating (BeadBeater 16, 

Biospec Products, USA) samples in GENEzol reagent (Geneaid, Taiwan) with 5% β-

mercaptoethanol, with chloroform and isopropanol purification. These extractions were 

then pooled to provide RNA for the northern, southern locations, and where Argentine 

ants were co-located with bees (Supplementary Table S3). Concentrations of RNA were 

quantified with a NanoDrop spectrophotometer (Thermo Fisher Scientific Inc., Waltham, 

USA). A 1 µg/sample was used for cDNA synthesis using qScript XLT SuperMix (Quantabio, 
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Beverly, USA). Samples were then analyzed in duplicate by RT-PCR and qRT-PCR with 

PerfeCTa SYBR Green reagent (Quantabio, Beverly, USA) using 1 µl cDNA/reaction using 

published and designed primers (Supplementary Table S4). A QuantStudio 7 (Applied 

Biosystems/Thermo Fisher Scientific, USA) was used for the qRT-PCR with fast cycling 

conditions and fluorescence detection during the elongation step (Stage 1: 95°C, 30s; Stage 

2: 40 cycles of 95°C, 5s; 60°C, 15s; 72°C, 20s). Quantification cycle (Cq) values were used to 

calculate viral loads via external standard curves generated for the viruses and internal 

reference genes. The external standards were 150-156 base DNA fragments (Thermo 

Fisher Scientific Inc., Waltham, USA and Sigma-Aldrich, St. Louis, USA) that matched the 

region recognized by the primers. The internal species specific reference gene L. humile 

Ndufa8 (NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 8) was used to 

normalize the calculated viral loads48.  

Viral replication was confirmed by detection of the virus negative strand using reverse 

transcription and RT-PCR based on the standard method for detecting DWV replication 28. 

Reverse transcription (SuperScript IV, Invitrogen/Thermo Fisher Scientific, Waltham, USA) 

of 1 μg RNA was performed with a tagged forward primer at a final concentration of 100 

nM (DWV Tag-F15; KBV Tag-KBV83F; VDV-1 Tag-VDVqF [as an additional negative control], 

or BQCV Tag-BQCV-sense; Supplementary Table S4). PCR was then carried out on the cDNA 

or no-template negative controls using the Tag primer (agcctgcgcaccgtgg) and the 

corresponding reverse primer (DWV B23; KBV KBV161R; VDV VDVqPCR-rev, or BQCV 

BQCV-antisense; Supplementary Table S4). The products were then resolved by 2% agarose 

gel electrophoresis. Positive controls for DWV and KBV were included (BQCV and VDV 

positive controls were not available). LHUV-1 replication was confirmed in our earlier 

study7. 
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Figure 1: Sampling sites in New Zealand. Both the samples for the initial 

metatranscriptomic screen (including Sanger sequencing; n=2) for viruses and the 

additional samples taken for virus confirmation and quantification (RT-PCR; n=3) are 

shown. Samples from the northern-most sites included Argentine ants that were observed 

raiding honey bee hives, while the other sites were urban and distant from beehives. The 

concentration of viruses is derived from a standard curve, normalised to the concentration 

of the internal reference gene Ndufa8 (and due to the normalisation is unit-less). The map 

was generated in R v 3.1.149 with the packages ‘maps’50, ‘mapdata’51,’maptools’52 and 

‘GISTools’53. Full details of sites sampled are presented in Supplementary Table S3). 
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Figure 2: MEGAN taxonomic assignment of metatranscriptomic contigs. Putative viral 

sequences were based on BLAST similarity obtained using virus blastx matches for samples 

of Argentine ants from northern and southern samples. The MEGAN results were further 

refined using Virusfinder, Bowtie 2 and RT-PCR (Table 1). 

 

Figure 3: Organization of Linepithema humile virus-1 LHUV-1 partial genome. The total 

nucleotide sequence length that was recovered from our analysis is indicated on the left of 

the figure. The light grey box indicates the predicted open reading frame (ORF1) of 1930 

amino acids. Darker grey boxes identify protein motifs and their position within the ORF. 

The jagged grey box indicates the partially recovered ORF2, which contained a sequence 

that matched Dicistroviridae capsid proteins. Identifiable conserved ssRNA virus protein 

domains in ORF1 (Hel = helicase [position 549-664], Pro = Protease [position 1153-1381], 

RdRp = RNA-dependent RNA polymerase [position 1433-1927]) are indicated.  
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Figure 4: Phylogenetic tree of the Dicistroviridae ORF1 region. The tree includes the 

extended contig n1905 (proposed KBV strain) and LHUV-1 using a Le & Gascuel (LG) 54 

model with 500 bootstrap replicates. The ORF1 sequences included in the analysis 

comprise the complete Helicase, Protease and Ribosomal dependent RNA polymerase 

(RdRp) domains of these viruses and intergenic regions. Macrobrachium rosenbergii Taihu 

virus and Mud crab discistrovirus-1 (two unclassified Dicistroviridae that had ~50% identity 

to our contigs in blastp results) were included to root the tree. Our sequences are shown 

in bold text. GenBank accession numbers are shown in brackets. 
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Figure 5: Phylogenetic tree of viruses in ants and other Hymenoptera. The tree (a) was 

inferred using complete Ribosomal dependent RNA polymerase (RdRp) sequences, based 

on a Le & Gascuel (LG) 54 model with Gamma parameter and invariant sites (LG+G+I)  with 

500 bootstrap replicates. A TSA that is a putative virus of the ant Monomorium pharoanis 

9 was also included. Our sequences are shown in bold text. Taxa found in ants are 

underlined. GenBank accession numbers are shown in brackets. The inset figure (b) shows 

the Aparavirus genus of Dicistroviridae, with bootstrap support. Solenopsis invicta virus 1,2 

and 3 (SINV-1, SINV-2, SINV-3); Formica exsecta virus 1 (FEX-1); Deformed wing virus  

(DWV); Kashmir bee virus (KBV); Acute bee paralysis virus (ABPV); Black queen cell virus 

(BQCV); Chronic bee paralysis virus (CBPV); Israeli acute paralysis virus (IAPV); 

Monomorium pharaonis TSA (Mpha TSA); Varroa destructor virus 1 (VDV-1); Nylanderia 

fulva virus 1 (NfV-1); Linepithema humile virus 1 (LHUV-1); Nasonia vitripennis virus 1 (Nvit-

1); Nasonia vitripennis virus 2 (Nvit-2). 
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Table 1. Detection of known viruses from RNA-seq reads using MEGAN, Bowtie 2 and Virusfinder, and confirmation using RT-PCR. The MEGAN figures 
indicate the number of contigs detected for each given virus. The figures reported for Bowtie 2 are those reads that aligned concordantly 1 or more times 
or discordantly 1 or more times. Virusfinder results show the number of contigs (reads) that mapped to the virus. The RT-PCR column indicates if the virus 
was detected using RT-PCR, and the Replication column indicates whether replication of the virus was confirmed subsequent to RT-PCR. In each of the 
columns ‘-‘ indicates the virus was not tested for and ‘N‘ indicates non-detection. Acute bee paralysis virus (ABPV); Black queen cell virus (BQCV); Chronic 
bee paralysis virus (CBPV); Deformed wing virus (DWV); Formica exsecta virus 1 (FEX-1); Israeli acute paralysis virus (IAPV); Kashmir bee virus (KBV); 
Solenopsis invicta virus 1, 2 and 3 (SINV-1, SINV-2, SINV-3); Varroa destructor virus 1 (VDV-1), Linepithema humile virus 1 (LHUV-1). LHUV-1 was not 
detected by MEGAN or Virusfinder as the sequence was not lodged in GenBank at the time the study was undertaken 

 

 MEGAN Bowtie 2 Virusfinder RT-PCR Replication 

Virus Argentine ant samples Argentine ant 
samples 

Negative 
control 

Argentine ant 
samples 

Negative 
control 

  

Alphabaculovirus 8 - - N N - - 
Sp6virus 2 - - N N - - 
Aphid lethal paralysis virus 2 2 N N N - - 
Drosophila C virus 2 N N N N - - 
Rhopalosiphum padi virus 21 N N 3 (47) N - - 
ABPV N 424  N 2 (368)  N N - 
BQCV 4 127  N 4 (2,273)  N Y N 
CBPV N N N N N N - 
DWV N  1  N N N Y Y 
FEX-1 N 2,419   1  N N N - 
IAPV N 1,012  N 5 (2,172)  N N - 
KBV 11 18,682  N  2 (40,343) N Y Y 
Sacbrood virus N N N N N - - 
SINV-1 N 14  N N N N - 
SINV-2 N N N N N - - 
SINV-3 N N N N N - - 
VDV-1 N N N N N N N 
LHUV-1 N/A N/A N/A N/A N/A Y Y 
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