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ABSTRACT 

The ectoparasitic mite Varroa destructor is indisputably the most significant driver of global 

colony losses of the Western honeybee, Apis mellifera. Colony deaths are frequently 

attributed to Deformed wing virus (DWV), which is vectored by the mite. In this thesis I 

attempt to disentangle the tripartite relationship between DWV, A. mellifera and  

V. destructor, by investigating whether the two major DWV genotypes, A and B, differ from 

the point of view of the virus, the honey bee and the mite. First, I assessed the viral 

accumulation dynamics of multiple DWV genotypes during single or co-infection in 

Australian pupae (naïve to both DWV and Varroa). I found that DWV-B accumulated to 

higher levels than DWV-A when singly and co-injected, suggesting that DWV-B is able to 

outcompete DWV-A. Yet despite higher viral loads, DWV-B was associated with the lowest 

level of mortality. Therefore, I next investigated if the bees’ immune system reacted 

differently to the two DWV genotypes. I examined the expression of 19 immune genes and 

analysed the small RNA response of pupae exposed to DWV-A and DWV-B. Overall, I found 

little evidence to indicate that A. mellifera responds differently to either genotype. Finally, to 

uncover what role vector transmission by V. destructor plays in DWV genotype prevalence at 

the colony level, I experimentally increased and decreased the number of mites within  

A. mellifera colonies and analysed viral loads over a period of ten months. I found that DWV-

A was strongly affected by mite numbers, whereas DWV-B persisted in the presence and 

absence of V. destructor. Overall, my thesis furthers our understanding of the intricate 

relationship between DWV, A. mellifera and V. destructor, and provides insight into some of 

the factors that may be contributing to the increasing prevalence of DWV-B.  
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Chapter 1 

General Introduction	

The importance of pollinators and the challenges they face 

Mutualism between angiosperms and their animal pollinators is fundamentally one of the 

most important evolutionary relationships in terrestrial ecosystems. Animals are estimated to 

pollinate 94% and 78% of flowering plant species in tropical and temperate environments, 

respectively (Ollerton et al., 2011). Animal pollinators are rewarded with sources of food 

(chiefly nectar and pollen) while transferring pollen grains between conspecifics (Figure 1.1). 

Animal pollination is performed by numerous invertebrate and vertebrate species, and 

provides a crucial ecosystem service across wild and managed environments. Pollination 

maintains genetic diversity in plant populations, and increases fruit set and seed production, 

which in turn provide sources of food for animals. Needless to say that pollination is also 

essential for many agricultural crops. 

 

 
Figure 1.1 A classic example of co-evolution between an angiosperm and an animal 
pollinator: photograph of the Madagascar orchid (Angraecum sesquipedale) and its co-
adapted pollinator Morgan's sphinx moth (Xanthopan morganii praedicta), famously 
predicted to exist by Charles Darwin in 1862 (Arditti et al., 2012). Image source: Minden 
Pictures. 
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Increased human consumption and the globalisation of food trade has altered agricultural 

demands. Approximately 35% of crops grown for the human food supply rely on animal 

pollination, and over the last ~ 60 years there has been a > 300% increase in the production of 

pollinator-dependent crops (Klein et al., 2007; Aizen and Harder, 2009). While the bulk of the 

human diet is made up of a few staple crops that do not require animal pollination, pollinator-

dependent crops provide rich sources of vitamins, antioxidants and minerals (Marshman et al., 

2019). Pollinating insects, particularly bees, are heavily relied upon to improve yield in 39 of 

the 57 major crops worldwide (Klein et al., 2007). In many regions, a vast proportion of 

commercial crop species are introduced and very few native plant species are consumed 

(Shelef et al., 2017), meaning that many crops do not grow in the appropriate environmental 

conditions. In the US and Australia for example, almost all agricultural crops are introduced 

species (Cunningham et al., 2002; Pimentel et al., 2005). While growing such crops is 

important for meeting food supply and economic demands, they may require the use of 

introduced pollinators where native pollinators are absent or in decline.  

 
There is mounting evidence of a substantial loss of insect pollinator species (Ollerton et al., 

2014; Powney et al., 2019; Zattara and Aizen, 2021). Alarmingly, wild bee species are 

estimated to have declined by 25% since the 1990s (Zattara and Aizen, 2021). Pollinator 

losses are occurring across each continent. For example, Australia has three native bee species 

currently listed as critically endangered (Department of the Environment, 2021). Canada and 

the US have seven and eight endangered native bee species, respectively (Marshman et al., 

2019; US Fish and Wildlife Service, 2021). In 2017, 9% of bee species in Europe were 

characterised as threatened with ~ 0.5% considered critically endangered, however this is 

likely to be a conservative estimate as data is deficient for 56% of species (Nieto et al., 2017). 

The true global scale at which wild pollinator species are declining is unclear, but some of the 

best evidence of a pollinator crisis has been obtained from bumble bees. In Europe and North 

America, many bumble bee species have experienced significant range contractions and 

regional declines in abundance, with at least four species extinctions within the last century 

(Goulson, 2003a; Winter et al., 2006; Grixti et al., 2009; Cameron et al., 2011; Graves et al., 

2020; Simanonok et al., 2021). As with other wild bees, bumble bee declines are thought to 

be driven by the combined effects of habitat loss, reduced floral diversity, agricultural 

intensification, climate change, pesticides and disease (Goulson et al., 2008; Cameron et al., 

2011; Goulson et al., 2015; Soroye et al., 2020).  
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With declines in wild pollinators and increasing agricultural demands, the world has become 

more and more reliant on managed pollinators. The Western honey bee, Apis mellifera, is 

native to Europe, Africa and the Middle East (Ruttner, 1988). A. mellifera was introduced to 

North America (1600s), Australasia and parts of Asia (1800s) for pollination services and the 

production of apicultural products (honey, wax and propolis) (Hopkins, 1901; Moritz et al., 

2005; Arundel, 2011; Chantawannakul et al., 2016). A. mellifera is widely considered to be 

one of the most important pollinator species of commercial crops. Domesticated since at least 

2600 BC for their honey and wax (Graystock et al., 2016), A. mellifera colonies are easy to 

manipulate and manage, and can be transported over long distances between multiple 

foraging sites. Honey bees are also generalist foragers, meaning that they will visit a wide 

variety of flowers to collect pollen and nectar. However, honey bees are not necessarily 

efficient pollinators of all plant species (Greenleaf and Kremen, 2006).  

 
Sonication or ‘buzz pollination’ is the process of vibrating anthers in order to obtain pollen 

granules from small pores (Buchmann and Hurley, 1978). The requirement of sonication has 

evolved in 65 plant families, including important agricultural food crops such as those in the 

Solanaceae (e.g. tomatoes, eggplants, peppers, potatoes), Ericaceae (e.g. blueberries and 

cranberries) and Actinidiaceae (e.g. kiwifruit) families (De Luca and Vallejo-Marin, 2013). 

Over 50 genera of bees have the ability to sonicate but the trait is notably absent in Apis sp. 

(De Luca and Vallejo-Marin, 2013). The demand for buzz pollinated crops and agricultural 

production within greenhouses (particularly tomatoes) led to the domestication of bumble 

bees (Velthuis and van Doorn, 2006). Bombus terrestris colonies (Figure 1.2) are now mass 

produced and exported to 57 countries, 16 of which are outside the native range of Eurasia 

(Chandler et al., 2019). In addition, B. impatiens and B. occidentalis from North America, and 

B. lucorum and B. ignitus from Asia are now commercially reared for pollination purposes 

(Velthuis and van Doorn, 2006).  
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Figure 1.2 An example of a commercial B. terrestris colony utilised for tomato pollination 
within a greenhouse. Image source: Koppert Biological Systems.  
 

 

While the production of commercial bumble bee colonies is a relatively new industry, 

introducing bumble bee species outside of their native range is not a new phenomenon. Four 

bumble bee species (B. terrestris, B. hortorum, B. ruderatus and B. subterraneus) were 

introduced to New Zealand in 1885 and 1906, and B. ruderatus to Chile in the early 1980s to 

improve clover (Trifolium sp.) pollination (Donovan, 1980; Arretz and Macfarlane, 1986).   

 
Humans have introduced exotic taxa into non-native regions for thousands of years. 

Throughout history, there are abundant examples of devastating consequences upon local 

ecosystems as a result of introducing species in to non-native regions (Suarez and Tsutsui, 

2008). While bees are largely considered to be beneficial insects, as with any other organism, 

introduction into a new range can alter selective pressures and the evolution of both the 

introduced species and native taxa. Firstly, introduced bees have the potential to become 
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invasive and displace native species. For instance, bumble bees often escape from 

greenhouses (Morandin et al., 2001; Whittington et al., 2004). This has led to B. terrestris 

becoming established in Japan and potentially contributing to the decline of native B. 

hypocrita sapporoensis by outcompeting the latter for nest sites (Inoue et al., 2008). 

Secondly, introduced bee species can alter plant diversity and abundance. Following 

introduction to New Zealand and Chile, bumble bees have spread to Tasmania, Australia (B. 

terrestris), and Argentina (B. ruderatus and B. terrestris) (Abrahamovich et al., 2001; 

Montalva et al., 2011), where they have since become established. Introduced bumble bees 

and honey bees may be contributing to the spread of invasive weeds in Argentina, Australia 

and New Zealand (Goulson, 2003b; Morales and Aizen, 2006; Aizen et al., 2019). 

Furthermore, introduced bees may disrupt native plant and pollinator mutualism by depleting 

or robbing nectar, thereby rendering nectar unavailable to beneficial pollinators (Paton, 2000; 

Aizen et al., 2019).  

 
Introducing exotic taxa in non-native ranges also increases the risk of alterations to parasite 

and pathogen dynamics (Vilcinskas et al., 2013). Commercial bumble bee colonies have been 

found to harbour elevated parasite loads (Crithidia bombi, Nosema bombi, and Locustacarus 

buchneri) compared to wild colonies. Bumble bee escapes from greenhouses has likely 

resulted in the spill-over of C. bombi and N. bombi from commercial to wild bumble bee 

populations (Colla et al., 2006). Furthermore, introduction of N. bombi and other parasites to 

wild colonies may have caused the sudden and widespread declines of seven bumble bee 

species in the US (Cameron et al., 2011; Cameron et al., 2016). Arguably, one of the most 

recent significant shifts in host-parasite and pathogen dynamics as a result of introducing 

species into non-native ranges has occurred between A. mellifera and the ectoparasitic mite 

Varroa destructor. 

 
 
Co-evolution between Varroa sp. and Apis cerana 

Varroa mites were first described in 1904 (V. jacobsoni) when they were detected on Apis 

cerana in Java, Indonesia (Oudemans, 1904). The mites regained attention in the 1970/80s 

when they were detected outside of Asia having spread to parts of Europe, North Africa, 

North and South America at that time (De Jong et al., 1982; Martin, 1994). Originally, it was 

thought that V. jacobsoni had spread outside of Asia until Anderson and Trueman (2000) 

recognised that the mite that had increased in global distribution and prevalence was actually 
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a different species, which was aptly named V. destructor. Currently we recognise four Varroa 

species, all native to Asia: V. destructor, V. jacobsoni, V. rindereri, and V. underwoodi. V. 

destructor is the most well characterised and thus far the most damaging species, with the 

largest global distribution. Varroa are honey bee parasites. V. underwoodi parasitises A. 

cerana, A. nigrocincta and A. nuluensis (Chantawannakul et al., 2016; Wang et al., 2019).  

V. rindereri has been found to parasitise A. koschevnikovi and has been detected in colony 

debris of A. dorsata (de Guzman and Delfinado-Baker, 1996; Koeniger et al., 2002). A. 

cerana is the ancestral host of V. jacobsoni and V. destructor, however both mite species have 

developed the ability to switch-hosts and now parasitise A. mellifera (Techer et al., 2019; 

Roberts et al., 2020) as a direct result of the anthropogenic introduction of A. mellifera 

colonies into the native range of A. cerana in Asia.  

 
Varroa mites have two life stages: the reproductive and dispersal (previously referred to as 

the phoretic) phases. Varroa reproduction takes place within honey bee brood cells. Mated 

female mites (foundress) enter late stage larval cells prior to capping and hide in the larval 

food (Figure 1.3). After the cell is capped by nurse bees and the larva has developed into a 

pre-pupa, the foundress creates a feeding-site and begins feeding upon the bee’s fat body 

(Donzé and Guerin, 1994; Ramsey et al., 2019). After approximately 60-70 h after entering 

the cell, the foundress begins laying her eggs. The first egg laid is a haploid male produced 

via arrhenotokous parthenogenesis (Häußermann et al., 2019). The foundress subsequently 

lays ~ 4 diploid eggs approximately 30 h apart, which develop into females (Martin, 1994). 

Offspring develop into mature adults within 6-7 or 8-9 days for males and females, 

respectively, and feed on the developing pupae from the site created by the foundress (De 

Jong et al., 1982). The male mates with his freshly moulted adult sisters at the faecal 

accumulation site (Donzé and Guerin, 1994; Ziegelmann et al., 2013). The foundress and her 

mated daughter(s) leave the brood cell along with the newly emerged adult bee. At this point 

the mites begin the dispersal phase (Traynor et al., 2020), where they feed upon adult bees. 

The dispersal phase is crucial for successful reproduction. During the dispersal phase, it takes 

at least 5 days before the young female mites are able to lay eggs, as transferred spermatazoa 

mature within the female genitals (capacitation) (Häußermann et al., 2016). Each foundress 

typically has 2-3 reproductive cycles under field conditions (Martin and Kemp, 1997).  

 



 7 

 

Figure 1.3. The Varroa life cycle is closely tied to the developmental cycle of honey bees. 
Image adapted from Harris et al. (2019).  

 

 

V. destructor and A. cerana exist in a stable host-parasite relationship and the mite has little 

negative effect upon the Asian honey bee. Host-parasite co-evolution has resulted in 

numerous mechanisms that essentially keep V. destructor numbers low in A. cerana colonies. 

Firstly, while V. destructor enters both worker and brood cells, reproduction in A. cerana 

colonies is largely restricted to drone brood (Boot et al., 1997; Wang et al., 2020). Limiting 

reproduction to drone cells appears to be an adaptation strategy of the mites in A. cerana 

colonies rather than a behavioural trait of the bees (Boot et al., 1999). Avoiding reproducing 

in A. cerana worker cells likely increases mite fitness as fewer daughter mites would reach 

maturity during the 11-day developmental time of workers (Boot et al., 1995). Restricting 

mite reproduction to drone cells also benefits A. cerana by limiting the reproductive period to 

a shorter time window, as drone brood is not reared year round. A. cerana workers have a 

number of co-evolved defensive traits that further reduce mite numbers within the colony. 

They perform elevated grooming behaviour, removing mites in the dispersal phase from 
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themselves and other adult bees (Peng et al., 1987; Büchler et al., 1992). A. cerana workers 

are also adept at detecting mites within brood cells, and will remove the infested brood and 

the mites from the cell (Varroa-sensitive hygiene) (Peng et al., 1987; Rath and Drescher, 

1990). In addition, A. cerana drone pupae experience elevated mortality when parasitised by 

two or more mites; workers subsequently entomb dead drone brood, further limiting the 

successful emergence of the mites in A. cerana colonies (Rath, 1999).  

 
 
Novel Varroa host-shifts to A. mellifera  

Introducing A. mellifera colonies into the native range of A. cerana for beekeeping purposes 

allowed V. destructor and V. jacobsoni to switch hosts. It appears that V. destructor has 

shifted to A. mellifera in at least three independent events in Korea, Japan and the Philippines 

(Solignac et al., 2005; Beaurepaire et al., 2015; Techer et al., 2020), however very little is 

known about the adaptive processes that facilitated host-switching. In the early 1990s, V. 

jacobsoni was found to infest A. mellifera colonies in Papua New Guinea (PNG), but only 

0.4% of the female mites found in drone brood had attempted to reproduce (Anderson, 1994). 

By 2008, two distinct V. jacobsoni lineages were found to have successfully switched hosts to 

A. mellifera in PNG, where mites were reproducing in drone and worker brood (Roberts et al., 

2015). Roberts et al. (2015) hypothesised that host-shifts may arise from a lack of competition 

from an existing mite parasite (niche availability) and the availability of drone brood in A. 

mellifera colonies when A. mellifera and A. cerena are brought into sympatry. 

 
In both V. destructor and V. jacobsoni, host-switching to A. mellifera has led to an important 

change in mite behaviour: the ability to reproduce in both drone and worker cells. The large 

number of worker brood cells and longer brood rearing period relative to drone brood results 

in substantially higher mite infestations than in A. cerana colonies (Fries et al., 1991; Martin 

and Kemp, 1997). Modelling suggests that ten V. destructor foundress mites can reproduce to 

numbers exceeding 10,000 in one to four years in untreated A. mellifera colonies, depending 

on the length of the brood rearing period in different climates (Fries et al., 1994; Calis et al., 

1999). In its native range A. mellifera was not parasitised by any Varroa species (Eickwort, 

1994). Therefore, A. mellifera lacks the co-evolved defence traits displayed by A. cerana, 

excluding a small number of A. mellifera populations that have developed Varroa-tolerant 

and resistant characteristics over-time when left untreated (Mondet et al., 2020).  
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A. mellifera colonies infested with V. destructor were transported through Europe and the 

Americas (Oldroyd, 1999), leading to further range expansion of the mite (Figure 1.4). V. 

destructor now has a near global distribution, with Australia being the only major beekeeping 

country to remain Varroa free (Roberts et al., 2017). The global spread of V. destructor had a 

devastating impact on A. mellifera colonies worldwide (Schroeder and Martin, 2012). For the 

vast majority of colonies, untreated V. destructor infestations typically result in colony death 

within as little as 6-24 months (Le Conte et al., 2010). Mite parasitism increases metabolic 

costs, reduces bee body mass and longevity, and impacts immune function (Bowen-Walker 

and Gunn, 2001; Nazzi et al., 2012; Annoscia et al., 2019; Aldea and Bozinovic, 2020). Yet, 

the most harmful impact of V. destructor appears to be its ability to vector viruses. 

 

 

Figure 1.4. Range expansion of V. destructor and V. jacobsoni after host shifts to  
A. mellifera and transport of mite infested A. mellifera colonies. Geographical distribution 
illustrated by country and adapted from Techer (2020), Wilfert et al. (2016) and Koetz (2013).  
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V. destructor altered the dynamics of viral infections in A. mellifera by introducing a new 

route of transmission: vector transmission. V. destructor is capable of vectoring a number of 

different RNA viruses, notably Deformed wing virus (DWV) and three paralysis viruses 

belong to the ‘AKI species complex’ [Acute bee paralysis virus (ABPV), Kashmir bee virus 

(KBV) and Israeli acute paralysis virus (IAPV)] (Bailey and Ball, 1991; Boecking and 

Genersch, 2008; de Miranda et al., 2010; de Miranda and Genersch, 2010). The latter three 

paralysis viruses are highly virulent, meaning that vector transmission typically results in 

rapid viral replication and honey bee death, and consequently low levels of viral persistence 

(Bailey and Ball, 1991; de Miranda et al., 2010). DWV is comparatively less virulent, and 

viral loads are sustained at high levels within the colony in the presence of the mite. This 

characteristic has likely contributed to the continued success of DWV once V. destructor is 

established within a population (Mondet et al., 2014). The worldwide spread of V. destructor 

transformed DWV from a relatively rare and harmless virus to the most prevalent viral 

pathogen in A. mellifera colonies worldwide (Martin and Brettell, 2019). DWV is now 

detected in virtually all A. mellifera populations infested with the mite. Australian A. mellifera 

colonies are in a rare position, being free of both DWV and V. destructor (Roberts et al., 

2017).  

 
The close association between DWV and V. destructor has been associated with the death of 

millions of honey bee colonies worldwide (Martin et al., 2012; Schroeder and Martin, 2012). 

The tripartite relationship between A. mellifera, V. destructor and DWV has had detrimental 

effects on honey bee health with significant implications for apiarists, agriculture and eco-

systems globally. Nevertheless, this relationship affords us an interesting opportunity to study 

co-evolution between host, vector and viral pathogen, which is the crux of my thesis.  

 
 
Thesis Outline 

There are two major genotypes of DWV (A and B) commonly found in bees and mites. Past 

studies have found that DWV-A and DWV-B affect A. mellifera differently, although 

virulence (damage to the host attributed to the virus) differs between honey bee life stages and 

populations (McMahon et al., 2016; Gisder et al., 2018; Dubois et al., 2019; Tehel et al., 

2019). DWV-A was associated with the initial spread of V. destructor, whereas DWV-B has 

recently increased in global prevalence (Kevill et al., 2017; Ryabov et al., 2017; Kevill et al., 

2019; Manley et al., 2019b). This thesis explores the factors that may explain the increasing 
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prevalence of DWV-B at the expense of DWV-A. The main objective of my thesis is to 

disentangle the tripartite relationship, by investigating whether DWV-A and DWV-B differ 

from the point of view of the virus (Chapter 2), the honey bee (Chapter 3), and the mite vector 

(Chapter 4).  

 
In Chapter 2, I investigate the accumulation and competition of multiple DWV genotypes in 

Australian A. mellifera, naïve to both DWV and V. destructor. I singly injected pupae with 

equal doses of DWV-A, DWV-B, and a recombinant strain isolated from a V. destructor 

tolerant bee population. I also co-injected pupae with DWV-A and DWV-B to assess the level 

of competition between the two major genotypes during co-infection. I monitored pupal 

survival throughout pupation and measured viral accumulation by RT-qPCR at multiple time-

points, up to 192 h post-injection.  

 
In Chapter 3, I examine whether differences in DWV accumulation and virulence, observed in 

Chapter 2 and previous studies, can be explained by the two major DWV genotypes eliciting 

a differential response in the A. mellifera immune system. I examined the expression of 19 

immune genes by RT-qPCR and comprehensively analysed the small RNA response in the 

pupae experimentally injected in Chapter 2. My study is the first to investigate the honey bee 

immune response in relation to the two major DWV genotypes and within the same V. 

destructor and DWV-naïve population, removing confounding effects of mite feeding and 

pre-exposure to the virus. 

 
In Chapter 4, I explore whether vector transmission by V. destructor is a driver of increased 

DWV-B prevalence globally. I experimentally increased or decreased the number of V. 

destructor mites in honey bee colonies, and tracked DWV-A and DWV-B loads over a period 

of ten months by RT-qPCR. My study is the first to experimentally manipulate mite numbers 

within full sized A. mellifera colonies in order to determine what role vector transmission 

plays on DWV genotype prevalence. 

 
Finally, in Chapter 5, I provide a general discussion of my findings and make suggestions for 

future research directions.  
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Chapter 2 

Accumulation and competition amongst Deformed wing virus 

genotypes in naïve Australian honey bees provides insight into the 

increasing global prevalence of genotype B	

 

ABSTRACT  

Honey bee colony deaths are often attributed to the ectoparasitic mite Varroa destructor and 

Deformed wing virus (DWV), vectored by the mite. In the presence of V. destructor both 

main genotypes (DWV-A and DWV-B) have been correlated with colony loss. Studies show 

that DWV-B is the most prevalent genotype in the United Kingdom and Europe. More 

recently DWV-B has increased in prevalence in the United States. The increasing prevalence 

of DWV-B at the expense of DWV-A suggests that competition exists between the genotypes. 

Competition may be due to disparities in virulence between genotypes, differences in fitness, 

such as rate of replication, or a combination of factors. In this study we investigated if DWV 

genotypes differ in their rate of accumulation in Australian honey bees naïve to both V. 

destructor and DWV, and if viral load was associated with mortality in honey bee pupae. We 

singly and co-infected pupae with DWV-A, DWV-B, and a recombinant strain isolated from a 

V. destructor tolerant bee population. We monitored viral accumulation throughout pupation, 

up to 192 hours post-injection. We found significant differences in accumulation, where 

DWV-A accumulated to significantly lower loads than DWV-B and the DWV-recombinant. 

We also found evidence of competition, where DWV-B loads were significantly reduced in 

the presence of DWV-A, but still accumulated to the highest loads overall. In contrast to 

previous studies, we found significant differences in virulence between pupae injected with 

DWV-A and DWV-B. The average mortality associated with DWV-B (0.4% ± 0.33 SE) and 

DWV-recombinant (2.2% ± 0.83 SE) injection were significantly less than observed for 

DWV-A (11% ± 1.2 SE). Our results suggest that a higher proportion of DWV-B infected 

pupae will emerge into adults, compared to DWV-A. Overall, our data suggest that low 

mortality in pupae and the ability of DWV-B to accumulate to higher loads relative to DWV-

A even during co-infection may favour vector transmission by V. destructor, and may thus be 

contributing factors to the increasing prevalence of DWV-B globally.  
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INTRODUCTION  

Varroa destructor is arguably one of the biggest threats to Western honey bee (Apis mellifera) 

populations worldwide. Over the past 60 years, V. destructor has spread globally from its 

origin in Asia where the mite originally parasitised the Asian honey bee Apis cerana 

(Solignac et al., 2005). V. destructor parasitism is particularly destructive to A. mellifera 

(hereafter simply honey bees), and is associated with significant colony losses. Australia is 

currently the only major beekeeping country to remain free from V. destructor (Oldroyd, 

1999; Roberts et al., 2017). 

 

Honey bee colony losses associated with V. destructor have often been attributed to viruses 

vectored by mites during feeding. One virus in particular, Deformed wing virus (DWV), is 

frequently associated with V. destructor (Highfield et al., 2009; Martin et al., 2012; Mondet et 

al., 2014; Martin and Brettell, 2019). DWV is a single-stranded positive sense RNA virus 

belonging to the Iflaviridae family. Prior to the spread of V. destructor, DWV was rarely 

detected whereas now the virus is found in virtually all honey bee populations worldwide, 

excluding Australia (Roberts et al., 2017). In some Varroa-free honey bee populations, DWV 

has been shown to have low prevalence and accumulate to very low levels (Martin et al., 

2012; Ryabov et al., 2014; Shutler et al., 2014; McMahon et al., 2016). In contrast, numerous 

studies have found a positive correlation between V. destructor infestation levels and 

increased DWV loads (Martin et al., 2012; Nazzi et al., 2012; Mondet et al., 2014; Wu et al., 

2017). Within a V. destructor infested colony, vector transmission of DWV is associated with 

approximately 20% pupal mortality (Martin, 2001; Martin et al., 2013). Such relatively low 

mortality allows the majority of DWV infected brood to emerge as adults. And because V. 

destructor reproduces within honey bee brood cells (Martin, 1995), low brood mortality 

results in a continuing increase in the number of mites and transmission of DWV.  

 

Three DWV genotypes have been described: DWV-A, DWV-B and DWV-C (Mordecai et al., 

2016b); only DWV-A (formally DWV) and DWV-B [formally Varroa destructor virus 1 or 

VDV-1 (Ongus et al., 2004)] are currently recognised by the International Committee on 

Taxonomy of Viruses. For clarity, we have employed the type A and B nomenclature widely 

adopted in recent publications (Martin et al., 2012; McMahon et al., 2016; Mordecai et al., 

2016a; Mordecai et al., 2016b; Brettell and Martin, 2017; Kevill et al., 2017; Gisder et al., 
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2018; Brettell et al., 2019; Dubois et al., 2019; Kevill et al., 2019; Remnant et al., 2019; Tehel 

et al., 2019).  

 

An immediate effect of V. destructor appears to be a reduction in the genetic diversity of 

DWV in honey bees both in the field (Martin et al., 2012) and in experiments using injection 

of DWV to mimic vector transmission (Ryabov et al., 2014). Over time, the distribution of 

DWV genotypes changes so that one DWV genotype prevails within honey bee populations. 

DWV-B has become the most common variant in the United Kingdom (UK) and Europe 

(McMahon et al., 2016; Kevill et al., 2019; Manley et al., 2019b). In North-America DWV-A 

remains the most common genotype (Ryabov et al., 2017; Kevill et al., 2019). However, 

Ryabov et al. (2017) found that DWV-B prevalence in the US increased from 3% in 2010 to 

65% in 2016. Similarly, Kevill et al. (2019) found that DWV-B was prevalent in 56% of 

tested colonies in 2016, and the dominant genotype in 23% of those colonies. Kevill et al. 

(2019) predicted that DWV-B prevalence will continue to increase and supersede DWV-A 

with time, as observed in England and Wales. Such change in relative prevalence suggests 

that the different DWV genotypes compete within their host. The increased prevalence of 

DWV-B may potentially be explained by differences in replication rate within the host, 

difference in virulence and associated host mortality, or a combination of both.   

 

Understanding the exact relationship between DWV genotype and host virulence is far from 

straightforward. Not all studies distinguish between DWV genotypes. In those studies that do 

both DWV-A (Highfield et al., 2009; Martin et al., 2012; Mondet et al., 2014; Kevill et al., 

2017; Barroso-Arévalo et al., 2019b; Kevill et al., 2019) and DWV-B (Natsopoulou et al., 

2017) have been associated with colony deaths in the presence of V. destructor. At the same 

time, high viral loads of DWV-B have been associated with low levels of colony mortality in 

the UK and Spain (Mordecai et al., 2016a; Barroso-Arévalo et al., 2019b; Kevill et al., 2019). 

High DWV-B loads in surviving colonies that were untreated for V. destructor led Mordecai 

et al. (2016a) to hypothesise that DWV-B may outcompete DWV-A via ‘superinfection 

exclusion’. If DWV-B is a superior competitor, it could prevent DWV-A from replicating to 

high levels. If, then, DWV-B causes less damage to the host, the exclusion of the more 

harmful DWV-A genotype could result in the association between DWV-B and low honey 

bee mortality.  

 



 15 

Despite evidence of colonies surviving with high DWV-B loads, experimental evidence thus 

far indicates that DWV-B is more harmful to adult honey bees than DWV-A. After DWV-B 

was injected into adult bees, the virus was detected in brain tissue which was associated with 

impairment of cognitive function (Gisder et al., 2018). The inocula were then serially 

passaged in pupae before a second round of adult injections. After one round of serial passage 

viral particles were not detected in the bees’ brain and the bees did not suffer from cognitive 

impairment. Gisder et al. (2018) associated the decreased tissue tropism and virulence of the 

passaged inoculum with a concurrent sequence shift from DWV-B to DWV-A. In a different 

study, injection of DWV-B into newly emerged adults resulted in significantly altered 

foraging behavior and higher mortality compared to controls (Benaets et al., 2017). However, 

the same experiment was not conducted on DWV-A (Benaets et al., 2017). When DWV-A 

and DWV-B were compared in a separate study, injection of DWV-B into newly emerged 

adults resulted in a significant reduction in survival compared to DWV-A (McMahon et al., 

2016).  

 

The most likely life stage to be infected with DWV is the pupal stage. Models have suggested 

that vector transmission of DWV to pupae results in reduced longevity in emerging adult 

honey bees and can lead to colony death in temperate climates, due to significantly reduced 

overwinter workforce (Martin, 2001; Sumpter and Martin, 2004). Thus, some studies have 

assessed whether DWV genotypes affect pupae differently. Gisder et al. (2018) found that 

injection of DWV-B into pupae resulted in significantly higher mortality compared to pupae 

injected with the passaged inoculum. Lamp et al. (2016) did not test DWV-B, but showed that 

both DWV-A directly isolated from infected bees and a constructed molecular clone both 

caused pupal death. However, Tehel et al. (2019) found no difference in survival between 

pupae injected with DWV-A or DWV-B when pupae were injected with the same source 

inocula as McMahon et al. (2016). Dubois et al. (2019) also found no difference in mortality 

between pupae infected with DWV-A and DWV-B obtained from heads of naturally infected 

bees. Similarly, a study using V. destructor and DWV naïve Australian honey bee pupae 

found no significant pupal mortality when white-eyed pupae were injected with DWV-A 

isolated from adult bees with overt disease symptoms, including deformed wings (Remnant et 

al., 2019).  
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Clearly while the global association between V. destructor and DWV seems irrefutable, 

determining whether virulence differences exist between DWV genotypes remains a 

challenge. The aforementioned experimental studies differ in many attributes, such as source 

inocula [with the exception of McMahon et al. (2016) and Tehel et al. (2019)], bee 

populations, life stage infected, experiment duration, and potential presence of other 

pathogens. In addition, covert infections with DWV may affect results as injection with 

buffered salt solutions can activate DWV replication (Dubois et al., 2019; Posada-Florez et 

al., 2019; Tehel et al., 2019). Similarly, previous infestations with V. destructor may have 

changed the viral landscape within honey bee populations by selecting for particular DWV 

genotypes that are better adapted to vector-based transmission. Australian honey bees are 

naïve to both V. destructor and DWV and are therefore an ideal model to determine the 

dynamics between different DWV genotypes. We infected white-eyed pupae to reflect the life 

stage at which V. destructor first vectors DWV to honey bees (Bailey and Ball, 1991). We 

infected pupae by injecting either a single DWV genotype or two genotypes (co-infection). 

Co-infection allowed us to determine the extent to which different DWV genotypes compete 

within the same host. We further determined if there is a relationship between viral load and 

host damage (mortality).  

 

 

MATERIALS AND METHODS 

1. DWV source material and strain confirmation 

Inocula were prepared from individual asymptomatic adult bees collected from Blenheim, 

New Zealand (DWV-A) and Amsterdam Water Dunes, the Netherlands (DWV-B and DWV-

recombinant). The New Zealand bees were collected from V. destructor treated colonies and 

the Netherlands bees were collected from colonies that were part of a selection program for V. 

destructor tolerance (Panziera et al., 2017). The bees were imported on dry ice and stored at -

80°C (Import permit and Quarantine details below). As we intended to use the source material 

as inocula, we firstly extracted viral material from individual bees from each population 

[protocol adapted from Remnant et al. (2019)]. We homogenised the thorax and abdomen [as 

eye pigments have been shown to inhibit PCR reactions (Boncristiani et al., 2011)] of 

individual adults in 2 mL 0.5M potassium phosphate buffer (PPB) pH 8. Within a fume hood, 

we added 5% v/v diethyl ether and 10% v/v chloroform and shook vigorously for 30 seconds, 



 17 

before centrifuging at max speed (> 20000 × g) for 2 min. We then collected the supernatant 

and passed it through a 0.22 µm nitrocellulose filter to remove bacterial or particulate 

contaminants. We portioned the filtrate into aliquots, which were later used for RNA 

extraction or inoculation of pupae after strain identification. 

 

For inocula identification, we obtained RNA from 100 µL of the partitioned filtrate using the 

RNeasy mini kit (Qiagen). For our sequencing negative control, we extracted RNA from a 

single juvenile velvet worm (Euperipatoides rowelli) using the Direct-zol RNA MiniPrep 

Plus (Zymo Research). To avoid any potential cross contamination we prepared the velvet 

worm sample in the Evolutionary and Integrative Zoology Laboratory, University of Sydney. 

All RNA samples were treated with DNase (Ambion® TURBO DNA-free kit) according to 

manufacturer’s instructions. We shipped treated RNA (80-150 ng/µL) on dry ice to the 

Australian Genome Research Facility (AGRF) laboratory (Melbourne, Australia) for 

preparation of whole transcriptome, 150 bp paired-end libraries with ribosome depletion and 

MiSeq (Illumina) sequencing. 

 

Sequencing reads were checked for quality using FastQC (http://www. 

bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed to remove residual adaptor 

sequences and low-quality sequences using Trimmomatic (Bolger et al., 2014). Trimmed 

reads were assembled de novo into contigs using the metagenomic assembler Megahit (Li et 

al., 2015). Resulting contigs were compared to a custom reference library containing 

previously identified honey bee virus genome sequences using BLASTn, including but not 

limited to Acute bee paralysis virus (ABPV), Apis rhabdovirus (ARV) (Remnant et al., 2017), 

Black queen cell virus (BQCV), Chronic bee paralysis virus (CBPV), Israeli acute paralysis 

virus (IAPV), Kashmir bee virus (KBV), Lake Sinai virus (LSV) and Sacbrood virus (SBV). 

The DWV-A and DWV-rec inocula were negative for all other honey bee viruses, including 

BQCV. The DWV-B inoculum contained low amounts of LSV and ARV-1 and ARV-2, 

however this did not impact our study as we found that these viruses were not transmissible to 

pupae via injection of our DWV-B inoculum (see Results). In addition, we examined a 

general viral reference database containing a comprehensive library of viral protein sequences 

downloaded from GenBank by using BLASTx to identify any potential novel viral sequences. 

Identified DWV contigs from each source inoculum were aligned to the DWV-A and DWV-B 

reference genomes in Geneious (Version 10.2.4, (Kearse et al., 2012); accession numbers 
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AJ489744 and AY251269), to produce alternate DWV strain sequence assemblies for each 

source inoculum. The DWV-A and DWV-B inocula sequences only contained the DWV 

genotype of interest. The DWV-rec inoculum contained one predominant genotype (Figure 

2.1), where the average coverage per base was approximately 2800-fold, as estimated by 

Megahit. Additionally within the DWV-rec inoculum, we detected low frequencies of DWV-

B, and an additional recombinant with an extended DWV-A fragment to position 2140, with 

low coverage per base values of 26 and 408, respectively (partial contig sequences available 

as Text A.1 and A.2). The DWV-A, DWV-B and DWV-rec inocula sequences used in this 

study were deposited to GenBank [accession numbers MN538208- MN538210]. We also 

compared our inocula sequences to strains previously injected by Gisder et al. (2018), 

Remnant et al. (2019) and Tehel et al. (2019). We performed pairwise comparisons and 

nucleotide alignments in Geneious using Muscle, and generated a maximum likelihood 

phylogenetic tree using PhyML (Figure A.1; Table A.1). We found that our DWV-A and 

DWV-B inoculum were the most similar to the references genomes, and more closely related 

to the inocula used by Remnant et al. (2019) and Tehel et al. (2019), compared to the isolates 

injected by Gisder et al. (2018). 

 

 

Figure 2.1. Schematic of the DWV genome structure. Location of coat proteins as per de 
Miranda and Genersch (2010). DWV-A and DWV-B sequence shown in red and blue, 
respectively. The Netherlands recombinant (DWV-rec) predominantly corresponds to DWV-
B, with a DWV-A region between nucleotide positions 829 and 1487. The first recombination 
breakpoint occurs after the predicted internal ribosome entry site (IRES), which is predicted 
to fall within the first 810 nucleotides (Ongus et al., 2006).  
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2. Inocula standardisation  

2a. Quantification of inocula viral load 

First strand cDNA was synthesised from DNase treated RNA (0.2-0.4 µg) (Ambion® 

TURBO DNA-free kit) using SuperScript III Reverse Transcriptase (Invitrogen) with random 

hexamer primers, in 10 µL reaction volumes. The resulting cDNA was diluted in 30 µL 

UltraPure nuclease-free dH2O (Invitrogen). To determine the viral load of each inoculum we 

used quantitative PCR (qPCR) to compare quantitation cycle (Cq) values against the DWV-A 

and DWV-B standard curves (described below), and multiplied by dilution factor of 1/6400. 

We diluted inocula in 0.5M PPB pH 8.0 to standardise DWV concentration to 1 × 107 

genome equivalents (GE). Next, we added 10% green food coloring (Queen, Australia) to 

visually aid injection.  

 

2b. Preparation of DWV-A and DWV-B qPCR standards  

We used absolute quantification with DWV-A and DWV-B plasmid standards to accurately 

determine viral loads in inocula and injected pupae (Figure A.2). DWV-A and DWV-B RdRp 

plasmid standards were prepared from the source material cDNA after strain confirmation 

(above), using the method adapted from Kevill et al. (2017). We analysed the cDNA by PCR 

with the Kapa2G Robust PCR Kit (Kapa Biosystems), as per manufacturer’s instructions, 

using DWV strain specific RdRp primers (Table A.2). PCR cycling conditions for all 

reactions were 94°C (3 min), followed by 35 cycles of 94°C, 58°C and 72°C (30 sec), and 

72°C (5 min). We analysed PCR products by gel electrophoresis on 1% agarose gel with SB 

buffer and SYBR Safe DNA stain (Life Technologies). We cleaned the PCR fragments with 

GF-1 PCR Clean-up Kit (Vivantis). Plasmid vectors containing DWV-A or DWV-B 

fragments were prepared with TOPO Cloning reaction and transfected into Transform One 

Shot TOP10 competent Escherichia coli cells (Invitrogen). LB plates with 50 µg/mL 

kanamycin were prepared as per manufacturer’s instruction, plated with 100 µL cells and 

incubated at 37°C overnight. We performed colony PCR with DWV strain specific primers to 

ensure that transformation had occurred, and visualised PCR products on 1% agarose gel (as 

above). Colonies positive for DWV-A or DWV-B clones were added to 2 mL LB broth with 2 

µL kanamycin and incubated at 37°C overnight. We then isolated plasmid DNA with Wizard 

SV Plus Minipreps DNA Purification System (Promega). As circular plasmids are known to 

supercoil and produce unreliable absolute qPCR results (Hou et al., 2010), we linearised our 

plasmids with PmeI restriction digest (New England Biolabs). We confirmed linearisation on 
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1% agarose gel, cleaned plasmids (as above), and quantified DNA concentration with Qubit 

Broad Range Assay. We calculated plasmid copy numbers as per Staroscik (2004), and 

diluted DWV-A and DWV-B linear plasmids to 5 ng/µL, which was equivalent to 1 × 109 

genome copies of DWV.  

 

2c. qPCR of DWV plasmid standards 

We prepared ten-fold serial dilutions from the 1 × 109 plasmid stock to generate DWV-A and 

DWV-B standard curves from 108 to 102, prior to qPCR analysis with a Bio-Rad CFX384 

Touch real-time PCR detection system. We performed all 5 µL qPCR reactions in triplicate 

with SsoAdvanced Universal SYBR Green supermix (Biorad), forward and reverse primers 

(final concentration 500 nM each), and 1 µL cDNA, in both DWV-A and DWV-B master 

mixes. We used the following cycling conditions: 95°C (10 min), followed by 35 cycles of 

95°C (30 sec), 58°C (30 sec) and 72°C (30 sec). Melt curve analysis immediately followed 

between 55°C and 95°C, at 0.5°C increments. We plotted average Cq values against the log10 

of the plasmid copy number to give a standard curve for DWV-A and DWV-B. PCR primer 

efficiency (E = 10[–1/slope]) was 1.91 for DWV-A (slope = -3.5557, Y-intercept = 35.165, R2 = 

0.9998) and 1.92 for DWV-B (slope = - 3.5343, Y-intercept = 35.125, R2 = 0.9998).  

 

3. Pupal injection assay and sample preparation 

3a. Experimental injection of pupae 

We collected approximately 650 white-eyed pupae per colony, from capped brood cells of 

three unrelated A. mellifera colonies kept at the University of Sydney’s apiary. These colonies 

are naïve to both V. destructor and DWV, neither of which are established in Australia 

(Roberts et al., 2017). Pupae that showed signs of melanisation or damage from uncapping 

were excluded from the assay prior to injection. Mated V. destructor females enter a honey 

bee brood cell just prior to the cell being capped and the bee undergoing pupation (Donzé and 

Guerin, 1994). The mother mite and her offspring feed on the fat bodies of the developing bee 

(Ramsey et al., 2019), during which the mother mite can transmit viruses acquired from her 

previous meal (Bowen-Walker et al., 1999). To mimic the natural vector-mediated infection 

route as closely as possible, we injected 475 white-eyed pupae per colony; each colony 

consisted of five treatment groups of 95 pupae. We adapted the injection protocol used by 

McMahon et al. (2016), to reflect the same viral load and similar DWV treatments. In our 

study, we injected pupae with either 2 µL of: (1) 0.5 M PPB pH 8 (‘buffer control’), (2-4), 1 
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× 107 GE of DWV-A, DWV-B, or the recombinant strain (DWV-rec), or (5) an equal mixture 

(‘co-injection’) containing 5 × 106 GE of DWV-A and DWV-B. Like McMahon et al. (2016), 

we co-injected pupae with the mixture to assess strain competition during co-infection.  

 

We injected white-eyed pupae with a 32G needle attached to a 10 mL Hamilton syringe 

inserted between the 3rd and 4th tergites at the side of the abdomen [the typical V. destructor 

feeding site (Donzé and Guerin, 1994)], underneath but parallel to the cuticle to avoid 

puncturing the gut. After injection, we immediately placed pupae into Petri dishes lined with 

sterile filter paper (10 pupae/Petri dish). We placed the Petri dishes onto shallow racks within 

clip-locked plastic tubs (Sistema) and incubated at 34.5°C for 8 days (192 hours) in the dark. 

To keep the humidity high, we added 30 mL sterile H2O to the plastic tubs housing the Petri 

dishes.  

 

After injection, we randomly selected four pupae per treatment and colony at regular time-

points (1, 4, 8, 12, 24 hours) and every subsequent 24 hours for 192 hours (just prior to 

eclosion). Sampled pupae were immediately frozen at -80°C. We continued to incubate the 

pupae not collected for RNA extraction until 192 hours [when remaining pupae were 

terminated due to Quarantine permit conditions (see below)]. We visually monitored the 

survival of pupae throughout the experiment, using an adapted version of the method 

described by Remnant et al. (2019). We used the continual pigment changes in pupal eye and 

body colour (Jay, 1962) as indicators of healthy development. A pupa was classed as dead 

when eye or body pigments has ceased changing color for 48 hours.  

 

3b. RNA extraction and cDNA synthesis 

We extracted RNA from each frozen pupa separately in 1 mL of TRI Reagent (Sigma) with a 

TissueLyser, according to the manufacturer’s protocol. We suspended RNA pellets in 200 µL 

ultra-pure water (Invitrogen) and quantified the concentration with Qubit Broad Range Assay 

(Life Technologies). Samples were standardised to 200 µg/mL RNA to account for body mass 

differences between individual pupae. First strand cDNA was synthesised from 0.8 µg DNase 

treated RNA in 10 µL reaction volumes, as described above. The resulting cDNA was diluted 

in 30 µL UltraPure nuclease-free dH2O (Invitrogen).  
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4. qPCR analysis 

4a. Viral analysis of pupae  

For DWV analysis, cDNA from all individual pupae were analysed in both DWV-A and 

DWV-B master mixes alongside DWV-A and DWV-B plasmid standards, and positive and 

negative controls. cDNA from the source inocula was used as positive DWV controls and 

water served as a negative (no template) control. In addition, we screened all samples for 

BQCV, SBV and amplified the endogenous control gene, Actin (Table A.2). Whole 

transcriptome sequencing results indicated that the DWV-B source material was positive for 

LSV, and ARV-1 and ARV-2. We screened DWV-B injected pupae for ARV-1 and ARV-2 

by qPCR, and LSV by endpoint PCR with primers that amplify multiple LSV strains (Table 

A.2). The qPCR and 1% agarose gel results showed that these viruses were not transmitted to 

pupae via injection of DWV-B inoculum.  

  

5. Data analyses 

5a. Relative viral loads 

Average Cq values from triplicate qPCR analyses were confirmed to have a standard 

deviation of ≤ 0.3 and we considered Cq values ≥ 35 to be DWV free. A small number of 

samples (3.2% of 720 pupae) randomly distributed across each treatment and colony had 

abnormal amplification of DWV or Actin. These cases included two pupae which had very 

high average Cq values of 31.2 and 28.3 for Actin, three pupae with abnormally low DWV 

loads for their time-point, and 17 pupae where DWV-A or DWV-B was detected in pupae 

injected with the opposite genotype. We excluded these pupae from further analyses and 

attributed these anomalies to possible pupal death, error during injection, and contamination 

during downstream processing, respectively. Though we suspected it unlikely, we wanted to 

ensure that the three pupae with low DWV loads for their time point (one pupa injected with 

DWV-rec from Colony 2 at 192 hours post-injection, and two co-injected pupae from Colony 

3 at 144 hours post-injection) were not true reflections of natural variation between individual 

pupae. Thus, we repeated the statistical analyses with these three individuals included (see 

Results for further details). 

 

We measured the accumulation of viral loads in pupae from 8 to 192 hours post-injection, 

relative to housekeeping gene Actin to account for any precision error during preparation and 
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handling of samples. Primer efficiencies were calculated using the slope of the standard curve 

constructed with a ten-fold dilution series of cDNA, from 100 to 10-6 (Table A.2). We 

determined the relative loads of DWV strains or BQCV with the Pfaffl expression ratio 

(Pfaffl, 2001), which mathematically corrects for differences in primer efficiencies. The 

calculation compares the primer efficiency (E) and Cq difference (∆) of the target virus 

(DWV strain or BQCV) to those of reference gene Actin, in individual pupae versus buffer 

controls. We assigned buffer injected pupae a Cq of 40 for their viral value, as they were 

negative for DWV and BQCV.  

 

5b. Absolute DWV viral loads  

Absolute viral loads in DWV injected pupae were interpolated from mean Cq values against 

the associated standard curve and multiplied by dilution factor (9/4000). This gave the 

absolute viral load as DWV genome equivalents in cDNA synthesised from 0.8 µg RNA. 

Mean absolute viral loads per treatment and colony (8 to 192 hours post-injection) have been 

provided in the supplemental materials (Figure A.2) so that our results can be compared to 

other studies.  

 

6. Statistical analyses 

6a. Accumulation and competition 

To determine if there were significant differences in mean viral loads (relative to Actin) 

between genotypes over time we used a two-way ANOVA followed by Tukey (HSD) post-

hoc analysis. As viral loads rapidly increased over many orders of magnitude within the first 

48 hours (exponential phase of replication) and were visibly different between genotypes, we 

chose to analyze the most linear and consistent phase of the data, from 48 to 192 hours post 

injection. A visual assessment of the homogeneity of variance (Residual vs. Fitted plot) and 

normality (Normal QQ plot) assumptions showed that a fourth root transformation of the 

response variable (mean DWV load) substantially improved the model. We used backward 

elimination based on Akaike’s Information Criterion (AIC) values to fit the most 

parsimonious model. All statistical analyses were performed with RStudio software (R 

version 3.5.0).  
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6b. Survival 

We analysed the survival of pupae throughout the incubation period when exposed to the five 

different injection treatments. At each specific time-point pupae were assigned a survival 

value of 0 if alive or censored (removed for viral analysis), or 1 if dead. As the data did not 

meet the Cox proportional hazards assumption, we analysed the mean proportion of pupal 

survival with a generalised linear mixed effects model (glmer) with binomial distribution and 

logit link function (“lme4” package) (Bates et al., 2018). Again, the most parsimonious model 

was determined with backward elimination based on AIC values. We then analysed the final 

model as a type II ANOVA (“car” package) (Fox et al., 2018), followed by Tukey pairwise 

comparison analysis using lsmeans function (“lsmeans” package) (Lenth, 2018).  

 

7. Quarantine permit 

Frozen adult honey bees (workers) containing DWV were imported from New Zealand and 

the Netherlands under our Department of Agriculture and Water Resources import permit 

0000917783. The permit allows us to infect local honey bee pupae with DWV within our 

strictly controlled Quarantine approved laboratory at the University of Sydney; however, all 

pupae must be terminated prior to eclosion. Thus, the remaining pupae that were not collected 

at earlier time points for viral analysis were terminated at 192 hours post-injection, prior to 

eclosion.   
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RESULTS  

Viral accumulation post-injection 

We measured the accumulation of viral loads relative to housekeeping gene Actin and as 

absolute genome copy equivalents by standard curve (Figure A.2) in individual pupae using 

qPCR with cDNA synthesised from 0.8 µg RNA. Our method does not measure any level of 

viral degradation by the honey bee immune response and therefore reflects the net virus 

levels, assuming that a combination of viral replication and degradation occurs. DWV was not 

detected in any of our buffer injected pupae (n = 144).  The average Cq values for DWV in 

pupae at 1 and 4 hours post-injection were >30, inconsistent between samples, and in some 

individuals DWV was not detected at all. Thus, these time points were excluded from further 

analyses. DWV was detected in all DWV-injected pupae from 8 hours post-injection 

onwards. Viral loads of all genotypes (DWV-A, DWV-B and DWV-rec) rapidly increased 

within the first 48 hours post-injection, either when injected alone (Figure 2.2; Figure A.3) or 

co-injected (DWV-A and DWV-B) (Figure 2.3; Figure A.4), and plateaued between 72-96 

hours post-injection. We found that accumulation patterns were more dynamic within the first 

48 hours, with high variation between genotypes and colonies. Despite this variation, DWV-B 

loads were generally lower than DWV-A and DWV-rec, particularly in colonies 1 and 2. 

However, DWV-B loads in all colonies exceeded DWV-A from 72 hours post-injection. This 

remained true when DWV-A and DWV-B were co-injected excluding DWV-B loads in 

colony 1 compared to DWV-A loads in colonies 2 and 3 (Figure 2.3). 
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Figure 2.2.  Mean DWV viral loads of individually infected pupae from 8 to 192 hours post-
injection (n = 120 per treatment), relative to housekeeping gene Actin in cDNA synthesised 
from 0.8 µg RNA. White-eyed pupae from three naïve colonies (Figures 2A, 2B, 2C) were 
singly injected with 1 × 107 genome equivalents of DWV-A, DWV-B or recombinant strain 
(‘DWV-rec’). Viral loads rapidly increased over several orders of magnitude within the first 
48 hours of infection (exponential replication phase). Statistical analyses were performed in 
the linear phase of the data, from 48 to 192 hours post-injection. Significant (p < 0.05) 
differences between genotypes and colonies indicated with lettering. See supplementary 
material Tables A.3 and A.4 for details of the statistical analyses. 
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Figure 2.3. Comparison of mean DWV viral loads of individual pupae singly infected with 
DWV-A or DWV-B versus pupae co-injected with 5 × 106 genome equivalents of DWV-A 
and DWV-B, from 48 to 192 hours post-injection. Viral loads are relative to housekeeping 
gene Actin in cDNA synthesised from 0.8 µg RNA. Accumulation loads are displayed by 
colony (Figures 2.3A, 2.3B, 2.3C). Significant (p < 0.05) differences between genotypes and 
colonies indicated with lettering. Viral loads of singly injected pupae also shown in Figure 
2.2.  
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To determine if there was a significant difference in the net accumulation of viral loads from 

48 to 192 hours post-injection, we compared the mean viral loads of all genotypes relative to 

Actin (injected singly or co-injected) with an ANOVA followed by Tukey (HSD) post-hoc 

analysis. We found significant differences in mean viral loads amongst all genotypes (F = 

248.642; df = 4, 381; p < 0.0001), and found that the strains differed in the rate at which they 

accumulated, as indicated by a significant strain × time interaction  (F = 15.325; df = 4, 381; 

p < 0.0001) (Table A.3). DWV-B accumulated to significantly higher loads compared to 

DWV-A in all colonies (Tukey (HSD) posthoc p < 0.0001; Figure 2.2; Table A.4), and viral 

loads were 5 to 10-fold higher than DWV-A. The accumulation of DWV-B and DWV-rec 

were not significantly different within the same colonies (p < 0.05). However, mean viral 

loads were significantly affected by colony (F = 147.876; df = 2, 381; p < 0.0001), although 

the overall pattern of increase over time remained the same. We found that colony 1 pupae 

injected with DWV-A or DWV-rec had significantly lower loads compared to colonies 2 and 

3 (p < 0.0001), and that DWV-rec loads in colony 1 were not significantly different to DWV-

A loads in colony 3 (p = 0.1358). Similarly, DWV-B loads were significantly different 

between all colonies (p < 0.05). We also found a significant interaction between strain and 

colony (F = 4.837; df = 8, 381; p < 0.0001). Upon reanalysis, the inclusion of the three pupae 

with low loads for their time point did not alter the significance of any of the predictor 

variables (Table A.5). However, we did find slight differences in the pairwise comparisons of 

colonies; DWV-B loads between colonies 1 and 3, and 2 and 3 were no longer significantly 

different (p > 0.05) (Table A.6).  

 

We classified competition between DWV genotypes as a significant reduction in mean viral 

loads of DWV-A or DWV-B when co-injected compared to singly from 48-192 hours post-

injection, relative to Actin. Co-injected DWV-B loads were significantly lower than when 

DWV-B was injected alone in all colonies  (p < 0.0001; Figure 2.3; Table A.4). In contrast, 

DWV-A loads did not differ when injected singly or when co-injected (p > 0.05). As when 

injected singly, we found that DWV-A loads in co-injected pupae were significantly lower in 

colony 1 compared to colony 2, and DWV-B loads were significantly lower in colony 1 

compared to colonies 2 and 3 (p < 0.05). We found slight differences in these results with the 

inclusion of the three additional pupae, whereby DWV-A loads in co-injected pupae were 

significantly higher (p < 0.05) in colony 2 compared to both colony 1 and 3 (Table A.6).   
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Survival  

We monitored the survival of pupae throughout the incubation period when exposed to the 

five different injection treatments. At each specific time-point pupae were assigned a survival 

value of 0 if alive or censored (removed for viral analysis), or 1 if dead. While the vast 

majority of pupae survived the injections, survival was significantly affected by treatment (χ2 

= 44.472; df = 4; p =  < 0.0001) (Table A.7). The survival of pupae singly or co-injected with 

DWV-A did not significantly differ (p = 0.1095; Figure 2.4A; Table A.8). However, only 

pupae singly injected with DWV-A had mortality that significantly differed from the buffer 

control (p =  < 0.0001), and only after 120 hours post-injection (Figure 2.4B). The survival of 

pupae injected with DWV-B or DWV-rec did not significantly differ from that of the buffer 

controls (p > 0.05). ‘Colony’ had no effect on survival (using Akaike’s information criterion 

during backward elimination; Table A.9). 
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Figure 2.4. Survival of individual naïve pupae singly injected with DWV-A, DWV-B, DWV 
recombinant (‘DWV-rec’), buffer control, or co-injected with DWV-A and DWV-B (n = 285 
per treatment). Pupal survival was monitored throughout the incubation period, up to 192 
hours post-injection. Pupae collected at regular time points for viral analysis were recorded as 
censored, thus the final number of remaining pupae at 192 hours post-injection was n ≤ 141 
per treatment (depending on mortality). (A) Mean proportion and standard error of pupal 
survival at 192 hours post-injection. Letters show significant differences between treatments 
(p < 0.05) based on pairwise comparisons of the final model. See the supplementary material, 
Tables A.7 to A.9 for details of statistical analyses. (B) Survival curve of pupae by treatment 
up to 192 hours post-injection. Data did not meet the Cox proportional hazards assumption, 
thus Figure 2.4B only used to illustrate the pattern of mortality over time.  
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Presence of other viruses in injected pupae 

Because our DWV-B inoculum contained LSV, and ARV-1 and ARV-2 we screened the 

DWV-B injected pupae for LSV by endpoint PCR with primers designed to amplify multiple 

variant strains, and ARV-1 and ARV-2 by qPCR (Table A.2). LSV, ARV-1 and ARV-2 were 

not detected in any of the DWV-B injected pupae, suggesting that these viruses were not 

transmissible via injection of the DWV-B inoculum. The DWV-A and DWV-rec inocula were 

negative for all other known honey bee viruses. However, we additionally chose to screen all 

injected pupae for BQCV and SBV via qPCR as Remnant et al. (2019) previously found 

covert infections of both viruses in our honey bee population. We did not detect SBV in any 

pupae across all colonies. In contrast, we detected BQCV in some of the DWV-A and co-

injected pupae, yet BQCV was not detected in any of the DWV-B, DWV-rec or buffer 

injected pupae across the three colonies. The relative BQCV loads varied highly between 

individuals and colonies (Figure 2.5). BQCV had higher prevalence in pupae singly injected 

with DWV-A, where the virus accumulated to loads ≥ 1 × 107 in 4.9% of pupae, 

predominantly between 48 to 96 hours post-injection (Figure 2.5). Less than 1% of co-

injected pupae had BQCV loads of 107 or more. Unlike the DWV strains, BQCV loads did not 

continuously increase over time. Peak BQCV loads coincided with the commencement of 

mortality observed with DWV-A injections, at 120 hours post-injection (Figure 2.4B).  
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Figure 2.5. Heat map showing the log10 relative viral loads of DWV-A in comparison to 
BQCV per pupa and colony, in single DWV-A (A) and co-injected pupae (B), from 8 to 192 
hours post-injection. The two white cells in colony 3 (co-injected DWV-A at 144 hours post-
injection) had abnormally low DWV loads for their time-point, thus were excluded from 
analyses.  
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DISCUSSION  

Our aim was to assess the ability of three genotypes of DWV (DWV-A, DWV-B and DWV-

rec) to accumulate in honey bee pupae naïve to DWV and V. destructor, both in isolation and 

during co-infection. Our experimental protocol resulted in a rapid infection with all DWV 

genotypes accumulating to viral loads exceeding 1 × 107  (relative to housekeeping gene Actin 

or 1 × 109   genome copy equivalents by standard curve) within 48 hours. Viral loads typically 

plateaued at 96 hours post-infection, in agreement with previous analysis by ELISA (Martin 

et al., 2013). We found significant differences in the relative mean viral loads of the two 

master variants, which differed by an order of magnitude in colony 1, and approximately 5-

fold in colonies 2 and 3. While DWV-A loads initially accumulated faster, DWV-B ultimately 

reached significantly higher levels from 72 hours post-injection. Our results are consistent 

with the experimental findings of Tehel et al. (2019), Dubois et al. (2019), and McMahon et 

al. (2016) who also found that DWV-B accumulates to higher loads than DWV-A when 

injected into pupae or adults, despite all four studies using different honey bee populations. 

While Tehel et al. (2019) and McMahon et al. (2016) used the same source of inocula, the 

inocula used by Dubois et al. (2019) and our study were different. Given the consistency in 

results despite the differences amongst the four studies, we can safely conclude that DWV-B 

reaches higher viral loads than DWV-A after injection. Similarly to our study, in English and 

Welsh colonies (Kevill et al., 2019) and in the USA (Ryabov et al., 2017; Kevill et al., 2019), 

mean DWV-B loads were approximately 7-fold higher than DWV-A when colonies contain 

both genotypes. Yet there are exceptions. In some co-infected colonies in the USA that died 

over winter, Kevill et al. (2019) found significantly higher DWV-A loads relative to DWV-B.  

 

Only DWV-B appears to be affected by competition when co-injected. We found that DWV-

B loads were significantly reduced in pupae co-injected with DWV-A across all colonies. 

Interestingly by 96 hours post-infection, DWV-B still accumulated to higher loads than 

DWV-A during co-infection, excluding colony 1. DWV-A loads, when co-injected, were not 

significantly different to single DWV-A injections, despite containing half the starting dose. 

Thus, competition appears to be independent of the initial dose. Our results are in accordance 

with Tehel et al. (2019) even though Tehel et al. (2019) injected a much lower dose (102 – 104 

genome equivalents) and quantified virus levels in far fewer samples (n = 4 to 11). It thus 

seems there is a maximum level that DWV-A can accumulate to. This is in agreement with 

Ryabov et al. (2019), who found that five divergent DWV-A clones all accumulated to the 
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same level. While we observed evidence of competition between DWV-A and DWV-B, we 

did not see strong competitive exclusion between the genotypes, suggesting that the reduction 

in DWV-B loads was not due to a lack of some critical resource required for viral replication. 

In contrast, Israeli acute paralysis virus  (IAPV) and closely related Kashmir bee virus 

(KBV) appear to compete directly for cellular resources. In the presence of KBV, 

accumulation of IAPV was reduced by four orders of magnitude (Carrillo-Tripp et al., 2016). 

Lastly, we found significant differences in both single and co-injected DWV loads between 

colonies, indicating that colony-level factors, such as immune response (Niu et al., 2014; 

Brutscher et al., 2015), might additionally affect DWV accumulation. 

 

Our recombinant strain (DWV-rec) accumulated to equally high loads as DWV-B within the 

same colonies. Previous studies have shown that some recombinant strains can replicate to 

higher loads than the master variants (Moore et al., 2011; Zioni et al., 2011; Ryabov et al., 

2014). The genome structure of DWV-rec predominantly corresponds to DWV-B, with two 

recombination breakpoints at positions 829 and 1487 (when aligned to DWV-B AY251269), 

resulting in a DWV-A region from the 5’ untranslated region (UTR) up to approximately the 

first half of the Leader protein (Lp). This structure differs from previously characterised 

recombinants, which have a breakpoint within the helicase region and subsequent non-

structural proteins corresponding to DWV-A (Moore et al., 2011; Zioni et al., 2011; Ryabov 

et al., 2014; Dalmon et al., 2017). Interestingly, the 5’ end of our DWV-rec strain is similar to 

the RecVT-Fr1 strain isolated from a V. destructor tolerant colony in France (Dalmon et al., 

2017), although our breakpoints occur earlier.  

 

The difference in accumulation amongst the genotypes may potentially be due to the way 

viruses interact with cellular translational machinery. Many RNA viruses, including 

Dicistroviridae, Flaviviridae and Picornaviridae, use internal ribosome entry site (IRES) 

secondary structures to initiate translation of their open read frame(s) (Martínez-Salas, 2008). 

The predicted IRES of DWV-A and DWV-B fall approximately within the first 810 

nucleotides (Ongus et al., 2006), prior to our first breakpoint at position 829 for DWV-rec. 

Thus, the IRES of DWV-rec corresponds to DWV-B. DWV-A and DWV-B share 

approximately 84% nucleotide and 95% amino acid homology (Ongus et al., 2004). While 

their 5’ UTR sequences differ, the overall IRES structures were predicted to be the same 

(Ongus et al., 2006). Nevertheless, small sequence differences may result in different 
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translational efficiencies. For example, a single nucleotide mutation (C472U) in the IRES 

reduces poliovirus type 3 replication and virulence in mouse neural tissue (La Monica et al., 

1987), but does not affect organ tropism (Kauder and Racaniello, 2004). At this stage, it is 

unclear exactly what part of the genome is most important for DWV replication. However, it 

is possible that the increased accumulation of DWV-B and DWV-rec compared to DWV-A 

might be associated with sequence differences within the IRES.  

 

We found differences in mortality between pupae injected with different genotypes. In 

agreement with Tehel et al. (2019) and Dubois et al. (2019), we found no relationship 

between viral accumulation and mortality in pupae. In our study, only pupae singly injected 

with DWV-A showed mortality statistically different from the buffer control, but mortality 

was low (11% ± 1.2 SE). Interestingly, the 0.4% mortality we observed in DWV-B injected 

pupae up to 192 hours (8 days) post-injection was less than the 18%, 55% and 0-75% 

mortality observed by Tehel et al. (2019), Gisder et al. (2018), and Dubois et al. (2019), 

respectively, after 7 or 10 days post-injection.  

 

Gisder et al. (2018) postulate that their high pupal mortality is further evidence that DWV-B 

is more virulent than DWV-A, yet the independent DWV-B isolates injected in our study and 

by Tehel et al. (2019) were found to be more similar (99.3% and 98.9% pairwise identity, 

respectively) to the DWV-B reference genome [AY251269; isolated from V. destructor by 

Ongus et al. (2004)] than the three isolates injected by Gisder et al. (2018) (91.4% to 96.9%). 

Furthermore, the DWV-P0 I isolate injected by Gisder et al. (2018) shows recombination with 

DWV-A, however Gisder et al. (2018) did not indicate whether mortality differed between 

their three DWV-P0 isolates. Dubois et al. (2019) associated their high mortality with SBV, 

initially present at very low levels in their inocula. While Tehel et al. (2019) and Dubois et al. 

(2019) found no difference in mortality between DWV-A and DWV-B injected pupae, this 

may be affected by background DWV infection in their pupae. Both studies detected 

accumulation of both DWV genotypes upon injection of a single genotype, accumulation of 

both genotypes in buffer injected pupae and had higher control mortality (11-25%) than 

observed in our study (2.7% ± 1.9 SE).  
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While we did find significant mortality when pupae were injected with DWV-A, we caution 

that we cannot exclude that the mortality was attributed to BQCV and not DWV-A, 

particularly as BQCV is known to kill brood (Chen and Siede, 2007). Unfortunately, we were 

unable to screen our 48-hour dead pupae for viruses due to extreme RNA degradation, thus 

cannot determine if dead pupae were infected with BQCV. Nevertheless, we only detected 

significant mortality in pupae injected with DWV-A, and only detected BQCV in pupae 

injected with the DWV-A genotype. As BQCV was not detected in any of our inocula by 

whole transcriptome sequencing, it seems unlikely that we injected BQCV together with 

DWV. While we cannot completely exclude the possibility that BQCV was present in our 

DWV-A inoculum at levels too low to be detected, we think this unlikely because we did 

detect low amounts of LSV and ARV in the DWV-B inoculum. It could be that DWV-A has 

an immunosuppressive effect that then allows other viruses, such as BQCV, to replicate to 

high viral loads as suggested by Barroso-Arévalo et al. (2019a). In a 21 month study of honey 

bee colonies in Spain, Barroso-Arévalo et al. (2019a) found that BQCV, in addition to DWV 

and V. destructor, was highly prevalent and negatively correlated with colony vigor. As our 

study was conducted in the absence of V. destructor, our results may point to a synergistic 

interaction between DWV-A and BQCV, such that injection with DWV-A activates an 

endogenous BQCV infection, potentially by disrupting immune response of pupae more than 

other DWV genotypes. D'Alvise et al. (2019) also suggested a potential synergistic interaction 

between DWV and BQCV. Their regression analysis showed that DWV was the most 

significant predictor of BQCV accumulation in German honey bees, despite contrasting 

seasonal dynamics and BQCV being significantly correlated to virtually all of the tested viral 

pathogens and intestinal parasites (D'Alvise et al., 2019). In agreement with Barroso-Arévalo 

et al. (2019a), D'Alvise et al. (2019) postulated this interaction may be associated with a 

reduction in host immune defense by DWV. As DWV-A and DWV-B were combined for 

analysis (D'Alvise et al., 2019), it is unclear if their results would differ between DWV 

genotypes. We found no evidence of a relationship between DWV-B and BQCV, or between 

our DWV-rec strain and BQCV. Previous modeling has shown that 20% pupal mortality 

associated with Varroa transmission of DWV to pupae can lead to colony mortality, due to a 

reduction in workforce longevity (Martin, 2001). While the mortality observed for DWV-A in 

our study was less than this, any increased effect of DWV-A on the mortality of pupae, with 

or without an interaction with BQCV, can explain the shift from DWV-A to DWV-B 

observed globally. Because the reproductive success of V. destructor depends on the pupa 
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surviving to adulthood, DWV-A associated pupal mortality will negatively affect the 

transmission of DWV-A in favor of the transmission of DWV-B.  

 

Our data provide some explanation for the continued global increase in prevalence of DWV-B 

over DWV-A. Low mortality in pupae and the ability of DWV-B to accumulate to higher 

loads relative to DWV-A, even during co-infection, are likely to be contributing factors to the 

increasing prevalence of DWV-B. Further, our observed interaction between DWV-A and 

BQCV highlights the complex relationships between viruses. Previous studies have 

suggested, implicitly and explicitly, that studying a single virus in isolation does not provide 

the whole picture (Mondet et al., 2014; Carrillo-Tripp et al., 2016; Dubois et al., 2019; 

Remnant et al., 2019), particularly as honey bees are frequently infected with multiple 

pathogens (Bailey et al., 1981; Chen et al., 2004; Berényi et al., 2006; Berthoud et al., 2010; 

Nguyen et al., 2011; Cornman et al., 2012; Locke et al., 2014; Mondet et al., 2014; Amiri et 

al., 2015; Natsopoulou et al., 2017; D'Alvise et al., 2019). While a direct relationship between 

DWV-A and BQCV requires experimental validation, our results suggest that future studies 

should continue to incorporate a broader ecological approach by experimentally investigating 

how multiple pathogens interact with their honey bee hosts.  
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Chapter 3 

Deformed wing virus genotypes A and B do not elicit 

immunologically different responses in naïve honey bee hosts 

 
ABSTRACT  

Deformed wing virus (DWV), in association with Varroa destructor, is currently the leading 

factor associated with global honey bee deaths. With the exception of Australia, the virus and 

mite have a near global distribution, making it difficult to separate the effect of one from the 

other. Over time, the prevalence of the two main DWV genotypes (DWV-A and DWV-B) has 

changed, leading to the suggestion that the two strains elicit a different immune response by 

the host, the western honey bee Apis mellifera. Here we use a honey bee population naïve to 

both the mite and the virus to investigate if honey bees show a different immunological 

response to DWV genotypes. We examined the expression of 19 immune genes by RT-qPCR 

and comprehensively analysed the small RNA response in honey bees after experimental 

injection with DWV-A and DWV-B. We found no evidence to indicate that DWV-A and 

DWV-B elicit a different immune response in honey bees. We found that RNA interference 

genes are up-regulated during DWV infection and that the small interfering RNA (siRNA) 

response is proportional to viral loads, yet does not inhibit the virus from accumulating to 

high loads. We also found that the siRNA response towards DWV was weaker than the 

response to another honey bee pathogen, Black queen cell virus. This suggests that DWV is 

comparatively better at evading antiviral host defences. There was no evidence for the 

production of virus-derived PIWI-RNAs in response to DWV infection. In contrast to 

previous studies, and in the absence of V. destructor, we found no evidence that DWV has an 

immunosuppressive effect in honey bees. Overall, our results advance our understanding of 

the immunological effect DWV elicits in honey bees.   
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AUTHOR SUMMARY 

Global honey bee colony deaths are strongly associated with the spread of the parasitic mite 

Varroa destructor and RNA viruses vectored by it. Deformed wing virus (DWV) has become 

the most prevalent honey bee virus and is now almost ubiquitous with V. destructor. Some 

previous studies suggest that DWV has an immunosuppressive effect. Differences in host 

immune response could explain why some studies find that the two main genotypes of DWV, 

A and B, differ in their virulence. The almost ubiquitous association between DWV and V. 

destructor makes it challenging to disentangle the effect of DWV upon its host in the absence 

of the mite. Using a honey bee population naïve to both the mite and the virus, we 

investigated the immune response of honey bees experimentally infected with DWV-A and 

DWV-B. Our data provide little evidence to indicate that honey bees respond differently to 

the DWV genotypes. Further, our results contradict previous findings that DWV has an 

immunosuppressive effect. This suggests that the effect of feeding by V. destructor on the 

bees’ immune system may be larger than previous findings have indicated. 

 

INTRODUCTION  

Obligate pathogens need to evade or suppress host immune defences in order to hijack the 

host’s cellular machinery. The success of the pathogen largely depends on how effectively it 

can enter and replicate within a host cell, and conversely, how successfully the host can 

inhibit, degrade or tolerate the infectious agent (Hedrick, 2017). Avoidance is often the first 

defence strategy against an infectious agent (Curtis, 2014; Townsend et al., 2020). Disease 

avoidance through the use of quarantine was first practiced in 14th century, whereby ships 

carrying sick individuals were prohibited from docking at port in Venice, Italy, for 40 days to 

stop the transmission of the bubonic plague (Kilwein, 1995). Avoiding transmission can be 

challenging when living in dense populations with frequent social interactions, due to the 

increased probability of encountering an infected individual. Rapid human population growth 

in cities, overcrowded slums, poor sanitation and contaminated water supplies, create ideal 

conditions for the transmission of human diseases such as tuberculosis, typhoid and cholera 

(Duffy, 1971).  

 

Social insects such as ants, termites, and some bee and wasp species, which live in often 

densely populated colonies, are particularly vulnerable to infectious disease. Pathogen 
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avoidance is the first defence against disease transmission. Social insects have numerous 

behavioural adaptations that collectively provide ‘social immunity’ (Simone-Finstrom, 2017; 

Cremer et al., 2018), such as corpse removal in bees (Rosengaus et al., 1999) and ants 

(Wilson et al., 1958), pathogen alarm signalling in termites (Rosengaus et al., 1999), use of 

plant resins as antimicrobial agents in bees (Simone et al., 2009), and specific worker castes 

to deal with waste in ants (Hart and Ratnieks, 2001). These behavioural responses are so 

effective that they are thought to have contributed to the reduction in the number of immune 

genes that social insects have compared to their solitary counterparts (Harpur and Zayed, 

2013). Nonetheless, social insects still rely upon an innate immune response at the individual 

level, as even the most hygienic colonies cannot entirely avoid pathogens.  

 

Social insects have a number of immune response pathways involved in dealing with 

pathogens. Small interfering RNAs, operating within the RNA interference (RNAi) pathway, 

are the major antiviral defence mechanism. Double stranded RNA produced during the 

replication of DNA and positive sense RNA viruses is recognised by the protein dicer, which 

subsequently cleaves the RNA into 21-23 nt fragments termed virus-derived small interfering 

RNAs (vsiRNAs). The vsiRNAs bind to an argonaute protein and are loaded into an RNA-

induced silencing complex (RISC), which catalyses the degradation of targeted viral RNA 

(Hammond et al., 2001). The Toll, Imd and JAK/STAT pathways are microbial sensing 

pathways that detect pathogens via cell surface receptors and initiate a downstream 

transcriptional response (Lemaitre and Hoffmann, 2007). The Toll pathway is generally 

associated with fungi and Gram-positive bacteria, and the Imd pathway with Gram-negative 

bacteria. Dorsal (Toll), and relish (Imd) are both NF-κB family transcription factors, involved 

in the production of antimicrobial peptides (AMPs) in fat bodies, a tissue analogous to the 

mammalian liver (Lemaitre and Hoffmann, 2007). The Toll and Imd pathways may also be 

involved in antiviral defence (Brutscher et al., 2015).  

 

Parasites and pathogens are a particularly serious problem for the Western honey bee Apis 

mellifera due to its commercial use. As a worldwide pollinator of commercial crops, colony 

densities are unnaturally high in many areas. Almond orchards in Australia and the US are a 

good example. Each year approximately 200,000 and 2,000,000 honey bee colonies are 

moved to almond-growing areas in Australia and the US, respectively, for the purpose of 

pollination (Le Feuvre, 2017; Lee et al., 2018). In addition, beekeepers’ practices lead to 
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increased colony size, as bigger colonies are better pollinators, and produce more wax and 

honey (Farrar, 1937). This facilitates the transmission of parasites and pathogens within and 

between colonies (Brosi et al., 2017; Alger et al., 2018). Deformed wing virus (DWV) is a 

good example of a pathogen that has benefitted from facilitated transmission within and 

between honey bee colonies. The viral dynamics of DWV were considerably altered when an 

ectoparasitic mite from the Asian honey bee (Apis cerana) shifted hosts to A. mellifera 

(Martin, 2001). This mite, Varroa destructor, turned out to be a competent vector of RNA 

viruses such as DWV (Allen and Ball, 1996). As a result, in the last 40 years DWV has spread 

across the globe, leaving no beekeeping country unaffected with the exception of Australia 

(Roberts et al., 2017; Martin and Brettell, 2019). The combination of V. destructor and DWV 

is considered to be the predominant driver of global honey bee colony deaths (Martin, 2001; 

Dainat et al., 2012a; Schroeder and Martin, 2012).  

 

Two main genotypes of DWV are known: DWV-A and DWV-B. Their genome sequences 

differ by approximately 15% (Ongus et al., 2004). They also appear to differ in their effect on 

honey bees, but many studies find contradictory results. Some studies report increased 

mortality in colonies that harbour high DWV-A loads (Highfield et al., 2009; Martin et al., 

2012; Mondet et al., 2014; Kevill et al., 2017; Barroso-Arévalo et al., 2019b; Kevill et al., 

2019), while others report reduced survival and cognitive function in bees that were 

experimentally injected with DWV-B (McMahon et al., 2016; Benaets et al., 2017; Gisder et 

al., 2018). Our own earlier work found increased mortality in pupae injected with DWV-A 

(Norton et al., 2020), while others found no difference in survival in pupae injected with 

either genotype (Dubois et al., 2019; Tehel et al., 2019).  

 

Many factors can potentially contribute to differences in observed mortality between studies. 

One explanation is that the bees used between studies differ in their immune response to 

DWV genotypes. Some honey bee populations may be more susceptible to one genotype of 

DWV, whereas others may be more susceptible to the other genotype. Such differences could 

be a result of pre-exposure to a particular strain, resulting in immune priming- improved 

survival if a sublethal dose of pathogen has been previously encountered (Hernández López et 

al., 2014). Secondly, it is possible that honey bees elicit a specific and different immune 

response to different genotypes of the same pathogen. Specific genotype-host immune 

interactions are known from parasites in bumblebees (Barribeau and Schmid-Hempel, 2013) 
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and mosquitos (Molina-Cruz et al., 2012), bacteria in crustaceans (Auld et al., 2012) and 

humans (Sela et al., 2018), and viruses in fish (Moreno et al., 2020).  

 

Here we ask if honey bees mount a different response when experimentally injected with 

DWV-A compared to DWV-B. To test for differing responses, we used a honey bee 

population naïve to DWV and V. destructor. Our study thus minimises confounding factors 

such as exposure or adaptation to a particular DWV genotype, or direct damage inflicted by 

mite feeding (Yang and Cox-Foster, 2005; Kuster et al., 2014; Annoscia et al., 2019; Ramsey 

et al., 2019). We analysed the expression of 19 genes that represent several immune response 

pathways and have previously been associated with DWV (Table 3.1). We additionally 

sequenced the small RNA profiles of honey bees infected with DWV-A and DWV-B to better 

understand the role of RNAi during DWV infection.  
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RESULTS AND DISCUSSION 

Table 3.1. Immune gene expression in DWV infected honey bees in this study compared to 
previous studies. Treatment indicates if bees were parasitised by V. destructor or collected 
from mite-infested colonies (DWV+), or experimentally injected (DWVi) in past studies. 
Asterisks indicate variability in expression across time points, and in our study this is in 
comparison to the buffer injected or unmanipulated controls.  

Pathway Gene 
Past studies This study 

References Treatment life 
stage expression expression 

RNAi 

dicer  

DWV+ adults up-regulated 

up-regulated 

(Zhao et al., 2019)* 

DWVi adults up-regulated (Al Naggar and 
Paxton, 2021) 

DWV+ pupae equal to 
controls (Ryabov et al., 2014) 

argonaute-2 

DWV+ adults up-regulated 

up-regulated* 

(Zhao et al., 2019)* 

DWVi adults up-regulated (Al Naggar and 
Paxton, 2021) 

DWV+ pupae equal to 
controls (Ryabov et al., 2014) 

       

Toll 

dorsal-1a 
DWV+ adults down-

regulated equal to both 
controls 

(Nazzi et al., 2012; 
Barroso-Arévalo et 

al., 2019c)* 

DWV+ pupae down-
regulated 

(Annoscia et al., 
2019) 

cactus DWV+ adults up-regulated mostly equal to 
controls* (Zanni et al., 2017) 

spaetzle DWV+ pupae down-
regulated 

equal to buffer 
inj. 

(Khongphinitbunjong 
et al., 2015) 

DWV+ pupae (Ryabov et al., 2014) 

PGRP-S2 
DWV+ adults up-regulated mostly equal to 

controls* 

(Nazzi et al., 2012) 

DWV+ adults down-
regulated (Zanni et al., 2017) 

       

Imd relish 

DWV+ adults up-regulated 

up-regulated* 

(Barroso-Arévalo et 
al., 2019c)* 

DWV+ 
larvae 

+ 
pupae 

up-regulated (Kuster et al., 2014)* 

DWV+ adults up-regulated (Barroso-Arévalo et 
al., 2019c)* 

DWV+ pupae down-
regulated 

(Khongphinitbunjong 
et al., 2015) 

       

AMPs 

defensin-1 

DWVi pupae 

up-regulated 
 mostly equal to 

buffer inj.* 

(Ryabov et al., 2016) 

DWV+ pupae (Khongphinitbunjong 
et al., 2015) 

DWV+ 
adults 

+ 
pupae 

(Aronstein et al., 
2012) 

DWV+ adults (Zhao et al., 2019)* 

DWV+ adults down-
regulated 

(Barroso-Arévalo et 
al., 2019c)* 

defensin-2 DWV+ 
larvae 

+ 
pupae 

up-regulated mostly equal to 
buffer inj.* (Kuster et al., 2014)* 
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abaecin 

DWV+ adults up-regulated 
mostly equal to 

buffer inj.* 

(Zanni et al., 2017; 
Zhao et al., 2019)* 

DWV+ 
adults 

+ 
pupae 

no significant 
change 

(Aronstein et al., 
2012) 

hymenoptaecin 

DWV i pupae 

up-regulated 

equal to buffer 
inj. up to 48 HPI* 

(Ryabov et al., 2016) 

DWV+ adults (Zanni et al., 2017; 
Zhao et al., 2019)* 

DWV+ 
larvae 

+ 
pupae 

(Kuster et al., 2014)* 

DWV+ 
adults 

+ 
pupae 

no significant 
change 

(Aronstein et al., 
2012) 

DWV+ adults down-
regulated 

(Yang and Cox-
Foster, 2005) 

apidaecin 
DWV+ adults up-regulated mostly equal to 

buffer inj.* 

(Zanni et al., 2017; 
Zhao et al., 2019) 

DWV+ larvae down-
regulated 

(Di Prisco et al., 
2016) 

       

JAK/ 
STAT 

domeless DWV+ pupae down-
regulated 

up-regulated in 
DWV-B* 

(Khongphinitbunjong 
et al., 2015) 

hopscotch DWV+ pupae down-
regulated up-regulated from  

72 HPI * 
(Ryabov et al., 2014) 

DWV+ adults up-regulated (Zhao et al., 2019)* 
       

Other 

lysozyme DWV+ adults down-
regulated 

mostly equal to 
controls* 

(Yang and Cox-
Foster, 2005) 

malvolio DWV+ adults up-regulated up-regulated (Zanni et al., 2017) 

vago DWV+ pupae up-regulated mostly equal to 
controls* (Ryabov et al., 2014) 

PPOact DWV+ pupae down-
regulated 

mostly equal to 
controls* 

(Khongphinitbunjong 
et al., 2015) 

 

Our main objective was to determine if honey bees naïve to both V. destructor and DWV 

differ in their immune response when exposed to DWV-A and DWV-B. Injecting honey bees 

with buffer is known to activate covert viral infections (Anderson and Gibbs, 1988; Dubois et 

al., 2019) and is likely to trigger an immune response to wounding (Kuster et al., 2014). We 

therefore felt it was important to include two control groups. By comparing the immune 

response of DWV or buffer injected pupae (BC) to unmanipulated pupae (UC), we were able 

to separate the effect of DWV genotypes from the effect of experimental injection.  

 

Up regulation of immune genes in DWV infected pupae 

Of the 19 immune genes examined, the majority [13 genes, excluding domeless and the 

antimicrobial peptides (AMPs)] were expressed at higher levels in pupae from 48-72 HPI 

onwards (Figure 3.1). Some genes (dicer, argonaute-2, relish, malvolio, hopscotch) were 
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strongly up-regulated from 48 HPI in DWV injected pupae. The point at which genes become 

up-regulated coincides with the accumulation of DWV. In our previous study using the same 

bee population, loads of both DWV genotypes exceeded 1 × 107 (relative to Actin) at 48 HPI, 

and exceeded 1 × 108 and 1 × 109 in DWV-A and DWV-B pupae by 96 HPI, respectively 

(Norton et al., 2020).  

 

 

Figure 3.1. Heat map showing the median relative expression of 19 immune genes in 
unmanipulated pupae (UC), or pupae injected with buffer (BC), DWV-A or DWV-B at 8 to 
192 hours-post injection. Each row corresponds to a gene, and each column to the median 
expression of DWV-A, DWV-B, BC or UC pupae at each time point. The immune pathways 
corresponding to each gene are indicated on the far right. Blue illustrates low gene expression 
and red high expression relative to two housekeeping genes (Actin and RpS5).  
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RNAi is the major antiviral mechanism in insects (Gammon and Mello, 2015). It was 

therefore expected that honey bees would mount an RNAi response when injected with 

DWV. The expression of both dicer and argonaute-2 increased in parallel with DWV viral 

loads in pupae over time. Dicer was the only gene that was up-regulated in DWV injected 

pupae compared to both control groups at all time points (Figure 3.2). Median expression of 

dicer was approximately 0.5-fold higher in DWV injected pupae compared to the UC group 

from 8-48 HPI, and increased 0.6-2.8 fold between 72-192 HPI (Table S1-S2). The 

expression of argonaute-2 ranged from 0.4 to 7.1-fold higher in DWV injected pupae 

compared to the UC group between 8-192 HPI, but did not differ to the BC group at 48 HPI 

and 24-72 HPI in DWV-A and DWV-B pupae, respectively (Figure 3.2; Table S3). In a 

previous study, neither dicer or argonaute-2 were found to be differentially expressed in 

purple-eyed pupae parasitised by V. destructor (approximately equivalent to our 24 HPI), 

despite detecting a siRNA response (Ryabov et al., 2014). However, our results show that the 

RNAi response is time-dependent with increased expression associated with accumulating 

viral loads over time.  
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Figure 3.2. Log2 relative expression of dicer, argonaute-2, relish and malvolio in honey bee 
pupae. Treatment groups that do not share a common letter differ at p < 0.05 at each hour 
post-injection (HPI). 
 

Relish is a transcription factor in the Imd pathway, which upon cleavage, leads to the 

production of antimicrobial peptides (AMPs) abaecin and hymenoptaecin (Schlüns and 

Crozier, 2007). Similarly to dicer and argonaute-2, we found increased expression of relish in 

DWV injected pupae, which differed from both controls at all time points, except DWV-B 

and BC pupae between 24-48 HPI (Figure 3.2; Table S4). The highest expression of relish 

occurred at 192 HPI, which was 1.3-2.8-fold higher than in UC pupae. A previous study 

found an association between high DWV loads and mite infestation with increased expression 

of relish in honey bee colonies, suggesting that relish is an immunological marker of DWV-

Varroa parasitism (Barroso-Arévalo et al. (2019c). Our results indicate that DWV alone (in 

the absence of V. destructor) triggers up-regulation of relish.  
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The metal ion (Mn2+, Fe2+ and Cu2+) transporter malvolio was up-regulated in DWV injected 

pupae compared to both control groups at all time points, excluding DWV-B compared to BC 

pupae at 8 HPI (Z = 1.21, p = 0.226) and DWV-A relative to BC pupae at 72 HPI (Z = 1.67, p 

= 0.114) (Figure 3.2; Table S5).  Expression was 1.1-5.3 and 0.8-24.7-fold higher in DWV-A 

and DWV-B pupae, respectively, compared to the UC group. We found the highest 

expression at 192 HPI, yet due to the variability between samples, differences between DWV-

A and DWV-B pupae were not statistically significant (Z = -1.36, p = 0.207). Malvolio is 

involved in the sucrose responsiveness of insects, and thus affects foraging behaviour (Søvik 

et al., 2017). Foraging honey bees, who consume a carbohydrate rich diet, express higher 

levels of malvolio compared to nurse bees who consume higher amounts of protein. Feeding 

manganese to newly emerged honey bees results in increased expression of malvolio and 

premature foraging (Ben-Shahar et al., 2004), suggesting a cause and effect relationship. 

Malvolio is also up-regulated in mite-parasitised honey bees infected with DWV (Alaux et al., 

2011; Zanni et al., 2017). Interestingly, experimental injection of DWV also induces 

precocious foraging in honey bees (Natsopoulou et al., 2016; Benaets et al., 2017). Taken 

together, increased expression of malvolio could potentially explain premature foraging in 

DWV infected honey bees. 

 

The transmembrane receptor domeless and the kinase hopscotch are both part of the 

JAK/STAT pathway, associated with responses to immune challenge and septic injury in 

mosquitoes and Drosophila (Lematire and Hoffman 2007). We found increased expression of 

domeless in DWV-B injected pupae where expression was approximately 0.5-fold higher 

compared to both controls, excluding 24 HPI (Figure B.1; Table S6). However, the highest 

expression was observed at 8-12 HPI when DWV-B viral loads were < 1 × 106 (Norton et al., 

2020). This suggests that increased expression in DWV-B pupae was independent of viral 

replication. In contrast, domeless expression in DWV-A pupae was equal to both control 

groups, excluding 12 and 192 HPI. In Drosophila, hopscotch is activated by domeless and 

subsequent phosphorylation creates STAT92E binding sites, which induces the transcription 

of genes involved in antiviral activity (Merkling and van Rij, 2013; Öhlund et al., 2019). 

Despite limited differences in domeless expression in our DWV injected bees compared to the 

controls, we detected 0.4 to 1.4-fold higher expression of hopscotch in DWV injected bees 

compared to both control groups at 96-192 HPI (Figure B.1; Table S7). In Drosophila, up-

regulation of hopscotch induces the transcription of vir-1, which counters the replication of 
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Drosophila C virus (Dostert et al., 2005). It is unclear whether the JAK/STAT pathway plays 

a role in antiviral defence against DWV in honey bees. Previous studies have found that 

domeless and hopscotch are up-regulated in DWV infected bees parasitised by V. destructor 

(Tesovnik et al., 2019; Zhao et al., 2019), while others found the opposite (Ryabov et al., 

2014; Khongphinitbunjong et al., 2015).  

 

Toll pathway response to DWV 

It has previously been suggested that the Toll pathway, particularly expression of NF-κB 

factor dorsal-1A, is a key element in regulating the honey bee immune response against DWV 

(Nazzi et al., 2012; Nazzi and Pennacchio, 2018). Dorsal-1 has two splice variants (1A and 

1B), which are primarily expressed in the fat body tissue of honey bees, and dorsal-1A 

regulates the expression of defensin-1 (AMP) (Lourenco et al., 2018). Cactus is a NF-κB 

inhibitor, which must be degraded to allow nuclear translocation of dorsal (Zuo et al., 2016). 

Increased cactus expression in DWV-infected adult bees parasitised by V. destructor has been 

associated with the down-regulation of dorsal (Zanni et al., 2017). Thus, we expected to find 

increased expression of cactus coupled with the down-regulation of dorsal-1A in our DWV 

injected pupae. However, our data showed that the expression of dorsal-1A (Figure 3.3; Table 

S8) and dorsal-1B (Figure B.2; Table S9) in DWV injected pupae was very similar to both 

control groups with only minor differences between treatment groups over time. The 

expression of cactus was also generally very similar between DWV injected pupae and both 

controls (Figure 3.3). We did, however, find elevated expression of cactus in DWV injected 

pupae at 48 and 192 HPI (Table S10), where median expression was 0.6-1.2 fold higher than 

in the UC group. However, this increase was not associated with any notable changes in 

dorsal-1A expression. As RNAi knockdown of dorsal-1A resulted in increased DWV loads, 

Nazzi et al. (2012) suggested that the transcription factor plays in important role in antiviral 

defence. Dorsal-1A was also down-regulated in DWV infected bees but mite parasitism did 

not have an effect on expression (Nazzi et al., 2012), even though V. destructor feeds on the 

fat bodies of honey bees (Ramsey et al., 2019). Annoscia et al. (2019) later found that 

experimental removal of honey bee haemolymph reduces dorsal-1A expression, although this 

was also associated with increased accumulation of DWV. Our results suggest that either 

dorsal-1A expression is only down-regulated in honey bees that have been pre-exposed to 

DWV, or that DWV alone (in the absence of V. destructor feeding) does not down-regulate 

dorsal-1A. Further, spaetzle was not down-regulated in our DWV injected bees, in contrast to 
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previous findings in DWV infected and mite infested pupae (Ryabov et al., 2014; 

Khongphinitbunjong et al., 2015). Instead, we found that the expression of spaetzle was 

equally elevated in DWV and BC injected pupae (Figure 3.3; Table S11), suggesting that the 

up-regulation of spaetzle was likely attributed to wounding during injection rather than DWV 

infection.   

 

 

Figure 3.3. Log2 relative expression of cactus, dorsal-1A and spaetzle in honey bee pupae. 
Treatment groups that do not share a common letter differ at p < 0.05 at each hour post-
injection (HPI). No letters within a given time point indicates that no significant differences 
were detected between treatment groups.   

 

Up-regulation of AMPs at early time points due to wounding 

The majority of previous studies have found an increase in expression of antimicrobial 

peptides (AMPs) in DWV infected bees (Table 3.1), both when experimentally injected 

(Ryabov et al., 2016) and mite parasitised (Kuster et al., 2014; Khongphinitbunjong et al., 

2015; Zanni et al., 2017; Zhao et al., 2019). We also observed increased AMP expression, but 

only at specific time points. Within the first ~ 48 hours of infection, expression of AMPs was 
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often equal in the BC and DWV injected pupae (Tables S12-S16). This was most evident in 

the expression of abaecin, hymenoptaecin, and defensin-1 (Figure 3.4), where up-regulation 

from 8 to ~48 HPI was likely due to wounding. However, we did find an approximate 1-fold 

increase in expression of abaecin in DWV-A injected pupae at 8 (Z = 2.23, p = 0.031) and 12 

HPI (Z = 2.07, p = 0.046) (Figure 3.4) and defensin-2 at 8 HPI (Z = 2.71, p = 0.013) relative 

to the BC group (Figure B.3). Expression of abaecin, hymenoptaecin, and defensin-1 in the 

BC pupae was more similar to the UC group in the later time points. Hymenoptaecin was up-

regulated in both DWV-A and DWV-B injected bees from 72-192 HPI, which might be 

explained by the increased expression of relish at the same time points. We found a similar 

increase for abaecin at 96 HPI, but only DWV-B injected pupae differed from the BC group 

at 192 HPI. The down-regulation of defensin-1, which is under the control of dorsal-1A 

(Lourenco et al., 2018), was associated with increased DWV loads and mite infestation in a 

previous study (Barroso-Arévalo et al., 2019c). In contrast, we found no evidence to indicate 

that defensin-1 is down-regulated as a result of DWV infection. Conversely, we often found 

that AMP expression was higher in DWV-B injected pupae at 192 HPI compared to the BC 

group, including defensin-1, whereas expression in DWV-A pupae often did not differ from 

the BC group at 192 HPI (Figure 3.4; Figure B.3).  
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Figure 3.4 Log2 relative expression of abaecin, hymenoptaecin and defensin-1 in honey bee 
pupae. Treatment groups that do not share a common letter differ at p < 0.05 at each hour 
post-injection (HPI).  

 

Differential expression in response to DWV-A and DWV-B 

We find very little evidence to indicate that honey bees respond differently to DWV-A and 

DWV-B. If differences in immune response were biologically significant, we would have 

expected a consistent difference in gene expression over time, or within a given immune 

pathway. However, this was not the case. We only found differences at isolated time points, 

where the expression in pupae exposed to one genotype was also different to both controls. 

When we did see a difference between two genotypes, this was often associated with higher 

expression in DWV-A injected pupae at early time points [malvolio: (8 HPI, 0.8-fold; Z = 

2.10, p = 0.043); defensin-2: (8 HPI, 1-fold; Z = 2.76, p = 0.017); and abaecin: (8 HPI, 2.4-

fold Z = 3.24, p = 0.002; and 12 HPI, 1.6-fold; Z = 2.98, p = 0.006)]. DWV-A accumulates to 

higher loads than DWV-B within the first 12 hours post-injection [Figure 3.5B, Norton et al. 

(2020)], so it is possible that these differences are associated with faster replication of DWV-

A during the initial stage of infection. In contrast, we found that gene expression was often 
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elevated in DWV-B injected pupae at later time-points (192 HPI), although this was only 

statistically different from DWV-A for PGRP-S2 (Toll) (5-fold; Z = -2.36, p = 0.036) (Figure 

B.2; Table S17), and defensin-2 (9-fold; Z = -2.40, p = 0.033) (Figure B.3), other than 

increased expression of domeless at 8 HPI (0.3-fold; Z = -2.67, p = 0.015) and PPOact at 72 

HPI (0.9-fold; Z = -2.71, p = 0.013) (Figure B.4; Table S18-S20). This is consistent with 

elevated viral loads of DWV-B at later time points [(Figure 3.5B; Norton et al. (2020)]. 

 

Figure 3.5 Small RNA analysis in honey bee pupae. (A) The total sense and antisense 
vsiRNA (21-23 nt) reads mapping to DWV-A (red) and DWV-B (blue), in four pooled honey 
bee pupae per time point and colony. Reads at 12 HPI are not visible at this scale. (B) The 
mean DWV loads ± 95% CI of four pupae per treatment and colony at 12, 24, 48 and 96 
hours post-injection. Viral loads are relative to housekeeping gene Actin and were previously 
published in Norton et al. (2020), but are presented here to illustrate the relationship between 
viral accumulation and siRNA response to DWV-A and DWV-B.  

 

Small RNA analysis 

Our expression analysis showed that RNAi mechanism genes dicer and argonaute-2 are 

clearly up-regulated in DWV injected pupae. We previously found that DWV-B accumulated 

to 5 to 10-fold higher loads than DWV-A (Norton et al., 2020) from 48-192 HPI, suggesting 

that DWV-B may be better able to evade RNAi degradation compared to DWV-A. Hence, we 

investigated the small RNA profiles of DWV injected pupae to determine if honey bees elicit 

a different siRNA response to either genotype. We analysed four pooled DWV-A and DWV-

B injected pupae per colony at 12, 24, 48 and 96 HPI. The number of reads mapping to DWV 

increased over time, ranging from < 1.6% of the total reads for each sample at 12 and 24 HPI, 

to 3-4% at 48 HPI and 4.4-8.5% at 96 HPI. We examined the read size profiles of each 

sample and saw that a clear antiviral small RNA response was elicited in pupae injected with 

DWV-A and DWV-B. A signature dicer response was observed in pupae collected at 24, 48, 
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and 96 HPI, whereby vsiRNA reads (mapping to DWV-A and DWV-B genomes) were 

predominantly 22 nt in length, followed by 21 and 23 nt. Reads showed a 1.3-2.3-fold bias 

towards the sense orientation (Figure B.5A), consistent with previous observations of DWV 

infected honey bees (Wang et al., 2013; Chejanovsky et al., 2014; Ryabov et al., 2014). At 12 

HPI there were higher counts of 15-16 nt fragments followed by less abundant 21-23 nt 

fragments. We found that the vsiRNAs (21-23 nt) in both DWV-A and DWV-B injected 

pupae increased over time, with counts ranging from 8.4-182/million reads at 12 HPI to 

37400-76300/million reads at 96 HPI (Figure 3.5A). In agreement with Ryabov et al. (2014), 

we found that vsiRNA response in pupae strongly correlated with viral load of DWV-A (rs = 

0.98, p < 0.0001) and DWV-B (rs = 0.99, p < 0.0001) (Figure 3.5B). However, we found no 

difference in the vsiRNA response between pupae injected with DWV-A or DWV-B (χ2= 

0.27, df = 1, p = 0.6033) (Figure B.5B), or between the three colonies (χ2= 0.455, df = 2, p = 

0.7965). This suggests that previously observed differences in viral accumulation (Norton et 

al., 2020), are likely explained by replicative characteristics of the DWV genotypes 

themselves rather than degradation by the host. We also found that the vsiRNAs were 

randomly distributed across both DWV genomes. Yet, we consistently detected a large peak 

starting at nucleotide position 8180 in DWV-A injected pupae (Figure B.5C) that was absent 

in DWV-B injected bees (Figure B.5D). Interestingly, a peak at a similar position was 

observed in Israeli colonies (Chejanovsky et al., 2014). The strong peak could due to active 

targeting by RNAi or could be indicative of a viral miRNA (Hussain et al., 2011; Bruscella et 

al., 2017), however further analysis is required to establish this.  

 

The PIWI-interacting RNA (piRNA) response (RNAi) is known to play a role in germline 

protection against transposable elements in Drosophila (Czech and Hannon, 2016). piRNAs 

typically range from 26-31 nt in length and are produced independently of dicer, from single-

stranded RNA (Hirakata and Siomi, 2016). The piRNA response also plays a role in antiviral 

defence against Chikungunya and Dengue virus in Aedes aegypti and Ae. albopictus 

mosquitos (Goic et al., 2016; Miesen et al., 2016). We analysed the larger sized sRNA reads 

(26-31 nt) that would be indicative of viral piRNAs, but did not detect any obvious peaks. We 

did, however, detect a low abundance of 26-31 nt fragments in all samples, which increased 

over time. Counts ranged from ~ 0-122/million reads at 12-24 HPI and ~22-200000/million 

reads at 48-96 HPI, with a strong bias towards the sense orientation. To confirm that viral 

piRNAs were not produced at low levels, the 26-31 nt reads were analysed for the ‘ping-
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pong’ (1U/10A) signature associated with piRNA amplification (Czech and Hannon, 2016). 

Our results showed slightly (< 40%) elevated frequencies of uridine at the 5’ end, however we 

found no evidence of adenine bias at position 10 (Figure B.6). We also observed elevated 

frequencies of uridine at the 3’ end. Overall, the data suggested that the 26-31 nt reads were 

not piRNAs, but products of random degradation.  

 

We also mapped the small RNA reads to the honey bee (Apis mellifera) genome and 

determined the composition of small RNA subtypes within each sample (Figure 3.6). There 

was some variability between the samples. The samples were predominantly made up of 

rRNA (15-58%), followed by miRNA (13-38%), tRNA (2-13%) and mRNA (0.8-2%). We 

then analysed the miRNA profiles. We found a small number of differentially expressed 

miRNAs (FDR-corrected P < 0.01) between pupae at 24, 48 and 96 compared to the 12 HPI 

pupae. The number of differentially expressed miRNAs increased over time in both DWV-A 

(0 to 28) and DWV-B (3 to 38) injected pupae. However, as all of our libraries were 

generated from DWV-A or DWV-B injected samples, we were unable to distinguish whether 

this was associated with viral infection or physiological changes at different time points 

during pupation. We subsequently compared the miRNAs expressed between DWV-A and 

DWV-B injected pupae at each specific time point, and found no differentially expressed 

miRNAs at 12-48 HPI, but found three at 96 HPI. Mir-3720 (FDR corrected p < 0.0001) and 

mir-6052 (p < 0.0001) were expressed 6.7 and 11.5-fold higher in the DWV-A injected 

pupae, respectively, whereas mir-279d was expressed 1.6-fold higher in DWV-B injected 

pupae (p = 0.004). However, we cannot exclude the possibility that differential miRNA 

expression was associated with Black queen cell virus [BQCV (see below)]. All three 

miRNAs have previously been identified in honey bees (Chen et al., 2010; Liu et al., 2012; 

Qin et al., 2014; Macedo et al., 2016), however their function is currently unknown.  

 

We additionally performed a de novo assembly of the unmapped reads and used the resulting 

contigs to perform a BLAST search. We detected BQCV in five of our DWV-A injected 

samples (Figure 3.6A), as expected based on our previous detection of BQCV in DWV-A 

injected pupae (Norton et al., 2020). We detected very low reads for BQCV at 12 (< 0.001%) 

and 24 HPI (< 0.3%), consistent with our previous qPCR results where BQCV was 

undetected or ≤ 1 × 102 (relative to Actin) at these time-points. The number of small RNA 

reads aligning to BQCV ranged from 14-23% at 48 HPI and 0-25% at 96 HPI, as BQCV was 
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not detected in colony 2 at 96 HPI. BQCV was not detected in DWV-B injected pupae 

(Figure 3.6B), in agreement with our previous qPCR results (Norton et al., 2020).  

 

Figure 3.6. Percentage composition of RNA in (A) DWV-A and (B) DWV-B injected pupae. 
DWV-A and DWV-B at 12 HPI, and snoRNA and snRNA at all time points constituted < 1% 
of total RNAs.  
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We analysed the small RNA profiles of the reads aligning to BQCV and found that samples 

containing both viruses exhibited a stronger siRNA response to BQCV compared to DWV. 

Again, the reads were predominantly 22 nt in length, with a 1.5 to 2-fold bias to the sense 

orientation (Figure B.7A). However, this time the vsiRNAs (21-23 nt) ranged from 1200000-

3300000/million reads (Figure B.8A), which exceeded the siRNA response to DWV by 

approximately two orders of magnitude. This is in contrast to the viral loads observed in the 

same samples, where high BQCV loads were ~5 to 10-fold lower than DWV-A loads in 

individuals containing both viruses [Figure B.8B; Norton et al. (2020)]. BQCV loads were 

highly variable between pupae (Figure B.8B), due to the majority of pupae per pooled group 

harbouring low BQCV loads  < 3 × 104, and there was no correlation between BQCV load 

and small RNA response (rs = 0.2; P = 0.7471). We found that vsiRNAs were randomly 

distributed across the BQCV genome (Figure B.7B). BQCV has been found to exist at covert 

levels in our population of honey bees (Remnant et al., 2019) and is common pathogen of 

honey bees worldwide (McMahon et al., 2015; Roberts et al., 2017; Murray et al., 2018). Yet, 

observing such a large siRNA response to BQCV was surprising, considering so few pupae 

harboured high BQCV loads. Our results suggest that our population of bees may be better 

able to target BQCV due to pre-exposure to the virus, or that DWV is comparatively better at 

evading siRNA degradation. Some RNA viruses are known to evade RNAi by encoding 

suppressors (VSR). These VSRs can inhibit RNAi through a number of different mechanisms, 

such as binding long dsRNA or double stranded siRNAs thereby inhibiting dicer cleavage or 

RISC loading (Sullivan and Ganem, 2005; Van Rij et al., 2006; Nayak et al., 2010), or may 

interfere with RNAi by directly interacting with dicer, argonaute or other siRNA processes 

(Singh et al., 2009; Nayak et al., 2010; Qi et al., 2012). It is unknown whether DWV uses 

VSRs to evade RNAi, however a putative VSR has been identified in Israeli acute paralysis 

virus (Chen et al., 2014), a dicistrovirus honey bee pathogen related to BQCV.  

 

CONCLUSION 

Previous studies have found that the two main DWV genotypes, A and B, affect honey bees 

differently (McMahon et al., 2016; Gisder et al., 2018; Dubois et al., 2019; Tehel et al., 2019; 

Norton et al., 2020), although results differ between life stages and honey bee populations, 

leaving our understanding of DWV genotype virulence unclear. Over time, the prevalence of 

the two main DWV genotypes has changed, where DWV-B has increased at the expense of 

DWV-A (Ryabov et al., 2017; Kevill et al., 2019). The elevated prevalence of DWV-B 
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suggests that the two genotypes may interact differentially with the honey bee immune system 

(Mordecai et al., 2016a). Here we investigated the effect the two genotypes have in isolation, 

and in the same V. destructor and DWV-naïve population. Overall, we found no evidence to 

indicate that the honey bee’s immune system responds to either genotype differently. We only 

detected isolated differences in gene expression, and these may be attributed to differences in 

viral loads. This suggests that global changes in DWV-B prevalence are not explained by an 

immunologically different response in honey bee hosts. Our work highlights that the siRNA 

pathway is up-regulated in response to DWV infection, but that the host degradation response 

does not inhibit the virus from accumulating to high loads. We found that differences in viral 

accumulation between the two DWV genotypes are not associated with differential RNAi 

expression. Further, our results showed that the siRNA response towards BQCV far exceeded 

the response to DWV, implying that DWV is comparatively better at evading antiviral host 

defences. Future studies are required to investigate what mechanisms DWV may utilise to 

evade RNAi defence by honey bee hosts.   

 

Deformed wing virus, in association with the parasitic mite V. destructor, has been associated 

with the death of millions of honey bee colonies worldwide (Martin, 2001; Dainat et al., 

2012a; Schroeder and Martin, 2012). V. destructor was thought to have an 

immunosuppressive effect on honey bees (Yang and Cox-Foster, 2005). Recent studies 

conclude that mite feeding upon fat bodies directly weakens bees and disrupts their immune 

response (Kuster et al., 2014; Annoscia et al., 2019; Ramsey et al., 2019), particularly as fat 

bodies are a major site of immune and metabolic function (Arrese and Soulages, 2010). 

Indeed, Annoscia et al. (2019) showed that experimental removal of haemolymph (likely 

containing fat body tissue) resulted in the down-regulation of dorsal-1A and parallel increase 

of DWV loads naturally present within honey bees. The authors concluded that mite feeding 

disrupts the balance between honey bee immune response leading to increased viral 

replication. The fact that DWV is now found in virtually all honey bee populations worldwide 

(Martin and Brettell, 2019), makes it challenging to distinguish whether the down regulation 

of dorsal-1A was attributable to viral replication as previously suggested (Nazzi et al., 2012) 

or a result of haemolymph removal. Our results show that actively replicating DWV, in the 

absence of V. destructor, does not down-regulate dorsal-1A, supporting previous conclusions 

that mite feeding on bee tissue disrupts immune function (Kuster et al., 2014; Annoscia et al., 

2019; Ramsey et al., 2019).  
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MATERIALS AND METHODS  

Sample preparation  

We collected white-eyed pupae from three unrelated A. mellifera colonies in Sydney, 

Australia, which are naïve to both V. destructor and DWV. Pupae not showing signs of 

damage or melanisation from uncapping were assigned to four treatment groups where pupae 

were unmanipulated (‘unmanipulated control’; UC), or injected under aseptic conditions with 

either: 2 µL 0.5 M potassium phosphate buffer pH 8 (‘buffer control’; BC), or 1 × 107 genome 

equivalents of DWV-A or DWV-B. All pupae were placed into Petri dishes lined with sterile 

filter paper (10 pupae/Petri dish). We then placed all Petri dishes per treatment in individual 

plastic tubs and incubated at 34.5°C for 8 days (192 hours). During incubation, four random 

pupae per colony and treatment group were collected at specific time points post-injection (1, 

4, 8, 12, and 24 h) and every subsequent 24 h for 192 h. Selected pupae were frozen at −80°C 

prior to RNA extraction. Explicit details of inocula preparation, experimental injection of 

pupae, RNA extraction and RNA standardisation to 200 µg/mL are given in Norton et al. 

(2020).  

 

We synthesised cDNA from 800 ng RNA with SuperScript IV VILO Master Mix with 

ezDNase enzyme (Invitrogen) in 10 µL reaction volumes. The cDNA was then diluted in 150 

µL UltraPure nuclease-free dH2O prior to qPCR analysis (below). DWV levels in the pupae 

were analysed in a separate study, where we found that DWV-A and DWV-B accumulated 

exponentially between 8 and 48 hour post-injection (HPI), and reached their maximum viral 

loads between 72-96 HPI (Norton et al., 2020). We therefore decided to analyse the immune 

response of pupae at seven time points: during rapid viral accumulation (8, 12, 24 and 48 

HPI), when viral loads reach their maximum load (72 and 96 HPI), and just prior to eclosion 

(192 HPI). Where possible, we analysed the gene expression of four pupae per colony and 

time point. However, our previous qPCR analysis showed that 2.1% of pupae injected with 

either DWV-A or DWV-B were contaminated with the other genotype during downstream 

processing (Norton et al., 2020). We also found that two UC pupae (0.7%) were contaminated 

with DWV-A and DWV-B. Pupae were screened for additional viruses by qPCR [Black 

queen cell virus (BQCV), Sacbrood virus (SBV), Apis rhabdovirus 1 and 2 (ARV-1/ARV-2)] 

and endpoint PCR (Lake Sinai virus) as described (Norton et al., 2020). These viruses were 

not detected in our samples, excluding 4.9% of DWV-A injected pupae, that were found to 

carry high loads (≥ 1 × 107 relative to Actin) of BQCV, despite BQCV not being detected in 
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the sequenced inocula (Norton et al., 2020). Generally only one pupa out of four replicate 

pupae (per time point) had high BQCV loads, excluding 72 HPI, where this occurred in two 

out of four pupae in each of the three colonies, and in colony 1 at 96 HPI where three out of 

four pupae had high BQCV loads. To reduce any confounding effects, we removed pupae 

contaminated with BQCV or the alternate DWV strain from the qPCR analyses and our 

treatment groups consisted of: 82 (UC), 84 (BC), 76 (DWV-A) and 78 (DWV-B) pupae. As 

we conducted the small RNA analysis of pooled, rather than individual, pupae (below), we 

included all four pupae per time point/colony to prevent skewing the data with different 

sample sizes.  

 

qPCR analysis  

We analysed 19 immune related genes and three endogenous reference genes (Actin, RpL8 

and RpS5) by qPCR (Table S21). All 5 µL qPCR reactions were performed in duplicate in 

384-well plates (Bio-Rad) using a Pipetmax 268 (Gilson) with SsoAdvanced Universal SYBR 

Green supermix (Bio-Rad), forward and reverse primers (final concentration 500 nM each), 

and 1 µL cDNA. qPCR analysis was conducted on a Bio-Rad CFX384 Touch real-time PCR 

detection system with cycling conditions 95°C (10 min), followed by 40 cycles of 95°C (15 

s), 55-63.2°C depending on primer pair (15 s), and 72°C (10-30 s), and then followed by melt 

curve analysis between 55 and 95°C, at 0.5°C increments. Each run contained duplicate 

positive and negative (no template) controls. We validated the specificity of each primer pair 

with melt curve analysis and gel electrophoresis on 1% agarose gel with SB buffer and SYBR 

Safe DNA stain (Life Technologies). We calculated primer efficiencies from standard curves 

prepared from a six-step 10-fold dilution series of cDNA. Primer efficiencies ranged from 95-

110%. We determined the stability of the three reference genes with BestKeeper (Pfaffl et al., 

2004), and found that Actin and RpS5 were the most stable. Estimates of the expression level 

of each immune related gene were calculated as ECqMin−Cqi and normalised against the 

geometric mean of the two reference genes (Vandesompele et al., 2002), as described by Brito 

et al. (2010).  
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Gene expression statistical analysis  

For each given gene, we stratified the expression data by time-point and compared the mean 

rank of gene expression between the four treatment groups with a Kruskal-Wallis test, 

followed by Dunn’s posthoc test with Benjamini-Hochberg adjustment  [‘FSA’ (Ogle et al., 

2018)]. We used non-parametric analysis as parametric assumptions of homogeneity of 

variance and/or normality were violated for 11 genes, and could not be improved with 

transformations. All statistical analyses were performed with RStudio software (R version 

3.5.0). We generated an expression heatmap with ‘gplots’ (Warnes et al., 2016) to visualise 

the gene expression patterns across all time points and all genes.  

 

Small RNA library preparation and sequencing 

To more closely examine active viral degradation by the immune system via the RNA 

interference pathway, we sequenced small RNAs in DWV-A and DWV-B injected pupae at 

12, 24, 48 and 96 HPI. We chose these specific time points as we were interested in 

investigating the small RNA response in relation to increasing viral loads. The RNAi 

mechanism includes three small RNA pathways that may all have a role in antiviral defence: 

the small interfering (siRNA), PIWI-interacting (piRNA), and microRNA (miRNA) 

pathways. While the siRNA pathway is the major antiviral response in insects (Gammon and 

Mello, 2015), virus derived piRNAs are associated with antiviral defence in mosquitos (Goic 

et al., 2016; Miesen et al., 2016), and host-derived miRNAs can play an antiviral response 

and be differentially expressed during viral infections (Slonchak et al., 2014; Yan et al., 2014; 

Monsanto-Hearne and Johnson, 2018). It is unknown if honey bees produce either piRNAs or 

miRNAs in response to viral infection.  

 

We pooled 0.8 µg RNA from each pupa, to give a single DWV-A or DWV-B sample per 

colony and time point. We then used 0.6 µg of the pooled RNA to generate small RNA 

libraries using NEBNext® Multiplex Small RNA Library Prep Set for Illumina. We followed 

the manufacturer’s protocol with the following modifications: libraries were generated from 

half-reactions, we used the Qiagen MinElute PCR Purification Kit for PCR purification and 

adjusted pH with 10 µl 3M sodium acetate pH 5.5. Acrylamide gel separation of the libraries 

was conducted on a 6% Novex TBE PAGE gel with 5 µL Novex Hi-Density TBE Sample 

Buffer (5X). Gels were stained with SYBR Gold in TBE buffer for 20 min. The excised gel 

slices were passed through gel breaker tubes. Gel elution was performed overnight at 4°C. We 
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used 2 µl of glycogen instead of linear acrylamide for precipitation and elution was performed 

with 10 µl TE elution buffer from the kit. The libraries were sequenced at the Australian 

Genome Research Facility (AGRF) laboratory (Melbourne, Australia) with HiSeq 2500 100 

bp single end sequencing.  

 

siRNA analysis 

We checked the quality of the sequencing data with FastQC (http://www. 

bioinformatics.babraham.ac.uk/projects/fastqc/), and trimmed adapters with Trimmomatic 

(Bolger et al., 2014). We used consensus DWV-A (accession MN538208), DWV-B 

(MN538209) reference genomes and a BQCV reference genome (MW390818) assembled de 

novo (see below) to produce index libraries and used Bowtie2 (Langmead and Salzberg, 

2012) to align the small RNA reads to either the DWV-A, DWV-B or BQCV genome. The 

mapped reads were exported as BAM files using SAMtools (Li et al., 2009), and analysed 

with the R package viRome (version 0.10).  

 

piRNA analysis 

We filtered the mapped reads to remove reads less than 26 and greater than 31 nucleotides in 

length, corresponding to the expected lengths of piRNAs (Aravin et al., 2006). SAMtools was 

used to remove duplicate reads for analysis of unique piRNA species and for BAM to fastQ 

file conversion (Li et al., 2009). The nucleotide frequencies for unique and total reads of each 

sample were plotted with R package SeqTools (Barson and Griffiths, 2016).  

 

miRNA analysis 

FastQ files were imported into CLC Genomics and passed through quality control and 

trimming tools. Differential expression analysis was conducted by performing the extract and 

count tool, followed by annotate and merge tool with miRBase (release 21), allowing for a 

maximum of 1 mismatch. Differential expression analysis was performed using the Empirical 

Analysis of DGE tool with false discovery rate (FDR) correction.  
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Total RNA composition 

Total composition of known small RNAs was calculated in CLC Genomics by performing 

annotate and merge on known small RNAs extracted from amel_OGSv3.2. In order to 

determine the total reads mapping to A. mellifera, DWV and BQCV genomes, trimmed reads 

were mapped first to the A. mellifera genome (amel_OGSv3.2) using the map reads to 

reference tool, unmapped reads were subsequently mapped to DWV and BQCV. 

 

A final check of the unmapped reads was performed by generating a de novo assembly for 

each sample using Megahit (Li et al., 2015). As well as generating contigs representing DWV 

and BQCV genomes, multiple contigs were assembled that showed near 100% identity to A. 

mellifera ribosomal RNA in BLASTn searches. Unmapped reads from each sample were 

mapped back to the assembled rRNA contigs using Bowtie2 (Langmead and Salzberg, 2012), 

to assign any remaining ribosomal reads from the unmapped reads to their correct category. 

 

DATA AVAILABILITY  

De novo assembled BQCV genome sequence deposited to GenBank (accession number 

MW390818). Supporting data files (including Tables S1-S21) and raw small RNA reads are 

available at https://doi.org/10.6084/m9.figshare.13473696  
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Chapter 4 

Adaptation to vector-based transmission in a honey bee virus	

 

ABSTRACT  

1. Global pollinator declines as a result of emerging infectious diseases are of major 

concern. Managed honey bees (Apis mellifera) are susceptible to numerous parasites 

and pathogens, many of which appear to be transmissible to sympatric non-Apis taxa. 

The ectoparasitic mite Varroa destructor is considered to be the most significant 

threat to honey bees (Apis mellifera) due to its role in vectoring RNA viruses, 

particularly Deformed wing virus (DWV). Vector transmission of DWV has resulted 

in the accumulation of high viral loads in honey bees and is often associated with 

colony death. DWV has two main genotypes, A and B. DWV-A was more prevalent 

during the initial phase of V. destructor establishment. In recent years, the global 

prevalence of DWV-B has increased, suggesting that DWV-B is better adapted to 

vector transmission than DWV-A.  

2. We aimed to determine the role vector transmission plays in DWV genotype 

prevalence at a colony level.  

3. We experimentally increased or decreased the number of V. destructor mites in honey 

bee colonies, and tracked DWV-A and DWV-B loads over a period of ten months.  

4. Our results show that the two DWV genotypes differ in their response to mite 

numbers. DWV-A accumulation in honey bees was positively correlated with mite 

numbers yet DWV-A was largely undetected in the absence of the mite. In contrast, 

colonies had high loads of DWV-B even when mite numbers were low. DWV-B loads 

persisted in miticide treated colonies, indicating that this genotype has a competitive 

advantage over DWV-A irrespective of mite numbers.  

5. Our findings suggest that the global increase in DWV-B prevalence is not driven by 

selective pressure by the vector. Rather, DWV-B is able to persist in colonies at higher 

viral loads relative to DWV-A in the presence and absence of V. destructor. The 

interplay between V. destructor and DWV genotypes within honey bee colonies may 

have broad consequences upon viral diversity in sympatric taxa as a result of spill-

over. 
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INTRODUCTION  

Novel pathogens continue to emerge in animal and plant populations, placing significant 

medical, economic and environmental burdens worldwide. Emerging infectious diseases often 

occur when a pathogen is introduced to a naïve region by trade or travel, acquires the ability 

to infect a novel species, or enlists a vector (Woolhouse, 2002). The introduction of a vector 

can have a significant impact on disease emergence by both directly transmitting novel 

pathogens to new hosts and by altering the transmission modes of existing pathogens within a 

given population. Indeed, the emergence of numerous medically important arboviruses 

(viruses vectored by arthropods to vertebrate hosts) are attributed to a change of host due to 

the encroachment of humans into previously uninhabited locations (Tabachnick, 1998). For 

example, chikungunya, dengue, Zika and yellow fever viruses normally occur in non-human 

primates and are vectored by forest-dwelling mosquito species (Diallo et al., 1999; 

Vasconcelos et al., 2004; Musso and Gubler, 2016; Gutiérrez-Bugallo et al., 2019). Outbreaks 

in human populations are attributed to the viruses being vectored by anthrophilic urban 

mosquito species (primarily Aedes aegypti) when they feed on viremic humans infected 

during contact with forested areas or during travel (Couto-Lima et al., 2017; Gutiérrez-

Bugallo et al., 2019).  

 

When multiple pathogens share the same host and ecological niche, the introduction of a 

competent vector may also facilitate co-transmission, whereby a vector simultaneously 

transmits multiple pathogenic species or strains to the same host. Co-transmission of 

pathogens is known to occur in various vectors, including the bacteria Borrelia burgdorferi 

and Ehrlichia phagocytophila by Ixodes scapularis ticks (Levin and Fish, 2000), multiple 

strains of the malaria parasite (Plasmodium chabaudi) by mosquito Anopheles stephensi 

(Taylor et al., 1997), dengue-1 and chikungunya viruses by Aedes albopictus (Vazeille et al., 

2010), and double or triple co-transmission of Zika, chikungunya and dengue-2 viruses by Ae. 

aegypti (Göertz et al., 2017; Rückert et al., 2017). Co-transmission by a vector and co-

infection of a host may lead to complementary or competitive interactions between pathogens, 

provide opportunity for genetic exchange, increase host or vector specificity, and modify 

selective pressures acting upon evolutionary dynamics and epidemiological outcomes (Singer, 

2017). When one pathogen infects a host that is already infected with a different pathogen, 

competitive exclusion can result, whereby the primary infection inhibits a secondary 
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infection, typically with different strains of the same virus (DaPalma et al., 2010; Mascia and 

Gallitelli, 2016).   

 

The aforementioned dengue, chikungunya, Zika and yellow fever are all RNA viruses. RNA 

viruses characteristically have high mutation and replication rates, undergo frequent 

recombination and exist in diverse populations. These characteristics contribute to the 

probability of producing mutations that increase relative fitness and allow RNA viruses to 

quickly adapt to new hosts (Holmes, 2009), as the RNA virus SARS-CoV-2, the causative 

agent of COVID-19, has shown (Lu et al., 2020). The characteristic traits of RNA viruses 

most likely also facilitate their adaptation to vector-based transmission, as vector-based 

transmission requires the virus to be able to survive and potentially reproduce in both the 

vector and host species. 

 

The last decade or so has seen a focus on RNA viruses of honey bees and their potential 

vector, the ectoparasitic mite Varroa destructor. Honey bees are naturally infected with a 

range of RNA viruses (Remnant et al., 2017; McMenamin and Flenniken, 2018; Roberts et 

al., 2018) so the arrival of a potential vector provides a unique opportunity to study the 

dynamics between pathogen, host and vector. The virus most commonly associated with V. 

destructor is Deformed wing virus (DWV).  

 

V. destructor historically parasitised the Asian honey bee Apis cerana and shifted hosts to 

Apis mellifera in the early-mid 20th century (Techer et al., 2019). The anthropogenic 

movement of honey bees has resulted in a near global spread of V. destructor over the last 70 

years. Prior to the arrival of V. destructor, DWV was a rare honey bee pathogen that was 

seldom detected in dead colonies (Bowen-Walker et al., 1999; Martin and Brettell, 2019). The 

virus is predominantly thought to have co-existed with honey bees, at very low or below 

detection levels, without causing any obvious harm (Martin and Brettell, 2019). In the 

absence of the mite, the virus is primarily horizontally transmitted during bee-to-bee contact 

and orally acquired in food (Chen et al., 2006a), whereby the virus accumulates to very low 

levels in its honey bee host. This equilibrium between host and virus changed dramatically 

with the arrival of V. destructor. Whilst feeding on the fat bodies of pupae and adult bees 

(Ramsey et al., 2019), V. destructor directly transmits viral particles into the bees’ circulatory 

system. The change from predominantly horizontal transmission to vector-based transmission 



 68 

of DWV has fundamentally changed the dynamics of the pathogen. An immediate effect of 

the change in mode of transmission has been a reduction in DWV genetic diversity within 

honey bee hosts, such that only a single strain remained (Martin et al., 2012; Ryabov et al., 

2014), suggesting that certain strains are better adapted to the change in transmission route. 

At the same time, the presence of the vector has led to the accumulation of higher DWV loads 

in honey bees (Bowen-Walker et al., 1999; Tentcheva et al., 2006; Martin et al., 2012; 

Mondet et al., 2014; Locke et al., 2017). High viral loads in the presence of the mite have 

been associated with colony death (Highfield et al., 2009; Dainat et al., 2012b; Francis et al., 

2013; Kevill et al., 2019).   

 

Currently three DWV genotypes are associated with honey bees (DWV-A, -B and -C), with 

DWV-A and DWV-B being the most common in both honey bees and mites. DWV-A and 

DWV-B are estimated to have diverged from each other ~ 180 years ago (Mordecai et al., 

2016b). DWV-A is thought to have been the predominant genotype in Western Europe and 

North America during the initial period of V. destructor establishment (de Souza et al., 2020). 

DWV-B was first detected in the Netherlands in 2001 (formally Varroa destructor virus-1) 

(Ongus et al., 2004). Since then, DWV-B has become the dominant genotype in the UK and 

has increased in prevalence in the USA (Ryabov et al., 2017; Brettell et al., 2019; Kevill et 

al., 2019; Manley et al., 2019b). The shift in DWV-B prevalence at the expense of DWV-A 

may be due to competition between the genotypes.  Previous studies have found that honey 

bee colonies and mites can be co-infected with both genotypes, and that when both genotypes 

are present, DWV-B typically accumulates to higher loads (Ongus, 2006; Ryabov et al., 2017; 

Kevill et al., 2019). Similarly, DWV-B accumulates to higher loads than DWV-A when 

individual honey bees are simultaneously co-infected with both genotypes via experimental 

injection (McMahon et al., 2016; Norton et al., 2020). Furthermore, high DWV-B loads and 

the relative absence of DWV-A in Varroa-tolerant colonies led Mordecai et al. (2016a) to 

hypothesise that DWV-B may inhibit the accumulation of DWV-A via superinfection 

exclusion. 

 

In addition to competition, the observed global shift from DWV-A to DWV-B could also, in 

part, be driven by DWV-B being better adapted to vector transmission by V. destructor. It 

could also be that some genotypes replicate in the mite, thereby increasing their prevalence. If 

we want to understand the relationship between V. destructor and DWV, we need to 
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experimentally manipulate the number of mites in a colony and determine the effect of mite 

numbers on the prevalence of both genotypes. Here we determine the role vector transmission 

plays in DWV prevalence at a colony level, by experimentally increasing or decreasing the 

number of V. destructor mites in honey bee colonies and tracking DWV-A and DWV-B loads 

in both treatment groups over a period of ten months.  

 

 

MATERIALS AND METHODS  

Experimental overview 

We experimentally increased or decreased the number of mites within a given colony to 

determine what effect a change in mite numbers has on DWV genotypes A and B at the 

colony level over time. To increase the number of V. destructor in a colony, we added frames 

containing mites captured within capped brood frames to ‘Mite Added’ (M+) colonies (see 

below). To reduce the number of mites in a colony, we treated the colony with a miticide 

(‘Mite Reduced’; M-). We monitored mite levels throughout the study to determine if our 

method successfully increased or reduced mite numbers by recording mite fall (Branco et al., 

2006; Martin et al., 2010). To determine viral loads, we took monthly samples of adult honey 

bees (from July 2018 until April 2019) from both M+ and M- colonies, and mites from M+ 

colonies. We then analysed DWV-A and DWV-B viral loads in pooled honey bee or mite 

samples by qPCR to determine the effect on DWV genotypes over time. We also checked for 

the presence of other known honey bee viruses in our bee and mite samples. 

 

Honey bee colonies  

In June 2018 we moved twenty-four colonies to the Grebbedijk apiary in Wageningen, the 

Netherlands. All colonies used in the experiment remained in the same apiary until April 2019 

when the experiment ended, or until they died. No other hives were kept at the apiary during 

the experiment.  

 

Experimental set up  

We aimed to rapidly increase the number of mites in six of our experimental colonies without 

introducing any bees from foreign colonies. Initial mite fall analysis indicated that mite 

numbers were very low in all colonies in early July 2018. In order to obtain a large number of 
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mites we adapted a protocol from Panziera et al. (2017), which involved moving capped 

brood frames containing mites between three colonies (per replicate group). This essentially 

pooled the mites from three colonies into one colony. We therefore placed eighteen of our 

twenty-four colonies into six groups of three. Within each group of three, one colony was 

designated as the ‘Mite Added’ (M+) colony. The second colony was designated as the ‘Mite 

Shower’ (MS) in which mites from the three colonies were concentrated, before they were 

transferred to the M+ (see below). The third colony was the ‘Companion Colony’ (CC), 

which donated frames of capped brood containing mites to the MS. The six M+ colonies were 

the experimental colonies in which we increased the number of mites and tracked the changes 

in viral loads over time. 

 

As V. destructor reproduce inside capped brood cells, we moved capped brood frames from 

the M+ and CC colonies into the bottom box of the MS weekly for two or five weeks, 

respectively (Figure 4.1A). The mites present in the brood cells then emerged into the MS 

colonies along with newly eclosed adult bees, thereby increasing mite numbers in the MS 

colonies. This process also increased the honey bee population size of the MS colonies and 

reduced the CC population. In order to control the size of the MS and CC colonies, we 

transferred uncapped larval frames from the MS colonies to the CC colonies, thereby 

transferring brood without removing mites from the MS.  

 

On the third week, we began capturing mites in order to transfer them to the M+ colonies. 

Late stage larvae are extremely attractive to V. destructor (Le Conte et al., 1989); thus we 

captured mites by exploiting the reproductive behaviour of V. destructor. We achieved this by 

transferring one-two marked frames of uncapped late stage larvae from the M+ colonies to the 

MS colonies (Figure 4.1B). After seven days, we returned the capped M+ brood frames to 

their M+ colony, thereby introducing the pooled mites into the M+ colonies (Figure 4.1C), 

along with the returning brood that belonged to that colony. We repeated the latter process 

three times.  

 

The six remaining colonies were designated as ‘Mite Reduced’ (M-) colonies. Our intention 

was to have close to zero mites within these colonies throughout the duration of the 

experiment. We attached PolyVar yellow® (Bayer) strips to the outside of the hive entrances 

on July 12th 2018 (Figure 4.1D). The miticide strips contain 275 mg flumethrin and have 
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multiple holes that bees pass though thereby making contact with the active compound 

(Blacquière et al., 2017). The strips remained in place until the colony died or the experiment 

ended in April 2019.  

 

 

 
Figure 4.1. Diagram of the method used to rear a large number of V. destructor prior to 
introduction to the Mite Added (M+) colonies, or decrease mites in Mite Reduced  
(M-) colonies. The arrows show the direction of frame movement every seven days. A) 
Capped brood frames with mites were transferred to the Mite Shower (MS) colonies from M+ 
or Companion Colonies (CC) for two or five weeks, respectively. To increase the number of 
mites in M+ colonies without introducing foreign bees we (B) transferred frames of uncapped 
late stage larvae from the M+ colonies to the MS colonies. Mites then entered the brood cells 
before the cells were capped. After seven days (C), the capped frames were returned to the 
M+ colonies, where the newly eclosed bees emerged with mites. B and C were repeated three 
times. (D) M- hives were fitted with PolyVar yellow® strips containing 275 mg flumethrin, 
which remained in place until the colony died or the experiment ended in April 2019. 
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At the start of the experiment, all colonies were housed in two boxes containing ten frames 

each, and separated by a queen excluder which confined the queen to the top box of each 

colony, as per Panziera et al. (2017). To ensure brood was of a similar age, the positions of 

the brood frames within each colony were changed every seven days. Excluding the MS 

colonies, combs containing brood > 4 days old were transferred from the top to the bottom 

box, which prevented the queens laying eggs amongst older brood. In MS colonies, open 

brood were transferred to the bottom box of CC colonies. Frames with empty comb (emerged 

brood cells) were transferred to the top box so that the queens could continue laying eggs. 

This intra-colony frame movement was conducted in all colonies for the first 6 weeks of the 

experiment, including the M- colonies.  

 

Mite levels within colonies 

To determine if mite numbers had been successfully increased in M+ colonies and decreased 

in M- colonies we recorded the number of mites that had fallen off bees and were removed 

from brood. To do this, we placed a wooden frame fitted with an aluminium mesh floor that 

allows mites to fall through and a sliding ‘mite board’ underneath each hive (Branco et al., 

2006). We then counted the number of mites that had fallen onto the board within a 48-hour 

period prior to each sampling point 

 

SAMPLE COLLECTION  

Adult bees  

Every month, from July 2018 until April 2019, we collected a random sample of ~ 50 adult 

worker bees from a centre frame from the bottom box of each M+ and M- colony. The bees 

were stored in an icebox in the field until we returned to the laboratory, where they were 

stored at -80°C. We then randomly chose ten bees from each month’s sample for pooled viral 

analysis (see below). Seven out of twelve colonies died between February and April 2019, 

resulting in a total of 105 pooled bee samples.  

 

Mites  

We also collected mites for viral analyses. We could not use the fallen mites, as it is very 

difficult to extract high quality RNA from dead hosts. We therefore collected live mites. We 

either used the ‘sugar shake’ (Macedo et al., 2002), or ‘washing’ (Dietemann et al., 2013) 

method, depending on the season. When the humidity levels are high, sugar shakes are not 
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very effective. We used the sugar shake method from July through to December. From 

January to April we used the mite wash method. Sugar shakes or mite washes were performed 

each month on the M+ colonies. While we also performed sugar shakes and mite washes on 

the M- colonies in July and each month from December to April, no mites were found.  

 

For sugar shakes we collected approximately 300 workers into a glass jar furnished with a 

mesh lid. We then added approximately 10 g of powdered sugar to the jar before it was gently 

rolled to evenly coat the bees in sugar. After one minute, we inverted the jar and shook the jar 

to dislodge the mites. Dislodged mites were collected into a plastic container, counted, 

cleaned and collected with a moist paintbrush. We kept the mites in an icebox until laboratory 

storage at -80°C. We returned the bees to their colony. 

 

For mite washes we collected ~ 30 bees in plastic containers and transported them to the 

laboratory where we euthanised them at -20°C. To dislodge the mites from the bees, we added 

water to each sample jar, secured the nylon mesh lid and shook the bees for 30 s. We 

collected the mites by inverting the jar over a nylon mesh sieve (1 mm hole). After counting 

the number of mites we collected them using a paintbrush and stored the mites at -80°C for 

viral analysis.  

 

VIRAL ANALYSIS  

RNA extraction  

To determine viral levels for each colony, each month (from July 2018 to April 2019, or until 

colony death), we crushed ten bees per colony in an extraction bag with a hand homogenising 

tool (Bioreba) with 5 mL cold 0.5M potassium phosphate buffer (pH 8). The pooled bee 

homogenate (3 mL) was portioned into aliquots for subsequent analysis and stored at -80°C. 

We extracted RNA from 250 µL pooled bee homogenate with 750 µL TRI Reagent (Sigma) 

according to the manufacturer’s protocol with the following modification: in addition to 500 

µL isopropanol, we added 500 µL RNase free dH2O and 1 µL glycogen to the transferred 

aqueous phase before samples were vortexed and chilled at -80°C overnight to enhance 

precipitation. Subsequent RNA pellets were suspended in 150 µL UltraPure nuclease-free 

dH2O (Invitrogen). RNA concentration was determined with Qubit Broad Range Assay (Life 

Technologies) before being standardised to 65 ng/µL.  
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We chose to analyse pooled mites per colony from three time points. As infestation levels in 

M+ colonies were too low in July to obtain samples from each colony, we selected August 

and October 2018, and January 2019 as our three time points. We extracted RNA from 6-10 

mites per time point (n = 18) with 500 µL TRI Reagent crushed with an RNaseZap treated 

pestle as per the manufacturer’s protocol; as above, we added 250 µL isopropanol and 1 µL 

glycogen to the transferred aqueous phase before being chilled at -20°C overnight. RNA 

pellets were suspended in 10 µL UltraPure nuclease-free dH2O, before being standardised to 

65 ng/µL as above.  

 

cDNA synthesis  

First strand cDNA of all samples was synthesised from 260 ng of ezDNase (Invitrogen) 

treated RNA using SuperScript III Reverse Transcriptase (Invitrogen) with random hexamer 

primers in 10 µL reaction volumes. The resulting cDNA was diluted in 40 µL UltraPure 

nuclease-free dH2O. 

 

qPCR Analysis  

All pooled bee or mite samples were screened for endogenous control gene Actin in addition 

to multiple viruses, including Acute bee paralysis virus (ABPV), Apis rhabdovirus (ARV-1 

and ARV-2), Black queen cell virus (BQCV), Bee macula like virus (BeeMLV), Chronic bee 

paralysis virus (CBPV), Deformed wing virus (DWV; genotypes A, B and C), Israeli acute 

paralysis virus (IAPV), Kashmir bee virus (KBV), Lake Sinai virus (LSV), Sacbrood virus 

(SBV), and Slow bee paralysis virus (SBPV) (primers given in Table C.1). The 384-well 

plates (Biorad) were prepared with a Pipetmax 268 (Gilson), and cDNA of bees previously 

determined to be positive for a given virus served as positive controls and dH2O served as a 

negative (no template) control. We performed all 5 µL qPCR reactions in duplicate with 

SsoAdvanced Universal SYBR Green supermix (Bio-Rad), forward and reverse primers (final 

concentration 500 nM each), and 1 µL cDNA. Analysis was conducted on a Bio-Rad CFX384 

Touch real-time PCR detection system with the following cycling conditions: 95°C (10 min), 

followed by 40 cycles of 95°C (15 s), 58-61.7°C depending on primer pair (15 s), and 72°C 

(30 s), followed by melt curve analysis between 55 and 95°C, at 0.5°C increments. Primer 

specificity was validated using melt curve analysis and gel electrophoresis. Samples were 

considered positive for a virus where the average Cq was < 35 and if replicate melt curves 

were consistent with the positive control. The standard deviation from duplicate qPCR 



 75 

analyses in virus positive samples was confirmed to be ≤ 0.3 and no positive samples required 

re-analysis.  

 

As virtually all bee and mite samples contained at least one strain of DWV, we used absolute 

quantification to determine DWV-A and DWV-B viral loads in bees and mites. We 

interpolated mean Cq values against a plasmid standard curve as per Norton et al. (2020), and 

multiplied by the associated dilution factor for each sample. This gave the DWV viral load for 

3 mL of pooled bee homogenate or 10 µL of mite RNA, which was subsequently divided by 

10 to give an average DWV load per bee, or divided by 6-10 for the average viral load per 

mite. To determine which DWV genotypes were present within bee or mite samples, we used 

the DWV-A, -B and -C primers designed by Kevill et al. (2017), which amplify a fragment of 

the highly conserved RdRp region (Table C.1). We independently validated the sensitivity 

and specificity of these primers in our previous study where we found no evidence of cross 

priming between genotypes (Norton et al., 2020). As viruses apart from DWV were detected 

less frequently in bee samples, we determined viral loads relative to housekeeping gene Actin, 

using the Pfaffl expression ratio (Pfaffl, 2001), to account for differences in primer 

efficiencies. Samples negative for the target virus were used as comparative controls, by 

assigning an arbitrary Cq value of 40 for the target virus. Primer efficiencies were determined 

by a standard curve, using a 10-fold dilution series (from 100 -10-6) of cDNA positive for the 

target virus (Table C.1). As with absolute values, the relative viral load values were divided 

by 10 to give an average relative load per bee. For the mite analysis, we were unable to 

calculate relative viral loads as there were insufficient samples to assign as comparative 

controls. We therefore provide the average Cq values for viruses detected in mites, apart from 

DWV.  

 

DWV loads 

There is currently no defined aetiology between DWV viral loads and pathogenesis. Colony 

mortality is typically associated with loads > 1010, however mortality has been observed with 

DWV viral loads as low as 106 genome equivalents (GE) (Kevill et al., 2019). We considered 

mean DWV loads of  > 109 GE per bee to be high, based on mortality observed in 

experimentally injected adults (McMahon et al., 2016) and pupae (Tehel et al., 2019; Norton 

et al., 2020). We viewed viral loads between 106 and 109 GE/bee as moderate, and < 106 

GE/bee as low in accordance with Barroso-Arévalo et al. (2019a).  
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Statistical analyses  

We used the number of mites fallen within 48 h to determine whether our experimental 

methods successfully increased and reduced the number of mites in our M+ and M- colonies, 

respectively. We compared mite fall in M+ and M- colonies using a one-way repeated 

measured analysis of variance with pairwise Bonferroni adjusted post hoc tests, with RStudio 

software (R version 3.5.0) using ‘ez’ (Lawrence, 2016). We evaluated sphericity with 

Mauchly’s test, thus p values are reported with the Greenhouse-Geisser correction. We 

restricted this statistical analysis to data collected from July 2018 to January 2019 because 

some of our colonies died between February and April 2019, and the model cannot handle 

missing data.  

 
Prior to statistical analyses, we added a constant value (+1) to all viral data points to 

accommodate viral loads of zero during log transformation. We used a generalised additive 

model (GAM) with negative binomial error family and log link with ‘mgcv’ (Wood, 2018), to 

determine if there were differences in the mean viral loads of DWV-A and DWV-B between 

M+ and M- colonies between July 2018 to April 2019 (or until colony death). Secondly, we 

used a linear mixed effects model (LMM) to determine if DWV-A and DWV-B loads differed 

in mites collected from M+ colonies in August, October and January. Colony ID was used as 

a random factor in the GAM and LMM models. Homogeneity of variance and normality in 

the LMM were visually assessed, which illustrated that a log10 transformation of the response 

variable (mean DWV load per mite) substantially improved the model. The LMM was 

performed with ‘lme4’ (Bates et al., 2018), and random effects were assessed with ranova 

function in ‘lmerTest’ (Kuznetsova et al., 2017). To determine pairwise differences, we 

analysed the GAM and LMM models as a type III ANOVA [with anova.gam or ‘car’ (Fox et 

al., 2018), respectively], followed by Tukey post hoc analysis with estimated marginal means 

using ‘emmeans’ (Lenth, 2019).  In addition, we used a repeated measures correlation to 

determine the relationship between mite numbers and viral loads. We compared the (log10) 

mean DWV-A or DWV-B load per bee to mite fall in M+ and M- colonies using ‘rmcorr’ 

(Bakdash and Marusich, 2017).  Again, this analysis was restricted to July 2018 to January 

2019 due to the missing data.  

 

To assess the relationship between the abundance (viral loads) of all RNA viral species 

detected in honey bee samples between treatment groups and seasons, we performed non-
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metric multidimensional scaling (NMDS). We first log10 transformed the viral loads of nine 

pathogens detected in our colonies (DWV-A, DWV-B, ABPV, ARV-1, ARV-2, BeeMLV, 

BQCV, LSV and SBV) as viral loads differed by many orders of magnitude between species. 

We created a viral community dissimilarity matrix using the Bray-Curtis index and plotted the 

NMDS by treatment (M+ vs M-). We performed a permutational multivariate analysis of 

variance (PERMANOVA) on the dissimilarity matrix to determine which factors (treatment, 

mite fall and season) best explained the structure of the viral community, followed by 

pairwise analysis with Bonferroni correction for multiple comparisons. NMDS and 

PERMANOVA (adonis) were performed with ‘vegan’ (Oksanen et al., 2013), and pairwise 

multilevel analysis was performed with ‘pairwiseAdonis’ (Martinez Arbizu, 2017). All 

figures were generated with ‘ggplot2’ (Wickham et al., 2016). 

 

QUARANTINE PERMIT  

Frozen adult honey bees (workers) were imported into Australia for analysis on dry ice under 

Department of Agriculture and Water Resources import permit 0000917783. 

 

 

RESULTS  

Mite numbers in M+ and M- colonies 

Our experimental method successfully increased the number of mites within M+ colonies 

(F6,30 =11.46; p = 0.003). At the start of the experiment (July 2018), the average mite fall in 

M+ colonies was 5.5 ± 1.5 SE mites. Mite fall increased by approximately 10-fold by August 

(mean 58.2 ± 12.8 SE) and peaked in September and October (Figure 4.2; Figure C.1A), when 

we observed an approximately 35-fold increase in average mite fall, which was higher than 

July (p < 0.001) and August (p < 0.05). Average mite fall declined in December (p < 0.01) 

and January (p < 0.001), compared to levels observed in September and October. Mite fall 

remained low in M- colonies from July 2018 to January 2019 (mean 2.0 ± 0.7 SE) (Figure 

C.1B). We found that mite fall did not differ across the seven months in our M- colonies (F6,30 

= 1.10; p = 0.358), despite a very slight increase in mite fall in October (mean 5.2 ± 1.6 SE).   
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Figure 4.2. Boxplot comparison of mite fall within 48 h in Mite Added (M+) and Mite 
Reduced (M-) colonies. Each point represents the number of fallen mites for each colony 
between July 2018 and January 2019. Mite numbers were successfully increased in M+ 
colonies, and peaked in September and October. In contrast, mite numbers remained low in 
M- colonies, and mite fall did not differ across the seven months. Months that do not share a 
common letter differ at p < 0.05. No letters above the M- boxplots illustrates that no 
differences in mite fall were detected between each month.   
 

 

Colony-level DWV loads 

DWV loads differed between M+ and M- colonies (χ2 = 71.41; df = 1; p < 0.0001) and 

between DWV-A and DWV-B genotypes (χ2 = 273.74 ; df = 1; p < 0.0001) (Figure 4.3). We 

also found a significant interaction between treatment and genotype (χ2  = 15.61; df = 1; p < 

0.0001), indicating that DWV-A and DWV-B differ in their response to high or low mite 

numbers. At the start of the experiment in July, DWV-A was only detected in two out of the 

twelve colonies (one M+ and one M- colony) and only at low levels (mean GE ≤ 7 x 104) 

(Figure C.2A and B). As mite numbers increased in M+ colonies, so did the frequency of 

DWV-A detection. In August DWV-A was detected in 50% of M+ colonies. By September 

all M+ colonies carried DWV-A. DWV-A remained present in all M+ colonies throughout the 
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remainder of the study, with the exception of one colony in October. This colony also had the 

lowest mite fall throughout the study.  

 

 

 

 
Figure 4.3. Boxplot comparison of log10 DWV-A and DWV-B loads per bee in Mite Added 
(M+) or Mite Reduced (M-) colonies. Each point represents the mean DWV load calculated 
from ten pooled honey bees, sampled monthly between July 2018 and April 2019 (n = 105). 
The different letters above each boxplot indicates that DWV loads differed (p < 0.05) between 
treatment groups (M+ vs. M-) and between DWV-A and DWV-B genotypes.  
 

 

DWV-B was consistently detected each month in all colonies of both treatment groups 

although loads varied amongst colonies at the start of the experiment. Four M+ colonies had 

moderate to high DWV-B loads in July (1.6 x 108 - 2.2 x 1010 GE), while the remaining two 

M+ colonies had low to moderate DWV-B loads (1.6 x 104 – 1.3 x106 GE) (Figure C.2C). 

DWV-B increased with increasing mite numbers, however the level of DWV-B accumulation 

differed between colonies depending on initial loads observed in July. Overall, the average 
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DWV-B load in M+ colonies was 1.2 x 1010 GE, which was higher than the average DWV-A 

load of 9 x107 GE (Tukey; p < 0.0001). 

 

Reduced mite numbers had different effects on DWV-A and DWV-B. Both genotypes had 

lower loads in M- colonies compared to M+ colonies (Tukey; p < 0.0001). DWV-A was only 

detected in 12.5% of M- samples across the entire study period (until April 2019). We only 

detected DWV-A in one M- colony in July (Figure C.2B). This colony had the highest 

average DWV-A load (5.5 x 104 GE) observed in all M- colonies. We did not detect DWV-A 

in any M- colonies in August, October, and between December to February. In contrast, we 

consistently detected DWV-B in all M- colonies across each month until April 2019, or 

colony death (Figure C.2D). In July, DWV-B loads in M- colonies ranged from 2.0 x 104 to 

1.9 x 107 GE. There was an initial 10-1000 fold decrease in DWV-B loads in four colonies by 

August. However average DWV-B loads increased by 1-4 orders of magnitude by September. 

Overall, average DWV-B loads in M- colonies remained moderate over time (~ 1 x105-106 

GE) and mean DWV-B loads in M- colonies were slightly lower DWV-A loads in M+ 

colonies [(Tukey; p = 0.0399) Figure 4.3]. 

 

When we compared the relationship between mite numbers and DWV-A or DWV-B viral 

loads within M+ and M- colonies, we found that only DWV-A was affected by increasing 

mites (Rrm (71) = 0.28, 95% CI [0.05, 0.49], p = 0.017) (Figure C.3A).  In contrast, we found 

no correlation between mite numbers and DWV-B loads (Rrm (71) = 0.10, 95% CI [-0.14, 

0.32], p = 0.42) (Figure C.3B).  

  
DWV loads in mites 

Average DWV loads in mites collected from M+ colonies in August, October and January 

differed between the three months (χ2  =41.8, df = 2, p < 0.0001). We did not detect DWV-A 

in any mites collected in August (Figure C.4A). DWV-A was detected in 83% and 100% of 

mites collected in October and January, respectively, and loads were highest in October. In 

contrast, we detected DWV-B in 67% of mites in August, and in 100% of mites in October 

and January (Figure C.4B). As with DWV-A, DWV-B loads were highest in October. We 

found that DWV-B loads were less variable and higher in mites compared to DWV-A  (χ2  = 

48.1, df = 1, p < 0.0001) (Figure 4.4). We did not detect DWV-C in any honey bee or mite 

samples throughout the study. 
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Figure 4.4. Boxplot comparison of log10 DWV-A and DWV-B loads per mite. Each point 
represents the mean DWV load calculated from six-ten pooled V. destructor collected from 
M+ colonies in August, October and January (n = 18). DWV-B loads were higher than DWV-
A (*** p < 0.0001).  
 

 

Other viruses in honey bee colonies and mites 

In addition to DWV-A and DWV-B, we detected BQCV, LSV and SBV in honey bees, and 

ABPV, ARV-1 and ARV-2, and BeeMLV in both bees and mites (Table 4.1). The presence 

and viral load (relative to Actin) of each virus differed widely, but all viral loads in bees 

(excluding DWV) were ≤ 2.2 × 105 (Figure C.5). We frequently detected multiple viruses 

within pooled bee (n =105) and pooled mite samples (n = 18) at any given time. Our two-

dimensional NMDS (Figure 4.5) and PERMANOVA showed that viral communities in honey 

bee samples differed between M+ or M- treatments (F1,95 = 100.5, R2 = 0.44, p = 0.001). Mite 

fall was not a predictor of the community structure (F1,95 = 2.0, R2 = 0.009, p = 0.114), 

however we did find an interaction between mite fall × treatment (F1,95 = 2.9, R2 = 0.013, p = 
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0.030). The NMDS showed that DWV-A was strongly clustered in the M+ group, whereas 

DWV-B clustered between M+ and M- treatments. BeeMLV clustered closely to DWV-A, 

which was expected as BeeMLV was more frequently detected in bees of M+ colonies and 

often at higher viral loads compared to M- group. ARV-1 and ARV-2 were infrequently 

detected (< 10%) in honey bees and viral loads did not appear to be influenced by increasing 

mite numbers over time, however, both species were predominantly found in M+ colonies. 

We did not observe any evidence to suggest a relationship between increased mite levels and 

the abundance of LSV, BQCV and SBV. LSV and BQCV were detected in 48% and 60% of 

colonies, respectively; prevalence and viral loads of both viruses were very similar between 

M+ and M- colonies. SBV was infrequently detected (0.7%) throughout the study, yet was 

found more commonly in M- colonies. In contrast, ABPV (16%) was predominantly detected 

in M+ colonies.  

 

 

 
Figure 4.5. Non-metric multidimensional scaling (NMDS) plot (k = 2) of viral species 
abundance in pooled honey bee samples in M+ and M- colonies. Differences between species 
were analysed with a Bray-Curtis dissimilarity matrix (stress = 0.12). Our corresponding 
PERMANOVA indicated that treatment explained the largest amount of variance in the 
pathogen composition.  
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Table 4.1. Summary of additional viruses detected in honey bee colonies (M+ and M-), or 
mite samples collected from M+ colonies. Proportions calculated from pooled honey bee 
samples repeatedly collected from each colony between July 2018 to April 2019 (n = 105), or 
pooled mites collected in August and October 2018, and January 2019 from M+ colonies  (n = 
18).  
 

 

  

Virus Proportion 
in pooled 

bee 
samples 

 

Proportion 
in pooled 

mite 
samples 

 

Viral loads in bees 
associated with 

increased mite numbers 
(Y/N) 

Seasonal 
detection in 

bees 

Seasonal 
detection 
in mites 

ABPV 0.16 0.94 Y 

Infrequently 
detected in 

summer and 
spring 

N 

ARV-1 0.08 1 N; predominantly 
detected in M+ samples 

Not detected 
in winter N 

ARV-2 0.07 1 N; predominantly 
detected in M+ samples 

Predominantly 
detected in 

autumn  
N 

BeeMLV 0.48 0.72 

Y; predominantly M+ 
samples and relative loads 

increase with increased 
mite levels 

Infrequently 
detected in 

summer 

Y; higher 
loads in 
autumn 

and 
winter 

BQCV 0.60 0 N N NA 

LSV 0.48 0 N N NA 

SBV 0.07 0 N 
Predominantly 

detected in 
summer 

NA 
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Our NMDS indicated an effect of season on the clustering of viral species found in our 

colonies (Figure C.6). PERMANOVA indicated that season alone (F3,95 = 6.59, R2 = 0.085, p 

= 0.001) and an interaction between treatment × season (F3,95 = 3.44, R2 = 0.045, p = 0.004) 

explained a small amount of the variability in the viral community structure. It is important to 

note though, that there were very few data points for DWV-A, BeeMLV and ABPV in 

samples from summer. These species were largely undetected until mite numbers had reached 

high levels (in M+ colonies) from September onwards. After correction for multiple 

comparisons, the pairwise analysis showed that there was only a small difference between 

summer and autumn (F1 = 6.21, R2 = 0.097, p = 0.036).  

 

We found that ABPV, ARV-1, ARV-2, and BeeMLV were more frequently detected (72-

100%) in pooled mite samples compared to honey bees. In addition, our results suggest that 

mites harbour high loads of BeeMLV (Figure C.7).  

 

Mortality  

Our experimental protocol was not designed to establish a relationship between mite 

infestation, genotype presence and viral loads as predictors of colony death. However, we 

observed five M+ colonies (83%) and two M- colonies (33%) die between February and April 

2019. We have intentionally excluded analysing what factors may have contributed to colony 

death in our study due to (i) our small sample size of six colonies per treatment, and (ii) the 

lack of unmanipulated control colonies to determine the natural rate of colony mortality 

within the environmental conditions of the experiment.  

 

 

DISCUSSION 

We aimed to investigate what effect increasing or decreasing mite numbers have on DWV 

genotypes A and B over a period of ten months. Our results suggest the two genotypes differ 

in their response to the mite. We found that accumulation of DWV-A in honey bees was more 

strongly influenced by mite numbers than DWV-B. DWV-A was only detected in one M+ 

colony at the start of our experiment, yet we observed a clear increase in DWV-A prevalence 

and accumulation with increasing mite numbers over time. This indicates that DWV-A was 

circulating in our honey bee population, but at low/below detection levels until mite numbers 

reached sufficiently high levels. While we found a significant correlation between mite 
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numbers and DWV-A loads, the correlation coefficient was weak (0.28). This was likely due 

to DWV-A not being detected in some colonies in August, despite increasing mites, and 

conversely, DWV-A loads remaining at moderate levels within M+ colonies in winter despite 

mite numbers decreasing. DWV-A has been associated with initial establishment of V. 

destructor in the UK and North America (Highfield et al., 2009; Martin et al., 2012; Wilfert et 

al., 2016; Kevill et al., 2017), leading Martin et al. (2012) to suggest that certain DWV-A 

strains have increased fitness or have a competitive advantage when transmitted by V. 

destructor.  Our data suggests that DWV-A is more dependent on vector transmission by V. 

destructor compared to DWV-B. Our results are strikingly similar to Manley et al. (2019b) 

despite very different studies. DWV-A was undetected in honey bees and bumble bees on 

Varroa-free islands in England and France, whereas DWV-B was detected in both the 

presence and absence of the mite but at lower loads in mite free areas (Manley et al., 2019b). 

 

Overall, we observed that DWV-B accumulates to higher loads than DWV-A in co-infected 

colonies, both in the presence and absence of V. destructor. This is consistent with past 

studies of co-infected colonies parasitised by the mite (Ryabov et al., 2017; Kevill et al., 

2019), and individual bees experimentally co-injected with both genotypes (McMahon et al., 

2016; Norton et al., 2020). Co-injection of equal amounts of DWV-A and DWV-B reduces 

DWV-B accumulation in individual pupae (Tehel et al., 2019; Norton et al., 2020), yet we 

found that DWV-B still accumulates to higher loads than DWV-A during co-infection 

(Norton et al., 2020). The results of this study and our previous work indicate that DWV-B 

outcompetes DWV-A during co-infection by accumulating to higher viral loads, but does so 

without strongly excluding DWV-A replication. Mordecai et al. (2016a) hypothesised that a 

primary DWV-B infection may inhibit DWV-A through superinfection exclusion, but our 

study finds no evidence to support this at a colony level. We note that our analysis 

characterises DWV-A and DWV-B based on amplification of a small region of the RdRp, but 

does not distinguish whether other regions of the genome have undergone recombination. It is 

common for DWV genotypes to recombine in co-infected colonies (Moore et al., 2011; Zioni 

et al., 2011; Ryabov et al., 2014; Dalmon et al., 2017; Brettell et al., 2020). This may have 

influenced which strains predominate in our M+ colonies, such that our DWV-A or DWV-B 

genotypes could in fact be a recombinant containing genomic portions of both A and B, as 

suggested by Daughenbaugh et al. (2021). 
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There are two modes by which vectors can transmit pathogens: biological transmission, 

whereby the pathogen replicates within the vector, or mechanical transmission where the 

pathogen is transmitted in a non-propagative manner (Kuno and Chang, 2005). There is some 

conjecture in the literature on whether DWV can replicate in the mite (Martin and Brettell, 

2019), and whether this differs between DWV-A and DWV-B (Yañez et al., 2020). Some 

studies have detected the negative (replicative) strand of both DWV-A and DWV-B in whole 

homogenised mites (Ongus et al., 2004; Yue and Genersch, 2005; Gisder et al., 2009; 

Bradford, 2019) and DWV-B mite tissue (Campbell et al., 2016). Using reverse genetics, 

Gusachenko et al. (2020) found that a constructed DWV strain could replicate to some extent 

within mites. Furthermore, Gisder and Genersch (2020) detected DWV-B in the intestinal 

epithelium and salivary glands of V. destructor using fluorescence-in situ-hybridisation, but 

found no evidence of DWV-A infecting mite tissue; however, it is unclear if DWV-A was 

present within the population assayed.  

 

In our colonies, DWV-A was only found at moderate-high viral loads after mite numbers 

increased. If this relationship is best explained by V. destructor predominantly acting as a 

biological vector, then we would expect to find high DWV-A levels within mites coinciding 

with low/below detection levels in honey bees. However, we found the opposite. We did not 

detect DWV-A in mites until October, after DWV-A was already established within M+ 

colonies. This indicates that at a colony level, V. destructor predominantly transmits DWV-A 

via mechanical transmission, whereby DWV-A must first accumulate within honey bees. This 

directly supports the experimental findings of Posada-Florez et al. (2019) who showed that V. 

destructor transmission of DWV-A is non-propagative and decreases if mites do not 

consecutively feed on infected pupae.  

 

If DWV-A does not predominantly replicate in V. destructor, what would cause DWV-A to 

emerge in our M+ colonies? A previous study showed that experimental injection of 102 GE 

is sufficient for DWV to accumulate to loads > 109 GE per bee (Tehel et al., 2019). Möckel et 

al. (2011) suggested that mites must harbour viral loads > 108 GE in order to transmit ~ 102 

GE to a pupa during feeding. Our data show that at a colony level, DWV-A can emerge to 

moderate levels within bees without mites harbouring detectable levels of virus. This supports 

the findings of Tehel et al. (2019), however, we acknowledge that we did not explicitly pair 

bees to their parasitising mites. It is also possible that DWV-A was introduced via mites 
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originating from the MS or CC colonies. While we cannot exclude this possibility, we think it 

unlikely; brood are capped for ~ 12 days (Human et al., 2013), and we sampled the colonies 

in the middle of each month. This means that the majority of the mites we introduced into the 

M+ colonies would have emerged from brood cells at the August sampling point and were 

likely to be in the dispersal phase (Traynor et al., 2020), where they could be captured with 

the sugar shakes. If DWV-A was introduced from MS or CC mites, then we should have 

detected DWV-A in mites in August, and yet, DWV-A was not detected in mites until 

October when brood rearing had ceased.  

 

The persistence of DWV-B in the absence of the vector illustrates the importance of 

alternative transmission modes. DWV is transmissible in pollen and larval food (Yue and 

Genersch, 2005; Singh et al., 2010), and acquired through the cannibalisation of infected 

pupae (Posada-Florez et al., 2020). Transovum vertical transmission from queen to offspring 

can occur, but is not the most efficient transmission pathway (Chen et al., 2006b; Amiri et al., 

2018). Thus, in agreement with Locke et al. (2017), we believe the most parsimonious 

explanation for the persistence of DWV-B in our M- colonies is food-borne transmission. Past 

studies have shown that DWV can persist within miticide treated colonies (Martin et al., 

2010; Locke et al., 2012; Locke et al., 2017), yet curiously these studies most likely detected 

DWV-A. It is not clear what would cause DWV-B to exploit alternative transmission routes 

in our study, and not DWV-A. It is widely accepted that DWV-A was the prevailing genotype 

during the initial stage of V. destructor establishment (Martin et al., 2012; Wilfert et al., 2016; 

Kevill et al., 2017; Kevill et al., 2019; de Souza et al., 2020). DWV-B was first characterised 

in Wageningen (Ongus et al., 2004; Ongus, 2006), where we conducted our study. It is 

possible that DWV-B has historically been the dominant genotype in this area. Unfortunately, 

to the best of our knowledge, no further studies investigated whether DWV-B was present in 

honey bees until ~ 2010. Nevertheless, the increase in DWV-B prevalence across the UK and 

US indicates that competitive displacement of DWV-A is occurring across landscapes 

(Ryabov et al., 2017; Kevill et al., 2019). Our results suggest that displacement of DWV-A is 

not driven by selective pressure by the vector.  

 

Vector transmission by V. destructor has inarguably altered the dynamics of DWV infections 

in honey bees. Understanding what factors may drive shifts in DWV genotype prevalence has 

broad ecological implications far beyond the health of A. mellifera. While DWV is widely 



 88 

referred to as a ‘honey bee virus’, the virus has been detected in numerous orders of 

arthropods (Levitt et al., 2013). DWV is frequently detected in insects that live in sympatry 

with honey bees, such as hoverflies (Bailes et al., 2018), wasps (Lester et al., 2015; Forzan et 

al., 2017; Santamaria et al., 2018; Brettell et al., 2019; Loope et al., 2019), ants (Gruber et al., 

2017; Brettell et al., 2019), and non-Apis bees (Genersch et al., 2006; Li et al., 2011; Tehel et 

al., 2016; Radzevičiūtė et al., 2017; Santamaria et al., 2018; de Souza et al., 2019).   

 

Pathogen spill-over between managed and wild pollinators is an area of major ecological 

concern (Fürst et al., 2014), particularly with mounting evidence of a substantial loss of 

global pollinator species within the last three decades (Zattara and Aizen, 2021). This has 

global implications for biodiversity and food security (Klein et al., 2007; Marshman et al., 

2019). There is correlational evidence to suggest that DWV primarily spills-over from A. 

mellifera to wild pollinator species (McMahon et al., 2015; Tehel et al., 2016). Furthermore, 

previous studies have suggested that V. destructor parasitism of honey bees may drive 

concurrent shifts in DWV diversity in other sympatric species (Brettell et al., 2019; Loope et 

al., 2019; Manley et al., 2019b). The introduction of V. destructor in Hawaii resulted in a 

simultaneous reduction in DWV-A strain diversity in honey bees and the predatory wasp 

Vespula pensylvanica (Loope et al., 2019). 

 

Pathogen spill-overs have the potential to result in emerging infectious diseases (Power and 

Mitchell, 2004). RNA viruses, with their extremely high mutation and substitution rates, 

appear to be well-adapted to cross species barriers. Given that DWV is able to infect multiple 

hosts, it seems prudent we understand the epidemiology and evolutionary history of this 

economically important virus. 
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Chapter 5 

General Discussion	

 

Many viruses that infect A. mellifera appear to have co-evolved with their host. Viruses such 

as DWV and ABPV normally cause limited damage when transmitted orally or vertically, and 

historically were only problematic for colonies in rare instances (Bailey and Ball, 1991). 

These viruses were typically not associated with symptoms of disease, and are thought to 

have persisted at low viral loads and in viral populations that are genetically highly diverse 

(Ribière et al., 2008; Martin et al., 2012; Martin and Brettell, 2019). The global spread of V. 

destructor altered viral dynamics in A. mellifera by introducing a new route of transmission: 

vector transmission. By feeding on the fat bodies of both pupae and adult bees, the mites 

transmit viral particles directly into the bee’s circulatory system, thereby bypassing physical 

barriers (e.g., gut barrier) and co-evolved immune defences. Evolutionary theory predicts that 

a change in the mode of transmission will lead to a change in virulence (the damage incurred 

by the host owing to infection), although the direction of change is not necessarily easy to 

predict (Ewald, 1983). As the vector is now responsible for the pathogen’s spread instead of 

the host, the arrival of a vector could select for more virulent pathogen strains, strains that 

have a higher rate of replication. It is then implicitly or explicitly assumed that a high rate of 

replication equals high levels of damage to the host. The introduction of V. destructor to 

Hawaii appears to support the theory that arrival of a vector selects for more virulent strains, 

as the accumulation of a single DWV-A variant increased with increased exposure to the mite 

(Martin et al., 2012). Numerous studies have found a positive correlation between DWV 

loads in honey bees and mite infestation levels (Genersch et al., 2010; Dainat et al., 2012b; 

Francis et al., 2013; Mondet et al., 2014; Barroso-Arévalo et al., 2019a). Colonies that die 

often have high viral loads of DWV (Highfield et al., 2009; Genersch et al., 2010; Dainat et 

al., 2012b; Francis et al., 2013; Kevill et al., 2019). A conclusion is then quickly drawn: V. 

destructor, by vectoring DWV has selected for more virulent strains of the virus, resulting in 

death of bees and colonies (Martin et al., 2012). But the relationship between the virus, honey 

bee host and mite vector is far from straightforward. Furthermore, the global prevalence of the 

two major DWV genotypes has shifted over time, with DWV-B increasing in prevalence at 

the expense of DWV-A (Ryabov et al., 2017; Kevill et al., 2019; Manley et al., 2019b). This 

shift in prevalence suggests that the two genotypes differ in their dynamics, or in their 
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relationship with the honey bee host and vector, or both. Finally, a recent study has suggested 

that there is no simple relationship between DWV titres in bees and mortality (Remnant et al., 

2019).  

 
The overarching aim of this thesis was to disentangle the tripartite relationship between 

DWV, A. mellifera and V. destructor, while exploring the factors that may explain the 

increase in DWV-B prevalence and displacement of DWV-A. To better understand this 

relationship, I have looked at each level (virus, host and vector) in isolation within each 

chapter.  

 
In Chapter 2, I began by examining the characteristics of the genotypes in the absence of the 

mite. I investigated the accumulation and competition of DWV genotypes throughout 

pupation, to determine if DWV-A and DWV-B differ when singly and co-injected. I found 

that DWV-B accumulated to higher viral loads than DWV-A in both single and simultaneous 

co-infection, in agreement with McMahon et al. (2016). I also found that DWV-A appears to 

be unaffected by competition during co-infection, and while DWV-B loads are reduced, 

DWV-B still accumulates to higher loads overall. Interestingly, despite accumulating to 

substantially higher viral loads, DWV-B was associated with the lowest level of pupal 

mortality, whereas pupae singly injected with DWV-A had the highest level of mortality. This 

suggests that mortality, at least in pupae, cannot simply be attributed to high DWV loads. My 

results suggest that increased viral accumulation and reduced pupal mortality could both 

contribute to the increasing prevalence of DWV-B. A higher proportion of individual bees 

infected with DWV-B will survive to adulthood, compared to bees infected with DWV-A.  

 
By definition a pathogen depends on its host. Conversely, hosts employ physical and innate 

defence strategies to protect themselves against invading pathogens. It seems possible that the 

bee’s immune system could respond differently to different genotypes of a particular 

pathogen, as has been observed in other taxa (Auld et al., 2012; Molina-Cruz et al., 2012; 

Barribeau and Schmid-Hempel, 2013; Sela et al., 2018; Moreno et al., 2020). In Chapter 3, I 

examined the immune response of the A. mellifera pupae injected with DWV-A and DWV-B 

from Chapter 2. Overall, I found little evidence to indicate that A. mellifera pupae respond to 

DWV-A and DWV-B differently. Only minor differences in immune gene expression were 

found between pupae injected with DWV-A or DWV-B. This suggests that the increasing 

prevalence of DWV-B is not attributable to an immunologically different response in honey 
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bee hosts. Because RNAi is the main antiviral defence mechanism in insects (Gammon and 

Mello, 2015), it was not surprising to find that RNAi genes dicer and argonaute-2 were up-

regulated in DWV injected pupae. By performing small RNA sequencing analysis, I found 

that DWV-naïve A. mellifera actively mount a small interfering RNA (siRNA) response that 

is proportional to viral loads, in agreement with Ryabov et al. (2014). Despite the pupae’s 

response, DWV-A and DWV-B were both able to escape complete degradation by RNAi and 

accumulate to high loads. As I found no increased degradation of DWV-A compared to 

DWV-B, a stronger immune response against DWV-A cannot explain the difference in 

accumulation between DWV-A and DWV-B that I documented in Chapter 2.  

 
RNAi genes are under strong selective pressure and are in a continual ‘arms race’ with rapidly 

evolving RNA viruses. For example, RNAi pathway genes are the fastest evolving immune 

genes in Drosophila (Obbard et al., 2006). While I assayed DWV-naïve pupae, the viral 

accumulation loads I observed were consistent with previous studies (McMahon et al., 2016; 

Tehel et al., 2019), indicating that my RNAi results were not biased by using a naïve host. 

Nevertheless, RNA viruses are known for their ability to encode RNAi suppressors (VSR) to 

counter host-defence (Betting and Van Rij, 2020). It is possible that the wild-type DWV 

strains obtained from A. mellifera in New Zealand (DWV-A) and the Netherlands (DWV-B) 

have undergone selection to evade RNAi detection by A. mellifera. To the best of my 

knowledge, no studies have investigated whether DWV encodes VSRs, however this warrants 

further investigation. 

 
Past studies have suggested that DWV has an immunosuppressive effect on A. mellifera, 

particularly upon expression of the NF-κB family transcription factor dorsal-1A. Reduced 

expression of dorsal-1A was observed in mite parasitised bees (Nazzi et al., 2012), and in 

bees exposed to experimental haemolymph removal (Annoscia et al., 2019). Yet, both studies 

associated expression with increasing DWV loads rather than (simulated) mite feeding. The 

maximum DWV-A and DWV-B loads observed in Chapter 2 appear to be lower than those 

reported by Nazzi et al. (2012) (~1010 to 1015 GE)  and Annoscia et al. (2019) (~ 1010 to 1012 

GE). Nevertheless, I found very little change in dorsal-1A expression over time, even as 

DWV loads increased over numerous orders of magnitude throughout pupation, with no 

substantial difference in expression to the virus free controls. Overall, in the absence of V. 

destructor, I find no evidence that that DWV down regulates immune expression.  
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The third party that needs to be taken into consideration is of course the vector itself. Could it 

be that DWV-A and B differ in their dependence on vector transmission? If DWV-B is better 

adapted to vector transmission by the mite, then this might contribute to its increased 

prevalence. Recent studies have convincingly shown that DWV-B can replicate within the 

mite (Campbell et al., 2016; Gisder and Genersch, 2020), however, thus far, there has been 

little evidence to indicate this is also the case for DWV-A (Posada-Florez et al., 2019). It is 

not unlikely that DWV-B and V. destructor have become co-adapted, as pathogens and hosts 

(including biological vectors) exert selective pressure upon each other (Gulbudak et al., 

2017). Phylogenetic analysis of DWV-B isolates in the UK and France shows that DWV-B 

has rapidly expanded after a bottleneck event, potentially driven by adaptation to V. 

destructor (Manley et al., 2019b). The increased survival of DWV-B infected pupae shown in 

Chapter 2 would certainly be of benefit to V. destructor. When pupae are killed by the virus, 

the foundress mite and her mated daughters will fail to reach the dispersal phase (Martin, 

2001). To investigate the role of vector transmission on DWV genotype prevalence at the 

colony level, in Chapter 4, I experimentally increased and decreased the number of mites 

within A. mellifera colonies. I found that the two DWV genotypes indeed differ in their 

response to mite numbers. In agreement with Chapter 2, DWV-B accumulated to higher loads 

than DWV-A in the presence and absence of V. destructor. Perhaps surprisingly, I found that 

DWV-A is more dependent on mite vectoring than DWV-B. DWV-A only appeared in my 

colonies when mite numbers were increased. Overall, my results suggest that the increase in 

DWV-B prevalence is not driven by selective pressure by the vector, rather by DWV-B being 

able to persist in colonies at moderate levels even when colonies are free of V. destructor.  

 
The curious case of Black queen cell virus 

One unexpected element to emerge from my research was the accumulation of BQCV in 

pupae injected with DWV-A in Chapter 2. I found no evidence of BQCV in the sequenced 

viral inocula, suggesting that an endogenous BQCV infection in our population of A. 

mellifera was activated in pupae infected with DWV-A. Interestingly, this result was also 

echoed by Manley et al. (2019a) who suggested that the presence of DWV-A increases the 

likelihood of being infected with BQCV (and SBPV) in honey bees and bumble bees. I note 

that in Chapter 4, I did not observe increased prevalence of BQCV in M+ colonies, which had 

elevated loads of DWV-A. This could potentially be an artefact of my experimental design, as 

I only analysed pooled adult workers and BQCV is known to cause high mortality in pupae 
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(Chen and Siede, 2007; Remnant et al., 2019). Thus, pupae harbouring high loads of DWV-A 

and BQCV would likely not have survived to emergence. It is unclear if the increased 

mortality I observed in DWV-A injected pupae in Chapter 2 was singly attributable to DWV-

A, BQCV or both. Nevertheless, my results suggest that increased pupal mortality as a result 

of DWV-A alone or activated endogenous viruses, such as BQCV, may contribute to the 

increased dominance of DWV-B over time.  

 
Future Research Directions  

Mordecai et al. (2016a) hypothesised that DWV-B may inhibit DWV-A accumulation at a 

colony level via superinfection exclusion. My results from Chapter 4 suggest that this is 

unlikely, as I found that DWV-A can emerge from a covert infection and accumulate to 

moderate loads with increasing mite numbers. Nevertheless, the results from Chapter 2 and 

Chapter 4 do indicate that there is a level of competition between DWV-A and DWV-B, 

albeit without strong competitive exclusion during co-infection. It is possible that the 

competition dynamics I observed in pooled samples (Chapter 4) may not fully reflect what 

occurred in individual bees. Moreover, I have not explicitly tested superinfection exclusion 

within this thesis. Superinfection exclusion refers to a distinct process where a secondary 

infection transmitted to a host is inhibited by a pre-existing primary infection, typically 

between closely related pathogens (Mascia and Gallitelli, 2016; Syller and Grupa, 2016). I 

believe it would be worthwhile experimentally validating whether or not a primary infection 

with DWV-B can inhibit a subsequent infection with DWV-A and vice versa.  

 
When I commenced this PhD, infecting honey bees with wild-type strains of DWV or other 

viruses, as I did in Chapter 2, was the only method employed in the available literature. While 

this is still broadly practiced, recent studies have begun using engineered strains, such as the 

green fluorescent protein (eGFP) clones designed by Gusachenko et al. (2020) and Ryabov et 

al. (2020). Using infectious engineered clones is advantageous when investigating viral 

accumulation dynamics and tissue tropism, and any confounding effects from endogenous 

infections are more readily distinguishable. As, outside of Australia, DWV is one of the most 

common pathogens to infect honey bees globally (Martin and Brettell, 2019), I would 

recommend that future studies use engineered clones when experimentally infecting honey 

bees.  
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The rapid increase in DWV-B prevalence in the US (Ryabov et al., 2017) highlights the need 

to conduct nationwide screening to better understand how viral genotypes shift over time. 

Unfortunately, historical data for DWV-B are severely lacking (particularly prior to 2010) and 

only within the last 5-10 years did studies start to distinguish between multiple DWV 

genotypes within the same study. The best opportunities to track temporal changes between 

DWV-A and DWV-B might be in New Zealand and Sweden. DWV-A is the dominant 

genotype in New Zealand (Sébastien et al., 2015; Gruber et al., 2017; Dobelmann et al., 

2020). DWV-B was detected in honey bee workers from Otago via RNA sequencing (Mondet 

et al., 2015), and in workers recently collected from the North Island by RT-PCR (personal 

communication Thomas Gillard, 2021). Similarly, DWV-A has been the predominant 

genotype in Sweden (Locke et al., 2012; Locke et al., 2014), although low levels of DWV-B 

were recently detected in samples from Gotland (Thaduri et al., 2018). It will be interesting to 

see if DWV-B becomes the dominant genotype in these populations, as it now is in England 

and Wales (Kevill et al., 2017; Kevill et al., 2019).  

 
Understanding what factors may have caused BQCV to accumulate in my DWV-A infected 

pupae warrants further investigation. Injecting buffer into honey bees can activate covert 

infections (Anderson and Gibbs, 1988), although I did not observe this in any of my buffer 

injected pupae. Past studies have assessed synergistic interactions between honey bee viruses 

and parasites, such as Nosema apis and BQCV (Bailey et al., 1983), N. ceranae and BQCV 

(Doublet et al., 2015), or N. ceranae and Chronic bee paralysis virus (Toplak et al., 2013). To 

the best of my knowledge, no studies have investigated potential synergistic interactions 

between viral pathogens of honey bees. Yet, synergistic interactions are known to occur 

between plant viruses (Syller, 2012; Mascia and Gallitelli, 2016; Syller and Grupa, 2016). For 

example, co-infection with Potato virus X (PVX) and Potato virus Y (PVY) in tobacco results 

in elevated accumulation of PVX and increased disease severity in plant tissue, compared to 

single infections (Goodman and Ross, 1974; Vance, 1991). It is unclear what mechanisms 

could explain the activation of BQCV in the presence of DWV-A, particularly as I found that 

pupae exhibited an elevated siRNA response towards BQCV, suggesting that BQCV was not 

exploiting DWV-A to evade host degradation. I suggest that future studies experimentally 

explore the dynamics between BQCV and DWV-A. Assuming BQCV is present within the 

population, one could investigate whether a synergistic relationship exists between DWV-A 

and BQCV by using anti-BQCV antisera as described by Anderson and Gibbs (1988). By 

comparing pupae injected with both DWV-A and antisera to those that have only been 



 96 

injected with DWV-A one could determine if DWV-A indeed activates BQCV.  

 
Conclusion  

Overall, the work I have presented within this thesis has expanded our understanding of the 

intricate relationship between DWV, A. mellifera, and V. destructor. While initially the 

change in viral dynamics with the arrival of V. destructor seemed to fit the predictions of 

evolutionary epidemiology, my work has shown that the relationship between DWV-A and 

DWV-B with respect to A. mellifera and V. destructor is more complicated. My research 

indicates that the success of DWV-B appears to be driven by an ability to accumulate to 

higher loads than DWV-A under multiple conditions, whilst causing less mortality in pupae 

thereby favouring the reproductive cycle of V. destructor. My findings also indicate that the 

dynamics of DWV-A are comparatively more complex. Will DWV-B eventually displace 

DWV-A in all infected populations? Is DWV-A more damaging to pupae, or is that damage 

associated with synergistic interactions with other, more virulent viruses? Only time will tell.  
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Appendix A 

Supplementary Material for Chapter 2 

 

 

Figure A.1. Phylogenetic tree comparing whole genome sequences of the DWV-A (accession 
number MN538208) and DWV-B (MN538209) inocula obtained in this study to isolates 
experimentally injected by Remnant et al. (2019), Tehel et al. (2019) and Gisder et al. (2018) 
(MH678671-73). DWV-A [AJ489744.2; Lanzi et al. (2006)], DWV-B [AY251269.2; Ongus 
et al. (2004)] and DWV-C [CEND01000001; (Mordecai et al., 2016)] were used as reference 
sequences, with DWV-C as the outgroup. The DWV-A and DWV-B whole genome 
sequences from this study were obtained from transcriptome sequencing (see Materials and 
Methods) and are highlighted in bold. Sequences were aligned in Geneious using Muscle and 
trimmed where required. Maximum likelihood trees were produced using PhyML HKY85 
model after 100 bootstrap replicates.  
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Figure A.2. Mean DWV viral loads (genome equivalents) of individually infected pupae 
from 8 to 192 hours post-injection (n = 120 per treatment), as calculated by standard curve in 
cDNA synthesized from 0.8 µg RNA. White-eyed pupae from colonies one to three were 
singly injected with 1 × 107 genome equivalents of DWV-A, DWV-B or recombinant strain 
(‘DWV-rec’), or co-injected with 5 × 106 genome equivalents of DWV-A and DWV-B. Each 
figure displays the mean viral load by colony to illustrate colony differences.  
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Figure A.3. Log10 DWV viral loads of singly infected pupae from 8 to 192 hours post-
injection, relative to housekeeping gene Actin. Colonies 1-3 have been combined (per 
treatment) to illustrate the distribution of viral accumulation per genotype.   
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Figure A.4. Comparison of log10 DWV viral loads of pupae singly infected with DWV-A or 
DWV-B versus pupae co-injected with DWV-A and DWV-B, relative to housekeeping gene 
Actin. Colonies 1-3 have been combined (per treatment) to illustrate the distribution of viral 
accumulation per genotype.   
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Table A.1. Comparison of pairwise identity values, generated from pairwise Muscle 
alignments of whole genome sequences in Geneious. DWV-A (MN538208) and DWV-B 
(MN538209) inocula sequences obtained in this study were compared to DWV-A 
(AJ489744.2) and DWV-B (AY251269.2) reference sequences, in addition to the DWV-A 
isolate we previously injected in Remnant et al. (2019) and those experimentally injected by 
Tehel et al. (2019) and Gisder et al. (2018).  

 

DWV-A  
(this study) 
MN538208 

 

DWV-A 
(AJ489744.2) 
(Lanzi et al., 

2006) 

DWV-A  
Remnant et 
al. (2019) 

DWV-A 
Tehel et al. 

(2019) 

DWV-P0 I 
Gisder et al. 

(2018) 

DWV-P0 II 
 Gisder et al. 

(2018) 

DWV-A 
(AJ489744.2)  98.50%   

       
DWV-A 
Remnant et al. 
(2019) 

99.50% 98.72% 
 

   
DWV-A 
Tehel et al. 
(2019)  

97.30% 97.70% 97.46% 
      

DWV-P0 I  
Gisder et al. 
(2018)  

91.20% 91.50% 91.29% 91.80% 
    

DWV-P0 II  
Gisder et al. 
(2018)  

84.70% 85.00% 84.87% 84.90% 90.70% 
  

DWV-P0 III 
Gisder et al. 
(2018)  

85.80% 85.90% 85.85% 86.00% 91.60% 94.50% 

   

 

DWV-B 
(this study) 
MN538209 

DWV-B 
(AY251269.2)  

(Ongus et al., 2004) 

DWV-B 
Tehel et al. 

(2019) 

DWV-P0 I 
Gisder et al. 

(2018) 

DWV-P0 II 
 Gisder et al. 

(2018) 
DWV- B 
(AY251269.2) 99.30%         
DWV-B  
Tehel et al. 
(2019)   

99.20% 98.90% 
      

DWV-P0 I  
Gisder et al. 
(2018)  

91.40% 91.40% 91.40% 
    

DWV-P0 II  
Gisder et al. 
(2018)  

95.00% 94.90% 94.90% 90.70% 
  

DWV-P0 III 
Gisder et al. 
(2018)  

96.90% 96.80% 96.80% 91.60% 94.50% 
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Table A.2. List of the primers used for viral detection by endpoint PCR and quantitative 
PCR.  (ARV: Apis rhabdovirus, BQCV: Black queen cell virus, DWV: Deformed wing virus, 
LSV: Lake Sinai virus, SBV: Sacbrood virus). 

 

Virus Primer name Sequence 
Product 

size (bp) 

Primer  

efficiency 
Reference 

LSV 
LSV_2108_F TCATCCMAAGAGAACCA 

400 - This study 
LSV_uni_R GTCAAAGGTGTCGTATCC 

qPCR primers 

DWV 

DWV_F TACTAGTGCTGGTTTTCCTTT 
155 1.91 Kevill et 

al. (2017) 
DWV-A_R CTCATTAACTGTGTCGTTGAT 

DWV-B_R CTCATTAACTGAGTTGTTGTC 155 1.92 

BQCV 

BQCV_qPCR_F AGGTTTACGCTCCAAGATCG 

112 1.73 

Remnant 

et al. 

(2019) 

BQCV_qPCR_

R 

TTTGTTCAGCAGGTAAATTGTT

C 

SBV 

SBV_ qPCR_F CGAGGAGGGAAAAACTACGC 

115 - 

Remnant 

et al. 

(2019) 
SBV_ qPCR_R GTGGCTTAACTGGATCATAGCC 

ARV-1 
ARV-1_F ATGAGGCTTGGAGACACAGC 

100 - This study 
ARV-1_R GGAGCTTTCCTGAGGACACG 

ARV-2 
ARV-2_F CTAAACCCCACCTGTCTGCC 

150 - This study 
ARV-2_R ATTGAGCACTGGAGCGTTGG 

Actin 

Actin_F TGCCAACACTGTCCTTTCTG 

155 1.70 

Scharlaken 

et al. 

(2008) 
Actin_R AGAATTGACCCACCAATCCA 
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Table A.3. Two-way ANOVA comparing mean DWV loads relative to housekeeping gene 
Actin in pupae singly injected with DWV-A, DWV-B, DWV-rec, or co-injected with DWV-A 
and DWV-B, from 48 to 192 hours post injection (n = 401). Comparison of DWV loads 
between genotype and colonies (1-3) over time. Data plotted in Figure 2.2 and Figure 2.3, 
where we have presented the mean relative viral loads as single injection by colony (DWV-A, 
DWV-B and DWV-rec), and single injection versus co-injection (DWV-A and DWV-B), 
respectively.  
 

Summary  df Sum sq Mean sq F value  p 

DWV genotype  4 344421 86105 248.642 <0.0001 

hour post injection (HPI) 1 76077 76077 219.685 <0.0001 

colony 2 102420 51210 147.876 <0.0001 

DWV genotype:HPI 4 21228 5307 15.325 <0.0001 

DWV genotype:colony 8 13400 1675 4.837 <0.0001 

residuals 381 131941 346     
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Table A.4. Tukey HSD post-hoc analysis of two-way ANOVA (S3 Table), showing pairwise 
comparisons of mean relative viral loads by genotype and colony. Lettering denotes genotype 
followed by numbering 1-3, which indicates colony (A: DWV-A single injection, B: DWV-B 
single injection, R: DWV-rec single injection, CA: DWV-A co-injection, and CB: DWV-B 
co-injection). Significant comparisons (p < 0.05) denoted as letters on Figure 2.2 and Figure 
2.3.    
 

Comparison df t.ratio p Comparison df t.ratio p 

 A,1 - B,1  381 -13.138 <.0001  R,1 - A,2 381 3.061 0.1358 
 A,1 - CA,1 381 -2.643 0.3451  R,1 - B,2 381 -9.501 <.0001 
 A,1 - CB,1 381 -6.152   <0.0001  R,1 - CA,2  381 4.412 0.0013 
 A,1 - R,1 381 -11.214  <.0001  R,1 - CB,2  381 -1.563 0.9654 
 A,1 - A,2 381 -8.205 <0.0001  R,1 - R,2 381 -9.900 <.0001 
 A,1 - B,2 381 -21.109   <.0001 R,1 - A,3  381 5.429 <.0001 
A,1 - CA,2  381 -6.931  <.0001  R,1 - B,3 381 -5.388 <.0001 
 A,1 - CB,2 381 -13.02 <.0001  R,1 - CA,3 381 6.912 <.0001 
 A,1 - R,2  381 -22.646 <.0001  R,1 - CB,3   381 0.546 1.0000 
 A,1 - A,3  381 -5.679  <.0001  R,1 - R,3 381 -9.075 <.0001 

 A,1 - CA,3 381 -16.008  <.0001  R,2 - A,3   381 16.592 <.0001 
 A,1 - CA,3 381 -4.175 0.0033  R,2 - B,3  381 5.018 <.0001 
 A,1 - CB,3 381 -10.871 <.0001 R,2 - CA,3 381 18.093 <.0001 
 A,1 - R,3  381 -20.457 <.0001  R,2 - CB,3 381 11.874 <.0001 
 A,2 - B,2 381 -12.71 <.0001  R,2 - R,3 381 1.955 0.0631 

 A,2 - CA,2 381 1.337 0.9916  CA,1 - CB,1 381 -3.509 0.0371 
 A,2 - CB,2  381 -4.696 <.0004  CA,1 - R,1 381 -8.62 <.0001 
 A,2 - R,2   381 -14.311 <.0001  CA,1 - A,2 381 -5.585 <.0001 
 A,2 - A,3   381 2.418 0.5027  CA,1 - B,2 381 -18.467 <.0001 
 A,2 - B,3 381 -8.31 <.0001  CA,1 - CA,2  381 -4.289 0.0021 

 A,2 - CA,3  381 3.915 0.0091  CA,1 - CB,2 381 -10.377 <.0001 
 A,2 - CB,3  381 -2.567 0.3956  CA,1 - R,2 381 -20.028 <.0001 
A,2 - R,3 381 -12.221 <.0001  CA,1 - A,3 381 -3.089 0.1263 
 A,3 - B,3  381 -10.497 <.0001 CA,1 - B,3 381 -13.572 <.0001 

 A,3 - CA,3  381 1.481 0.9783  CA,1 - CA,3 381 -1.582 0.9617 
 A,3 - CB,3   381 -4.983 <.0001  CA,1 - CB,3 381 -8.229 <.0001 
 A,3 - R,3 381 -14.502 <.0001  CA,1 - R,3 381 -17.863 <.0001 

 B,1 - CA,1  381 10.545 <.0001 CA,2 - CB,2 381 -6.089 <.0001 
B,1 - CB,1 381 7.102 <.0001  CA,2 - R,2 381 -15.779 <.0001 
 B,1 - R,1 381 1.891 0.8565  CA,2 - A,3  381 1.118 0.9987 
 B,1 - A,2 381 4.969 <.0001  CA,2 - B,3 381 -9.62 <.0001 
 B,1 - B,2  381 -7.576 <.0001  CA,2 - CA,3  381 2.626 0.3557 

 B,1 - CA,2  381 6.337 <.0001  CA,2 - CB,3 381 -3.94 <.0083 
 B,1 - CB,2 381 0.363 1.000  CA,2 - R,3 381 -13.655 <.0001 
 B,1 - R,2 381 -9.206 <.0001  CA,3 - CB,3 381 -6.493 <.0001 
 B,1 - A,3 381 7.319 <.0001  CA,3 - R,3 381 -15.989 <.0001 
 B,1 - B,3  381 -3.602 <.0001  CB,1 - R,1  381 -5.177 <.0001 

 B,1 - CA,3 381 8.802 <.0001  CB,1 - A,2  381 -2.109 0.7284 
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 B,1 - CB,3  381 2.471 0.4639  CB,1 - B,2 381 -14.958 <.0001 
 B,1 - R,3 381 -7.184 <.0001  CB,1 - CA,2  381 -0.779 1.000 

 B,2 - CA,2  381 14.178 <.0001  CB,1 - CB,2 381 -6.869 <.0001 
 B,2 - CB,2  381 8.089 <.0001  CB,1 - R,2 381 -16.551 <.0001 
 B,2 - R,2   381 -1.730 0.9227  CB,1 - A,3 381 0.353 1.000 
 B,2 - A,3 381 15.026 <.0001  CB,1 - B,3 381 -10.338 <.0001 
 B,2 - B,3  381 3.445 0.0454  CB,1 - CA,3  381 1.862 0.8704 

 B,2 - CA,3 381 16.54 <.0001  CB,1 - CB,3 381 -4.720 <.0003 
 B,2 - CB,3 381 10.238 <.0001  CB,1 - R,3  381 -14.42 <.0001 
 B,2 - R,3 381 0.259 1.000  CB,2 - R,2 381 -9.745 <.0001 
B,3 - A,1 381 -16.008  <.0001  CB,2 - A,3 381 7.091 <.0001 

 B,3 - CA,3 381 11.894 <.0001  CB,2 - B,3 381 -4.008 <.0064 
 B,3 - CB,3 381 5.988 <.0001  CB,2 - CA,3 381 8.602 <.0001 
 B,3 - R,3  381 -3.154 0.1062  CB,2 - CB,3 381 2.149 0.7009 

     CB,2 - R,3 381 -7.680 <.0001 
     CB,3 - R,3 381 -9.788 <.0001 

 

Table A.5. Two-way ANOVA repeated as above, with the inclusion of three pupae with low 
DWV loads for their time-point.  

Summary  df Sum sq Mean sq F value  p 

DWV strain    4 351858 87965   167.09   <0.0001 

hour post injection (HPI) 1 65820 65820 125.03 <0.0001 

colony 2 94129 47064 89.40   <0.0001 

DWV strain:HPI 4 21683 5421 10.20 <0.0001 

DWV strain:colony 8 16258 2032 3.86 <0.001 

residuals 384 202685 526     

 
 

Table A.6. Tukey HSD post-hoc analysis of repeated two-way ANOVA (Table A.5), 
showing the three pairwise comparisons that were significantly different in the repeated 
analysis.  

Comparison df t.ratio p 

 B,1 - B,3  384 -3.038 0.144 
 B,2 - B,3  384 2.74 0.2848 

 CA,2 - CA,3  384 3.592 0.0282 
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Table A.7. Analysis of the mean proportion of survival of pupae subjected to five treatments 
(buffer control, DWV-A, DWV-B, DWV-rec and co-injection) at 192 hours post injection. 
We fit a generalized linear mixed effects model (glmer) with binomial distribution and logit 
link function, comparing mean proportion of survival per treatment. Colony had no effect on 
survival (using Akaike’s information criterion during backward elimination; Table A.9), thus 
was included in the model as a random factor. We then analysed the final model as a type II 
ANOVA. As treatment was a significant predictor of survival, we subsequently ran a Tukey 
pairwise comparison (Table A.8).  

Response: Proportion Survival Chi sq df p 
(Intercept)  92.583 1 < 0.0001  
treatment    44.472 4 < 0.0001  
 

Table A.8. Tukey post-hoc analysis of ANOVA (Table A.7); pairwise comparisons of mean 
proportion of survival between treatments.  

Comparison          z. ratio p 
 Buffer Control - DWV-A -4.384 < 0.0001 
 Buffer Control - DWV-B 1.835 0.3532 
 Buffer Control - DWV-rec  0.280 0.9987 
 Buffer Control - Co-injection -2.586 0.0728 
 DWV-A - DWV-B 3.747 0.0017 
 DWV-A - DWV-rec  4.467 < 0.0001 
 DWV-A - Co-injection 2.422 0.1095 
 DWV-B - DWV-rec  -1.671 0.4522 
 DWV-B - Co-injection -3.036 0.0203 
 DWV-rec - Co-injection -2.778 0.0435 
 

Table A.9. Model testing of mean proportion of survival data per treatment (buffer control, 
DWV-A, DWV-B, DWV-rec and co-injection) and colony. Akaike’s information criterion 
obtained during backward elimination showed that colony was not a significant predictor of 
survival. Colony was thus included as a random factor in survival analyses.  

 
  df Deviance    AIC   LRT   p 

 
  

512.07 526.07 
   treatment  4 579.34 585.34 67.275 < 0.0001 

 colony 2 514.71 524.71 2.641 0.267 
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Text A.1. Partial contig sequence of the DWV-B isolate detected in low frequency in the 
DWV-rec inoculum, where Megahit average coverage per base was 408.0453. 
>DWV-Rec_Netherlands_k141_295_multi=408.0453 

AATCATATATTACTTTCTTAATTTTAAATAATAACATGGGCGATCGATTACAAACGGGCCTAACAACTTTCTCGCGCACAAAT

TTTGATGCCACCCGTTTCACTTTCTTACAAATCTTTGTATATTTGGGTTTCTTAAATACGAACTCACCCGCGTCTTTTCCTACCT

CAATCTTAAGGGATTCTAAAGGGGAATATCTATTACTGATTGAAATGGGGACATGTTCTTGAACAGGGCGGCGGGTACATCTT

TCAGCTATAGAATATATCGTGTATAAATTATTCAATTGTTCCGTAAGGAACTCATTATCACGCGCATCTTCTTGCTCCCACGTT

GTATGATCATACACAGTGACGTCAAGAACGTTTCGAATCCGTTCCTGTTCCAACGCCAAACGCTTAATAACGCGTCGACGCCT

AGCTTCATCAATCTCCCAACTACGGGGAGCATGAGCTACAGAGGGAGCTTGGGCAACAGCAGCATAAGAAAGAGTTCCACA

ACTAAATGCCATTTTTATATATATTTACCTTCAAAGTCAAAATCAAATTGAAAATATAAAATAAAAAGAATTGAATCTAATAT

ATAAAGCAAAAATAGCAAAGAAATATATTTAGCAATAATGAAAATAGCAAAATATAATAGCAAATAAAAACAGCAAAATAA

AACAGCAATAATCGTAGCATTAAAATATTAAATAATGTCTTTCCATTCGTCATCGTCTGGGCTATGTGACATTAACGGGTGCC

CTGCGAACGTAACGTACCGTGGCATAAATTATACTGTATTAAAAGGATTCTTGCCAAAGGAAATCCCAATACAGTCACTTATG

TATAGAGACATAAATTACTTTCACACTTTCGCCTCATACA 

 

Text A.2. Partial contig sequence of the secondary DWV-recombinant isolate detected at very 
low frequency in the DWV-rec inoculum, where Megahit average coverage per base was 
26.3092.  
>DWV-Rec_Netherlands_k141_7331_multi=26.3092 

AAGAATGGATATACGTGTTTAAAAGGTATCACTAATTTTGCTTCATTACTCGCTGATGCGCTAATCAAAGCATGATCCATATG

CGAAAAACCATACACACTTCGCTTCGTCTGGATATTCAAATTTTCATGATCCGAATAATACCAAGTTGCCTGTAATTGACCAA

CTTGGAATTTATTTGAATTAATTTGAACTCTAACTTCCATATCGCCTCGCCAATATGCGTGCACCTTAAATGGGATAGTATTAG

GCACATCACATATAGCATCAGAATTAGCCTCTATACTAGATAACAAAGCACGAGGCAAAATTAAACGTGCTAACTCCTTATC

AAATGGATCATCCTTCGACCAAACAAATTCAGCAATCTGATACCATCGAGATGTAATTGTGGCATAATCATCTACTACATCAT

TACTAGTCCATCTACTCCATTTTACGCTGACCGGCGCTGGAATAGATGTACTAGGATCTCGTTGAGTCGTTAAAACAACATTA

CTATCCTTTTCTAATTCAACTTCACCCTCGCCATCAGGTCCTGGATTAGGGTTATCCATCTCTGGTTTTGCCTGCACCGGATTCG

ATAATTGTAACAGACTAGTGACACACTCTAACTCATAATCGCGCTGTTTTTGACGTCGCAACATCCTAATCTGTTTTCTTAATC

TATATAAATGCAAATCATAAATTATCTTCTTAAGCTTAAATAATAGCATAGGGGATCTAGAACATATAGGACGAACAACTTTT

TCACGAACGAAGCGAGTTGCAACGCGCTTCACTTTCTTGCAAACGCGCGTATATTTAGGTTTCTTAAATATACATTCGCCTGCT

TCTTGACCGACCTCGACCTTAAGGGATTCCAGTGGAGCAAACCTATTCGAAACTGATATAGGAGAGTACTCTTTGATAGGCCG

ACGCGTACAACGTTCAGCGATCGAATAAATAGTATATAAGTTGTTTAATTGTTCCATTAGGAACTCATTATCGCGCGCGTCCT

CCTGTTCCCACGTTGCCTGGTCATAGACGTCAGCGTCAAGCACGTTACGAATACGTTCTTGCTCCAACGCCAAACGTTTAATA

ACTCGGCGCCGCCTAGCTTCATCTACTTCCCATGTACGAGGTGCATGGGCGACAGATGGAGCTTGAGCGACGGCAGAGTAAG

AAAGAATTCCACAACTAAATGCCATTTTTATATATATTTACCTTGAAAATCAAAATCAAATTGAAAATATAAAATAAAAAGA

ATTGAATCTAATATATAAAGCAAAAATAGCAAAGAAATATATTTAGCAATAATGAAAATAGCAAAATATAATAGCAAATAA

AAACAGCAAAATAAAACAGCAATAA 
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Appendix B 

Supplementary Material for Chapter 3	

 

 
Figure B.1. Log2 relative expression of JAK/STAT pathway genes domeless and hopscotch 
in honey bee pupae. Treatment groups that do not share a common letter differ at p < 0.05 at 
each hour post-injection (HPI). No letters above a given time point indicates that no 
significant differences were detected between treatment groups.   
 



 

 137 

 

Figure B.2. Log2 relative expression of Toll pathway genes dorsal-1B and PGRP-2 in honey 
bee pupae. Treatment groups that do not share a common letter differ at p < 0.05 at each hour 
post-injection (HPI). No letters above a given time point indicates that no significant 
differences were detected between treatment groups.   

 
 

 
Figure B.3. Log2 relative expression of AMP genes apidaecin and defensin-2 in honey bee 
pupae. Treatment groups that do not share a common letter differ at p < 0.05 at each hour 
post-injection (HPI). No letters above a given time point indicates that no significant 
differences were detected between treatment groups.   
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Figure B.4. Log2 relative expression of genes lysozyme-2, PPOact and vago in honey bee 
pupae. Treatment groups that do not share a common letter differ at p < 0.05 at each hour 
post-injection (HPI). No letters above a given time point indicates that no significant 
differences were detected between treatment groups.   
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Figure B.5. (A) Size distribution small RNA read lengths mapping to DWV. (B) Number of 
normalised vsiRNA (21-23 nt) reads mapping to DWV in pupae injected with DWV-A or 
DWV-B did not differ between the two genotypes (χ2= 0.27, df = 1, p = 0.6033). Distribution 
of vsiRNA (21-23 nt) reads mapping to the (C) DWV-A and (D) DWV-B genomes. Data 
from one representative sample shown in figures 5A, 5C and 5D.  
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Figure B.6. Nucleotide frequency of small 26-31 nt length RNA reads. We observed elevated 
frequencies of uridine at position 1, but did not detected enrichment of adenine at position 10. 
Thus, no evidence of a ‘ping-pong’ signature associated with piRNA activity was detected.   
 

 

 

 

 
Figure B.7. A) Size distribution small RNA read lengths mapping to BQCV. Distribution of 
vsiRNA (21-23 nt) reads mapping to the BQCV genome. Data from one representative 
sample shown.  
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Figure B.8. (A) Normalised siRNA (21-23 nt) reads mapping to BQCV in four pooled DWV-
A injected pupae at 48 and 96 HPI, per colony. No reads mapping to BQCV were detected in 
the pooled sample from colony 2 at 96 HPI. (B) The mean BQCV loads ± 95% CI of the same 
four pupae. The large confidence intervals indicate the high variability in BQCV loads 
between the four pupae. Viral loads are relative to housekeeping gene Actin and were 
previously published in Norton et al. (2020), but presented here to illustrate the relationship 
between viral accumulation and siRNA response to BQCV. We did not detect a correlation 
between BQCV load and small RNA response (rs = 0.2; P = 0.7471).  
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Appendix C 

Supplementary Material for Chapter 4 

 
 

 
 
Figure C.1. Number of fallen mites within 48 h in (A) Mite Added (M+) and (B) Mite 
Reduced (M-) colonies between July 2018 and April 2019, or until colony death.  
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Figure C.2. Log10 DWV-A (A and B) and DWV-B (C and D) loads per bee in individual 
Mite Added (M+) or Mite Reduced (M-) colonies. DWV loads calculated from ten pooled 
honey bees sampled monthly between July 2018 and April 2019, or up until colony death.  
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Figure C.3. Repeated measures correlation between (A) mean DWV-A or (B) DWV-B load 
per bee and mite fall in both M+ and M- colonies. The analysis determined the within-colony 
association between DWV load and mite fall measured monthly between July 2018 and 
January 2019.  
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Figure C.4. Log10 DWV-A (A) and DWV-B (B) loads per mite in individual Mite Added 
(M+) colonies. DWV loads calculated six-ten pooled V. destructor collected from M+ 
colonies in August, October and January. Missing data points indicate where either genotype 
was not detected in the pooled mite sample.  
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Figure C.5. Boxplot comparisons of the average viral load (log10) per bee of the additional 
viruses detected in pooled honey bee samples from M- and M+ colonies across each season (n 
= 105). Viral loads are relative to endogenous control gene Actin and calculated using the 
Pfaffl expression ratio, which accounts for differences in qPCR primer efficiencies (Pfaffl, 
2001). 
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Figure C.6. Non-metric multidimensional scaling (NMDS) plot (k = 2) of viral species 
abundance in pooled honey bee samples in M+ and M- colonies. Each point is colour coded 
by season and shaped according to mite treatment. Our corresponding PERMANOVA 
indicated that treatment explained the largest amount of variance in the pathogen composition 
(F1,95 = 100.5, R2 = 0.44, p = 0.001). The PERMANOVA indicated that season alone (F3,95 = 
6.59, R2 = 0.085, p = 0.001) and an interaction between treatment × season (F3,95 = 3.44, R2 = 
0.045, p = 0.004) explained a small amount of the variability in the viral community structure. 
After correction for multiple comparisons, only a small difference between summer and 
autumn (F1 = 6.21, R2 = 0.097, p = 0.036) was found. 
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Figure C.7. Average Cq values of all viruses detected in pooled mite samples from M+ 
colonies, collected in August, October and January (n = 18). Averages were obtained from 
duplicate qPCR reactions. Low Cq values are indicative of high amounts of the target 
sequence and vice versa. BQCV, LSV and SBV were not detected in mites. RNA was 
successfully extracted from all pooled mite samples, as illustrated by the amplification of the 
endogenous control gene Actin. 
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Table C.1. List of qPCR primers  
 

 
  

 Primer name Sequence 
Product 

size (bp) 

Numerical 

position 

Primer  

efficiency 
Reference 

ABPV 
ABPV_F ACCGACAAAGGGTATGATGC 

124 
9104-9123 

1.77 
(Glavinic et al., 

2019) ABPV_R CTTGAGTTTGCGGTGTTCCT 9208-9227 

ARV-1 
ARV-1_F ATGAGGCTTGGAGACACAGC 

100 
13955-13974 

1.86 (Norton et al., 2020) 
ARV-1_R GGAGCTTTCCTGAGGACACG 14035-14054 

ARV-2 
ARV-2_F CTAAACCCCACCTGTCTGCC 

150 
11416-11435 

1.90 (Norton et al., 2020) 
ARV-2_R ATTGAGCACTGGAGCGTTGG 11564-11565 

BQCV 
BQCV_qPCR_F AGGTTTACGCTCCAAGATCG 

112 
5735-5754 

1.73 
Remnant et al. 

(2019) BQCV_qPCR_R TTTGTTCAGCAGGTAAATTGTTC 5824-5846 

BMLV BeeMLV-F ATCCCTTTTCAGTTCGCT  142 
5625-5642 

1.76 
(de Miranda et al., 

2015) BeeMLV-949R CGAGCACGGCCTCAAGAG  5749-5766 

CBPV 
qF1818 CAACCTGCCTCAACACAG   

296 
1801-1818 

- (Locke et al., 2012) 
qB2077 AATCTGGCAAGGTTGACTGG 2077-2096 

DWV-

A 
DWV_F TACTAGTGCTGGTTTTCCTTT 

155 
8626-8646 

1.91 

Kevill et al. (2017) 

DWV-A_R CTCATTAACTGTGTCGTTGAT 8781-8761 

DWV-

B 
DWV_F TACTAGTGCTGGTTTTCCTTT 

155 
8599-8619 

1.92 
DWV-B_R CTCATTAACTGAGTTGTTGTC 8754-8735 

DWV-

C 
DWV_F TACTAGTGCTGGTTTTCCTTT 

152 
8617-8636 

- 
DWV-C_R ATAAGTTGCGTGGTTGAC 8751-8768 

IAPV IAPV_F_7762 GCAGCTATTTTTGGCTGGTC 
114 

7761-7780 
- 

(Daughenbaugh et 

al., 2015) IAPV_R_7876 CCAATGTACGCTCATATCG 7856-7875 

KBV 
KBV_F TGAACGTCGACCTATTGAAAAA 

127 
5408-5492 

- 
(vanEngelsdorp et 

al., 2009) KBV_R TCGATTTTCCATCAAATGAGC 5514-5534 

LSV 
LSV_F TCATCCCAAGAGAACCAC 

114 
2108-2125 

1.73 
(D'Alvise et al., 

2019) LSV_R GCATGGAAGAGAGTAGGTA 2203-2221 

SBV 
SBV_ qPCR_F CGAGGAGGGAAAAACTACGC 

115 
2202-2221 

- 
Remnant et al. 

(2019) SBV_ qPCR_R GTGGCTTAACTGGATCATAGCC 2295-2316 

SBPV 
F3177 GCGCTTTAGTTCAATTGCC 

226 
3159-3177 

- (Locke et al., 2012) 
B3363 ATTATAGGACGTGAAAATATAC 3363-3384 

Actin 
Actin_F TGCCAACACTGTCCTTTCTG 

155 
3307-3326 

1.70 
Scharlaken et al. 

(2008) Actin_R AGAATTGACCCACCAATCCA 3443-3462 
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