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ABSTRACT

Honey bees are important pollinators of fruit, nut, and vegetable crops that constitute a
large proportion of the human diet. Unfortunately, annual honey bee colony losses are high,
averaging 38% from 2008-2018 in the United States. Honey bee colony losses are attributed to
multiple factors, including pathogens and chemical exposure. Virus incidence and abundance have
been associated with colony losses. The majority of honey bee viruses are positive-sense single
stranded RNA viruses. Honey bees antiviral defense include RNA interference (RNA1), a double-
stranded RNA (dsRNA) triggered sequence-specific post-transcriptional silencing mechanism and
a non-sequence specific dsRNA-triggered pathway. In addition, signal transduction cascades
include the Toll, Imd, and Jak/STAT pathways that promote the expression of honey bee immune
response genes that are also induced in response to virus infections. To investigate the impact of
chemical exposure on honey bee immune responses and virus infections, we infected bees with a
panel of viruses including two model viruses (i.e., Flock House virus (FHV) and Sindbis-GFP)
and a naturally infecting honey bee virus, deformed wing virus (DWV) and fed them sucrose syrup
containing either thyme oil, a beekeeper applied fungicide Fumagilin-B®, or the insecticide
clothianidin. We determined that bees fed thyme oil augmented sucrose syrup exhibited greater
expression of key immune genes, i.e., ago2, dcr-like, abaecin, hymenoptaecin, and vitellogenin
and reduced virus abundance compared to virus-infected bees fed sucrose syrup. Whereas, virus-
infected honey bees fed diets containing fumagillin or clothianidin exhibited reduced expression
of key immune genes and higher virus abundance suggesting that chemical stressors act as
immunosuppressors in honey bees. To understand the interplay of viruses and host cell gene
expression more precisely, we cultured primary honey bee cells derived from larvae (i.e.,
hemocytes, immune cells) or pupae (i.e., mixed cell population including epithelial cells,
adipocytes, muscle cells, hemocytes) and demonstrated that these cells supported replication of
sacbrood virus, DWV, and FHV. Expression of select immune genes, including bap!, ago2, and
dcr-like, in virus-infected honey bee cells was similar to expression in individual bees and varied
for each virus. Together, these data further our understanding of the honey bee antiviral defense
network and provide new tools for studying honey bee host-virus interactions.
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CHAPTER ONE

INTRODUCTION TO HONEY BEE HOST-VIRUS INTERACTIONS

Impact Of Virus Infection on Honey Bee Health

Western honey bees (Apis mellifera) are eusocial insects in the order Hymenoptera which
comprises wasps, ants, sawflies, and bees with over 150,000 described species (1). Honey bees
typically live in colonies that consist of about 35,000 individuals, usually in hollowed out tree
cavities in the wild, or are maintained by beekeepers in Langstroth hives, which are portable boxes
with extractable frames that support honey combs and facilitate colony inspection. Each colony
consists of one reproductive female bee (queen), hundreds of male bees (drones), and thousands
of non-reproductive female worker bees. Honey bees are generalist pollinators that are amenable
to management, and therefore commercial beekeepers maintain honey bee colonies which they
transport to pollinate a wide variety of fruit, nut, and vegetable crops (2-4). Bee pollination is
crucial to global food production, and pollination services are valued at $14.6 billion annually in
the United States (US) (3, 5). Unfortunately, US beekeeping operations have recently experienced
high annual colony losses (i.e., averaging 38% from 2008-2018), compared to historic levels of
12-15% annual losses (6-12).

Honey bee health is threatened by multiple biotic and abiotic factors including insecticides,
fungicides, lack of quality forage (i.e., nutritional resources), the Varroa destructor mite, and
pathogens (reviewed in (13-15)). The largest group of honey bee infecting pathogens are viruses,
specifically positive-sense single-strand RNA viruses (+ssRNA) including members of the

Dicistroviridae family (e.g., Israeli acute paralysis virus (IAPV), Kashmir bee virus (KBV), acute
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bee paralysis virus (ABPV), and black queen cell virus (BQCV)), the Iflaviridae family (e.g.,
deformed wing virus (DWYV), sacbrood virus (SBV)), chronic bee paralysis virus (CBPV), and the
Lake Sinai viruses (LSVs) (reviewed in (13, 16, 17)). The advent of high throughput sequencing
has led to the discovery of honey bee infecting viruses with negative-sense RNA genomes and
enveloped virions (18-20). Honey bee virus transmission occurs horizontally via trophallaxis
(mouth-to-mouth food transfer), close contact among ~30,000 bees in the colony, the ectoparasitic
mite Varroa destructor, which feeds on developing and adult bees, and vertically from queen to
eggs and via drone semen, and in turn offspring (16, 21-23). Viruses can either cause death,
symptomatic infections that include deformity and/or paralysis, or asymptomatic infections
(reviewed in (16, 17)) (24, 25). The outcome of virus infection is largely dependent on the honey

bee hosts’ ability to limit virus infections by eliciting a strong antiviral response.

Honey Bee Antiviral Defense Mechanisms

Honey bee immune mechanisms include the Toll and Imd (Immune Deficiency) pathways
that are mediated by NF-kB (Nuclear Factor kB) transcription factor homologues (i.e., Dorsal and
Relish, respectively), and eicosanoid signaling, JAK/STAT (Janus Kinase/Signal Transducer and
Activator of Transcription), JNK (c-Jun N-terminal kinase), MAPK (Mitogen-Activated Protein
Kinases) pathways (26-30). Honey bee antiviral defense also includes double-stranded RNA
(dsRNA) triggered pathways, since dsSRNAs are a typical product of virus replication and are
recognized as “non-self” by dsRNA binding proteins (31-33). The sequence-specific RNAi
mediated response is triggered by Dicer recognition and cleavage of long double stranded dsSRNA
molecules which results in production of small interfering RNAs (siRNAs) that are 21-22

nucleotides in length (34, 35). These siRNAs are loaded onto the RNA induced silencing complex
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(RISC); the passenger strand is released while the guide strand is retained for Argonaute-2 (Ago2)
mediated gene silencing (36-38). The RISC complex surveils the cell, binds and degrades
complimentary sequences, which limits virus replication in a sequence specific manner (39, 40).
In addition to the RNAi pathway, honey bees and bumble bees antiviral defense includes a non-
sequence specific dSRNA-triggered response that is less well characterized (32, 41).

Studies aimed at better understanding honey bee immune defense networks have utilized
naturally infected honey bee samples, or experimentally infected honey bees with virus stocks
obtained from naturally infected bees which may result in mixed virus stocks (42, 43). In addition,
the use of model viruses is important to investigate host defense mechanisms more precisely on
encounter with a virus that has been extensively studied, easy to propagate in the lab and infect a
wide host range including honey bees, fruit flies, and mosquitos, enabling comparative
immunological studies. Sindbis virus tagged with green florescence protein (SINV-GFP) and
Flock House virus (FHV) have been previously utilized to study the honey bee, fruit fly, and
mosquito antiviral immune response (32, 41, 43-46). Their similarity to naturally infecting honey
bee viruses in terms of genome structure and size make them an attractive alternative to utilize in
studying the honey bee antiviral pathways (49, 50). In addition, the use of model virus system such
as FHV circumvents the problem of analyzing data with varying levels of pre-existing or
confounding infections since FHV does not naturally infect honey bees. However, a limitation of
using FHV is that it has not naturally evolved with honey bees and thus, may not induce the virus-
specific immune responses that occur in response to co-evolved viruses. Thus, it is important to
carry out experiments using a panel of viruses, including naturally infecting honey bee viruses and

model insect viruses, to gain insights into the antiviral immune responses and evaluate the host
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immune response for specific virus-host pairs. Previous studies demonstrated that FHV can
successfully establish infection in honey bees, suggesting that FHV can be utilized as a model
virus to further understand the impact of virus infection and the interplay between viruses and
other stressors on overall bee health (44, 46).

Honey bees are exposed to multiple chemicals within the hive, as well as outside the
hive while foraging for nectar and pollen (51-56). These chemicals may positively or negatively
impact bee health. For instance, plant derived phytochemicals including thymol and p-coumaric
acid have been shown to prime the honey bee immune system and reduce levels of honey bee
pathogens including Crithidia bombi, Nosema ceranae, and DWV, increase the expression of
antimicrobial peptides such as defensin and abaecin, and increase longevity (23, 57-60). In
addition to phytochemicals, honey bees are exposed to neonicotinoid insecticides such as
clothianidin sprayed by growers for crop pest control (52, 53, 61, 62). Although, honey bees are
not the target insects, bees come in contact with insecticides via consumption of contaminated
pollen or nectar or via direct contact with spray droplets. Clothianidin is highly toxic to honey
bees, with a median lethal dose (LDso) of 3 ppb for oral exposure and 22 ppb for contact exposure
(63-65). Detectable levels of clothianidin (0.3- 5.4 ppb) persist in hive products including pollen
and honey (52, 66-69). Sublethal doses of clothianidin have been shown to negatively affect honey
bee immunity, grooming and hygienic behavior, neural gene expression, flight activity and homing
behavior (70-75). Furthermore, honey bees exposed to pesticides including chlorpyrifos,
thiamethoxam, thiacloprid, and clothianidin have greater viral loads, indicating that chemical
exposure in conjunction with virus infection have a negative synergistic impact (61, 76-79). Honey

bees are also exposed to chemicals utilized by beekeepers to mitigate honey bee pathogens.
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Specifically, beekeepers treat microsporidial infections such as Nosema ceranae and Nosema apis
with fumagillin dicyclohexyl ammonium (i.e., Fumagilin-B®), a compound derived from
Aspergillus fumigatus (80). While fumagillin is generally considered safe for honey bee colonies,
and that potential negative impacts may be negligible in comparison to nosemosis, there are reports
of higher mortality in honey bee queens and workers fed fumagillin containing sucrose syrup. The
impact of fumagillin exposure on virus infected honey bees is not well understood. Thus, it is
important to investigate the impact of multiple, simultaneous biotic and abiotic stressors and how

their interactions may impact bee health and longevity.

Investigating honey bee host-virus interactions using primary honey bee cell cultures

The use of cell cultures is instrumental to virology, since they facilitate mechanistic studies.
Immortalized cell lines have been utilized to study host pathogen interactions since they are easy
to manipulate, well characterized, proliferate indefinitely, and are cost effective. Unfortunately,
there are no widely utilized immortalized honey bee cell lines. Although, one immortalized honey
bee cell line (i.e., AmE-711) was established from embryonic tissue, has been useful to the
examination of honey bee host-virus interactions (43, 81). It is slow-growing, difficult to maintain
in the laboratory and it is persistently infected with deformed wing virus (DWV). In addition, it is
likely that the immune responses elicited by the embryonic tissue derived cells would not
completely recapitulate responses of other cells, including, hemocytes which are the primary insect
immune cells. In addition to the limited number of studies utilizing AmE-711 cells, some studies
utilized primary cells derived from honey bee pupal tissues, which include a range of cell types

(e.g., epithelial, fibroblast, and muscle cells) (82, 83). However, depending on the question, the
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use of cell cultures derived from a single tissue may be required. Further development of honey

bee cell culture techniques is instrumental to understanding host—virus interactions.

Hypotheses and Project Summaries

Intellectual Merit

Honey bees (4pis melifera) are exposed to multiple stressors, including agrochemicals and
pathogens, including viruses. Honey bee virus infections may remain asymptomatic, or cause
symptoms including paralysis, or result in death. The outcome of virus infection is governed by
host immune responses, which are governed by genetics and impacted by environmental factors,
including phytochemical and agrochemical exposure. To better understand recent honey bee
colony losses, it is important to better understand honey bee host-virus interactions, particularly
the antiviral responses that limit virus infection. Honey bee virology is challenging due to the
limited number of tools, and natural experimental models currently available. Therefore, the
development and use of model insect viruses to investigate honey bee antiviral defense will
advance our understanding and facilitate comparison in other insects (i.e., fruit flies and
mosquitoes). In addition to investigations at the individual bee level, better understanding of honey
bee immune responses at the cellular level will enable researchers to answer basic virology
questions and in turn help elucidate novel honey bee antiviral defense pathways. In the long term,
better understanding of honey bee host — virus interactions, may lead to the development of

strategies that mitigate virus-associated honey bee colony losses.



Hypothesis Chapter 3

Chemical stimulants and stressors will impact honey bee immune gene expression and, in turn, the
outcome of virus infection.

Research aims Chapter 3

Aim 1. Investigate the impact of thyme oil, fumagillin, and clothianidin on the outcome of
virus infection in honey bees. Honey bees were infected with a panel of RNA viruses (FHV,
SINV, DWV) and fed with sucrose syrup containing (a) thyme oil, a potential immune stimulant,
(b) fumagillin, a beekeeper applied fungicide, or (c) clothianidin, a grower-applied insecticide.
Virus abundance was lower in honey bees fed thyme oil augmented sucrose syrup, whereas bees
fed fumagillin or clothianidin containing sucrose syrup generally harbored higher viral loads than
virus-infected bees fed sucrose syrup only.

Aim 2. Evaluate the transcriptional regulation of immune genes in response to chemical
containing diets. To investigate whether the changes in virus abundance were reflective of
modulations in immune gene expression, the expression of eight immune genes was assessed. The
expression of key immune genes, namely dcr, ago2, abaecin, hymenoptaecin, and vitellogenin was
higher in virus-infected bees fed thyme oil augmented sucrose syrup. Conversely, the expression
of these genes was lower in virus-infected honey bees fed sucrose syrup containing fumagillin or
clothianidin. Together, these results suggest that thyme oil acts an immunostimulant that results in
greater expression of immune genes and lower virus loads, whereas fumagillin and clothianidin

suppress immune gene expression, which results in more severe virus infections.



Hypothesis Chapter 4

Primary honey bee cell cultures will support virus replication and recapitulate some of the virus-
specific immune responses identified in individual bees, as well as provide more detail on cell-
type specific immune function.

Research aims Chapter 4

Aim 1. Evaluate whether primary honey bee cell cultures support virus replication. Primary
honey bee cell cultures were established from honey bee larvae or pupae and were infected with
naturally occurring, bee-infecting viruses (i.e., SBV or DWV) or the insect model virus, FHV.
Quantitative PCR and negative strand-specific PCR demonstrated that cultured honey bee cells
supported replication of SBV, DWV, and FHV. The production of infectious virions was

confirmed by passaging virus from infected cells to naive cells.

Aim 2. Evaluate the expression of immune genes in response to virus infection in culture
primary cells. The expression levels of honey bee immune genes (i.e., bapi, ago2, and dcr-like
were quantified in larval hemocyte cultures and mixed-cell cultures derived from pupae using
qPCR. A virus specific immune response was exhibited by these cells in response to SBV, DWV,
and FHV infection which recapitulated some of the virus-specific immune responses in adult

honey bees.

Hypothesis Chapter 5

Adult honey bees will support Flock House virus replication and modulate the expression of key

immune genes.



Research aims Chapter 5

Aim 1. Verify the ability of Flock House virus (FHV) to establish infection in honey bees. To
verify whether adult honey bees support FHV infection, one-day old honey bees were inoculated
with 3.5 x 108 RNA copies/bee FHV via intrathoracic injection. Quantitative PCR analyses
determined that FHV abundance increases over time. The viral replicative intermediate was
detected using negative strand specific PCR.

Aim 2. Assess the transcriptional regulation of honey bee immune genes in response to FHV
infection. Quantitative PCR was used to measure the differential expression of six honey bee
immune genes, bee antiviral protein-1, vitellogenin, dicer-like, argonaute-2, heat shock protein
90, and lethal(2)essential for life like in FHV-infected honey bees relative to buffer-infected bees.
The expression of key RNAi genes (dcr and ago-2) and heat shock protein encoding genes (4sp90
and pl2) was higher in FHV-infected bees compared to mock-infected bees. These results describe
the transcriptional responses to FHV infection in honey bees.

Aim 3. Confirm the role of dcr and ago2 in FHV-infected honey bees via RNAi-mediated
gene knockdown. The expression of key RNAIi genes dcr and ago2 was reduced by co-injecting
honey bees with FHV and gene specific dSRNA. Reduced expression of either dcr or ago2 in FHV-
infected honey bees did not impact the virus abundance compared to bees infected with FHV only
or bees co-injected with FHV and ns-dsRNA in one experimental replicate. A potential explanation
for these results that the Flock house virus encoded protein B2, which is an RNAi suppressor
protein, that may limit the role of RNAi in FHV-infected bees. To test this hypothesis, future
studies investigating the role of dcr and ago2 in FHV infection should include the FHV AB2

mutant.
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ABSTRACT

Bees are important plant pollinators in both natural and agricultural ecosystems. Managed and wild
bees have experienced high average annual colony losses, population declines, and local
extinctions in many geographic regions. Multiple factors, including virus infections, impact bee
health and longevity. The majority of bee-infecting viruses are positive-sense single stranded RNA
viruses. Bee-infecting viruses often cause asymptomatic infections but may also cause paralysis,
deformity or death. The severity of infection is governed by bee host immune responses and
influenced by additional biotic and abiotic factors. Herein, we highlight studies that have
contributed to the current understanding of antiviral defense in bees, including the Western honey
bee (4pis mellifera), Eastern honey bee (A4pis cerana), and bumble bee (Bombus spp.). Bee

antiviral defense mechanisms include RNA interference (RNAi), endocytosis, melanization,
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encapsulation, autophagy, and conserved immune pathways including Jak/STAT (Janus
kinase/signal transducer and activator of transcription), JNK (c-Jun N-terminal kinase), MAPK
(mitogen-activated protein kinases), and the NF-kB mediated Toll and Imd (immune deficiency)
pathways. Studies in Dipteran insects, including the model organism Drosophila melanogaster
and pathogen-transmitting mosquitos, provide the framework for understanding bee antiviral
defense. However, there are notable differences such as the more prominent role of a non-sequence
specific, dsSRNA-triggered, virus limiting response in honey bees and bumble bees. This virus-
limiting response in bees is akin to pathways in a range of organisms including other invertebrates
(i.e., oysters, shrimp, and sand flies), as well as the mammalian interferon response. Current and
future research aimed at elucidating bee antiviral defense mechanisms may lead to development
of strategies that mitigate bee losses, while expanding our understanding of insect antiviral defense

and the potential evolutionary relationship between sociality and immune function.

INTRODUCTION

Bees — Hymenopteran insects that play an important ecological role as plant pollinators

There are over 4,000 bee species in the order Hymenoptera, including those that are social or
solitary, native or introduced, managed or wild [1]. Bees are important pollinators of plant species,
including agricultural crops (e.g., almonds, apples, cherries, squash, tomatoes) and ecologically
important plants. In the United States honey bee pollination is valued at 14.6 billion annually [2],

and insect pollination worldwide is valued at $175 billion annually [3]. Due to their abundance
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and economic importance, most of the research on bee host — virus interactions has focused on

honey bees.

Western honey bees (4pis mellifera) are eusocial, cavity nesting bees that are native to Europe,
Africa, and the Middle East; they were introduced into North America in the late 1600s [4-6]. The
eastern honey bee (4pis cerana) is a related, but distinct species endemic to Asia, and detected in
Australia in 2007 [7, 8]. Honey bee colonies consist of approximately 35,000 individual bees,
including sterile female workers, a few hundred male bees (called drones), and a single
reproductive female queen bee [9]. Honey bee colonies typically survive multiple years, while the
longevity of individual worker bees depends on their cast (i.e., from six weeks to four months for
worker bees, approximately eight weeks for drones, and several years for queen bees [9]). The
majority of the approximately 2.5 million honey bee colonies in the United States (US) are
managed by professional beekeepers and are involved in pollinating the almond crop, which is the
largest pollination event in the world [10, 11]. Since 2006, US beekeeping operations have suffered
approximately 33% annual losses, which is an increase from historic levels of approximately 12-
15% [10, 12-17]. Many biotic and abiotic factors contribute to these losses, including pathogenic
infections, mite infestation levels, agrochemical-exposure, management, and lack of quality forage
and habitat (reviewed in [18-24]). Viruses, including Deformed wing virus (DWYV), are one of the

factors that contribute to individual bee and colony deaths.

Bumble bees, including Bombus terrestris and Bombus impatiens, are also important agricultural

pollinators of crops such as tomatoes and peppers, as well as blueberries and other ecologically
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important plant species [25]. Bumble bees are ground nesting bees that live in small annual
colonies with distinct solitary and social life cycle phases [26]. Unlike honey bees, bumble bees
(B. terrestris) rear one generation per year [27]. This means that the queen survives one year, and
her reproductive daughters (gynes) start new colonies in the spring after an overwinter period of
torpor (called diapause) [28, 29]. There are numerous species of bumble bees, some of which have
suffered high losses and local extinctions that are partially attributed to habitat destruction and
fragmentation, chemical-exposure, pathogens, and climate change, [26, 30-37]. The majority of
bumble bee host pathogen research has focused on microsporidia (i.e., Nosema bombi) and
trypanosomatid (i.e., Crithidia bombi) infections [38-42], though there is a growing body of virus
literature, which is featured herein [43-48]. Recent metagenomic sequencing analysis of bumble
bees (i.e., Bombus terrestris, Bombus cryptarum, Bombus pascuorum) obtained from several
locations in Belgium identified several known bee infecting viruses (e.g., BQCV, VDV-1/DWV-
B, DWV), including potentially different strains, as well as numerous new bee-associated viruses
including (+)ssRNA, (-)ssRNA, and dsDNA viruses [49]. Future studies aimed at characterizing
the full genome sequences, virion structure, potential pathogenicity, host-specific antiviral
responses, and inter-tax transmission of these viruses will greatly expand our understanding of bee
virology [49]. Virus infections of social bees, including honey bees and bumble bees, may impact
bee health at the superorganism (i.e., entire colony) and/or individual bee levels. Typically, colony
population size is used as a proxy for colony health, whereas pathogen burden, life span, glandular
protein content, and queen bee fecundity are used as proxies of individual bee health [12, 14, 16,

50-55].
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Solitary bees including alfalfa leaf cutter bees (Megachile rotundata), blue orchard or mason bees
(Osmia lignaria), and many other native and wild bee species are important plant pollinators. Some
are generalist pollinators, whereas others are specialist pollinators that primarily interact with one
or just a few plants (reviewed in [56]). Interestingly, numerous studies indicate that agricultural
systems that include both managed and native and wild bee species have improved crop yield [57-
60]. Less is known about the health of these bees, but in general habitat destruction, pathogenic
infections, lack of quality forage, and agrochemical exposure are detrimental to bee health and
population size (reviewed in [33]). Therefore, strategies that promote bee health including planting
and/or maintaining pollinator forage, maintaining nesting sites (including bare earth for ground
nesting bees), and reduced use of chemicals, particularly insecticides, will benefit all bee species.
Though more research on the impact of viruses on solitary bees is needed, many studies have
shown that these bee species are infected by viruses originally discovered in honey bees [61], as
well as viruses and other parasites that may be unique to particular hosts [49]. For example, high
throughput sequencing of the metatranscriptomes of eight wild bee species including five solitary
bee species (i.e., Andrena cineraria, Osmia bicornis, Osmia cornuta, Andrena fulva, and Andrena
haemorrhoa) in Belgium resulted in strong support for Bee macula-like 2 virus infection of A.
haemorrhoa and detection of several new partial virus genomes including a nege-like virus and a

toti-like virus in 4. haemorrhoa and O. cornuta, respectively [49].

A current focus of bee virus research is investigating intra- and inter- genera transmission of
viruses. Though difficult to investigate, phylogenetic analyses of virus genome sequences obtained

from co-foraging bee hosts have indicated that viruses are bidirectionally transmitted between
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managed and wild bee species [62-65] (reviewed in [66]). Additional studies are required to
determine the extent of virus replication, as opposed to virus prevalence, and pathogenesis across
bee taxa. Inter-genera virus transmission is likely influenced by virus prevalence and abundance
in bee populations, as well as the dynamic composition of bee and forb species in specific
geographic regions. In addition, plant-pollinator networks, and in turn pathogen transmission
between co-foraging bees, are influenced by habitat loss and will likely be influenced by climate
change [31, 37]. Investigating the co-evolutionary history of specific virus-host pairs, host antiviral
immune responses, and viral counter measures in numerous bee species will greatly enhance our

understanding of bee virus ecology.

Bee viruses

In this review we will use the term ‘bee virus’, though insect viruses generally have a broad host
range and ‘bee viruses’ can infect a variety of bee hosts, as well as ants and mites [67-70] (reviewed
in [66]). Because of their role in agriculture, honey bees (Apis mellifera) are the most investigated
bee species, and thus the majority of bee-infecting viruses were discovered in honey bee samples.
Most bee viruses are positive-sense single-stranded RNA viruses with approximately 30 nm
diameter icosahedral capsids. These include Dicistroviruses (black queen cell virus (BQCV),
Israeli acute paralysis virus (IAPV)), Iflaviruses (deformed wing virus (DWYV), sacbrood virus
(SBV), slow bee paralysis virus (SBPV)), and yet-to-be taxonomically classified viruses including
chronic bee paralysis virus (CBPV) and the Lake Sinai virus (LSV) group (reviewed in [68, 70,
71]. Recent sequencing efforts have discovered new bee viruses from additional families (reviewed

in [72]) including viruses with negative-sense RNA genomes and enveloped virions [73]. To date,
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only one bee-infecting DNA virus, Apis mellifera filamentous virus (AmFv), has been described
[74]. For a more thorough review of bee virology, see Grozinger and Flenniken [75] and Chen and

Siede [70].

Bee viruses are transmitted vertically within species and horizontally, both within species and
between different bee genera [62-64, 70]. Horizontal transmission is facilitated by food transfer
(i.e., trophallaxis in social bee) between individual bees within a colony, and between colonies and
bee species via the sharing of floral resources (i.e., nectar and pollen) [9, 62, 76]. Honey bee viruses
are also transmitted within and between honey bee colonies by the ectoparasitic mite Varroa
destructor (i.e., DWV, IAPV, KBV) [77-85]. Several studies suggest that DWV replication in
mites and/or mite-mediated virus transmission impacts the diversity of viral genomes at both a
geographic scale (i.e., mite induced bottleneck of DWYV strains in the Hawaiian Islands [86]), and
at the individual bee level [87, 88]. Poor honey bee colony health is associated with high mite
infestation coupled with deformed wing virus (DWYV) infection [83, 85, 89-93] and the seasonal
dynamics of mite infestation and DWV abundance are strongly correlated [12, 17, 54, 85, 90, 93-
95]. The potential role of parasite-mediated virus transmission is under-explored for other bee

species.

Virus infections in bees are primarily asymptomatic or they may result in deformity, paralysis,
and/or death (reviewed in [70, 89, 96, 97]) [98, 99 , 100]. The extent of viral pathogenesis is
influenced by biotic and abiotic stressors, including the synergistic negative effects of co-infection

with multiple pathogens and/or agrochemical exposure, and governed by co-evolved host-virus
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interactions [37, 101] (reviewed in [75]). The mechanisms of bee antiviral defense, which are
described in greater detail below, include conserved immune pathways (i.e., Jak/STAT (Janus
kinase/signal transducer and activator of transcription), JNK (c-Jun N-terminal kinase), MAPK
(mitogen-activated protein kinases), NF-«xB (i.e., Dorsal / Relish) mediated Toll and Imd pathways,
RNA-trigged responses (i.e., RNA interference (RNAi) and a non-sequence-specific dsSRNA
mediated mechanism), autophagy, endocytosis, and melanization (reviewed in [102, 103]) (Figure
1).

Bee Virology

The epidemiology of bee viruses has not been thoroughly investigated, though there have been
several insightful studies including the German Bee Monitoring Project [90], apiary level
surveillance programs carried out by the US Bee Informed Partnership [12] and the Ministry of
Agriculture in Spain [104], honey bee colony health and virus prevalence and abundance studies
[12-17, 53-55,97, 105-110], and the ongoing Canadian National Honey Bee Health Survey [111].
These and other longitudinal monitoring studies have been instrumental in beginning to define
how honey bee health relates to the prevalence and abundance of viruses, which varies by season,
sampling date, and geographical location [54, 105]. Several studies indicate that at particular times
of the year weak colonies are associated with higher pathogen levels, including IAPV, LSV2,
DWV, Nosema ceranae, and mites [12-16, 53-55, 90, 95, 97, 106, 109, 110, 112-114], though
additional monitoring efforts are required to determine impacts of virus infection at the colony

level.
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To examine the impact of viruses on individual bees, Bailey, Ball, and others used semi-purified
viruses from infected bees/pupae to catalogue the symptoms associated with particular viruses [70,
115, 116]. Symptomatic virus infections in honey bees include a “hairless” or “greasy” phenotype
associated with CBPV, wing deformity and shortened or bloated abdomens caused by DWYV,
paralysis associated with IAPV and ABPV [117] and complications with larval development due
to SBV and BQCYV infections [70]. In addition, asymptomatic or covert infections may cause more
subtle symptoms, such as the precocious foraging behavior and reduced lifespan associated with
DWV-infections [118]. To date, only two infectious bee virus clones, BQCV [119] and DWV
[120] have been described, and only the DWYV clone is currently available. Bee cell culture
includes the use of primary cells obtained from embryos, larvae, and adults for short-term studies
and a single immortalized cell line [121], which can be difficult to maintain [122]. Therefore, most
bee virus research is carried out using viruses isolated from both naturally and experimentally
infected bees and/or bee pupae [115]. Isolating viruses from naturally infected bees typically
includes several co-purified viruses [115, 122, 123], though nearly pure virus isolates have been
obtained (e.g., LSV2 [112]). Likewise, propagation of DWV and IAPV in pupae has resulted in
relatively pure virus preparations [97, 124-126]. The lack of infectious clones and robust cell
culture models has made investigating bee viruses challenging, but the use of model viruses,
including Sindbis-GFP [127, 128] and Flock house virus (FHV) [129], and semi-purified virus
inocula in individual bee and cultured cell experiments has provided insight into the mechanisms

of antiviral defense [61, 122, 127-130].
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The genomes of several bee species including Apis mellifera [131], Apis cerana [7], Bombus
terrestris, Bombus impatiens [132], and Megachile rotundata have been sequenced and partially
annotated [133]. Genomic information facilitates the use of molecular techniques (e.g., high
through-put sequencing, qRT-PCR, cloning, and RNA interference-mediated gene knock down)

to investigate and understand bee host — virus interactions at both the colony and individual levels.

BEE ANTIVIRAL DEFENSE

Bee antiviral defense mechanisms include dsRNA-triggered responses, hemocyte-mediated
mechanisms (e.g., endocytosis, melanization, and encapsulation), and conserved pathways
including JAK/STAT, JNK, MAPK, and the NF-kB mediated Toll and Imd pathways (reviewed

in [102, 103]) (Figure 1).

Signal transduction cascades regulate the expression of genes, including those that are likely
involved in limiting honey bee virus infections (reviewed in [102, 131]), though very few studies
have characterized the role of potential antiviral effector proteins in bees [85, 127, 129]. Gene
function in bees is largely based on the roles of orthologous genes in model organisms, including
Drosophila melanogaster [134-140] and mosquitos [141, 142]. For example, Drosophila
melanogaster encodes three NF-kB transcription factors (i.e., relish, dif, and dorsal) which are
involved in promoting the expression of specific antimicrobial peptides (AMPs) [137, 143]. Honey
bees have two major NF-kB like transcription factors (i.e., dorsal and relish) involved in the Toll
and Imd pathways, respectively. Honey bees lack dif, but encode two dorsal homologues (i.e.,

dorsal-1 and dorsal-2) and there are two isoforms of dorsal-1 (i.e., 1A and 1B) [144]. Toll and
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Imd pathway activation increases expression of defensin-1, a Hymenoptera-specific AMP
hymenoptaecin, and both pathways govern expression of abaecin [144-146]. The roles of AMPs
in host defense are best characterized in the context of bacterial and fungal infections where these
cationic peptides act by disrupting pathogen cell membranes/walls [143, 145, 147]. The function
of AMPs in virus infection is not yet known, though they serve as hallmarks of immune pathway

activation [145, 148, 149].

There are several reports on the transcriptional level perturbations associated with virus infection
and/or mite infestation of honey bees [87, 93, 97, 126-128, 150-153]. Even though these studies
vary in terms of virus, infection route, inoculated versus field-acquired infections, bee age, sample
date, and whether the presence of co-occurring infections were or were not examined, there were
some general trends observed including increased expression of several AMPs (i.e., apidaecin,
hymenoptaecin, abaecin, lysozyme, and defensins), immune genes (e.g., peptidoglycan recognition
protein (PGRP)-S2, TEPs, prophenoloxidase, eater), transcription factors, components of the
RNAI1 machinery (i.e., dicer and argonaute-2), and differential expression of genes involved in
metabolic pathways and cellular differentiation [87, 93, 97, 126-128, 150, 152, 153]. Several
studies determined that protein lethal(2)essential for life-like, which encodes a protein in the small
heat shock protein (Hsp20) family was differentially expressed in virus-infected bees [127]. The
differential expression of this and other Hsp family proteins in virus-infected bees is intriguing,
since the heat shock response is an important antiviral response in Drosophila melanogaster [154,

155] and Anopheles gambiae [156].
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Figure 1. Honey Bee Immune Pathways - Highlighting Genes Implicated in Antiviral
Immune Responses.

The honey bee genome encodes major members of insect immune pathways including:
Jak/STAT (Janus kinase/Signal Transducer and Activator of Transcription); RNAi (RNA
interference); Toll via NF-[1B (Nuclear Factor [1B/Dorsal); Imd (Immune deficiency) via NF-
"1B /Relish; JNK (c-Jun N-terminal kinase); and MAPK (Mitogen-Activated Protein Kinases), as
well as orthologs of genes involved in the heat shock response (Hsp), autophagy, eicosanoid
biosynthesis, endocytosis, melanization, and prophenoloxidase (PPO) response. Bold text
indicates genes and proteins differentially expressed in virus-infected honey bees and/or bumble
bees. The first step in immune activation is host recognition of pathogen-associated molecular
patterns (PAMPs) including viral dsRNA, bacterial peptidoglycans, and fungal [I-glucans. In
general, the Toll pathway is involved in defense against Gram(+) bacteria and fungi and the Imd
pathway is activated by Gram(-) bacteria, but specific host-pathogen interactions are unique.
This is particularly true for host — virus interactions since data from fruit-flies, mosquitoes, and
honey bees indicate differential activation of immune genes and pathways. The Jak/STAT
pathway is activated via ligand binding to the Domeless receptor; while Drosophila



31

melanogaster (Dm) express Domeless ligands (unpaired, upd, upd2, and upd3), a honey bee upd
ortholog has not been identified. Following Domeless-ligand binding, Hopscotch Janus kinases
are transphosphorylated, leading to phosphorylation and dimerization of STAT92E-like proteins.
Activated STATs transcriptionally regulate antimicrobial effectors TEP7 (Thioester-containing
protein 7), TEPA, TEPB, and the Jak/STAT inhibitor SOCS (Suppressor of Cytokine Signaling).
The honey bee genome also encodes for D-PIAS (Protein Inhibitor of Activated STAT), another
inhibitor of the Jak/STAT pathway. The RNAi-pathway is initiated by DmDicer-2 cleavage of
viral dsRNA into 21-22 bp siRNAs; AmDicer-like shares ~30% aa identity with DmDicer-2. The
siRNAs are then loaded into Ago2 (Argonaute-2), the catalytic component of the RISC (RNA
Induced Silencing Complex). A single strand of the siRNA is retained in the RISC and used to
specifically target cognate viral genome sequences for cleavage. In addition, DmDicer-2 serves
as a dsRNA sensor that mediates a signal transduction cascade resulting in increased expression
of DmVago, which suppresses viral replication. AmDicer-like may serve as a dsRNA sensor, as
honey bees have a vago ortholog which is up-regulated in DWV-infected honey bees, but not
Sindbis-GFP-infected honey bees. In B. terrestris, Vago limits viral infection in fat bodies in a
Dicer-dependent manner. Though the mechanism(s) of non-specific dsSRNA-mediated antiviral
responses in bees require additional characterization, a putative serine/threonine cyclin-
dependent kinase (MF 116383) is involved in this virus-limiting response in honey bees.
Additionally, several members of the heat shock protein family exhibit increased expression in
Sindbis-GFP infected honey bees (i.e., hsp90, activator of hsp90, 60 kda hsp, 10 kda hsp, hsp83-
like, hsc70-4 and hsf5), while dsSRNA alone resulted in increased expression of 4sp90. The Toll
pathway is activated by a family of pathogen recognition receptors (PRRs) (e.g., peptidoglycan
receptor proteins (PGRPs) and Gram(-) binding proteins) that bind fungal and bacterial PAMPs.
The Toll pathway is activated in some insect host-virus combinations, although the activation
mechanism is unknown. Following PAMP binding, a serine protease cascade results in cleavage
of pro-Spaetzle into mature Spaetzle. The honey bee genome encodes two putative spaetzle
orthologs, which bind the membrane-anchored Toll receptor. Toll dimerization results in the
recruitment of dMyD88, Tube, and Pelle. Pelle is likely involved in degradation of NF-[/B
inhibitors (e.g., Cactus-1, Cactus-2, Cactus-3), resulting in the release of transcription factors
Dorsal-1A and Dorsal-1B. Nuclear translocation of Dorsal results in increased expression of
antimicrobial peptides (AMPs) and Amel\102. The Imd pathway is activated by Peptidoglycan
recognition protein LC (PGRP-LC) binding to diaminopimelic-containing peptidoglycan of
Gram(-) bacteria, followed by activation of the adaptor protein Immune deficiency (Imd), Relish
phosphorylation by the IKK complex (IxB kinase), and cleavage of Relish by the caspase Dredd
(Death-related ced-3/Nedd2-like). Relish transcriptionally regulates expression of AMPs and
other genes involved in antimicrobial defense. The JNK pathway is also activated by TAK
(Transforming growth factor-activated kinase 1) and TAB2/3 (TAK binding protein 2 and 3),
resulting in AMP expression and/or apoptosis. In Drosophila, binding of vesicular stomatitis
virus to the Toll-7 receptor promotes autophagy, likely by inhibiting the PI13/Akt/Tor
(phosphatidylinositol 3-kinase / Protein kinase B / Target of rapamycin) pathway which
suppresses autophagy. The honey bee genome encodes for one gene in the Toll-7/2 clade, 18-
wheeler (am18w), which shares ~49% aa identity with DmToll-7 and ~45% aa identity with
DmToll-2. The role of the Am18w protein in antiviral defense and autophagy in honey bees is
unknown. In insects, Eicosanoid biosynthesis begins with the induction of PLA2
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(Phospholipase 2) from signal cascades downstream of viral, fungal, or bacterial PAMP
recognition. Activated PLA2 hydrolyzes arachidonic acid (AA) from cellular phospholipids.
Eicosonoid production likely occurs via oxidation of AA by an unidentified enzyme. Eicosanoids
are critical for nodulation and aid in phagocytosis, micro-aggregation, adhesion, and release of
prophenoloxidase (PPO) from hemocytes. Experimental evidence also suggests endocytosis,

melanization, and MAPK pathways are involved in honey bee antiviral defense. Adapted with
permission from Brutscher, et al. Current Opinion in Insect Science, 2015 [102].

Deformed wing virus infection of honey bees (Apis mellifera) is the most thoroughly examined
virus-bee host pair [85, 89]. Deformed wing virus infects both honey bee larvae and adults, and
high DWYV infection levels of larvae results in wing deformity in adulthood [85, 87, 118, 157,
158]. Investigation of DWV pathogenesis is complicated by the synergistic negative effects of both
Varroa destructor mite parasitization and mite-mediated virus transmission, as well as impairment
of the antiviral NF-kB/Dorsal-1A pathway as a result of exposure to neonicotinoid insecticides
(i.e., clothianidin and imidacloprid) [101]. The complex interactions between host, virus, vector,
neonicotinoid exposure, and nutritional status, at both the individual bee and colony levels, were
reviewed in this issue of Viruses by Nazzi and Pennacchio [159]. Together, several studies have
demonstrated the key role of the NF-kB/Dorsal-1A pathway in limiting virus infection, including
studies that determined that reduced expression of dorsal-14, both experimentally and naturally,
favored virus proliferation [93]. Furthermore, the NF-kB /Dorsal-1A pathway regulates the
expression of Amel\102, which is an immune gene likely involved in melanization and
encapsulation; Amel\102 expression is reduced in DWV-infected bees [85, 151]. Mite infestation
and DWYV levels are often correlated, though the immune response varies [87, 93, 151, 160]. For
example, when mite infested bees have low DWYV levels the expression of genes in the Toll
pathway are increased, whereas high DWYV levels are associated with differential expression of

genes in the JNK pathway [151]. In addition, RNAI is involved in controlling DWV infection, as
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evidenced by the production of viral siRNAs in DWV-infected bees [87, 161] and increased
cytopathology and DWYV abundance in a persistently infected cell line after treatment with a potent
RNAI inhibitor (CrPV-1A protein) [122]. Furthermore, and as described below, experimental
introduction of DWV-targeting dSRNA reduced DWV abundance and DWV-associated mortality

of both larvae and adult bees [87, 162].

Nutritional status and metabolism also influence the outcome of virus infections in honey bees.
Several transcriptome studies of virus-infected bees identified differential expression of genes
involved in metabolic processes and bees fed higher quality diets had lower virus loads [97, 126,
127, 151]. In addition, recent studies demonstrated that Katp channels, which respond to metabolic
changes in the cell (e.g., the relative levels of ATP and ADP) play a role in limiting viral infection
[129]. Specifically, bees fed a Katp agonist prior to challenge with FHV survived longer and had
reduced virus levels compared to untreated bees or bees fed a Karp antagonist prior to virus
challenge [129]. At least one study in Drosophila melanogaster links metabolic function to
antiviral immunity by suggesting that Katp channels control FHV infection in an RNAi-dependent
manner [163]. Future studies will determine if changes in metabolic function are a result of the
hosts’ antiviral response or an energetic consequence of virus infections, but these results provide
a clear link between honey bee metabolism and antiviral defense. This is striking, given that
naturally infected honey bees, even asymptomatic bees, routinely harbor over one billion virus
genome equivalents per individual [105], covert DWV infections reduce longevity [118], and
honey bee immune gene expression, which is associated with metabolism, varies with season

[153].
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Viral dsRNA-triggered antiviral responses in honey bees and bumble bees, including

sequence-specific RNAi and non-sequence-specific pathways.

During viral replication, most viruses produce long segments of dsRNA (e.g., replication
intermediates of sSRNA viruses and RNA secondary structures in long transcripts of all viruses)
that are recognized as pathogen-associated molecular patterns (PAMPs) by host dSRNA-binding
proteins. Host recognition of viral dsSRNA may result in activation of sequence-specific RNA
interference (RNAi) and/or other antiviral immune pathways (e.g., Jak/STAT, Imd, and JNK)

(reviewed in [102, 135, 136, 142, 164-166]).

Honey bee antiviral RNA interference

RNAL is a post-transcriptional sequence-specific gene silencing mechanism that is involved in
regulating gene expression in most organisms [167, 168]. There are three distinct RNAi pathways
including the microRNA (miRNA), piwi-interacting RNA (piRNA), and short-interfering RNA
(siRNA) pathways (reviewed in [167, 169]). The siRNA pathway is an important antiviral defense
mechanism in plants, fungi, nematodes, and arthropods [141, 167, 169-177]. In brief, cytosolic
virally-produced dsRNA is recognized and cleaved by an endonuclease enzyme Dicer (Dcr) into
21-nucleotide small interfering RNAs (siRNAs). The siRNAs are then loaded into the RNA-
induced silencing complex (RISC) which contains the protein Argonaute-2 (Ago2). Once loaded

into RISC, one of the siRNA strands remains associated with Ago2 (i.e., the guide strand), while
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the passenger strand is degraded by Ago2 and the endonuclease C3PO (component 3 promoter of
RISC) [178]. The guide-strand binds to a complementary target single-stranded RNA, leading to
Ago2-mediated cleavage of the target RNA (reviewed in [167]). The antiviral role of RNAi1 was
first reported in solitary insects including Drosophila melanogaster infected with Flock house
virus (FHV) which is a positive-sense single stranded RNA (ssRNA) virus [179]. Later, flies
deficient in ago-2 were shown to be hypersensitive to viral infection [180], further implicating
particular members of the RNAi pathway in antiviral defense. Interestingly, the systemic spread
of a sequence-specific RNAi response to uninfected cells, mediated by a dsSRNA uptake pathway,
was shown to be necessary for an effective antiviral immune response [181, 182]. Recent
Drosophila studies have revealed that hemocytes and transposon-encoded reverse transcriptases

are involved in amplification and systemic spread of siRNA-mediated antiviral defense [183-185].

The role of RNAI in honey bee (Apis mellifera) antiviral defense was demonstrated in laboratory-
based experiments in which bees and/or larvae that were fed virus-specific dSRNA harbored
reduced levels of virus, as compared to controls [128, 162, 186, 187]. Adult bees fed IAPV-specific
dsRNAs had less mortality [187] and lower virus loads [97] post [APV-infection as compared to
bees fed non-sequence specific dSRNA. Likewise, larvae that were fed DWV-specific dsSRNA
prior to inoculation with DWV had a reduced percentage of wing-deformity and lower DWV virus
load than larvae fed non-sequence specific dsSRNA (i.e. dssSRNA-GFP), although survival was not
impacted [162]. The same study determined that adult bees fed dSRNA-DWYV prior to DWV
inoculation had reduced viral loads and increased longevity, compared to DW V-infected bees

[162]. Intriguingly, particularly in the context of later studies described below, adult bees fed
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dsRNA-GFP prior to DWV inoculation also had increased longevity compared to DW V-infected
bees, but the relative abundance of DWV RNA equivalents was similar to DWV-infected bees that
were not fed dsRNA [162]. Together, these laboratory-based studies indicated that siRNAs and/or
dsRNAs may be useful antiviral treatments, though other studies indicated dsRNA had additional
biological impacts on bees [44, 47, 127, 188-191]. A field study in which honey bee colonies were
fed both IAPV-specific dsSRNA (Remebee-IAPV®) and IAPV determined that dsRNA-treated
colonies in one of two locations had larger adult bee populations and produced a greater amount
of honey, than colonies that were only fed IAPV, though virus abundance was not assessed [192].
A more recent, colony level study characterized the siRNAs (21 - 22 nt) produced in bees obtained
from naturally and experimentally IAPV-infected colonies [161]. Interestingly, the majority of
sequenced IAPV-siRNAs corresponded to the negative sense-strand, whereas the viral siRNAs
corresponding to DWV matched both strands [161]. Bee samples from both Colony Collapse
Disorder (CCD)-affected and unaffected colonies contained viral siRNAs, indicating that even in

the context of CCD, honey bees mounted an RNAi-mediated antiviral response [161].

Further support that RNAi plays an important antiviral role in honey bees is that the expression of
dicer-like and ago-2 is higher in virus-infected bees (i.e., IAPV or a model virus Sindbis-GFP), as
compared to mock-infected bees [126, 127]. However, increased transcriptional regulation of the
RNAi machinery was not observed in DWV-infected honey bees [87]. In addition, RNAi-mediated
reduction of honey bee gene expression has become a useful tool to investigate gene function at

different honey bee developmental stages including embryos [193], larvae [194, 195], pupae [144,
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196], and adult bees [101, 127, 197-200], and provides further evidence that honey bee RNAi

machinery is functional.

Honey bee non-sequence-specific dsRNA-mediated antiviral response

While sequence-specific RNAi is an important honey bee antiviral defense mechanism and
experimental gene silencing tool, dsSRNA also triggers a general non-sequence-specific antiviral
response (reviewed in [127, 173]). Initial observations that dSRNA treatment altered honey bee
gene expression in a sequence independent manner were made in the context of targeted gene
knock-down studies [188, 191]. As described previously, dsRNA is a viral PAMP that is likely
recognized by dsRNA recognition proteins, which in turn activate signal transduction cascades
that result in an antiviral transcriptional profile [127, 128]. The first study that demonstrated a non-
specific dsRNA-mediated virus-limiting response in honey bees came from laboratory-based
experiments in which adult honey bees were co-injected with Sindbis-GFP and virus-sequence
specific dsSRNA, non-sequence specific dSRNA, or poly(I:C) (a synthetic analogue of dsSRNA), all
of which reduced viral abundance at 72 hours post infection [128]. Perturbations in honey bee gene
expression in response to either virus or dsSRNA treatment at 72 hours post-inoculation were
identified via microarray analyses compared to mock-infected control [128]. A more
comprehensive examination of dsSRNA-triggered honey bee antiviral defense mechanisms utilized
transcriptome sequencing (RNASeq) to identify differentially expressed genes (DEGs) at 24, 48,
and 72 hours post virus-infection and/or dsSRNA administration [127]. This study determined that

the number of DEGs increased over the course of virus infection and that many genes had unique
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temporal dynamics. Honey bee genes that were differentially expressed in virus-infected and/or
dsRNA treated bees included hopscotch in the Jak-STAT pathway, to/l-10 and tube in the Toll
pathway, pirk and jra in the Imd pathway, antimicrobial peptides (i.e., apidaecinl, hymenoptaecin,
abaecin, and defensin), numerous heat shock response genes, dicer and ago-2, and scavenger
receptor class c, which is involved in dSRNA uptake in Drosophila; most DEGs were functionally
uncharacterized [127]. The virus-limiting functions of two of the identified honey bee antiviral
genes (i.e., dicer, NCBI GenelD 552127) and a probable cyclin-dependent serine/threonine kinase
(NCBI GenBank MF116383) was confirmed in individual bee gene knock-down experiments.
Reduced expression of either dicer or MF116383 resulted in greater virus abundance [127]. In
Drosophila melanogaster Dicer is involved in both specific and non-specific dSRNA responses
including activating expression of the antiviral gene vago [201], though the mechanism of Vago-
mediated virus reduction in Drosophila is not yet known. In mosquitos, Vago is a secreted protein
that limits virus infection by linking the siRNA and Jak/STAT pathways through an unknown
receptor [136, 202, 203]. Vago expression is increased in DWV-infected honey bees [87], though
the neither the signal transduction pathway or transcription factor(s) involved have been identified.
Furthermore, vago is not universally up-regulated in response to virus infection in bees (e.g.,

SINV-GFP, IAPV) [126, 127].

Recognition of non-self virally-produced dsRNA is the first step in activation of an antiviral state
in many organisms. Cytosolically-located dsSRNA recognition proteins include DExD (Asp-Glu-
x-Asp) box helicases, such as Dicer, Retinoic acid-inducible gene I (RIG-I), and Melanoma

differentiation-associated protein-5 (MDA-5), Protein kinase R, and endosomal Toll-like receptor



39
3 in diverse organisms including invertebrates and mammals [44, 47, 201-207]. Though
identification of the honey bee proteins that detect and respond to dsRNA is ongoing, we
hypothesize that further investigation of this non-sequence specific dsSRNA virus limiting response
in honey bees will result in the identification of genes that will have conserved antiviral roles in

other invertebrate and vertebrate organisms.

Bumble bee RNA interference

Bumble bee and honey bee lineages diverged approximately 90 million years ago [208]. Similar
to honey bees, the bumble bee (B. terrestris) RNAi machinery (i.e., ago-2, dicer-2) exhibits
slightly increased expression in the context of virus infection (i.e., APV and SBPV) [44, 190].
Increased expression of key RNAi genes likely explains the observed enhancement of RNAi-
mediated host gene knock-down in IAPV-infected B. terrestris [190]. The RNAI response is not
very effective at reducing IAPV-abundance, as levels in experimentally inoculated bumble bees
increased by over 1,000-fold in spite of activation of RNAi [190]. This result could be partially
attributed to tissue specific variation of RNAi efficacy [44, 209, 210]. However, even experimental
reduction of dicer-2 expression in B. terrestris did not result in increased abundance of IAPV or
SBPV [44]. IAPV, which is transmitted orally among bumble bees, was injected in these studies
and injection of IAPV results in a more virulent infection than oral inoculation [44, 190], therefore
additional studies are required to determine if the route of virus-inoculation impacts host-pathogen
interactions and the efficacy of systemic RNAi. To further examine the virus-limiting role of

RNAI, bumble bees were infected with Cricket paralysis virus (CrPV), which is a model virus that
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encodes a viral suppressor of RNAi (VSR) [211], and as expected, the RNAi response was reduced
[190]. This study did not find evidence of IAPV-mediated suppression of RNAi, and the putative
IAPV-1A-like VSR protein [97] was not detected by mass spectrometry analysis of infected bee

samples [190].

Bumble bee non-sequence-specific dsRNA-mediated antiviral response

Similar to honey bees, viral dsSRNA triggers both sequence-specific RNAi and non-sequence
specific virus limiting responses in bumble bees, though the non-sequence specific pathway may
be even more important for bumble bees [44, 47, 190]. This was demonstrated by a study in which
bumble bees (Bombus terrestris) were fed IAPV only, or IAPV and either virus-sequence specific
dsRNA or non-sequence-specific dsSRNA (ns-dsRNA-GFP, 455 bp) for six consecutive days,
beginning three days prior to virus-inoculation [47]. Survival was monitored for 22-days post-
infection and revealed that bumble bees treated with non-sequence specific dSRNA better survived
IAPV infection (60%) than bumble bees treated with virus-specific dsSRNA (10%). However, in
parallel, independent experiments that examined the potential effect of IAPV-dsRNA length (293
bp, 443 bp, and 586-bp) in addition to sequence specificity, virus abundance in bumble bee heads
was reduced in all dsRNA-treated and virus-infected bees, as compared to bees that were virus-

infected and not treated with dsRNA [47].

In addition to dsRNA-mediated antiviral responses, there are other immune pathways that likely

play important roles in antiviral defense in bumble bees. Targeted analysis of canonical insect
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immune gene expression in virus-infected bumble bees unexpectedly indicated that BtSVC-vago
(which is also referred to as Single von Willebrand factor C-domain protein (SVC) vago)
expression was reduced in IAPV-infected bees and not affected in SBPV-infected bees, unlike the
observed up-regulation of this important antiviral gene in Drosophila melanogaster [44].
Experimental reduction of BtSVC-vago expression did not impact IAPV or SBPV abundance in
the abdomen [47], however additional tissue specific analyses determined that BtSVC-vago
reduction resulted in greater IAPV abundance in the fat body [212]. Similar to regulation of
Dmvago by DmDicer-2, BtSVC-vago expression is governed by BfDicer-2 [212]. Reduction of
BtSVC-vago expression did not impact Btdicer-2 or Bthop levels in fat bodies, and thus to date a
connection between BtSVC-vago expression and JAK/STAT activation has not been established
[212]. However, reduced expression of Bthop resulted in higher SBPV load 48 hours post-
infection, implicating the Jak/STAT pathway in bumble bee antiviral defense [44] (reviewed in
[102]) (Figure 1). To date, the mechanism by which down-regulation of BtSVC-vago regulates
expression of four AMPs (BtAbaecin, BtApidaecin, BtDefensin and BtHymenoptaecin) remains to

be elucidated [212].

CONCLUSION

RNA virus infection results in the production of dsRNA molecules (e.g., virus replicative
intermediates, RNA secondary structure, dsSRNA genomes) in host cells. This viral pathogen
associated molecular pattern (PAMP) is recognized as non-self by pathogen recognition receptors

(PRRs) across diverse taxa, including plants, invertebrates (e.g., oysters, shrimp, nematodes, ticks,
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fruit flies, sand flies, mosquitos, wasps, and bees), and mammals [177, 213-221]. Recognition of
dsRNA by host PRRs induces different antiviral responses across different hosts. These include
virus-specific RNAI in plants, nematodes, and arthropods, and non-sequence specific dsSRNA-
mediated induction of pathways that result in an ‘antiviral state’ that limits virus replication (e.g.,
mammalian interferon response, C. gigas oyster type I interferon-like response, 4. mellifera and
B. terrestris virus-limiting responses). The extent to which these pathways are involved varies for
each co-evolved virus — host pair. Overall the role of RNAI is greater in plants, fruit-flies, and
mosquitos, while the role of other immune pathways including Jak/STAT, JNK, Toll, and non-
sequence specific dsSRNA-triggered pathways are more important in bees, oysters, and mammals.
Importantly, these generalities are only true for the specific species that have been studied
including Arabidopsis thaliana, Xanthomonas oryzae, D. melanogaster, A. gambiae, A. mellifera,

B. terrestris, C. gigas, Mus musculus, Homo sapiens, and more.

The antiviral response(s) that are most important for any particular host-virus pair cannot be
assumed based on broad organismal classification (e.g., insects, invertebrates, mammals) — each
must be empirically determined. Since all host-virus interactions are inexorably complicated by
the history of conflict and evolution shared (or not shared in the case of model viruses) by the host
and a virus. These unique histories are reflected in the differential transcriptional responses and
extent of parallel activation and/or cross-talk between host immune pathways, as well as
identification of the virus-evolved counter defense mechanisms, including suppressors of RNA1

and other immune pathways [141, 222].
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The parallels that exist between the antiviral responses, including the general, non-sequence
specific dsRNA triggered induction of an antiviral state, in organisms separated by large
evolutionary distances including honey bees, bumble bees, sand flies, shrimp, oysters and
mammals, are very intriguing. Furthermore, it is interesting to hypothesize that in social bees this
response may have evolved to rapidly respond to viruses and limit their transmission in the
crowded hive environment and in the context of behaviors (e.g., trophallaxis) that promote virus
transmission between individuals within the super-organism. Investigation of antiviral defense in
some of the thousands of under-explored bee species, will further our understanding of the general
and specific mechanisms that bees have evolved to combat specific viruses. This short review
highlights studies that have contributed to our current understanding of bee antiviral defense
mechanisms. Under-explored, burgeoning research areas include elucidation of the roles of
alternative splicing [128, 223], epigenetic regulation [126, 224], and transgenerational immune
priming in bee antiviral defense [225, 226]. Further examination of antiviral RNAi, including
immune memory as a consequence of RNA virus integration into the bee genome [227], and
potential transposon mediated amplification of virus-targeting secondary RNAs (as has been
described in Drosophila melanogaster [183-185]) is also important. Lessons learned from
evolutionary distant organisms, including those described in this special issue of Viruses focused

on “Antiviral Defense in Invertebrates”, may help guide these studies.
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Abstract: Western honey bees (Apis mellifera) are ecologically, agriculturally, and economically

important plant pollinators. High average annual losses of honey bee colonies in the US have been
partially attributed to agrochemical exposure and virus infections. To examine the potential
negative synergistic impacts of agrochemical exposure and virus infection, as well as the potential
promise of phytochemicals to ameliorate the impact of pathogenic infections on honey bees, we
infected bees with a panel of viruses (i.e., Flock House virus, deformed wing virus, or Sindbis
virus) and exposed to one of three chemical compounds. Specifically, honey bees were fed sucrose
syrup containing: (1) thyme oil, a phytochemical and putative immune stimulant, (2) fumagillin, a
beekeeper applied fungicide, or (3) clothianidin, a grower-applied insecticide. We determined that
virus abundance was lower in honey bees fed 0.16 ppm thyme oil augmented sucrose syrup,
compared to bees fed sucrose syrup alone. Parallel analysis of honey bee gene expression revealed

that honey bees fed thyme oil augmented sucrose syrup had higher expression of key RNAi

genes (argonaute-2 and dicer-like), antimicrobial peptide expressing genes (abaecin and

hymenoptaecin), and vitellogenin, a putative honey bee health and age indicator, compared to bees
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fed only sucrose syrup. Virus abundance was higher in bees fed fumagillin (25 ppm or 75 ppm) or
1 ppb clothianidin containing sucrose syrup relative to levels in bees fed only sucrose syrup.
Whereas, honey bees fed 10 ppb clothianidin dose had lower virus levels, likely because
consuming a near lethal dose of insecticide made them poor hosts for virus infection. The negative
impact of fumagillin and clothianidin on honey bee health was indicated by the lower expression
of argonaute-2, dicer-like, abaecin, and hymenoptaecin, and vitellogenin. Together, these results

indicate that chemical stimulants and stressors impact the outcome of virus infection and immune

gene expression in honey bees.
Keywords: honey bee, Apis mellifera, insect antiviral defense, honey bee viruses, deformed wing

virus, thymol, fumagillin, clothianidin

1 Introduction

Honey bees (Apis mellifera) are important pollinators of fruit, nut, and vegetable crops that make
up a large proportion of the human diet (1-3). The value of pollination services in the United States
is $14.6 billion annually (4). Maintaining the honey bee pollination force has been challenging in
many parts of the world, including the US, where annual colony losses averaged 38% from 2008
to 2018 (5-10). A combination of biotic and abiotic factors impact colony health including lack of
quality nutritional resources, exposure to beekeeper and/or grower applied chemicals, parasites,
and pathogens [reviewed in (11-13)]. The ectoparasitic mite, Varroa destructor, is responsible for
a large percentage of colony deaths in the US and Europe (14-16) reviewed in (17). Varroa mites

feed on the bee fat bodies and hemolymph, kill brood, and vector viruses, including deformed wing
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virus within and between colonies (17-21). Honey bee pathogens, including bacteria,

microsporidia, fungi, trypanosomatids, and viruses also contribute to honey bee colony deaths.

The largest category of honey bee infecting pathogens are positive-sense single-stranded RNA
(+ssRNA) viruses [reviewed in (22, 23)]. Honey bee infecting viruses include members of the
Dicistroviridae family (e.g., Israeli acute paralysis virus (IAPV), Kashmir bee virus (KBV), acute
bee paralysis virus (ABPV), and black queen cell virus (BQCV)), the Iflaviridae family (e.g.,
deformed wing virus (DWYV), sacbrood virus (SBV)), chronic bee paralysis virus (CBPV), and the
Lake Sinai viruses (LSVs) [reviewed in (22, 24)]. DWYV is one of the most well-characterized,
globally distributed bee-infecting viruses (25, 26). In temperate climates, the prevalence and/or
abundance of DWYV typically increases throughout the beekeeping season (15, 27-29). High levels
of DWV have been associated with honey bee colony deaths (15, 30-34). Honey bees infected with
DWYV during development may have wing deformities, whereas DWV infection in adult bees may
result in asymptomatic infections or symptomatic infections characterized by shortened abdomen,
cuticle discoloration, and reduced lifespan (15, 25, 35, 36). While other factors may influence the
severity of virus infections, the effectiveness of honey bee antiviral defense mechanisms is the

greatest determinant of the outcome of viral infection.

Honey bee immune defense mechanisms include NF-kB mediated Toll and Imd (Immune
Deficiency), Jak/STAT (Janus Kinase/Signal Transducer and Activator of Transcription), JNK (c-
Jun N-terminal kinase), MAPK (Mitogen-Activated Protein Kinases), and RNA interference
(RNA1) pathways [reviewed in (22, 37)]. The antiviral role of NF-kB mediated Toll and Imd
pathways in response to specific viruses has, in part, been determined by examining the expression

of antimicrobial peptide encoding genes, including abaecin and hymenoptaecin, in conjunction
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with quantifying virus abundance (37-41). RNA viruses produce long dsRNA molecules as they
replicate within cells. These viral associated molecule patterns (VAMPS) are recognized as non-
self and trigger antiviral responses. In honey bees and bumble bees dsRNA-mediated antiviral
responses include both sequence-specific RNA interference (RNAi) and an non-sequence specific
virus reducing response (42-47). RNAi mediated antiviral defense is initiated by the recognition
of long dsRNAs by the endoribonuclease, Dicer, which cleaves these dsRNAs into 21-23
nucleotide long small interfering RNAs (siRNAs) (48). These siRNAs are incorporated into the
RNA-induced silencing complex (RISC), the non-target binding passenger strand is released, and
the remaining strand in the RISC targets cognate RNAs, including viral genomes and transcripts,
for Argonaute mediated cleavage, thereby lowering viral abundance (49-55). Although, the
functions of these proteins have been best-characterized in other organisms, including Drosophila
melanogaster, (52, 55, 56) the antiviral role of the RNAi1 pathway has been demonstrated in vivo
in adult honey bees and larvae and transcriptome analyses of virus-infected honey bees revealed
that the expression of dicer-like and ago2 was increased in response to SINV-GFP or APV

infection, but not in response to DWV (34, 42, 43, 45, 57-59).

In addition to the immune pathways described above, the heat shock response is involved in
antiviral defense in fruit flies and honey bees (60, 61). The heat shock response pathway is induced
by various stressors including heat-stress (62). In the context of viral infection, the role of the heat
shock response must be assessed for individual host-virus pairs since heat shock proteins can both
positively and negatively affect viral replication (62-65). In honey bees, the expression of several
heat shock protein encoding genes including heat shock protein 90 (hsp90), and heat shock 70-

kDa protein cognate 4 (hsc70-4) are induced by SINV-GFP infection and/or heat-shock, and the
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expression of protein lethal(2)essential for life-like (pl2), which encodes a protein with an Hsp20-
domain, is modulated in honey bees infected with several viruses (i.e., [APV, DWV, and SINV-
GFP) (43, 57, 61, 66). Similar to the heat shock response genes, another honey bee gene that is
involved in multiple functions include immunity, nutrition, stress resistance, behavioral
development, ageing, oxidative stress, and longevity is vitellogenin (vg) (67-76). Therefore, vg
expression is often utilized as a proxy for either or both honey bee age and health status [reviewed

in (77)] (78-80).

Studies aimed at better characterizing the impact of viruses on honey bee health and the
mechanisms of honey bee antiviral defense have involved the use of naturally infected bees, which
often have varying levels of infections, or bees experimentally inoculated with honey bee viruses
(e.g., DWV, IAPV, or mixed virus stocks) or model viruses (43, 45, 61, 81). In this study, we
carried out experiments using a panel of viruses. Specifically, we utilized DWV, and two model
viruses (i.e., Flock House virus (FHV) and Sindbis virus, tagged with green fluorescent protein
(SINV-GFP)). While it is important to carry out studies with known honey bee infecting viruses,
honey bee virus preparations obtained from pupae may include co-purifying viruses, as well as
other proteins, and they are not a standardized source of infectious material. The recent
development of infectious clones of honey bee viruses is promising, but they have not been utilized
for studies in laboratories beyond those in which they were developed (82-84).The use of model
viruses circumvents the problems associated with analyzing data obtained from studies impacted
by pre-existing/confounding infections, enables preparation of standardized viral stocks from
cultured cells, and also facilitates comparative studies across different insect species. Flock House

virus (FHV) naturally infects grass grubs (Costelytra zealandica) and is extensively utilized model
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virus that infects a wide range of other insects including mosquitoes, fruit flies, tsetse flies, and
honey bees (85-91). FHV has evolved a mechanism to counter the host immune response; it
encodes for protein B2, a viral suppressor of RNAi [reviewed in (92)]. SINV-GFP is another well-
characterized model virus that has been extensively utilized to investigate antiviral defense
mechanisms in a wide range of insects including fruit flies, mosquitos, and honey bees (42, 43, 61,
93). SINV-GFP is easily trackable both visually using microscopy, and at the protein level via
Western blot analyses. Unlike FHV, Sindbis virus does not encode a viral suppressor of RNA1 (94-
96). Overall, the use of a panel of viruses to examine the impact of abiotic factors on the honey
bee antiviral response and the outcome of virus infection is important to ensure that results are

robust and potentially generalizable.

The honey bee immune system, and in turn the outcome of virus infections in individual bees is
influenced by nutritional status and environmental factors (97-100). Honey bees gather pollen and
nectar from flowering plants which provision the colony with nutrients including proteins, lipids,
carbohydrates, vitamins, and phytochemicals (101). In addition, honey bees gather plant resins,
which are the primary component of propolis (102). Recent research efforts have focused on
interaction of phytochemicals and pathogens, since plant-derived compounds can either be toxic
or medicinal depending on the administered dose (103). There is precedence in the literature that
honey bee diets supplemented with phytochemicals increase longevity and prime the immune
system by increasing the expression of antimicrobial peptide encoding genes, for example, in
honey bees fed p-coumaric acid, the expression of antimicrobial peptides defensin and abaecin
was two-fold higher compared to control bees (104-107). For the studies described herein, we

investigated the impact of phytochemical containing thyme oil on the outcome of honey bee virus
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infections. Honey bees forage on common thyme plants (7hymus vulgaris), which produce thymol,
a phytochemical that has shown promise in reducing DWV loads in honey bees (104). Thymol, a
terpene found in pollen and nectar of Thymus vulgaris, is a major component of thyme oil. T.
vulgaris nectar contains 5.2 - 8.2 ppm thymol, while thymol concentrations in bee-collected pollen
samples range between 0.0263 to 55.8 ppm (108-110). Thymol has also been detected in honey
(i.e., 0.27 ppm, 4-weeks post colony treatment with 8 grams per week for 4 weeks) (111). Thyme
oil contains 10% - 64% thymol depending on the plant species, geographical sources, and harvest
season, which may affect the volatile composition of the plant (112-118). Thymol is widely used
as an acaricide and is an active ingredient in commercial Varroa control formulations such as
Apiguard® and ApiLife VAR®, which contain 25% and 74% thymol respectively (119, 120).
Thymol treatments, ranging from 0.16 ppm - 120 ppm, have also shown promise in reducing levels
of honey bee pathogens including Crithidia bombi, Nosema ceranae, a microsporidial/fungal
pathogen, and DWV (104, 121-124). Previous research by Palmer-Young et al., determined that
newly emerged honey bees that were fed a mixture DWV and 0.16 ppm thymol and released back
in the colony, had 26-fold decrease in DWV levels 7 days post infection compared to bees exposed
to DWV (104). However, in parallel studies the natural occurring DWV-levels in young bees that
were maintained in laboratory and fed thymol (0.16 ppm) for 10 days had similar DWV levels to
untreated bees. This study also determined that a higher concentration of thymol (16 ppm) was
toxic to honey bees. Overall, the results described by Palmer-Young et al., were intriguing, but
somewhat difficult to interpret due to the lack of quantification of DWV inoculum, which was
hemolymph obtained from symptomatic bees; the high degree of variation in DWV abundance in

individual bees (i.e., ACt ranged from -20 to 12); and the results describing similar DWV levels in



75
virus-inoculated bees and control bees that were not fed thymol, indicating a high level of pre-

existing DWV abundance in the honey bees utilized for their studies (104).

In addition to phytochemicals, honey bees are exposed to neonicotinoid insecticides, fungicides,
acaricides, and herbicides (125, 126). Neonicotinoids, including clothianidin, are utilized by
growers to reduce the number of insects including aphids, whiteflies, leafthoppers, and
planthoppers that damage crops (e.g., canola, corn, canola, cotton, soybeans) (127).
Neonicotinoids are neurotoxins that disrupt the insect nervous system by irreversibly binding to
nicotinic acetylcholine receptors that transmit nerve signals. This prevents signal transduction
from the neurotransmitter acetylcholine, leading to paralysis and death (128, 129). Although honey
bees are not the target insect, clothianidin is highly toxic to honey bees at doses near the median
lethal dose (LDso) of 3 ppb for oral exposure and 22 ppb for contact exposure (130-134).
Clothianidin concentrations of up to 2.6 ppb have been detected in pollen samples and
concentrations ranging from 1 to 14 ppb, with most ranging between 0.3 to 5.4 ppb, in the nectar
of treated crops (133, 135-140). In addition to potential lethal impact of clothianidin, sublethal
doses have been shown to negatively affect honey bee immunity, grooming and hygienic behavior,
neural gene expression, flight activity and homing behavior (141-152). Furthermore, honey bees
exposed to pesticides including chlorpyrifos, thiamethoxam, thiacloprid, and clothianidin have
greater viral loads, indicating that chemical exposure in conjunction with virus infection have a
negative synergistic impact. (153-157). Higher virus abundance in individual bees is in part due to
dampened immune responses (154). For example, young bees exposed to clothianidin had greater

DWYV loads due to negative modulation of the NF- kB pathway (154).
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Honey bee colonies are also to exposed chemicals utilized as in-hive treatments against honey bee
pathogens, including Nosema ceranae and Nosema apis. Nosema infections are treated at the
colony level with fumagillin dicyclohexyl ammonium (i.e., Fumagilin-B®), a compound derived
from Aspergillus fumigatus (158-160). Beekeepers typically treat nosemosis with the
manufacturer’s recommended concentration of 25 ppm fumagillin, albeit field studies have
recorded the use of higher concentrations (161-164). In fact, detectable levels of fumagillin
residues (0.002 ppm- 0.066 ppm) persist inside the hives after treatment (159, 165). While
fumagillin is generally considered safe for honey bee colonies, and that potential negative impacts
may be negligible in comparison to nosemosis, reports of higher mortality in honey bee queens
and workers fed fumagillin containing sucrose syrup led to the recommendations that bees should

not be treated during the foraging season, and that treatments should be restricted to one time in

the spring and fall (166-168).

To better understand the impact of a phytochemical (i.e., thymol) and agrochemicals, including a
grower-applied insecticide (i.e., clothianidin) and a beekeeper applied fungicide (i.e., fumagillin),
on the outcome of virus infection in honey bees, we carried out laboratory-based experiments on
individual virus-infected honey bees that were fed chemical containing diets. For these studies, we
utilized a panel of RNA viruses, including two model viruses FHV and SINV-GFP, and one honey
bee virus, DWV. We hypothesized that thymol would act as an immunostimulant and reduce virus
infection levels. In contrast, we hypothesized that virus-infected honey bees exposed to fumagillin
or clothianidin would harbor more severe virus infections as a result of immunosuppressive effects.
We determined that virus-infected honey bees fed thyme oil augmented sucrose syrup harbored

lower virus levels, likely due to greater expression of key immune genes including dcr-like, ago?,
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abaecin, hymenoptaecin, and vitellogenin. Conversely, we determined that fumagillin and
clothianidin exposure had a negative impact on honey bee immunocompetence with reduced
expression of key immune genes including dcr-like, ago2, abaecin, hymenoptaecin, and
vitellogenin, which resulted in higher virus abundance in chemical-fed bees than virus levels in
bees fed only sucrose syrup. Together our results indicate that thyme oil acts as an immune
stimulant and thus reduces viral burden, whereas other chemicals (i.e., fumagillin or clothianidin)
negatively impact honey bee immune gene expression, and in turn result in more severe virus

infections.

2 Results
2.1  Impact of chemicals on virus infections in honey bees
2.1.1 Virus abundance reduced in honey bees fed thyme oil augmented sugar syrup

To further investigate the potential of thyme oil augmented diets to reduce viral burden, aged-
matched adult bees were infected with FHV, SINV-GFP or DWYV. Viruses were administered via
injection, which mimicked Varroa destructor mite-mediated virus transmission and ensured that
individual bees received equivalent doses. In these assays, virus-inoculated honey bees were fed
0.16 ppm thyme oil (~ 60 ppb thymol) augmented sucrose syrup and virus abundance was assessed
at 72 hpi in three independent experiments. The 72 hpi timepoint was selected since previous
studies documented readily detectable levels of disseminated virus (i.e., SINV-GFP and DWYV)
and corresponding host immune gene expression changes at that time point (42, 43, 57, 61, 66).
To ensure that 72 hpi was also appropriate time to assess FHV infection levels, honey bees were
inoculated with FHV (3.5 x 108 FHV RNA copies per bee), and virus abundance was quantified

by RT-qPCR at 6, 48, 72, and 96 hpi (Supplemental Figure S1, Supplemental Table S2). FHV
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abundance increased from 0 hpi to 72 hpi and decreased from 72 hpi to 96 hpi. Since FHV

abundance peaked at 72 hpi, this timepoint was selected to assay for FHV infection levels.
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Figure 1. Lower virus abundance in honey bees fed thyme oil augmented sucrose syrup.
Virus abundance in individual honey bees that were either fed sucrose syrup only or sucrose

syrup augmented with 0.16 ppm thyme oil was assessed at 72 h post-infection by qPCR (n = 9-
12 per treatment group) and the relative virus abundance is presented as ranked fold-changes.
Together, these data illustrate that virus-infected bees fed thyme oil augmented sucrose syrup
harbored less virus than virus-infected bees fed only sucrose syrup. (A) Flock House virus
(FHV)-infected bees fed sucrose syrup augmented with thyme oil (0.16 ppm) had 52% less FHV
(0.48 mean fold change) than bees fed sucrose syrup alone (p = 2.1 x 10°). (B) In deformed wing
virus (DWV)-infected bees, virus abundance was 72% less in bees fed sucrose syrup augmented
with thyme oil (0.28 median fold change) compared to bees fed only sucrose syrup (p =
0.00016). (C) Sindbis virus (SINV)-infected bees fed thyme oil augmented sucrose syrup had
87% less SINV (0.13 median fold change) than bees fed sucrose syrup. Data were analyzed by a
pairwise Wilcoxon Rank Sums with a Benjamini—-Hochberg correction for multiple comparisons.
Asterisks indicate a significant difference in virus abundance; significance levels: *** p <
0.0005. Figure 1 includes results from one representative biological replicate for each virus (i.e.,
repl). The data for all three biological replicates are presented in Supplemental Figure S2 and
raw data are in Supplemental Tables S3 and S4.

Honey bees fed sucrose syrup augmented with thyme oil harbored less virus (i.e., FHV, DWV,
SINV-GFP) compared to virus-infected bees fed sucrose syrup only (Figure 1, Supplemental

Figure S2). Specifically, the total FHV abundance was 52% lower in honey bees fed thyme oil
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(0.16 ppm) augmented sucrose syrup compared to bees fed sucrose syrup only (n = 10 bees per
treatment) (p < 0.001, Wilcoxon Rank Sums test with a Benjamini—-Hochberg correction for
multiple comparisons) (Figure 1). Similar levels of reduction were observed in two additional
experimental replicates with 48% and 35% reduction in FHV loads respectively (Supplemental
Figure S2, p < 0.001). Similarly, DWV abundance was 72% lower in DWV-infected bees fed
thyme oil (0.16 ppm) augmented sucrose syrup compared to bees fed sucrose syrup only (Figure
1, p <0.001). DWV abundance in two additional biological replicates was reduced by 48% and
25% in DWV-infected bees fed thyme oil augmented sucrose syrup compared to bees fed sucrose
syrup only (Supplemental Figure S2, p < 0.01). Lastly, SINV-infected bees fed thyme oil
augmented sucrose syrup had 87% less virus relative to SINV-infected bees fed sucrose syrup only
(Figure 1, p < 0.001). In two additional biological replicates of this experiment, SINV levels were
reduced by 49% and 42% in SINV-infected bees fed thyme oil augmented sucrose syrup relative
to bees fed sucrose syrup only (Supplemental Figure S2, p < 0.001). Together these results
demonstrate that virus abundance was lower when virus-infected bees were fed 0.16 ppm thyme
oil containing sucrose syrup compared to levels in bees fed non-augmented syrup and suggest that

this dose of thyme oil is beneficial to honey bees.

2.1.2 Greater virus abundance in honey bees fed fumagillin or clothianidin containing sugar

syrup

To examine the potential impact of other chemicals, including a beekeeper applied fungicide and
a commonly used neonicotinoid insecticide on the outcome of virus infections, virus-infected
honey bees were fed sucrose syrup containing fumagillin and clothianidin. Specifically, virus-

infected honey bees were fed sucrose syrup containing 25 ppm or 75 ppm fumagillin, or a sublethal
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(1 ppb) or a near lethal dose (10 ppb) of clothianidin, and virus abundance was quantified at 72
hpi. We hypothesized that virus abundance would be greater in bees exposed to virus infection and
chemical exposure. We determined that, in general, virus abundance was greater in honey bees
that were exposed to chemicals in their diet. Specifically, FHV abundance in bees fed sucrose
syrup containing 25 ppm or 75 ppm fumagillin was 15% (p = 0.006) and 30% higher (p < 0.001),
respectively (Figure 2). FHV-infected bees fed clothianidin (1 ppb) containing sucrose syrup had
94% more FHV relative to sucrose syrup fed bees (p < 0.001), whereas unexpectedly virus
abundance was reduced by 15% in FHV-infected bees fed sucrose syrup containing 10 ppb
clothianidin relative to FHV-infected bees fed sucrose syrup only (p <0.001) (Figure 2). Similarly,
in DWV-infected bees, virus abundance was 53% higher in bees fed sucrose syrup containing 25
ppm fumagillin (p < 0.001), 11% higher in bees fed 75 ppm fumagillin sucrose syrup (p < 0.01),
and 291% higher in bees fed 1 ppb clothianidin containing sucrose syrup (p < 0.001) (Figure 2).
DWYV abundance was 21% lower in DWV-infected bees fed 10 ppb clothianidin containing

sucrose syrup compared to DWV-infected bees fed sucrose syrup only (p = 0.04) (Figure 2).
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Figure 2. Honey bees fed sucrose syrup containing fumagillin or clothianidin had greater
virus levels than bees feed only sucrose syrup.
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Virus abundance in individual honey bees that were either fed sucrose syrup only or fungicide or
insecticide containing sucrose syrup was assessed at 72 h post-infection by qPCR (n = 9-12 per
treatment group) and the relative virus abundance is presented as ranked fold-changes. Data from
virus infected honey bees fed sucrose syrup mixed with fumagillin (25 ppm or 75 ppm) or
clothianidin (1 ppb or 10 ppb) illustrate that bees fed sucrose syrup containing 25 ppm
fumagillin, 75 ppm fumagillin, and 1 ppb clothianidin harbored more virus than virus-infected
bees fed sucrose syrup only, whereas bees fed sucrose syrup containing 10 ppb clothianidin had
lower virus levels (A) Flock House virus (FHV)-infected bees fed 25 ppm fumagillin (p =
0.006), 75 ppm fumagillin (p = 0.0009) or 1 ppb clothianidin (p = 8.2 x 10-) containing sucrose
syrup had greater virus levels than bees fed sucrose only syrup. Whereas, FHV-infected bees fed
sucrose syrup containing 10 ppb clothianidin had lower virus levels than bees fed only sucrose
syrup (p = 0.0009). (B) Deformed wing virus (DWV)-infected bees fed sucrose syrup containing
25 ppm fumagillin (p = 8.2 x 10), 75 ppm fumagillin (p = 0.0022) or 1 ppb clothianidin (p = 8.2
x 107) harbored more virus than DWV-infected bees fed only sucrose syrup. DW V-infected bees
fed 10 ppb clothianidin containing sucrose syrup had less virus compared to bees fed sucrose
syrup (p = 0.04). (C) Sindbis virus (SINV) abundance was higher in bees fed sucrose syrup
containing 25 ppm fumagillin (p = 6.2 x 10°), 75 ppm fumagillin (p = 6.2 x 10-) or 1 ppb
clothianidin (p = 6.2 x 10-%) compared to SINV-infected bees fed only sucrose syrup. In contrast,
SINV-infected bees fed sucrose syrup containing 10 ppb clothianidin had lower levels of virus
infection than bees fed sucrose only syrup (p = 6.8 x 10°). Data were analyzed by a pairwise
Wilcoxon Rank Sums with a Benjamini-Hochberg correction for multiple comparisons.
Asterisks indicate a significant change in virus abundance; significance levels: * p <0.05; ** p <
0.005; *** p < 0.0005. Figure 2 includes results from one representative biological replicate for
each virus (i.e., rep3). The data for all three biological replicates are presented in Figure S3. Raw
data are included in Supplemental Tables S5 and S6.

Honey bees infected with SINV and fed 25 ppm fumagillin containing sucrose syrup harbored
53% more virus (p < 0.001), SINV-infected bees fed 75 ppm fumagillin containing sucrose syrup
harbored 41% more virus (p < 0.001), while SINV infected bees fed 1 ppb clothianidin containing
sucrose syrup had 50% more virus relative to sucrose only (p <0.001). SINV-infected bees fed 10
ppb clothianidin containing sucrose syrup harbored 48% less SINV compared to bees fed sucrose
syrup only (p <0.001) (Figure 2). Data obtained from two additional biological replicates resulted

in similar changes in virus abundance when virus-infected bees (i.e., FHV, DWV, or SINV-GFP)
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were fed sucrose syrup containing fumagillin or clothianidin (Supplemental Figure S3, p < 0.05).
Together these data indicate that virus-infected bees fed recommended (25 ppm) or higher (75
ppm) doses of fumagillin or 1 ppb clothianidin had greater viral loads, whereas bees fed 10 ppb
clothianidin in sucrose syrup ad libitum had slightly lower virus levels at 72 hpi. This may be

indicative of the poor overall health status of the host to support virus replication.

2.2 Impact of chemicals on honey bee immune gene expression

2.2.1 Expression of key RNAi genes is higher in thyme oil fed bees, reduced in fumagillin and

clothianidin fed honey bees

To investigate whether the changes in virus abundance in honey bees fed sucrose syrup containing
additives were reflective of modulations in the expression of key RNAi genes, the expression of
argonaute-2 (ago2) and dicer-like (dcr) were assessed at 72 hpi. In general, the expression of dcr-
like and ago2 were higher in virus-infected honey bees fed thyme oil containing sucrose syrup,
and modestly reduced in virus-infected honey bees fed fumagillin or clothianidin containing
sucrose syrup (Figure 3). Specifically, FHV-infected bees fed thyme oil exhibited 1.57 fold (p <
0.001) higher dcr-like expression and 1.23 fold higher ago2 expression, compared to virus-infected
bees fed sucrose syrup only (p = 0.001). Whereas FHV-infected bees fed sucrose syrup containing
either 25 ppm or 75 ppm fumagillin exhibited reduced expression of dcr-like (i.e., 0.40 fold, p =
0.006, and 0.34 fold, p < 0.001, respectively) and ago? (i.e., 0.82 fold, p = 0.002 and 0.69 fold, p
< 0.001, respectively). Similarly, FHV-infected bees fed clothianidin containing sucrose syrup
expressed less dcr-like (i.e., 1 ppb - 0.81 fold, p < 0.001 and 10 ppb - 0.49 fold, p = 0.0031) and

ago? (i.e., 1 ppb - 0.86 fold, p = 0.023 and 10 ppb - 0.74 fold, p < 0.01) (Figure 3). These results
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were consistent in two additional biological replicates of this experiment (Supplemental Figure
S4, p < 0.05) except, in rep2, ago?2 expression in FHV-infected bees fed 1 ppb clothianidin was

not reduced.

DWV-infected bees fed thyme oil (0.16 ppm) augmented sucrose syrup had 1.66 fold higher dcr-
like expression relative to DWV-infected bees fed sucrose syrup only (p < 0.001). However, dcr-
like expression in DWV-infected bees fed fumagillin was reduced (i.e., 25 ppm - 0.58 fold, p <
0.001 and 75 ppm - 0.49 fold, p < 0.001). A reduction in dcr-like expression was also observed in
DWV-infected bees fed 1 ppb clothianidin (0.67 fold, p = 0.04), but dcr-like expression levels
were not changed in bees fed 10 ppb clothianidin containing sucrose syrup (Figure 3A). The
expression of ago2? in DWV-infected bees fed thyme oil containing sucrose followed a similar
trend with 1.16 fold higher expression (p = 0.035), and reduced expression in bees fed sucrose
syrup containing 25 ppm fumagillin (0.72 fold, p = 0.024), 75 ppm fumagillin (0.43 fold, p <
0.001), and 1 ppb clothianidin (0.81 fold, p < 0.001), whereas ago?2 expression was not changed
in DWV-infected bees fed sucrose syrup containing 10 ppb clothianidin (Figure 3B). These results
were consistent in two additional biological replicates of this experiment (Supplemental Figure S4

and S5, p <0.05).
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Figure 3. Expression of key RNAI genes was higher in honey bees fed thyme oil augmented
sucrose syrup and lower in bees fed sucrose syrup containing fumagillin or clothianidin.
Expression of dicer-like and argonaute-2 in honey bees that were either mock- or virus-infected

(i.e., FHV, DWV, SINV) and fed sucrose syrup only or syrup containing either thyme oil (0.16
ppm), fumagillin (25 ppm or 75 ppm), or clothianidin (1 ppb or 10 ppb) was assessed by qPCR.
The AACt method with normalization to 7p/8 in mock or virus-infected bees fed sucrose syrup
diet was utilized to determine the relative gene expression. (A) Dicer-like (dcr-like) expression
was higher in virus-infected (i.e., FHV, DWYV, SINV) and mock-infected bees fed thyme oil
containing sucrose syrup, and lower in bees fed sucrose syrup containing fumagillin (25 ppm or
75 ppm) or clothianidin (1 ppb or 10 ppb) relative to bees fed sucrose syrup. (B) Argonaute-2
(ago2) expression was higher in virus-infected (i.e., FHV, DWV, SINV) or mock-infected bees
fed thyme oil augmented sucrose syrup and reduced in bees fed diets containing fumagillin (25
ppm or 75 ppm) or clothianidin (1 ppb or 10 ppb), except in mock-infected bees fed 75 ppm
fumagillin, ago2 expression was similar to expression levels in bees fed sucrose only. Data were
analyzed by a pairwise Wilcoxon Rank Sums with a Benjamini-Hochberg correction for
multiple comparisons. Asterisks indicate a significant change in gene expression compared to
sucrose only control; significance levels: * p < 0.05; ** p < 0.005; *** p <0.0005. Figure 3
shows representative biological replicate for each gene (i.e., rep2 for dcr-like and rep3 for ago?).
The data for all three biological replicates are presented in Figure S4 and S5. Raw data are
included in Supplemental Tables S7 - S10.
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Comparably, SINV-infected bees fed thyme oil augmented sucrose syrup had higher levels of dcr-
like expression than SINV-infected bees fed sucrose syrup only (i.e., 1.68 fold, p <0.001) (Figure
3A). Whereas the combination of virus infection and chemical exposure resulted in reduced dcr-
like expression (i.e., in SINV-infected bees fed 25 ppm fumagillin (0.81 fold, p = 0.014), 75 ppm
fumagillin (0.66 fold, p = 0.018), 1 ppb clothianidin (0.74 fold, p <0.01), and 10 ppb clothianidin
containing sucrose syrup (0.79 fold, p <0.001) compared to SINV-infected bees fed sucrose syrup
only) (Figure 3A). Likewise, SINV-infected bees fed thyme oil containing sucrose syrup had 1.17
fold higher ago2 expression (p = 0.002), whereas expression was slightly lower in bees fed sucrose
syrup containing 25 ppm fumagillin (0.77 fold, p < 0.001), 75 ppm fumagillin (0.75 fold, p <
0.001), 1 ppb clothianidin (0.9 fold, p < 0.01), and 10 ppb clothianidin (0.89 fold, p = 0.002)
(Figure 3B). The majority of these results were consistent in two additional biological replicates
of this experiment (Supplemental Figure S4 and S5, p < 0.05) except dcr-like expression in SINV-
infected bees fed 10 ppb clothianidin in rep3, and ago2 expression in SINV-infected bees fed 25
ppm fumagillin in rep2 were similar to expression levels in virus-infected bees fed only sucrose
syrup (p > 0.05). Together these results demonstrate that the expression of dcr-like and ago2 were
greater in virus-infected honey bees fed thyme oil (0.16 ppm) containing sucrose syrup, whereas
expression of these genes was modestly reduced in virus-infected bees fed pesticide containing

sucrose syrup.

To disentangle the gene expression results obtained from honey bees simultaneously impacted by
two stressors (i.e., virus-infection and oral exposure to chemicals), gene expression was measured
in non-virus infected honey bees (i.e., mock-infected). These analyses determined that the

expression of both dcr-like and ago?2 were higher in thyme oil fed bees by 1.86 fold and 1.75 fold
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higher respectively (p < 0.001) (Figure 3). Whereas the expression of dcr-like and ago2 in bees
fed fumagillin or clothianidin was reduced, albeit to a lesser degree compared to the increase
observed with thyme oil (Figure 3). Specifically, mock-infected bees fed fumagillin in sucrose at
25 ppm and 75 ppm concentrations had 0.77 fold (p < 0.001) and 0.77 fold (lower dcr-like
expression levels p < 0.001), and 0.59 fold (p < 0.001), and no appreciable change in ago?2
expression, respectively. Likewise, mock-infected bees fed clothianidin in sucrose syrup at 1 ppb
and 10 ppb concentrations had 0.75 fold (p < 0.01) and 0.72 fold (p < 0.001) dcr-like expression

levels, and 0.69 fold (p < 0.001) and 0.81 fold (p < 0.001) ago2 expression levels, respectively.

2.2.2 Expression of heat shock protein encoding genes is higher in thyme oil, fumagillin, and

clothianidin fed honey bees

The heat shock response may be induced by a variety of stressors; therefore, we examined the
expression of a subset of heat shock response genes (i.e., p/2, hsp90, and hsc70-4) in the context
of virus infection and/or chemical exposure. In general, the expression of heat shock protein
encoding genes was higher in virus and mock-infected bees fed sucrose syrup containing thyme
oil (0.16 ppm), fumagillin (25 ppm or 75 ppm) or clothianidin (1 ppb or 10 ppb), indicating that
the expression of these genes is also induced in response to chemical stressors (Figure 4 and

Supplemental Figure S6).

In this study, p/2 exhibited the highest induction in response to virus-infection (i.e., FHV, DWV,
and SINV) and chemical stress (Figure 4A). In FHV-infected bees, p/2 expression in bees fed
thyme oil augmented sucrose syrup was similar to bees fed non-augmented sucrose syrup, but p/2

expression was greater in bees that ingested sucrose syrup containing 25 ppm fumagillin (1.42
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fold, p <0.001), 75 ppm fumagillin (2.26 fold, p <0.001), 1 ppb clothianidin (2.69 fold, p <0.001),
and 10 ppb clothianidin (1.55 fold, p < 0.01) compared to FHV-infected bees fed only sucrose
syrup. Similarly, DWV-infected bees exhibited higher p/2 expression when fed sucrose syrup
containing 0.16 ppm thyme oil (3.32 fold, p < 0.001), 25 ppm fumagillin (2.7 fold, p <0.001), 75
ppm fumagillin (2.65 fold, p < 0.001), 1 ppb clothianidin (1.69 fold, p < 0.001), and 10 ppb
clothianidin (3.74 fold, p < 0.001) relative to DWV-infected bees fed sucrose syrup only (Figure
4A). In SINV-infected bees, pl2 expression was higher in bees fed sucrose syrup containing thyme
oil (2.3 fold, p <0.01), 25 ppm fumagillin (3.63 fold, p <0.01), 75 ppm fumagillin (4.57 fold, p <
0.01), 1 ppb clothianidin (3.97 fold, p = 0.023), and 10 ppb clothianidin (3.58 fold, p < 0.01)
compared to bees fed sucrose syrup only (Figure 4A). The expression level of p/2 was higher in
mock-infected bees fed sucrose syrup containing 25 ppm fumagillin (1.27 fold, p <0.001), 75 ppm
fumagillin (1.35 fold, p < 0.01), and 1 ppb clothianidin (2.04 fold, p < 0.001) relative to sucrose
only fed bees (Figure 4A). Whereas pl2 expression in mock-infected bees fed sucrose syrup
containing thyme oil or 10 ppb clothianidin was similar to levels in mock-infected bees fed only
sucrose syrup (p > 0.05). In two additional biological replicates, p/2 expression was greater in virus
or mock-infected bees fed sucrose syrup containing thyme oil (0.16 ppm), fumagillin (25 ppm or
75 ppm) or clothianidin (1 ppb or 10 ppb), except in a few treatment groups that exhibited p/2
levels similar to those observed in honey bees fed sucrose syrup alone (i.e., in rep2, DWV-infected
bees fed 25 ppm fumagillin; in rep3, FHV-infected bees fed 0.16 ppm thyme oil augmented sucrose
syrup and DWV-infected bees fed 75 ppm fumagillin containing sucrose syrup (Supplemental

Figure S6)).
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Figure 4. Expression of heat shock protein encoding genes was higher in honey bees fed
sucrose syrup containing thyme oil, fumagillin, or clothianidin.
The relative expression of three genes encoding heat shock proteins (pl2, hsp90, hsc70-4) was

assessed using JPCR in mock or virus-infected bees fed sucrose syrup only or sucrose syrup
containing additivities (i.e., thyme oil, fumagillin, or clothianidin). The AACt method with
normalization to 7p/8 in mock or virus-infected bees fed sucrose syrup diet was utilized to
determine the relative gene expression. (A) Protein lethal(2)essential for life-like (pl2)
expression in virus-infected bees (i.e., FHV, DWV, SINV) fed sucrose syrup containing thyme
oil, fumagillin (25 ppm or 75 ppm) or clothianidin (1 ppb or 10 ppb) was higher compared to
expression in bees fed sucrose only. In mock-infected bees, p/2 expression in bees fed sucrose
syrup containing stimulant (0.16 ppm thyme oil) or 10 ppb clothianidin was similar to expression
levels in bees fed sucrose only, whereas p/2 expression was higher in bees fed sucrose syrup
containing fumagillin (25 ppm or 75 ppm) or 1 ppb clothianidin. (B) Heat shock protein 90
(hsp90) expression was higher in majority of the treatment groups, including virus- or mock-
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infected infected bees fed augmented sucrose syrups compared to bees fed non-augmented
sucrose syrup except in SINV-infected bees fed thyme oil or 75 ppm fumagillin, which had
similar 4sp90 expression levels to bees fed sucrose only. (C) Heat shock 70-kDa protein cognate
4 (hsc70-4) expression was higher in the majority of treatment groups including mock and virus-
infected bees fed sucrose syrup containing either thyme oil (0.16 ppm), fumagillin (25 ppm or 75
ppm) or clothianidin (1 ppb or 10 ppb), except in SINV-infected bees fed sucrose syrup
containing thyme oil, which had Asc70-4 expression levels similar to the controls. Data were
analyzed by a pairwise Wilcoxon Rank Sums with a Benjamini-Hochberg correction for
multiple comparisons. Asterisks indicate a significant change in gene expression compared to
sucrose only control; significance levels: * p < 0.05; ** p < 0.005; *** p <(0.0005. Figure 4
shows representative biological replicate for p/2 expression (i.e., repl). The data for all three
biological replicates for p/2 are presented in Figure S6 and raw data are included in
Supplemental Tables S11 - S16.

The expression of heat shock protein 90 (hsp90), which encodes a protein chaperone that is
involved in RISC assembly and siRNA loading, was greater in several treatment groups (169, 170)
(Figure 4). Specifically, hsp90 expression was higher in FHV-infected bees fed sucrose syrup
containing thyme oil (1.26 fold, p = 0.037), 25 ppm fumagillin (1.36 fold, p < 0.001), 75 ppm
fumagillin (1.54 fold, p < 0.001), 1 ppb clothianidin (1.5 fold, p = 0.004), and 10 ppb clothianidin
(1.26 fold, p = 0.003) compared to expression levels in bees fed only sucrose syrup (Figure 4B).
Likewise, the expression of Asp90 in DWV-infected bees was higher in bees fed sucrose syrup
containing thyme oil (1.38 fold, p < 0.001), 25 ppm fumagillin (2.02 fold, p < 0.001), 75 ppm
fumagillin (1.49 fold, p <0.001), 1 ppb clothianidin (1.63 fold, p <0.001), and 10 ppb clothianidin
(1.33 fold, p < 0.001), relative to sucrose syrup fed bees (Figure 4B). While in SINV-infected bees
fed sucrose syrup augmented with 0.16 ppm thyme oil, Asp90 expression was similar to bees fed
only sucrose syrup. The expression of 4sp90 was higher in SINV-infected bees fed sucrose syrup
containing 25 ppm fumagillin (2.15 fold, p = 0.001), 75 ppm fumagillin (1.44 fold, p = 0.017), 1

ppb clothianidin (2.24 fold, p = 0.001), and 10 ppb clothianidin (1.81 fold, p = 0.001), relative to
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sucrose syrup fed bees (Figure 4B). Expression of Asp90 was also greater in mock-infected bees
fed sucrose syrup containing thyme oil (1.45 fold, p < 0.001), 25 ppm fumagillin (1.2 fold, p =
0.001), 75 ppm fumagillin (1.31 fold, p =0.017), 1 ppb clothianidin (1.48 fold, p < 0.001), and 10

ppb clothianidin (1.14 fold, p < 0.001), compared to sucrose syrup fed bees (Figure 4B).

Heat shock protein 70 kDa cognate 4 (hsc70-4) is a constitutively expressed molecular chaperone
and functions with the cooperation of co-chaperones. It is involved in RISC assembly and
maintenance of cellular protein homeostasis, including protein folding, assembly, disassembly,
and degradation (171-173). Expression of Asc70-4 was higher in FHV-infected bees fed sucrose
syrup containing thyme oil (1.12 fold, p < 0.001), 25 ppm fumagillin (1.23 fold, p < 0.001), 75
ppm fumagillin (1.79 fold, p < 0.001), 1 ppb clothianidin (2.01 fold, p < 0.001), and 10 ppb
clothianidin (1.32 fold, p = 0.016) relative to sucrose syrup fed bees (Figure 4C). DWV-infected
bees fed sucrose syrup containing either stimulant (thyme oil) or stressors (fumagillin or
clothianidin) exhibited greater 4sc70-4 expression than bees fed sucrose syrup only i.e., thyme oil-
1.42 fold; 25 ppm fumagillin- 2 fold; 75 ppm fumagillin- 1.69 fold; 1 ppb clothianidin- 1.65 fold;
and 10 ppb clothianidin-1.21 fold (p < 0.001) (Figure 4C). While SINV-infected bees fed thyme
oil augmented sucrose syrup had similar isc70-4 expression relative to SINV-infected bees fed
only sucrose syrup, SINV-infected bees fed chemical stressors exhibited greater hsc70-4
expression i.e., 25 ppm fumagillin (2.07 fold, p = 0.001), 75 ppm fumagillin (1.4 fold, p = 0.024),
1 ppb clothianidin (2.1 fold, p =0.001), and 10 ppb clothianidin (1.79 fold, p =0.001) (Figure 4C).
Hsc70-4 expression was greater in mock-infected honey bees fed either augmented diets,
compared to those fed only sucrose syrup i.e., thyme oil- 1.76 fold; 25 ppm fumagillin- 1.5 fold;

75 ppm fumagillin- 1.39 fold; 1 ppb clothianidin- 1.94 fold; and 10 ppb clothianidin- 1.87 fold
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relative to sucrose syrup fed bees (p < 0.001) (Figure 4C). Since analyses of hsp90 and hsc70-4
expression in one biological replicate was similar to p/2 expression data indicating that in general
honey bee heat shock protein encoding genes exhibited higher expression in response to all
chemicals, including thyme oil, fumagillin, and clothianidin, additional biological replicates were

not analyzed for Asp90 and hsc70-4 expression.

2.2.3 Greater expression of antimicrobial peptide encoding genes in thyme oil fed bees,

reduced in fumagillin and clothianidin fed bees

The honey bee genome encodes a suite of antimicrobial proteins (AMPs) that are expressed in
response to microbial pathogens. Although the role of these genes in the context of virus infections
in insects has not been well-characterized, increased expression is commonly used as a hallmark
of active immune signaling pathways including the Toll, Imd, and Jak/STAT pathways [reviewed
in (37, 40, 41)]. Therefore, we examined the expression of two honey bee AMP encoding genes
abaecin and hymenoptaecin as an indicator of immune pathway status in virus-infected bees fed
chemically augmented sucrose syrup. Abaecin is an effector molecule expressed as a result of an
immune challenge that triggers the induction of Toll and Imd pathways (174-176). Abaecin
expression in FHV-infected honey bees fed sucrose syrup supplemented with thyme oil was 1.28
fold higher relative to those fed only sucrose syrup (p = 0.001) (Figure 5A). In contrast, abaecin
expression in FHV-infected bees fed either fumagillin or clothianidin was slightly lower than
expression in FHV-infected bees fed plain sucrose syrup (i.e., 25 ppm fumagillin, 0.61 fold, p =
0.001; 75 ppm fumagillin, 0.59 fold, p < 0.001; 1 ppb clothianidin, 0.75 fold, p = 0.002; and 10
ppb clothianidin, 0.63 fold, p < 0.001) (Figure 5A). DWV-infected bees fed thyme oil augmented

sucrose syrup had 1.58 fold greater abaecin expression than sucrose syrup fed bees (p = 0.029).
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Whereas chemically stressed DWV-infected bees exhibited reduced abaecin expression than
DWV-infected bees fed sucrose syrup alone (i.e., 25 ppm fumagillin, 0.88 fold, p <0.001; 75 ppm
fumagillin, 0.76 fold, p = 0.003; 1 ppb clothianidin, 0.3 fold, p < 0.001; and 10 ppb clothianidin,
0.4 fold, p < 0.001) (Figure 5A). Likewise, SINV-infected honey bees fed thyme oil augmented
sucrose syrup had 1.4 fold higher abaecin expression compared to sucrose syrup fed bees (p =
0.01). Whereas SINV-infected bees fed chemical stressors exhibited reduced abaecin expression
(i.e., 25 ppm fumagillin, 0.87 fold, p = 0.01; 75 ppm fumagillin, 0.45 fold, p = 0.001; 1 ppb
clothianidin, 0.85 fold, p = 0.01; and 10 ppb clothianidin, 0.41 fold, p = 0.001) (Figure 5A). The
same trend was also observed in mock-infected bees, which exhibited 1.33 fold higher abaecin
expression in bees fed thyme oil augmented sucrose syrup compared to levels in bees fed non-
augmented sucrose syrup (p < 0.001). Whereas abaecin expression was reduced in mock-infected
bees fed sucrose syrup containing 25 ppm fumagillin (0.36 fold, p < 0.001), 75 ppm fumagillin
(0.47 fold, p <0.001), 1 ppb clothianidin (0.92 fold, p <0.001), and 10 ppb clothianidin (0.47 fold,
p < 0.001) (Figure 5A). In general, similar trends in abaecin expression was observed in one
additional biological replicate except abaecin expression in FHV-infected bees fed sucrose syrup
containing 75 ppm fumagillin or DWV-infected bees fed 1 ppb clothianidin was similar to

expression levels in bees fed sucrose syrup (Supplemental Figure S7, p > 0.05).
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Figure 5. Expression of antimicrobial peptides encoding genes was greater in bees fed
thyme oil augmented sucrose syrup and lower in bees fed fumagillin or clothianidin
containing sucrose syrup.

The expression of two antimicrobial peptides (abaecin and hymenoptaecin) was assessed in

mock and virus-infected bees fed sucrose syrup containing additives. (A) In virus- and mock-
infected bees (i.e., FHV, DWV, SINV), abaecin expression was higher in bees fed sucrose syrup
containing thyme oil and lower in bees fed sucrose syrup containing fumagillin (25 ppm or 75
ppm) or clothianidin (1 ppb or 10 ppb) compared to bees fed sucrose only. (B) In virus-infected
bees (i.e., FHV, DWV, SINV), hymenoptaecin expression was higher in bees fed sucrose syrup
containing thyme oil and lower in bees fed sucrose syrup containing fumagillin (25 ppm or 75
ppm) or clothianidin (1 ppb or 10 ppb). Hymenoptaecin expression was higher in mock-infected
bees fed sucrose syrup augmented with 0.16 ppm thyme oil, but lower in mock-infected bees fed
either fumagillin (i.e., 25 ppm or 75 ppm) or clothianidin (1 ppb or 10 ppb) containing sucrose
syrup. Data were analyzed by a pairwise Wilcoxon Rank Sums with a Benjamini—Hochberg
correction for multiple comparisons. Asterisks indicate a significant change in gene expression
compared to sucrose only control; significance levels: * p <0.05; ** p <0.005; *** p <0.0005.
Figure 5 shows representative biological replicate for the expression of each gene (i.e., repl for
abaecin and rep3 for hymenoptaecin). The data for one additional biological replicate is
presented in supplemental Figures S7 and S8. Raw data are included in Supplemental Tables S17
— S20.
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Hymenoptaecin is an antimicrobial peptide encoding gene that is induced via the nuclear factor
kappa B (NF-kB) signaling in Imd pathway (175). In the previous study by Palmer-Young et al.,
expression of hymenoptaecin in laboratory contained bees fed 0.16 ppm thymol for 7 days
exhibited 12.9 to 61-fold greater expression than control bees (104). In our study, the overall trend
in hymenoptaecin expression in bees that were either mock- or virus-infected and fed sucrose syrup
containing thyme oil was higher, whereas in bees fed fumagillin, or clothianidin were lower
relative to bees fed sucrose syrup (Figure 5B). FHV-infected bees fed thyme oil containing sucrose
syrup had 1.48 fold higher expression of hymenoptaecin compared to bees fed sucrose syrup (p =
0.002). FHV-infection coupled with fumagillin or clothianidin containing sucrose syrup resulted
in lower levels of hymenoptaecin expression compared to levels in bees fed plain sucrose syrup
(i.e., 25 ppm fumagillin, 0.72 fold, p = 0.019; 75 ppm fumagillin, 0.7 fold, p = 0.002; 1 ppb
clothianidin, 0.83 fold, p = 0.027; and 10 ppb clothianidin, 0.76 fold, p < 0.001) (Figure 5B).
Likewise, DWV-infected honey bees fed thyme oil augmented sucrose syrup had 1.62 fold higher
hymenoptaecin expression relative to bees fed sucrose syrup only (p = 0.002). However,
hymenoptaecin expression was lower in DWV-infected bees fed sucrose syrup containing 25 ppm
fumagillin (0.34 fold, p < 0.001), 75 ppm fumagillin (0.36 fold, p < 0.001), 1 ppb clothianidin
(0.69 fold, p = 0.001), and 10 ppb clothianidin (0.62 fold, p = 0.006) than levels in bees fed only
sucrose syrup (Figure 5B). SINV-infected bees fed sucrose syrup supplemented with 0.16 ppm
thyme oil exhibited 1.51 fold greater expression of hymenoptaecin, relative to bees fed sucrose
syrup only (p = 0.001). Bees infected with SINV and fed fumagillin or clothianidin containing
sucrose syrup had lower levels of hymenoptaecin expression compared to bees fed sucrose syrup

alone (i.e., 25 ppm fumagillin, 0.37 fold; 75 ppm fumagillin, 0.51 fold; 1 ppb clothianidin, 0.48
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fold; and 10 ppb clothianidin, 0.58 fold; all with p < 0.001) (Figure 5B). Similar trends in
hymneoptaecin expression were observed in mock-infected bees fed thyme oil, which exhibited
1.8 fold greater expression relative to bees fed sucrose syrup (p < 0.001), whereas mock-infected
bees exposed to chemical stressors had reduced Aymenoptaecin expression levels (i.e., in 25 ppm
fumagillin, 0.66 fold, p = 0.004; 75 ppm fumagillin, 0.68 fold, p < 0.001; 1 ppb clothianidin, 0.52
fold, p = 0.004; and 10 ppb clothianidin, 0.78 fold, p = 0.004) (Figure 5B). Similar trends in
hymenoptaecin expression were observed in one additional biological replicate of this experiment
except in repl, hymenoptaecin expression in bees fed thyme oil and either infected with FHV or
SINV exhibited similar levels of expression to bees fed only sucrose syrup (Supplemental Figure
S8).

2.2.4 Greater vitellogenin expression in thyme oil fed bees, reduced in fumagillin and
clothianidin fed bees

In honey bees, vitellogenin (vg) has numerous functions including roles in immunity and stress
resistance [reviewed in (77)]. Overall, the trends in vg expression were similar to the trends
observed for other honey bee immune genes including dcr-like, ago2, abaecin, and hymeptaecin.
Virus infection in conjugation with thyme oil augmented diets resulted in higher levels of vg
expression compared to virus-infected bees fed sucrose only (i.e., FHV- 1.47 fold, p = 0.023;
DWV- 1.42 fold, p <0.001; SINV- 1.23 fold, p = 0.01). The expression of vg was highest for 0.16
ppm thyme oil fed, mock-infected bees, which exhibited 2.71 fold greater expression than bees fed
sucrose only (p = 0.0001). Whereas virus-infected bees fed either fumagillin or clothianidin

containing diets had lower expression of vg.
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Figure 6. Vitellogenin expression was higher in bees fed sucrose syrup containing thyme oil
and lower in bees fed sucrose syrup containing fumagillin or clothianidin.
Vitellogenin expression was assessed using qPCR and the relative gene expression was analyzed

using the AACt method with normalization to pl8 and relative to expression in mock or virus-
infected bees fed sucrose syrup only. In virus-infected (i.e., FHV, DWV, SINV) and mock-
infected honey bees vitellogenin expression was greater in bees fed sucrose syrup containing
thyme oil and reduced in bees fed sucrose syrup containing fumagillin (25 ppm or 75 ppm) or
clothianidin (1 ppb or 10 ppb) relative to sucrose only fed bees. Asterisks indicate a significant
change in gene expression compared to sucrose only control; significance levels: * p <0.05;

** p <0.005; *** p <0.0005. Figure 6 shows representative biological replicate for vitellogenin
expression. The data for one additional biological replicate is presented in supplemental Figure
S9. Raw data are included in Supplemental Tables S21 and S22.

Specifically, in FHV-infected bees fed chemical containing sucrose syrup resulted in reduced vg
expression (i.e., 25 ppm fumagillin, 0.86 fold, p = 0.023; 75 ppm fumagillin, 0.62 fold, p = 0.002;
1 ppb clothianidin, 0.77 fold, p < 0.001; and 10 ppb clothianidin, 0.74 fold, p = 0.002) compared
to bees fed sucrose syrup (Figure 6). Analogously, dual stressed bees resulted in reduced vg
expression in DWV-infected bees fed sucrose syrup containing 25 ppm fumagillin (0.84 fold, p =
0.013), 75 ppm fumagillin (0.42 fold, p < 0.001), 1 ppb clothianidin (0.8 fold, p = 0.001), and 10
ppb clothianidin (0.68 fold, p <0.001) compared to bees fed sucrose syrup (Figure 6). Vitellogenin
expression was reduced in SINV-infected bees fed with sucrose syrup containing 25 ppm
fumagillin (0.51 fold, p < 0.001), 75 ppm fumagillin (0.34 fold, p < 0.001), 1 ppb clothianidin

(0.73 fold, p <0.0001), and 10 ppb clothianidin (0.77 fold, p = 0.002) compared to bees fed sucrose
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syrup (Figure 6). In general, similar trends in vg expression were observed in mock-infected bees
exposed to a single stressor, i.e., in bees fed sucrose syrup containing 25 ppm fumagillin (0.81
fold, p =0.001), 75 ppm fumagillin (0.85 fold, p = 0.001), 1 ppb clothianidin (0.83 fold, p <0.001),
and 10 ppb clothianidin (0.82 fold, p = 0.001) compared to bees fed sucrose syrup (Figure 6). The
expression of vg as analyzed in one additional biological replicate followed similar trends except
inrepl, FHV-infected bees fed 10 ppb clothianidin and SINV-infected bees fed 25 ppm fumagillin,

vitellogenin expression was constant relative to bees fed sucrose syrup (Supplemental Figure S9).

3 Discussion

Honey bee health is impacted by numerous factors including pathogens and chemical stressors.
These stressors impact honey bee health at the colony, individual bee, and cellular levels. Honey
bees have evolved various strategies to mitigate these threats (97, 177-179). However, the impact
of multiple, simultaneous biotic and abiotic stressors on honey bee health and longevity is currently
not well understood, and difficult to assess at the colony level due to the large number of
confounding variables (e.g., weather, colony management, pathogen exposure, co-infections).
Therefore, we performed laboratory-based experiments to examine the impact of virus infection
in the context of putative chemical stimulant (i.e., thyme oil) and stressors (i.e., fumagillin and
clothianidin), while limiting the effects of additional compounding variables. The results described
herein demonstrate that honey bees fed sucrose syrup supplemented with 0.16 ppm thyme oil
harbored 25-87% less virus than bees fed only sucrose syrup. This trend was consistent for a panel
of viruses including FHV, SINV-GFP, and DWV. Honey bees fed thyme oil exhibited greater

expression of genes involved in antiviral defense including the RNAi pathway (i.e., ago2 and dcr-
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like) and antimicrobial peptide genes regulated by Toll and Imd pathways (i.e., abaecin and
hymenoptaecin), as well as a gene involved in immune competence and a marker of the overall
bee health, vitellogenin. Together these results indicate that thyme oil stimulates honey bee
immune responses and mitigates virus infections.

This is in line with previous studies that have documented modulation of honey bee gene
expression in response to phytochemicals. Specifically, in the context of natural DWV infections,
Palmer-Young et al. demonstrated greater hymenoptaecin expression (12.9 to 61-fold) in honey
bees fed 0.16 ppm thymol relative to controls (104). Likewise, Mao et al. demonstrated that honey
bees fed p-coumaric acid, a common pollen phytochemical, had greater expression of two other
antimicrobial peptide encoding genes (i.e., 1.2 fold defensin and 1.9 fold abaecin), as well as genes
involved in detoxification (107). Our results, coupled with previous studies are promising and may
indicate that thyme oil augmented diets, either naturally acquired or fed could be used to enhance
individual bee immunocompetence and, in turn, mitigate virus-associated colony deaths. However,
further investigation is required to determine the range of thymol concentrations that positively
impact honey bee health, since exposure to higher doses of thymol (i.e., 16 ppm) were lethal in
previous studies (104). Additional studies are also required to further investigate the precise
mechanisms of action, while results to date suggest thymol stimulates the expression of key honey
bee immune genes. The signal transduction cascades, sensors, transcription factors, and effector
proteins involved have yet to be fully elucidated.

The impact of agrochemicals, including neonicotinoid insecticides on honey bee health and colony
longevity is an important area of research that includes a large body of literature including

numerous studies that have examined field relevant exposure, colony longevity, and the impacts



99
on individual bees in laboratory-based experiments (139, 180-182). While acute toxicity is easy to
measure in laboratory-based studies, sublethal impacts are more difficult to assess. Furthermore,
the impact of sublethal doses of chemicals, including clothianidin, on the immune response and in
turn the outcome of virus infection is even more difficult to discern. Previous studies demonstrated
a negative impact of clothianidin (10 ppb) on the activation of Toll (NF-kB/ Dorsal) pathway in
honey bee larvae (154, 183). Clothianidin exposure enhances the transcription of the NF-kB
inhibitor and suppresses the immune response. This eventually results in higher DWV replication
(154). Similar to previous results, we determined that honey bees fed sucrose containing
clothianidin (1 ppb) had reduced expression of key immune genes (i.e., ago?2, dcr-like, abaecin,
hymenoptaecin, and vitellogenin), which resulted in more severe virus infections, using virus
abundance as a proxy for infection severity for a panel of viruses. Together our results coupled
with those from previous studies, suggest that sublethal doses of clothianidin may increase the
overall virus burden in a colony. However, honey bees fed sucrose syrup containing 10 ppb
clothianidin had virus levels that were similar to, or lower than, levels in bees fed only sucrose
syrup. Although additional studies are needed, we hypothesize that bees fed 10 ppb clothianidin
may have been less suitable hosts for viruses, which are obligate intracellular pathogens and, thus,
rely on healthy host cells for replication. An alternative hypothesis, which is not well supported
by the data described herein is that reduced virus abundance in 10 ppb clothianidin fed bees is due
to hormesis (i.e., a dose-dependent beneficial biological response to a chemical stressor) (184,
185). Insecticide-induced hormesis has been reported to have ‘positive’ effects on survival,
reproduction, and immunity in bees and other insects and is involved in various life stages and

different insecticide active ingredients (184-187). The possibility of virus reduction due to
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hormetic effects was mentioned in another study that found DWV-infected honey bees fed 0.12 -
0.35 ng clothianidin per bee (~ 1.2 - 3.5 ppb) had lower DWV levels than bees fed 0.05 ng
clothianidin per bee (~ 0.5 ppb) (143). However, in our study, the beneficial virus limiting response
in bees fed 10 ppb clothianidin did not correspond with greater immune gene expression, therefore
the hormetic effect hypothesis is not well-supported.

Beekeepers also use in-hive chemical treatments as part of integrated pest management (IPM)
strategies to maintain health honey bee colonies. These beekeeper-applied treatments include
miticides and the antifungal compound fumagillin, which is used to mitigate Nosema spp.
infections. Previous studies indicated that fumagillin treatments may negatively impact bee health,
therefore a limit of two treatments per colony is included as a label advisory. To further investigate
the impacts of fumagillin treatment on the honey bee immune system and the outcome of virus
infection, honey bees were fed sucrose containing the recommended dose of 25 ppm, or a greater
dose of 75 ppm. We determined that virus abundance was higher in bees fed sucrose syrup
containing 25 ppm or 75 ppm fumagillin, relative to bees fed sucrose syrup only. The greater virus
abundance is likely due to immune suppression, as the expression of select honey bee immune
genes (i.e., ago2, dcr-like, abaecin, hymenoptaecin, and vitellogenin) were reduced in fumagillin
fed bees. Although future studies are warranted before adjusting recommendations for honey bee
colony management, our results suggest that beekeepers should consider trade-off of reducing
Nosema infections, but increasing virus abundance. This consideration may be more important at
the end of the beekeeping season in temperate climates (i.e., late autumn), since DWV infections
are usually great at that time of year (15, 27, 28). While the focus of our experiments was to

evaluate the impact of dual stressors on individual honey bee health, we determined that honey
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bees exposed to a single stressor, i.e., fumagillin (25 ppm or 75 ppm) or clothianidin (1 ppb) had
reduced levels of key immune genes (i.e., ago2, dcr-like, abaecin, hymenoptaecin, and
vitellogenin) compared to bees fed sucrose syrup alone. The reduced expression of vitellogenin in
fumagillin or clothianidin (1 ppb) fed bees indicates poor health status of the host while the reduced
expression of key immune genes suggests hindered immune responses.

Collectively, the results described herein indicate that 0.16 ppm thyme oil acts as an
immunostimulant in honey bees and results in reduced levels of virus infection. Additional studies
that further examine the kinetics of immune stimulation and the impact of multiple treatments on
virus infections over a longer time frame are required to help move these studies beyond the
laboratory and towards colony level investigations that may benefit beekeeping operations. It will
also be important to examine the impact of simultaneous exposure to putative immune system
stimulants including thyme oil, in the context of varying doses of chemical stressors (fungicide
and/or insecticide) on the outcome of honey bee virus infections. In addition, chemical adjuvants
can negatively impact the outcome of virus infections in the context of other chemical stressors,
and therefore their impact also requires further investigation (188). Studies that more clearly mimic
the real-world multifactorial and variable biotic and abiotic stressors encountered by honey bees,
and other beneficial insect pollinators, will be instrumental to the development of strategies aimed
at mitigating their losses (11, 79, 133, 189-192).

4 Materials and Methods

4.1 Honey bees
Honey bee colonies were originally established as packages containing naturally mated Apis

mellifera carnica queens and maintained in Langstroth hives in an apiary located at Montana State
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University’s Horticulture Farm in Bozeman, MT, USA. Frames of capped brood with emerging
bees were obtained from established colonies one day prior to each experiment and kept at 32°C
and in a laboratory incubator overnight. Age-matched (~24 h post-emergence) adult female,
worker bees were collected and housed in modified deli-containers and randomly assigned into
treatment groups. Honey bees in each treatment group were maintained in laboratory incubators at
32°C and ~ 20% relative humidity and fed 50% sucrose solution ad libitum with or without
additives including thyme oil, fumagillin, and clothianidin as described below. Experiments
described herein were carried out using honey bees collected from three separate colonies obtained

during May-August 2020, designated as rep1, rep2, and rep3.

4.2 Virus preparation

4.2.1 Flock House virus (FHV)

Flock House virus (FHV) was propagated in Drosophila melanogaster Schneider 2 (S2) cells
derived from D. melanogaster embryos. S2 cells were grown as monolayers in Schneider's
Drosophila medium supplemented with 10% heat-inactivated fetal bovine serum (Life
Technologies) and 1% penicillin-streptomycin as per manufacturer’s instructions. To generate
FHV particles, 4 x 107 S2 cells/ml were seeded in a sterile T75 flask (Thermo Scientific). An
aliquot of FHV was kindly provided by Dr. Anette Schneemann (The Scripps Research Institute,
La Jolla, California). S2 cells were infected with FHV at a multiplicity of infection of 1 pfu/cell
and incubated at 28°C for 48 h as previously described (193). After incubation, the cells were lysed
by addition of 10% (vol/vol) Nonidet P-40 and incubated on ice for 10 min with periodic swirling.

Cell debris was pelleted in a Sorvall LYNX 4000 Centrifuge (Thermo Fisher) at 13,800x g for 10
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min at 4°C and the clarified supernatant was transferred to a fresh tube. Virus was pelleted through
a 1 mL volume of 30% (wt/wt) sucrose in 50 mM HEPES (pH 7) at 40,000 rpm for 2.5 h at 11°C
ina SW41 Ti Swinging-Bucket Rotor (Beckman Coulter). The pellets were resuspended in 0.5 mL
50 mM HEPES (pH 7) and centrifuged at 10,000 rpm for 10 min to remove any insoluble material.
The clarified supernatant was layered on continuous sucrose gradients (40%, 35%, 30%, 25%,
20%, 15% and 10% (wt/wt)) and centrifuged at 40,000 rpm for 1.5 h at 11°C to sediment the virus
halfway down the tube. The sedimented virus was further pelleted in 10 mM Tris HCI buffer (pH
7.5) at 40,000 rpm for 2.5 h at 11°C for injections in honey bees. RNA was isolated from 100 pL
virus preparations (as described below) and FHV abundance was quantified by RT-PCR and copy
number was based on a standard curve. The dose utilized for laboratory-based honey bee infection
studies was 3.5 x 108 FHV RNA copies per bee. FHV RNA 2 plasmid standards were used as
templates, with concentrations ranging from 103 to 10° copies per reaction to create a linear
standard curve, with a limit of detection of 10° copies of FHV ¢cDNA using primers FHV-FW and
FHV-REV (Supplemental Table S1). The linear equation for the plasmid standard for FHV was
Ct =-3.240x + 40.138 (R? = 0.980, efficiency = 103%) where ‘x’ is the log (FHV RNA copies).
4.2.2 Deformed wing virus (DWYV)

DWYV was propagated in white eyed pupae collected from a frame of capped brood. Specifically,
honey bee pupae were injected with 3.41 x 10’ DWV RNA copies in 2 puL between the 2" and 3™
integuments of the abdomen using microcapillary glass needle and a Harbo syringe (Honey bee
Insemination Service). Post-injection, pupae were held at 30°C in a humid incubator for the course
of infection. Infection progression was tracked by the eye color to ensure the pupae were alive.

Live pupae were harvested at 10 days post infection and place in a 2 mL safe-lock Eppendorf tube
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with 1 mL PBS (pH 7.4) and homogenized using a Tissue Lyser II (Qiagen) at 30 Hz for 2 min.
The homogenate was centrifuged at 14,000x g for 15 min at 4°C and the clarified supernatant was
transferred to a fresh tube. DWV RNA copies were quantified using qPCR to be 3.41 x10’ DWV
RNA copies/pL. The inoculum was tested for copurifying/contaminating viruses (ABPV, BQCV,
CBPV, IAPV, KBV, LSVs, and SBV) via PCR. No other viruses except DWV were detected via
PCR. (Supplemental Figure S11). The dose utilized for laboratory-based honey bee infection
studies was 3.5 x 10¥ DWV RNA copies per bee. DWV plasmid standards were used as templates,
with concentrations ranging from 103 to 10 copies per reaction to create a linear standard curve,
with a limit of detection of 10° copies of DWV ¢DNA using primers DWV-F 1170 and DWV-R
1364 (Supplemental Table S1). The linear equation for the plasmid standard for DWV was Ct = -
3.469x +40.803 (R? = 0.999, efficiency = 94.5%) where ‘x’ is the log (DWV RNA copies).

4.2.3 Sindbis-green fluorescent protein tagged (SINV-GFP)

We utilized a recombinant model virus, Sindbis virus expressing green fluorescent protein (42, 93,
194). We and others have used SINV to investigate honey bee, fruit fly, and mosquito antiviral
defense mechanisms (42, 43, 61, 93). SINV was propagated in Baby Hamster Kidney fibroblast
(BHK-21) cells. BHK-21 cells were grown as a monolayer in Eagle's Minimum Essential Medium
with 10% fetal bovine serum. A 90% confluent flask was infected with a multiplicity of infection
of 0.001 as previously described (94). Infected cells were incubated at 37°C with 5% carbon
dioxide for 24 h. Cells were collected, and the cell debris was removed by centrifugation at 1000x
g for 10 min. The clarified supernatant was quantified using a standard plaque assay (93). Each
bee was injected with 3,750 plaque forming units (PFUs) SINV. SINV-GFP plasmid standards

were used as templates, with concentrations ranging from 10° to 10° copies per reaction to create
p gimng pies p
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a linear standard curve, with a limit of detection of 10° copies of SINV-GFP ¢DNA using primers
qSindbisFW4495 and qSindbisREV4635 (Supplemental Table S1). The linear equation for the
plasmid standard for SINV-GFP was Ct = -3.335x + 40.137 (R? = 0.993, efficiency = 99.5%)

where ‘X’ is the log (SINV-GFP RNA copies).

4.3 Honey bee virus infection

Age-matched (~24 h post-emergence) adult female, worker bees were cold anesthetized at 4°C for
10 min prior to intrathoracic injection of virus or buffer (mock-infection). Intra-thoracic injections
were performed using a Harbo syringe (Honey Bee Insemination Service) and microcapillary glass
needles, made by pulling borosilicate glass capillary tubes (100 mm long, 1 mL capacity, Kimble-
Chase) with a coil temperature of 61°C on the PC-10 Dual-Stage Glass Micropipette Puller
(Narishige). Honey bees were infected with 3.5 x 103 FHV RNA copies/bee in 10mM Tris HCI
buffer pH 7.5, 3.5 x 108 DWV RNA copies/bee in 10mM Tris HCI buffer pH 7.5 or 3,750 PFUs

SINV-GFP. Mock-infected bees were injected with 2 pL buffer (10mM Tris HCL, pH 7.5).

4.4 Honey bee diet preparation

Post-injection, honey bees were housed in modified deli containers for the duration of the study.
Bees in the control group were fed 50% sucrose syrup only, whereas bees in treatment groups were
fed sucrose syrup containing one of the following additives: 0.16 ppm thyme oil (Body wonders),
Fumagilin-B®, fumagillin dicyclohexyl ammonium (Medivet Pharmaceuticals Ltd.) at
manufacturer’s recommended dose of 25 ppm or a higher dose of 75 ppm, or clothianidin at the

field relevant sublethal concentration of 1 ppb or near lethal dose of 10 ppb (130, 195, 196). Thyme
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oil contains 10% - 64% thymol (~37% average) depending on the plant species, geographical
sources, and harvest season, which may affect the volatile composition of the plant (113, 116-118).
We estimate that 0.16 ppm thyme oil used in this experiment may contain approximately 0.06 ppm
(60 ppb) thymol (37% thymol in 0.16 ppm thyme oil corresponds to ~ 60 ppb). For clothianidin
treatments we utilized the commercially available Poncho® 600, which contains 48% of the active
ingredient clothianidin. A working stock of 1000 ppb clothianidin was prepared by 1:10 serial
dilutions in 50% sucrose solution, which was further diluted in 50% sucrose to prepare 1 ppb (i.e.,
10 ul of 1000 ppb Poncho® 600) and 10 ppb (i.e., 100 ul of 1000 ppb Poncho® 600) clothianidin
solutions. Honey bees were fed sucrose solution either alone or with additives using cage feeders
that were made by putting two holes on each side of a 1.5 mL centrifuge tube; sucrose solution

was checked daily and refilled as needed throughout the study.

4.5 RNA isolation

Individual honey bee sample was dissected into head, thorax, and abdomen. The abdomen was
utilized for further analysis since it is distal to the injection site and thus virus infection naturally
spread into that tissue, and it contains the immune cell generating fat body. Honey bee abdomens
were transferred into 2 mL Eppendorf safe-lock tubes and homogenized in 300 puL deionized water
with a sterile steel ball (5 mm) using a Tissue Lyser II (Qiagen) at 30 Hz for 2 min. An equal
volume (300 pL) of TRIzol reagent (Invitrogen) was added to homogenate and then samples were
vortexed for 15 s followed by a 5 min incubation at room temperature. Next, 100 uL. chloroform
was added and each sample was shaken by hand for 15 s and incubated at room temperature for 2

min. Samples were then centrifuged at 12,000x g at 4°C for 15 min and the aqueous phase was
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transferred to a fresh 1.5 mL centrifuge tube. An equal volume of isopropanol was added to the
aqueous phase, vortexed, and incubated at room temperature for 10 min to precipitate the nucleic
acid. The nucleic acid was pelleted by centrifugation at 12000x g at 4°C for 10 min. Supernatant
was carefully removed and the pellets were washed with 75% ethanol by centrifugation at 7500x
g at 4°C for 5 min. The resulting supernatant was discarded, and the pellets were air dried for 10
min at room temperature, then dissolved in 50 uL deionized water. RNA concentrations were
assessed on Nanodrop 2000 spectrophotometer (Thermo Fisher). All RNA samples were stored in

-80°C until further analysis.

4.6 Reverse transcription/cDNA synthesis

Reverse transcription reactions were carried out to synthesize complimentary DNA (cDNA) by
incubating 2,000 ng of RNA with M-MLYV reverse transcriptase (Promega) and 500 ng random
hexamer primers (IDT) for 1 h at 37°C according to manufacturer’s instructions. The resulting

cDNA was diluted 1:2 with sterile distilled water.

4.7 Polymerase Chain Reaction (PCR)

Polymerase chain reaction (PCR) was used to test mock-infected bees in all experimental replicates
for pre-existing infections with honey bee infecting viruses, since bees were obtained from honey
bee colonies that may have varying levels of naturally prevalent bee infecting viruses (i.e., BQCV,
CBPV, ABPV, DWV, IAPV, KBV, SBV, LSVs 1-4). To reduce the number of individual PCR
tests, individual bee cDNA samples (n= 11-12) were pooled, resulting in three pooled samples per

treatment. Each pool was tested for pre-existing virus infections using pathogen-specific primers
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(Supplemental Table S1 and Supplemental Figure S10). PCR was performed according to standard
methods (197). In brief, 2 uL cDNA template was combined with 10 pmol of each forward and
reverse primer, and amplified with Denville ChoiceTaq polymerase (Thomas Scientific) according

to the manufacturer’s instructions using the following cycling conditions: 95°C for 5 min, 95°C for

30's, 57°C for 30 s, 72°C for 30s, 35 cycles, followed by final elongation at 72°C for 4 min.

4.8 Quantitative PCR (qPCR)

Quantitative PCR was used to quantify relative abundances of viruses and honey immune gene
transcripts using the primers listed in Supplemental Table S1. All gPCR reactions were performed
in triplicate with 2 uL of cDNA template. Each 20 pL reaction contained 1x ChoiceTaq Mastermix
(Thomas Scientific), 0.4 pM each forward and reverse primer, 1x SYBR Green (Life
Technologies), and 3 mM MgCl. A CFX Connect Real Time instrument (BioRad) was used to
carry out reactions with the following thermo-profile: pre-incubation at 95°C for 1 min followed
by 40 cycles of 95°C for 10 s, 60°C for 20 s, and 72°C for 15 s; final extension at 72 °C for 1 min,
followed by melt curve analysis. Reactions without template were carried out as negative controls.
The qPCR specificity was verified through melt point analysis and gel electrophoresis of select
samples. The sequence amplicons were previously verified by chain-termination sequencing. As
described above in section 4.2 for virus stock quantification, virus abundance in individual bee
samples was determined relative to a standard curve that was generated by the use of virus
amplicon specific plasmids, with concentrations ranging from 10° to 10° copies per reaction, as
templates to create linear standard curves. The linear equations for each virus amplicon are

included in section 4.2 above. The qPCR and mortality data for individual samples is included in
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Supplemental Tables S3 and S5. The virus fold change for dead and live virus-infected honey bees
fed chemical treatments was plotted for each treatment group and no significant difference in fold
change was recorded in dead vs. live bees. Thus, in our analyses, data from dead and live bees was
combined and presented.

To assess the relative expression of honey bee genes including immune genes (i.e., argonaute-2,
dicer-like, abaecin, hymenoptaecin, heat shock protein 90, heat shock protein 70 cognate 4,
protein lethal (2) essential for life-like), and vitellogenin, relative to the expression of a reference
gene (i.e., ribosomal protein L8) was carried out using the gene-specific primer sets in
Supplemental Table S1 and the AACt method (198). Specifically, the relative expression of host
genes was determined by a ranked AACt method in which the ACt was calculated by subtracting
the rp/8 Ct value from the Ct of the gene of interest. Then, the within-group ACt values were
ranked from highest to lowest, and the relevant corresponding control ACt value was subtracted
from the treatment group ACt to obtain the AACt. The fold-change in cDNA abundance was
calculated by the equation 2742, Efficiency of each primer set was evaluated using cDNA dilution
series and calculated by plotting logio of the concentration versus the crossing point threshold
(C(t)) values and using the primer efficiency equation (100/5°P9-1) x 100). The efficiency equations
of the primers utilized for honey bee immune genes are- ago-2 Cp=-3.36x + 30.28, R?=0.99; dcr-
like Cp =-3.56x + 31.22, R* = 0.99; abaecin Cp = -3.37x + 29.8, R? = 0.99; hymenoptaecin Cp =
-3.44x +30.50, R?=0.99; hsp90 Cp = -3.43x + 32.98, R2=0.99; hsc70-4 Cp =-3.36x + 31.52, R?

=0.99 ; p/2 Cp=-3.16x + 30.12, R? = 0.99; vitellogenin Cp = -3.04x + 29.44, R? = 0.99.
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4.9 Statistical analysis
All data were analyzed using R v4.0.2 in RStudio V1.3.1073. Pairwise comparisons for virus
abundance and gene expression were evaluated using the pairwise.wilcox.test function in the base
R stats package to perform a Wilcoxon Rank Sums test with Benjamini-Hochberg correlation for

multiple comparisons (199).
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Simple Summary: Honey bees are eusocial insects that live in colonies comprised of ~30,000
individuals. They are the primary pollinators of plants that produce fruits, nuts, and vegetables.
High annual losses of honey bee colonies have made it challenging for beekeepers to provide
enough colonies to meet the demand for pollination services. Multiple stressors, including
viruses, contribute to colony deaths. To better understand viral pathogenesis and bee antiviral
defense mechanisms, we obtained primary cells from honey bee larvae and pupae, maintained
them in culture, and infected them with a panel of viruses. We determined that larval
hemocytes, which are primary immune cells, support replication of a honey bee virus (sacbrood
virus) and a model virus (Flock House virus). Similarly, we determined that mixed cell
populations derived from honey bee pupae support replication of sacbrood virus, Flock House
virus, and another honey bee virus (deformed wing virus). Evaluation of the host cellular level
response to infections with each of these viruses revealed unique expression profiles of three

immune genes. In summary, this study demonstrates the utility of honey bee primary cell
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cultures to investigate the impacts of virus infection on honey bees at the cellular level, which

in turn affects individual bee and colony health.

Abstract:

Honey bee (Apis mellifera) health is impacted by viral infections at the colony, individual bee,
and cellular levels. To investigate honey bee antiviral defense mechanisms at the cellular level
we further developed the use of cultured primary cells, derived from either larvae or pupae, and
demonstrated that these cells could be infected with a panel of viruses, including common
honey bee infecting viruses (i.e., sacbrood virus (SBV) and deformed wing virus (DWV)) and
an insect model virus, Flock House virus (FHV). Virus abundances were quantified over the
course of infection. The production of infectious virions in cultured honey bee pupal cells was
demonstrated by determining that naive cells became infected after the transfer of deformed
wing virus or Flock House virus from infected cell cultures. Initial characterization of the honey
bee antiviral immune responses at the cellular level indicated that there were virus-specific
responses, which included increased expression of bee antiviral protein-1 (GenBank:
MF116383) in SBV-infected pupal cells and increased expression of argonaute-2 and dicer-
like in FHV-infected hemocytes and pupal cells. Additional studies are required to further
elucidate virus-specific honey bee antiviral defense mechanisms. The continued use of cultured

primary honey bee cells for studies that involve multiple viruses will address this knowledge

gap.

Keywords: honey bee; Apis mellifera; primary cell culture; insect antiviral defense; honey bee

viruses; RNA viruses; insect viruses
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1. Introduction
All organisms are infected by viruses, which are obligate intracellular pathogens that rely on host

cell machinery to replicate. In turn, hosts evolve mechanisms to prevent and/or limit virus
infections. To investigate host—virus interactions at the cellular and molecular levels, scientists
rely extensively on cell cultures, including immortalized cell lines and primary cells [1-3].
Cultured cells are amenable to techniques that augment or silence gene expression (e.g.,
transfection of plasmids and nucleic acids) and are thus invaluable to studies aimed at elucidating
biological mechanisms. Furthermore, cell cultures are also utilized to produce pure virus stocks,
which are important for experimentation and vaccine production [4—7]. In spite of their utility and
importance, robust cell culture systems are not available for many non-model organisms, including
honey bees (Apis mellifera). While approximately 1,000 cell lines have been derived from insect
tissues, including 19 hymenopteran cell lines (the insect order that includes bees, ants, and wasps),

only one immortalized honey bee cell line, AmE-711, has been established [8—10].

The development of additional tools to understand honey bee host—virus interactions at the cellular
level is critical for determining the impact of virus infections at the individual bee and colony
levels and may ultimately result in the development of strategies that reduce the number of virus-
associated honey bee colony deaths. Honey bee colony losses averaged 38% annually from 2010
to 2018, in part due to viral infections [11-19]. Honey bees are cosmopolitan agricultural
pollinators that are impacted by numerous stressors, including agrochemicals, lack of quality
forage and habitat, colony and habitat management, the Varroa destructor mite, and pathogens

including bacteria, fungi, trypanosomatids, and viruses [20—-31]. The largest group of honey-bee-
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infecting pathogens are small RNA viruses (reviewed in [23,32]). The list of honey bee-infecting
and honey-bee-associated viruses is ever growing, in part due to virus discovery efforts aided by
the increased use of high throughput sequencing of either total RNA or virally enriched RNA
sample sequencing [33—41] (reviewed in [23,24]). The most ubiquitous and well-studied honey-
bee-associated viruses include acute bee paralysis virus [42], black queen cell virus [43], chronic
bee paralysis virus [44,45], deformed wing virus [46,47], Israeli acute paralysis virus [48],
Kashmir bee virus [49], sacbrood virus [50], and the Lake Sinai virus group [40,51]. Viral
infections can result in various symptoms, from paralysis to deformity or shortened lifespan, but
individual bees can also harbor high viral loads (~100 billion copies per bee) and show no apparent

symptoms [40,52-54].

The Iflaviridae family comprises several arthropod-associated viruses, including two honey-bee-
infecting viruses (i.e., sacbrood virus and deformed wing virus) [55-58]. Sacbrood virus (SBV)
infects both larvae and adults and is likely spread throughout a colony by adult nurse bees that
ingest infected larvae, develop SBV infections, including in their hypopharyngeal glands, and
transmit the virus to new larvae by feeding them contaminated brood food [59,60]. While SBV
may shorten the lifespan of adult bees, it is most pathogenic to young larvae, which become
discolored and yellow as the infection progresses. As the infected larva develops, its cuticle
becomes leathery, which prevents molting, and fluid builds up, creating a saclike appearance [58].
Concurrent with larvae production, SBV prevalence typically peaks in honey bee colonies in the
spring and summer months [40,61-64]. Deformed wing virus (DWYV) infects both developing and
adult bees. Infection of larvae or pupae can cause wing deformities, likely due to infection of

nascent wing buds [65—68]. DWV infection of adults is associated with short, bloated abdomens,
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shortened life span, and precocious foraging, while reducing total foraging time [69—72]. Infection
of the brain is sometimes associated with increased aggression, reduced associative learning, and
downregulation of genes associated with neuronal signaling, suggesting a dysregulation of normal
brain function [73—75]. Deformed wing virus can be acquired vertically through contamination of
eggs via infected ovarian tissue or DWV-positive semen or horizontally via mating, contaminated
food (i.e., brood food or pollen), trophallaxis, pupal cannibalism, or the bite of a Varroa destructor
mite [76-81] (reviewed in [82]). Varroa mites, which primarily feed on the honey bee fat body,
serve as passive and/or replication-competent viral vectors [66,83—87]. DWV strains include
DWV-A, DWV-B/VDV-1, which share approximately 84% nucleotide identity, and DWV-C, as
well as recombinant viruses [88—93]. DWV is one of the most well-studied honey bee viruses, and
high DWYV levels, coupled with mite infestation, are associated with honey bee colony losses [94—
98]. Recent development of DWV infectious clones will further our understanding of this virus
and its interactions with bee and mite hosts [65,78,99]. In the absence of infectious clones,
scientists have utilized crude virus preparations obtained from infected honey bees, including at

the larval and pupal stages [10,68,86,100—-104].

Model viruses, including Sindbis virus and Flock House virus, have also been utilized to
investigate honey bee antiviral defense mechanisms [4,105-109]. These viruses are relatively
easily to propagate and purify and are important tools for investigating antiviral response across a
range of different species, including honey bees, fruit flies, and mosquitos [4,105-112]. Flock
House virus (FHV) is a small, nonenveloped, icosahedral insect virus in the Nodaviridae tamily.
FHYV is genetically and structurally well-characterized and has been extensively utilized in studies

aimed at understanding basic viral processes, including genome replication and virion assembly
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[113-120]. FHV is also a valuable model virus for investigating insect antiviral immunity.
Although FHV was originally isolated from grass grubs (Costelytra Zealandica), it infects a range
of insects, including mosquitoes, fruit flies, tsetse flies, and honey bees
[105,106,110,111,121,122]. To counteract the host immune defense systems, several invertebrate
viruses have evolved viral suppressors of RNAi (VSR), and RNA-based strategies (i.e., decoy
molecules or miRNAs) (reviewed in [123]). Suppressors of RNAI are virus-encoded proteins that
either inhibit the RNAi machinery (e.g., Dicer, Argonaute) or bind viral RNAs and protect them
from Dicer-mediated cleavage or loading onto the RNA-induced silencing complex (RISC)
(reviewed in [124-126]). The FHV-encoded B2 protein is a VSR that suppresses RNAi-mediated
virus silencing by binding both long double-stranded RNAs (dsRNAs) and short interfering RNAs
(siRNAs). Binding of FHV-B2 to long dsRNA, including viral replicative intermediates, protects
them from cleavage, whereas high affinity binding of B2 to siRNAs prevents their incorporation

into RISC, both of which result in suppression of the host RNAi response [113,127,128].

Similar to other insects, honey bee antiviral defense involves numerous processes and pathways,
including autophagy, endocytosis, apoptosis, eicosanoid signaling, melanization, and the Toll and
Imd (Immune Deficiency) pathways involving NF-kB (Nuclear Factor kB) homologues Dorsal
and Relish, JAK/STAT (Janus Kinase/Signal Transducer and Activator of Transcription), JNK (c-
Jun N-terminal kinase), MAPK (Mitogen-Activated Protein Kinases), and RNA interference
(RNA1) pathways (reviewed in [23,129—-131]). RNA interference is a sequence-specific post-
transcriptional gene silencing mechanism that is induced upon recognition of long double-stranded
RNA (dsRNA) (endogenous or virally derived) by the endonuclease Dicer. Dicer cleaves dsSRNA

into 21-22 bp double-stranded short interfering RNAs (siRNAs). Then, in a process mediated by
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heat shock proteins, a single strand, called the guide strand is retained by Argonaute-2, within the
RNA-induced silencing complex (RISC) [132,133]. RISC surveils the cell, binds RNA
complementary to the guide strand, and cleaves it [108,112,124,130,131,134—139]. In honey bees
and bumble bees, dsSRNA, a virus-associated molecular pattern, also induces a non-sequence-
specific antiviral immune response that limits virus infections [107-109,140-144]. To date,
investigations of bee antiviral defense have been performed primarily in pupae and adult bees
[95,96,101,105-109,138-143,145-150] (reviewed in [23,129]). Further development and use of

honey bee cell cultures will enable more mechanistic studies of bee virology and immunology.

There is only one immortalized honey bee cell line, AmE-711, which was established from honey
bee embryonic tissue [9] (reviewed in [8]). This cell line was used to study the dynamics of several
co-infecting honey-bee-infecting viruses, including sacbrood virus (SBV), deformed wing virus
(DWYV), Israeli acute paralysis virus (IAPV), black queen cell virus (BQCV), and Kashmir bee
virus (KBV) [10]. In that study, AmE-711 cells were inoculated with a mixed virus preparation
that included varying levels of SBV, DWV, IAPV, and BQCV. In inoculated cells, IAPV
outcompeted SBV, DWYV, and BQCV; however, when cells were infected with a different
inoculum that contained KBV, SBV, IAPV, and BQCV, KBV outcompeted all other viruses,
including IAPV [10]. While an important step towards the development of immortalized honey
bee cell lines, AmE-711 has a long doubling time, is difficult to maintain in other labs, and it is
persistently infected with DWV [10]. Therefore, the use of non-honey-bee cells lines, including
the Lepidopteran hemocytic cell line (P1), to study honey-bee-infecting viruses, including DWV,
have been explored and will likely serve as an important tool for investigating bee viruses at a

cellular level [8,151]. While immortalized cell cultures provide a convenient and consistent tool,
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they often do not fully recapitulate in situ biology. For example, the immune response that AmE-
711, a honey bee fibroblast-type cell line, mounts against viruses may not represent the immune

response in other honey bee tissues or cell types (i.e., fat body, endothelium, or hemocytes).

Primary honey bee cell cultures derived from different tissues provide a useful alternative to
immortalized cell lines for the study of basic honey bee virology and immunology (reviewed in
[152]). There are several advantages and disadvantages associated with the use of either
immortalized cell lines or primary cells. For example, primary cultures may harbor preexisting
infections, while immortalized cells may be persistently infected; therefore, it is best to carry out
pathogen testing to ensure that the results obtained are not impacted by other infections [153—160].
Beneficial features of tissue-derived primary cell cultures include that they can contain diverse cell
types or be enriched for one cell type. In addition, they can be generated from pooled tissue
samples to control for the inter-individual variability associated with whole-animal experiments.
Primary cell cultures that represent multiple individuals may be particularly important for
generating robust data that is representative of outbred honey bee colonies comprising individuals
from numerous unique patrilines. Primary cell cultures established from whole pupae, with
differentiated head, thorax, and abdomen body segments, likely include numerous adipocytes and
epithelial cells as well as more specialized cells including neurons and muscle cells. These mixed
cell cultures may be beneficial for investigating virus-tropism and intercellular signaling in
response to virus infection. Similarly, the establishment and use of primary cell cultures from
specific tissues or cell types facilitates a more precise mechanistic-level understanding of host—
virus interactions [3,161,162]. Hemocytes are the primary insect immune cells that phagocytose

or encapsulate pathogens. There are several subtypes of hemocytes, which are characterized
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morphologically, histochemically, and/or functionally. These include prohemocytes, granulocytes,
plasmatocytes, spherulocytes, and oenocytoids, which may be further distinguished based on
functional diversity [163]. Honey bee hemocytes also exhibit functional and morphological
heterogeneity. The majority of circulating phagocytic cells in bee larvae are granulocytes, whereas
plasmatocytes are more prevalent in adults [164,165]. There may be additional infection-induced
cell types not yet described, like lamellocytes in Drosophila melanogaster, which are induced
upon infestation by a parasitoid wasp [166]. In addition to their heterogeneity in phagocytic ability,
honey bee hemocytes differ in their expression of hemolectin, which is associated with an
encapsulation response of foreign bodies [167]. While recent studies in Drosophila melanogaster
demonstrate that hemocytes play a role in systemic antiviral immune response, the potential for
hemocytes to be infected by viruses or the extent to which they may contribute to honey bee

antiviral immunity is not known [96,163,168-171].

To investigate honey bee antiviral defense mechanisms at the cellular level, we further developed
the use of cultured primary cells, derived from either larvae or pupae, and demonstrated that these
cells could be infected with a panel of viruses, including common honey bee infecting viruses (i.e.,
SBV and DWV) and a model virus (FHV). Specifically, hemocytes obtained from stage L4-L5
honey bee larvae supported infection and replication of SBV and FHV. Virus replication was
verified via detection of the replicative intermediate of both viruses using negative-strand-specific
reverse transcription (RT), followed by polymerase chain reaction (PCR), and using quantitative
PCR (qPCR) to demonstrate increased virus abundance over an infection time course. Mixed cell
populations derived from purple-eyed honey bee pupae supported replication of SBV, DWV, and

FHV. Virus replication was verified via negative-strand-specific RT-PCR and qPCR. Peak virus
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abundance was observed at 96 h post-infection (hpi) for SBV and DWV, while virus abundance
peaked at 72 hpi for FHV. Furthermore, the production of infectious virions in cultured honey bee
pupal cells was demonstrated by determining that naive cells became infected after the transfer
DWYV or FHV infected cell culture material. Initial characterization of the honey bee antiviral
immune responses mounted against SBV, DWV, and FHV at the cellular level indicate varying
virus-specific responses, including increased expression of bee antiviral protein-1 (GenBank:
MF116383) in SBV-infected pupal cells and increased expression of argonaute-2 and dicer-like
in FHV-infected hemocytes and pupal cells [107,172]. Additional studies utilizing primary honey
bee cell cultures and multiple viruses will help elucidate virus-specific antiviral defense

mechanisms.

2. Materials and Methods

2.1. Honey Bee Colonies

Packages (~1.5 kg of worker bees and a mated queen) of Carniolan honey bees (Apis mellifera
carnica) were purchased from a commercial producer in Montana and installed in Langstroth hives
at Montana State University, Bozeman, MT, USA. Colonies were maintained using standard
apicultural practices, including bi-monthly Varroa destructor mite checks by the sugar roll method
and treatment for mites with Mite Away Quick Strips (Nature’s Own Design Apiary Products,
Frankford, ON, Canada) when mite infestation was evaluated to be greater than 3% (3 mites per

100 bees [173,174]).

2.2. Honey Bee Cell Cultures

2.2.1. Hemocytes
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Three days before experiments using primary honey bee hemocytes were performed, frames of
brood with a lot of 4th and 5th instar larvae (L4-L5) were brought to the laboratory and maintained
in a humidified incubator at 28 °C. Larvae that fell out of their cells were caught in a glass dish
and collected in batch the next morning. After collection, larvae were surface-sterilized for 3 min
in 0.6% hypochlorite (dilute bleach), followed by 3 min in 70% ethanol, and then briefly washed
in sterile water for injection (Gibco) in a biological safety cabinet (Class II type A/B3, Nuaire).
Larvae were placed into 200 pL of WH2 media (pH 6.4, 150 mL Schneider’s insect medium,
SIGMA cat# S0146; 200 mL 0.06M L-Histidine, SIGMA cat# H5659; 50 mL heat-inactivated
fetal bovine serum, Life Technologies cat# 16000044; 15 mL CMRL medium, Gibco cat# 11530-
037; 5 mL Hank’s balanced salts, SIGMA cat# H9394; 2 mL insect media supplement, SIGMA
cat# 17267), supplemented with 1x penicillin/streptomycin (ThermoFisher, cat# 15070063), 10 at
a time [33,175]. Sterile 18-guage needles were used to wound larvae on the lateral cuticle of the
abdomen. Each larva was wounded once on each side and exsanguinated directly into the media.
Care was taken to minimize fat body release from the carcass to produce cultures with minimal
adipocyte contamination (Supplemental Figure S1). Hemocytes were pooled in 15 mL conical
tubes (Falcon, Corning) until enough were collected for each experiment. Hemocytes were then
seeded in vacuum gas plasma treated polystyrene 48-well plates (Falcon, Corning). On average,

six larvae provided enough hemocytes (~1 x 10° cells per well) for five wells on a 48-well plate.

To test for virus association with carcasses versus hemocytes, an independent set of larvae was
obtained from two different colonies, and sterile 18-guage needles were used to wound individual
larva (n = 37) on the lateral cuticle of the abdomen. Each larva was wounded one on each side and

exsanguinated. Hemolymph was directly collected by pipetting (approximately 40 pL).
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Hemolymph was diluted with 100 uL. WH2 media; then, hemocytes were pelleted by centrifuging
at 1000x g for 10 min. Supernatant was removed, and hemocytes were suspended in 100 L. WH2
media. Then, 800 uL of TRIzol® reagent (Invitrogen) was added to the hemocytes, and they were

stored at —80 °C until RNA extraction.

2.2.2. Pupal Cells

Two days prior to honey bee pupal cell experiments, a brood frame containing purple-eyed pupae
was brought into the lab. Fine-point, curved-tip forceps (Bioquip) were used to carefully remove
the wax capping from pupae. Wide-tip, featherweight forceps (Bioquip) were used to gently grasp
pupae between the eyes to remove them from the wax comb cells in which they develop. Pupae
were incubated at 28 °C overnight in 12-well plates, and wounded (i.e., melanized) pupae were
discarded. Primary cells were harvested from surface-sterilized honey bee pupae in a biosafety
cabinet (Class II type A/B3, Nuaire). Surface sterilization was carried out in a sterile polystyrene
petri dish (100 mm x 15 mm, Fisher), in which pupae were swirled in 0.6% hypochlorite solution
(diluted bleach) for 3 min, 70% ethanol for 3 min, and briefly in sterile water for injection (Gibco).
In groups of two, pupae were dissected into head, thorax, and abdomen segments in 2 mL WH2
medium in a 47 mm dish using sterile 18-gauge needles to vigorously disturb tissues and release
cells into the medium [175]. The media containing the cells was then transferred to a 50 mL conical
tube, and cells from individual pupa (~24 x 10° cells) were pooled. Cell suspensions with
approximately 106 cells per 300 uL were plated into each well of a 48-well plate and incubated at

room temperature overnight before infection.
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2.3. Virus Preparation and Infection
2.3.1. Sacbrood Virus

A stock of sacbrood virus was prepared from five symptomatic larvae, which were homogenized
in 10 mM Tris (pH 7.5) using a sterile steel ball (5 mm) in a 2 mL microcentrifuge tube, using a
Tissue Lyser II (Qiagen) at 30 Hz for 2 min. Cell debris was pelleted by centrifugation at 10,000x
g for 10 min at 4 °C, and the clarified lysate was sequentially filtered through a 0.45 pm filter and
then a 0.2 um filter to remove small debris and microbes. To characterize this virus preparation,
RNA was isolated from 100 pL using TRIzol® reagent (as described below), and cDNA template
was used for pathogen-specific PCR and qPCR. PCR confirmed the presence of SBV and the
absence of other common honey bee viruses, including ABPV, BQCV, CBPV, DWV, IAPV,
KBV, and LSVs (Supplemental Figure S11). Quantitative PCR was used to determine the relative
abundance of SBV, using SBV RNA copy number as a proxy for virus abundance, while
recognizing that in this crude virus preparation, RNA copies may represent both RNA genomes
and transcripts. The SBV inoculum contained 5900 copies/ng RNA. Each well of a 48-well plate

was inoculated with 2.5 x 10® SBV RNA copies.

2.3.2. Deformed Wing Virus

DWYV inoculum was prepared according to standard methods [176]. In brief, white-eyed pupae
were carefully removed from the brood comb and collected into a petri dish lined with filter paper
dampened with sterile water. Microcapillary glass needles for injections were made by pulling
borosilicate glass capillary tubes (100 mm long, 1 mL capacity, Kimble-Chase) with a coil

temperature of 61 °C on the PC-10 Dual-Stage Glass Micropipette Puller (Narishige). Pupae were
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injected with DWV (3.41 x 107 DWV RNA copies in 2 pL) between the 2" and 3™ integuments
of the abdomen using the borosilicate glass needle and a Harbo syringe (Honey bee Insemination
Service). Pupae were incubated at 30 °C in a humid incubator over the course of infection and
examined daily to ensure they were alive. Live pupae were harvested at 10 days post-injection,
and individual pupae were homogenized in 1 mL PBS (pH 7.4) using a sterile steel ball (5 mm)
and Tissue Lyser II (Qiagen) at 30 Hz for 2 min. Cell debris was pelleted by centrifugation at
10,000x g for 10 min at 4 °C. To characterize this virus preparation, RNA was isolated from 100
uL using TRIzol® reagent (Invitrogen) (as described below), and cDNA template was used for
pathogen-specific PCR and qPCR. PCR confirmed the presence of DWV and the absence of other
common honey bee viruses, including ABPV, BQCV, CBPV, IAPV, KBV, LSVs, and SBV
(Supplemental Figure S12). Quantitative PCR was used to determine the relative abundance of
DWYV, using virus RNA copy number as a proxy for virus abundance, while recognizing that in
this crude virus preparation, RNA copies may represent both RNA genomes and transcripts. The
DWYV inoculum contained 5.48 x 107 DWV RNA copies/uL. For DWV infection studies,
approximately 10 pupal cells in 300 uL (per well in a 48-well plate) were inoculated with 4.3 x

10 DWV RNA copies.

2.3.3. Flock House Virus

FHV was propagated in Drosophila melanogaster Schneider 2 (S2) cells (Invitrogen), an
immortalized cell line originally derived from D. melanogaster embryos. S2 cells were grown in
Schneider’s Drosophila medium supplemented with 10% heat-inactivated fetal bovine serum (Life
Technologies) and 1% penicillin-streptomycin. A sterile T75 flask was seeded with 4 x 107 S2

cells/mL and infected with FHV at a multiplicity of infection of 1 pfu/cell, as provided by Dr.
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Anette Schneemann (The Scripps Research Institute, La Jolla, CA, USA). The virus stock was
quantified via plaque assay by the Schneemann lab using previously described protocols [177].
The S2 cells infected using this aliquot were incubated at 28 °C for 48 h, lysed by addition of 10%
(v/v) Nonidet P-40, and incubated on ice for 10 min with periodic swirling [178]. Cell debris was
pelleted at 13,800% g for 10 min at 4 °C, and the clarified supernatant was transferred to a fresh
tube. Using an ultracentrifuge (Beckman Coulter), virus was pelleted through 1 mL volume of
30% (wt/wt) sucrose in 50 mM HEPES (pH 7) at 40,000 rpm for 2.5 h at 11 °C in a SW41 Ti
swinging-bucket rotor. The resulting pellets were resuspended in 0.5 mL buffer (HEPES 50 mM,
pH 7), and any remaining insoluble material was removed by centrifugation at 10,000 rpm for 10
min. The clarified supernatant was layered on a continuous sucrose gradient (40%, 35%, 30%,
25%, 20%, 15%, and 10% (wt/wt)) and centrifuged at 40,000 rpm for 1.5 h at 11 °C to sediment
the virus between 25-35% sucrose gradients. RNA was isolated from 100 pL virus preparations
(as described below), and FHV abundance was quantified by qPCR, with the copy number based
on a standard curve. For the infection experiments described herein, hemocytes were infected with
1 x 10 FHV RNA copies, and pupal cells were infected with 2 x 108 FHV RNA copies. FHV

infection experiments were monitored over a time course from 0 h to 96 h post-infection.

2.4. Transfer of Virus Infection from Infected to Naive Primary Honey Bee Pupal Cells

Small amounts of virus-infected cell culture, including cells and culture supernatant, from initial
infections were transferred to naive pupal cells, seeded in 48-well plates as described above.
Primary purple-eyed honey bee pupal cells were seeded at approximately 10 cells per 300 pL

media and incubated at room temperature overnight before infection. Each well was infected with
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10 puL of mock- or virus-infected pupal cell culture. The resulting infected cells were incubated at

room temperature for O h, 48 h, and 72 h post-infection.

2.5. RNA Isolation

RNA was isolated from cultured adherent hemocytes or non-adherent pupal cells/cell culture
media at indicated time points using TRIzol® reagent (Invitrogen) according to manufacturer’s
instructions. In brief, cell culture medium from each well (300 pL) was collected into a
microcentrifuge tube. Then, 300 uL of TRIzol® reagent (Invitrogen) was added to each well,
incubated for 1 min, and then combined with the corresponding cell culture media sample. Samples
were stored at —80 °C until RNA extraction. To complete RNA isolation, an additional 450 pL of
TRIzol was added to each sample, which was vortexed and incubated at room temperature for 5
min. Then, 160 puL of chloroform was added, and samples were shaken by hand (15 s) and
incubated at room temperature (2 min). Samples were centrifuged at 12,000x g for 15 min, and
the aqueous phase was transferred to a clean microcentrifuge tube. An equal volume of isopropanol
(~550 pL) and 20 pg of glycogen (Thermo Scientific) were added to the aqueous phase, which
was then mixed by inverting. RNA was precipitated after overnight incubation (~18 h) at —20 °C
by centrifugation at 4 °C for 15 min at 14,000 g. Supernatants were carefully removed by
pipetting, and each pellet was washed twice with 75% ethanol. Final pellets were air-dried at room
temperature until visually dry (~20 min). The pellet was suspended in 30 pL nuclease-free water;
then, 3 uL 3M sodium acetate (pH 5.5) and 120 pL ethanol were added, and RNA was precipitated
overnight at —20 °C. Next, samples were centrifuged at 14,000x g for 15 min, and supernatants
were carefully removed by pipetting. Each pellet was washed twice with 75% ethanol. Finally,

RNA pellets were air-dried at room temperature until visually dry (~20 min) and then dissolved in
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20 pL nuclease-free water. RNA concentration was measured using a NanoDrop 2000

spectrophotometer (Thermo Fisher).

To extract RNA from larval carcasses, 300 pL of deionized H>O was added to the exsanguinated
carcass. The carcass was homogenized with a sterile steel BB using a TissueLyzer (Qiagen) at 30
Hz for 2 min. Then, 800 uL TRIzol® reagent (Invitrogen) was added to the lysate and vortexed
and incubated at room temperature for 5 min; 200 pL of chloroform was then added. The tubes
were shaken by hand for 15 s and incubated at room temperature for 2 min. The samples were then
centrifuged for 15 min at 4 °C at 12,000x g. The aqueous phase was transferred to a clean
microcentrifuge tube (approximately 800 pL), one volume of isopropanol was added, and tubes
were mixed by inverting. Samples were incubated at —20 °C for one hour and then centrifuged for
10 min at 4 °C at 12,000x g. The supernatant was decanted, and the pellet was washed by adding
500 pL 75% ethanol and centrifuging for 5 min (7500% g) at 4 °C. The supernatant was decanted,

and pellets were air-dried at room temperature. Pellets were suspended in 100 pL of dH>O.

2.6. Reverse Transcription/cDNA Synthesis

Reverse transcription (RT) reactions to produce complementary DNA (¢cDNA) were performed by
incubating 100-250 ng total RNA for cultured cell experiments, 200 units M-MLV reverse-
transcriptase (Promega), and 500 ng random hexamer primers (IDT) for 2 h at 37 °C, according to
the manufacturer’s instructions. For larvae/hemocyte assays, 2000 and 1000 ng total RNA,

respectively, were used for RT reactions.



149

2.7. Negative Strand-Specific RT-PCR

Virus-treated samples (with SBV, DWV, or FHV) were analyzed for the presence of the negative-
strand RNA of the viral genome (i.e., the replicative intermediate form) using strand-specific PCR
[88,179,180]. Reverse transcription/cDNA synthesis reactions were performed with M-MLV
(Promega) according to the manufacturer’s instructions using negative strand-specific primers
tagged with an additional 21 nt of sequence at their 5’ end (Supplemental Table S1). The tag
sequence (5’‘GGCCGTCATGGTGGCGAATAA3') shares no homology with the viruses used in
this study nor with the honey bee genome. Reactions were carried out by incubating 100-250 ng
RNA and primers (10 pmol specific or 500 ng hexamers) with 200 units M-MLV reverse-
transcriptase (Promega) according to the manufacturer’s instructions. Reverse transcription
reactions were incubated for 2 at 37 °C. Unincorporated primers present in the RT reactions were
digested with 2 units exonuclease I (Life Technologies) per reaction at 37 °C for 30 min, followed
by heat inactivation at 85 °C for 5 min. To detect negative-strand-derived cDNA products, 5 pL.
of cDNA template in 12.5 pL aqueous buffer containing 10 pmol of each of a tag-specific forward
primer (TAGS) and virus-specific reverse primer (Table S1) was amplified with 0.5 pL (5 U/uL)
ChoiceTaq polymerase (Thomas Scientific) using the following cycling conditions: 95 °C for 5
min; 95 °C for 30 s, 55 °C for 30 s, 72 °C for 45 s, 35 cycles; final elongation 72 °C for 5 min,
hold at 4 °C. Negative control PCR reactions were performed using template generated from RNA-
containing RT reactions that were incubated in the absence of RT enzyme or using cDNA template
that was generated using random-hexamer primers and only including the reverse primer in the
PCR. Positive controls included PCR using virus-specific qPCR primers (Supplemental Table S1).

Viral and other long single-stranded RNA molecules often exhibit secondary structures, which
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serve to prime reverse transcription reactions in the absence of exogenous primers (i.e., self-
priming). To test for self-priming, RT reactions were carried out in the absence of primers,
followed by PCR with virus-specific qPCR primers (See Supplemental Table S1 for full list of

controls).

2.8. Polymerase Chain Reaction (PCR)

PCR was performed according to standard methods [33,63,64,97]. In brief, 2 uL cDNA template
in 12.5 puL aqueous buffer containing 10 pmol of each forward and reverse primer (Table S1) was
amplified with 0.5 pL (5 U/uL) ChoiceTaq polymerase (Thomas Scientific) according to the
manufacturer’s instructions using the following cycling conditions: 95 °C for 5 min; 95 °C for 30
s, 55 °C for 30 s, 72 °C for 45 s, 35 cycles; final elongation 72 °C for 5 min, hold at 4 °C. PCR
products were visualized by 1.5% agarose gel electrophoresis and stained with SYBRsafe
(Invitrogen). Positive and negative control reactions were included for all analyses and exhibited
the expected results. Select products were purified with the Qiaquick PCR Purification Kit

(Qiagen), quantified using a NanoDrop spectrophotometer (Fisher), and Sanger sequenced.

2.9. Quantitative PCR

Quantitative PCR (qPCR) was used to quantify the viral RNA (i.e., genome and transcript)
abundance in the samples and assess the relative abundances of honey bee encoded transcripts
(i.e., a housekeeping gene, rpl§), and three immune genes (i.e., ago2, dcr-like, and
bap1/mf116383) using the primer sets listed in Supplemental Table S1. All qPCR reactions were
performed in triplicate using 2 pL of cDNA template and a no-template negative control was run

in triplicate for each qPCR reaction. Each 20 pL reaction contained 1x Denville ChoiceTaq
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Mastermix, 0.4 M each forward and reverse primer, 1x SYBR Green (Life Technologies), and 3
mM MgCl,. Reactions were carried out in 96-well plates using a CFX Connect Real-Time
instrument using Maestro software (Bio-Rad) with the following thermo-profile: initial
denaturation at 95 °C for one minute; followed by 40 cycles of 95 °C for 10 s, 58 °C for 20 s, and
72 °C for 15 s, with a final melt curve analysis at 65 °C for 5 s to 95 °C. Positive and negative
control reactions were included for all qPCR analyses and exhibited the expected results. Viral
RNA copies were estimated using a plasmid DNA standard for SBV, DWV, and FHV, with a
detection range of 10° to 10° to create a linear standard curve used for copy number interpolation.
The linear equation for the plasmid standard for FHV was Ct = —3.240x + 40.138 (R? = 0.980,
efficiency = 103%), determined by a previously described method [181]. Similarly, the linear
equation for DWV was Ct = —3.5627x + 39.091 (R? = 0.9973, efficiency = 90.5%). The linear
equation for the SBV standard curve was Ct = —3.39x + 37.42 (R? = 0.994, efficiency = 97.2%).
The relative expression of host genes was determined by a ranked AACt method in which the ACt
was calculated by subtracting the rp/8 Ct value from the Ct of the gene of interest. Then, the within-
group ACt values were ranked from highest to lowest, and the relevant corresponding control ACt
value was subtracted from the treatment group ACt to obtain the AACt. The fold-change in cDNA
abundance was calculated by the equation 2724, See Supplemental Tables S2-S12 for qPCR data

presented in the figures.
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2.10. Microscopy

To prepare hemocytes for imaging, they were isolated as above and seeded into #1.5 German cover
glass chamber slides (Thermo Fisher Scientific) in WH2 media. Live-cell and fixed-cell images
were taken on a Nikon Ti-Eclipse (Nikon Instruments) inverted microscope equipped with a
SpectraX LED (Lumencor) excitation module and fast-switching emission filter wheels (Prior
Scientific). Brightfield images were captured using a Plan Fluor 20 phase contrast (Ph) objective
and an iXon 896 EM-CCD (Andor Technology Ltd.) camera using NIS Elements software. To
visualize cells with an intact nucleus, the cell culture media was removed, and the cells were
washed with PBS and then incubated in 4% paraformaldehyde in PBS for 10 min at room
temperature. The paraformaldehyde containing PBS was removed, and cells were washed two
times with PBS. Hoechst stain (Hoechst 33258, Invitrogen) prepared to 30 mg/mL in PBS was
further diluted 1:5000 in PBS to create a working solution, which was then overlaid on the cells.
Then, fluorescent images were captured using paired excitation/emission filters and dichroic

mirrors for DAPI (Chroma Technology Corp).

2.11. Statistical Analysis

All data were analyzed using R v4.0.2 in RStudio V1.3.1073. Unless otherwise stated, comparisons
for virus abundance were evaluated using the DunnettTest function in the DescTools R stats
package to perform the post hoc pairwise multiple comparisons to a control [182]. Relative gene
expression differences were evaluated using a one-sided Wilcoxon [183]. For each analysis,

comparisons were considered significant if p < 0.05.
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3. Results and Discussion

3.1. Sacbrood Virus (SBV) Replicates in Primary Honey Bee Hemocytes

To determine whether sacbrood virus (SBV) infects hemocytes, the primary immune cell in honey
bees, approximately 1 x 10° larval (L4-L5) hemocytes were seeded into wells of a 48-well tissue
culture plate with relatively few contaminating adipocytes and treated with either phosphate
buffered saline (PBS) or SBV (i.e., bee larval lysate containing 2.5 x 10° SBV RNA copies)
(Supplemental Figure S1). Cells were harvested at distinct time points post-infection (i.e., from 0
hours post-infection (hpi) to 96 hpi) and virus abundance, using RNA copy number as a proxy,
was determined by qPCR. In one experimental replicate, the primary honey bee hemocyte culture
had a pre-existing SBV infection, which exhibited a 501x increase in SBV by 96 h post-treatment
(p = 0.042) (Figure 1A). This result indicates that hemocytes are a natural site of SBV infection
and that SBV virus infections can persist in cells grown in culture. The addition of SBV increased
the infection level by 13X over the initial levels by 24 hpi (p < 0.001), and it rose to 69.2x by 48
hpi (p <0.001), to 147.9x by 72 hpi (p < 0.0001), and peaked at 354.8x at 96 hpi (p < 0.0001). In
a second biological replicate of this experiment, confounding SBV infection was not detected
(Figure 1 B). In inoculated hemocytes, there was a 24% increase from 0 hpi to 24 hpi (p = 0.0001),
and by 48 hpi SBV had increased 182x (p < 0.0001) and reached peak infection. There was a
decrease in SBV relative to 48 hpi at 72 hpi (i.e., 49x greater virus levels than at 0 hpi, p <0.0001),
with a subsequent rise at 96 hpi (i.e., 132% increase over 0 hpi, p <0.0001). Although it is unclear
why there was a reduction in viral abundance at 72 hpi, it could have been due to a decrease in the
number of permissive hemocytes in the culture; by 96 hpi, cell division and/or differentiation may

have occurred and resulted in additional susceptible host cells.
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To further validate that the increase in SBV over the infection time course was due to active virus
replication in honey bee hemocytes, we carried out strand-specific RT-PCR. The SBV genome is
positive-sense single-stranded RNA (+ssRNA). During virus replication, a negative strand
template is produced [88,179,180,184]. The negative strand of SBV was not detected in the
inoculum (i.e., at 0 hpi), but was detected at all other time points (Figure 1 C). Together these data
indicate that not only does SBV actively replicate in hemocytes, but hemocytes also serve as a
natural site of virus infection. Furthermore, virus testing of honey bee larvae (i.e., corresponding
carcass and hemocyte samples) indicate that hemocytes are natural sites of infection for black
queen cell virus (BQCV) (Supplemental Table S24). While, in general, hemocytes had low
incidence of infection, isolated larval hemocytes were positive for BQCV in 9.1% of cases where
the larval carcass was also BQCV-positive (Supplemental Table S24). Together, these data suggest
hemocytes might be a site of infection for multiple viruses. These results are in line with reports
of virus infections in other invertebrates, including persistent infection of hemocytes by hepatitis
A virus (HAV) and murine norovirus (MNV) in oysters (Crassostrea virginica) [185]. In addition,
white spot syndrome virus (WSSV) infects subpopulations of shrimp hemocytes [186]. Results
from honey bees, oysters, and shrimp differ from the observation that hemocytes of Sindbis-virus-
infected Drosophila melanogaster remain uninfected [170]. As described above, hemocytes
consist of several subpopulations. Future studies aimed at identifying the hemocyte subpopulations
that are permissive to specific viruses will provide insight into the role of these important immune
cells in virus dissemination and antiviral defense. Understanding how viruses interact with

hemocytes and how they might frustrate the cellular immune function may aid in the long-term
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goal of developing therapeutics and technologies that mitigate the negative impacts of viruses on

bees.
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Figure 1. Sacbrood virus (SBV) naturally infects hemocytes and replicates in
primary honey bee hemocyte cell cultures. SBV abundance was assessed in mock- or
SBV-treated larval hemocytes by qPCR over a time course (i.e., 0 hpi, 24 hpi, 48 hpi, 72
hpi, and 96 hpi). (A) Cells isolated from asymptomatic larvae and treated with PBS (pH
7.4) had a 501 increase in mean SBV abundance by 96 hpi relative to 0 hpi (p =
0.042), indicating that the hemocytes in this experimental replicate had a pre-existing
SBV infection and that hemocytes are a natural site of infection for SBV. The addition
of filtered larval lysate containing 2.5 x 10° SBV RNA copies resulted in a 13x increase
by 24 hpi relative to 0 hpi (p < 0.001) and a peak fold increase of 355% by 96 hpi (p <
0.0001). (B) In a second replicate of the experiment, mock-infected cells remained
uninfected over the course of the experiment. The addition of filtered larval lysate
containing 2.5 x 10° SBV RNA copies resulted in a peak fold increase of 182x (p <
0.0001) at 48 hpi, with a decrease at 72 hpi (49 relative to 0 hpi, p <0.0001) and a
subsequent rise again at 96 hpi (132x relative to 0 hpi, p <0.0001). Raw data are
included in Supplemental Table S2. Significance levels: * p < 0.05; *** p <0.0005. (C)
To confirm that SBV was productive in infecting larval hemocytes, the presence of the
negative strand (a replicative intermediate) was assessed by negative-strand-specific
reverse transcription (RT) followed by PCR. Negative strand was detected at all time
points after 0 hpi. Additional control reactions were performed using pooled RNA from
time points 24-96 hpi (Lanes labeled 1-9). Specifically, RNA isolated from SBV
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containing cell lysate was reverse transcribed with the primer listed below, treated with
Exonuclease I to remove excess primer, and amplified using the PCR primers listed for
each lane. (L) Molecular weight ladder. (0, 24, 48, 96 hpi)—RT with random hexamers,
PCR with SBV-221-240-For and SBV-478-497-Rev. (1) Negative control: No RT in the
presence of (SBV-TAGS-F), PCR with TAGS and SBV-478-497-Rev. (2) Negative
control: RT in the presence of (SBV-TAGS-F), PCR with only the SBV-478-497-Rev
primer. (3) Negative control: RT with random hexamer primer, PCR with TAGS and
SBV-478-497-Rev. (4) Negative control: No RT enzyme in the presence of random
hexamers, PCR with SBV-221-240-For and SBV-478-497-Rev. (5) Positive control: RT
with random hexamers, PCR with SBV-221-240-For and SBV-478-497-Rev. (6)
Negative control: RT with random hexamers, PCR with only SBV-478-497-Rev primer.
(7) Self-priming: RT without a primer, PCR with SBV-221-240-For and SBV-478-497-
Rev. (8) Negative control: No template, no RT, PCR with TAGS and SBV-478-497-
Rev. (9)Negative control: No template, no RT, PCR with SBV-221-240-For and SBV-
478-497-Rev. Additional details provided in Supplemental Table S25. When reverse
transcription was performed without primer, SBV ¢cDNA was detectable (lane 7),
indicating that the secondary structure in the RNA genome may serve as a primer for
cDNA synthesis. All differences in means relative to 0 hpi were assessed by a Dunnett’s
test.

To our knowledge, this is the first quantitative evidence that SBV productively infects honey bee

hemocytes. A previous study used transmission electron microscopy to visualize SBV virions
within larval and adult hemocytes [168]. While those images indicated that SBV may replicate in
hemocytes, they could have also been explained by phagocytosis of virions [168]. The observation
that honey bee hemocytes are naturally infected by SBV has important implications for viral
pathogenesis. While we did not observe any cytopathic effects (CPEs), it is possible the cells would
have shown CPEs if the experiments were carried out for a longer time period. Additionally, the
immune function of hemocytes may be dysregulated by viral infection, since viruses subvert
cellular processes and disrupt cellular homeostasis [187,188]. For example, DWV suppresses
larval melanization in response to wounding, suggesting an interaction between DWV and
hemocytes [96]. This is further supported by gene expression studies of DWV-infected larvae,
which exhibited reduced expression of Amel/\102, a gene involved in melanization and

encapsulation [96].
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In addition to hosting viral infection, honey bee hemocytes are likely instrumental in antiviral
immune responses, as they are in Drosophila melanogaster. Direct evidence for an antiviral role
for hemocytes in fruit flies includes the results of in vivo experiments in which hemocytes were
either saturated via injection of latex beads or genetically depleted [189]. Flies with reduced
hemocyte function that were infected with either Cricket paralysis virus (CrPV), FHV, or vesicular
stomatitis virus (VSV) had increased viral abundance and higher mortality than flies with
phagocytic hemocytes. In contrast, reduced hemocyte function had no impact on Drosophila C
virus (DCV), Sindbis virus (SINV), and Invertebrate iridescent virus 6 (IIV6) infections in flies
[189]. These results also indicated that the relative importance of hemocytes in host antiviral
defense will vary for specific host—virus pairs and may also depend on additional factors (e.g., co-
infection, nutritional status, age). Hemocytes are required for systemic adaptive RNAi response in
flies, which limits virus infection [170,171]. This finding provides strong support for an antiviral
role of hemocytes against some viruses in fruit flies, which suggests that hemocytes likely serve

an antiviral role in insects in general.

While the function of hemocytes in honey bee antiviral response requires further investigation,
there is limited indirect evidence of their antiviral role. Specifically, genes involved in migration,
phagocytosis, and expression immunoglobulin domain encoding, were expressed at greater levels
in honey bees infected with a model virus, SINV, relative to mock-infected bees [107].
Additionally, APV infection resulted in increased expression of genes involved in cell projection,
cellular organization, autophagic cell death, microtubule-based movement, and phagocytosis

[101,190]. Our observation that viruses replicate in cultured hemocytes will facilitate future studies
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aimed at elucidating their role in antiviral defense, including further investigation of the genes and

processes highlighted by transcriptional level studies.

3.2. Sacbrood Virus (SBV) Replicates in Primary Honey Bee Pupal Cell Cultures

To determine whether a mixed cell culture derived from purple-eyed pupae supported SBV
infection, approximately 1 x 10° cells were treated with either PBS or SBV (i.e., bee larval lysate
containing 2.5 x 10® SBV RNA copies). Cells were harvested at distinct time points post-infection,
and virus abundance was assessed by qPCR. Three independent experiments were performed
(Supplemental Figure S2). In replicate one, SBV abundance was 7.8x higher by 48 hpi than the
levels after O hpi (p < 0.0001). SBV abundance remained high at 72 hpi (12x, p < 0.0001) and 96
hpi (11.4%, p < 0.0001) (Supplemental Figure S2A). Likewise, in the second experimental
replicate, SBV abundance was higher by 48 hpi (59, p <0.0001), remained high at 72 hpi (126x,
p <0.001), and peaked at 96 hpi (1047%, p < 0.0001) (Figure 2 A, Supplemental Figure S2 B).
While SBV levels at 24 hpi were close to the levels of the 0 hpi time points in the first two
biological replicates, they were significantly lower in replicate three (i.e., 0.017x, p < 0.0001).
Like the other two replicates, SBV levels increased by 48 hpi (2.2, p = 0.0012), remained high at
72 hpi (14%, p = 0.00013), and peaked at 96 hpi (72%, p < 0.0001) (Supplemental Figure S2C).
The overall increase in SBV levels for replicate three was 1,817x (i.e., from 24 hpi to 96 hpi (p <
0.0001)), which was similar to replicate two, which had an overall 1047% increase, whereas the
replication and relative increase in abundance for replicate one was lower (i.e., only 72X)
(Supplemental Figure S2A). To further verify that SBV productively infected cultured honey bee
pupal cells, we used strand-specific RT-PCR to assay for the negative strand (i.e., replicative

intermediate form of SBV). The SBV-negative strand was detected at three time points post-
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infection, which corresponded to peak virus abundances (i.e., 48, 72, and 96 hpi) (Figure 2B).
Together, these data demonstrate that primary honey bee pupal cell cultures are permissive to SBV
infection. Furthermore, since the fold increase of SBV in honey bee pupal cells was greater than
in hemocytes, we hypothesize that cell types present in pupal cultures, including endothelial cells

and fibroblasts, may be more suitable hosts for SBV compared to immune cells.
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Figure 2. Sacbrood virus (SBV) replicates in primary honey bee pupal cell cultures. (A)
SBV abundance was assessed in mock- or SBV-treated pupal cells by qPCR over a time course
(i.e., 0 hpi, 24 hpi, 48 hpi, 72 hpi, and 96 hpi). A representative replicate of SBV-infection in
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pupal cells is plotted. The addition of larval lysate to pupal cells resulted in a 59% fold increase
relative to 0 hpi by 48 hpi (p < 0.0001), with subsequent increases at 72 hpi (126%, p <0.0001)
and 96 hpi (1,047%, p <0.0001). Raw data are included in Supplemental Table S3. See
Supplemental Figure S2 for additional replicates. All differences in means relative to 0 hpi were
assessed by a Dunnett’s test. Significance levels: *** p < 0.0005. (B) To confirm that SBV was
productive in infecting larval hemocytes, the presence of the negative strand (a replicative
intermediate) was assessed by negative strand-specific reverse transcription (RT) followed by
PCR. Negative strand was detected at all time points after 24 hpi. Additional control reactions
were performed using pooled RNA from time points 24-96 hpi (Lanes labeled 1-9).
Specifically, RNA isolated from SBV containing cell lysate was reverse-transcribed with the
primer listed below, treated with Exonuclease I to remove excess primer, and amplified using the
PCR primers listed for each lane. (L) Molecular weight ladder. (0, 24, 48, 96 hpi)—RT with
random hexamers, PCR with SBV-221-240-For and SBV-478-497-Rev. (1) Negative control: No
RT in the presence of (SBV-TAGS-F), PCR with TAGS and SBV-478-497-Rev. (2) Negative
control: RT in the presence of (SBV-TAGS-F), PCR with only the SBV-478-497-Rev primer. (3)
Negative control: RT with random hexamer primer, PCR with TAGS and SBV-478-497-Rev. (4)
Negative control: No RT enzyme in the presence of random hexamers, PCR with SBV-221-240-
For and SBV-478-497-Rev. (5) Positive control: RT with random hexamers, PCR with SBV-
221-240-For and SBV-478-497-Rev. (6) Negative control: RT with random hexamers, PCR with
only SBV-478-497-Rev primer. (7) Self-priming: RT without a primer, PCR with SBV-221-240-
For and SBV-478-497-Rev. (8) Negative control: No template, no RT, PCR with TAGS and
SBV-478-497-Rev. (9) Negative control: No template, no RT, PCR with SBV-221-240-For and
SBV-478-497-Rev. Additional details provided in Supplemental Table S25.

While the primary concern of SBV infection of honey bee colonies is larval mortality, SBV also
reduces adult lifespan. SBV infections in pupae may inhibit the melanization pathway by causing
reduced expression of prophenoloxidase activating enzyme (PPAE) and increased expression of a
putative serpin protein encoding gene (GB48820) [59,145]. Pupae with a suppressed melanization
response may be more susceptible to infection after wounding by Varroa destructor mites. It is
not known whether SBV-infected pupae can clear infections prior to eclosion, and in turn if SBV-
infected pupae can develop into healthy adults. Therefore, tools to study the impact of SBV and
the molecular mechanisms of antiviral defense at all life stages are needed and include the SBV-

permissive cultured primary cells described herein.
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3.3. Deformed Wing Virus Replicates in Primary Honey Bee Pupal Cells

To investigate the utility of primary honey bee pupal cells to support DWV infection,
approximately 1x10° purple-eyed pupal cells were incubated with 4.3 x 105 DWV RNA copies.
Cells were harvested at distinct time points post-infection (i.e., from 0 hpi to 96 hpi), and virus
abundance, using RNA copy number as a proxy, was determined by qPCR. Data from two
independent experiments demonstrated that DWV abundance increased from 0 hpi to 96 hpi
(Supplemental Figure S3). In replicate one, DWV levels remained unchanged for the first 24 h and
were 2.7x greater at 48 hpi (p = 0.002). DWV abundance increased 3.5x and 4x at 72 hpi (p <
0.001) and 96 hpi (p < 0.001), respectively, with peak DWYV levels at 96 hpi relative to 0 hpi
(Figure 3A). In replicate two, DWV levels remained similar to inoculum levels through 48 hpi but
were 3.2% higher at 72 hpi (p = 0.001) and 6.6% higher at 96 hpi, relative to 0 hpi (p = 0.003)
(Supplemental Figure S3). To verify DWV replication in primary cultures of purple-eyed honey
bee pupal cells, negative-strand specific PCR was performed, and the replicative intermediate form
(i.e., negative strand) of DWV was detected at 72 hpi (Figure 3B). Together, DWV abundance and
negative-strand data confirm that primary cultures of honey bee pupal cells support DWV

replication.
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Figure 3. Deformed wing virus (DWYV) replicates in primary honey bee pupal cell cultures.
DWYV abundance was assessed in mock- or DWV-infected pupal cells via qPCR over a time
course (i.e., 0 hpi, 24 hpi, 48 hpi, 72 hpi, and 96 hpi). (A) Pupal cells infected with 4.3 x 10%
DWYV RNA copies had a 2.7 (p <0.001) and 3.5% (p < 0.001) increase in mean DWV
abundance at 48 hpi and 72 hpi, respectively, relative to 0 hpi. At 96 hpi, mean DWYV abundance
was 4% higher relative to 0 hpi (p <0.001). Figure 3 includes results from one representative
biological replicate. The data for additional replicates are presented in Supplemental Figure S3.
All differences in means relative to 0 hpi were assessed by a Dunnett’s test. Raw data are
included in Supplemental Table S4. Significance levels: ** p < 0.005; *** p < 0.0005. (B) To
verify DWYV replication in purple-eyed pupal cells, negative-strand-specific RT-PCR was
performed, and the replicative intermediate form (i.e., negative strand) of DWV was detected at
72 hpi. Additional control reactions were performed using pooled RNA from time points 24-96
hpi (Lanes labeled 2-9). Specifically, RNA isolated DWV containing cell lysate was reverse-
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transcribed with the primer listed below, treated with Exonuclease I to remove excess primer,
and amplified using the PCR primers listed for each lane. (L) Molecular weight ladder. (1) 72 hpi
RNA template—RT with DWV-TAGS-F, PCR with TAGS and DWV-Rev. (2) Negative
control: No RT in the presence of (DWV-TAGS-F), PCR with TAGS and DWV-Rev. (3)
Negative control: RT in the presence of (DWV-TAGS-F), PCR with only the DWV-Rev primer.
4) Negative control: RT with random hexamer primer, PCR with TAGS and DWV-Rev. (5)
Negative control: No RT enzyme in the presence of random hexamers, PCR with DWV-F and
DWV-Rev. (6) Positive control: RT with random hexamers, PCR with DWV-F and DWV-Rev.
(7) Negative control: RT with random hexamers, PCR with only DWV-Rev primer. (8) Self-
priming: RT without a primer, PCR with DWV-F and DWV-Rev (9) Negative control: No
template, no RT, PCR with TAGS and DWV-Rev. (10) Negative control: No template, no RT,
PCR with DWV-F and DWV-Rev. Additional details provided in Supplemental Table S25.

The ability to infect primary honey bee cells with DWV opens new avenues for studying a
pathogen that has co-evolved with honey bees. Primary cell cultures may also facilitate the
propagation of virus stocks that are free of confounding viruses. Experiments in cultured honey
bee cells also provide an opportunity to study the mechanistic details of DWV infections and virus—
host dynamics in a system that complements experiments carried out in larvae, pupae, and adult
honey bees. Recent efforts have focused on exploring the ability of alternative host cell lines to
support honey bee virus infections; for example, the Lepidopteran hemocyte-derived cell line (P1)
has been shown to support DWV infection [151]. While exploring the ability of alternative cell
lines to support honey bee virus infections is an attractive approach, the immune response elicited
by these alternative host cells may or may not completely recapitulate the immune response
elicited by honey bees. Therefore, the potential to infect primary honey bee cells with naturally
infecting honey bee viruses, including DWV, will be a powerful tool to explore the natural host—

virus interactions at the cellular level.
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3.4. Flock House Virus Replicates in Primary Honey Bee Hemocytes

To investigate the ability of honey bee immune cells to support the replication of a model virus,
approximately 1 x 10° larval-derived hemocytes maintained in culture were incubated with PBS
or FHV (1 x 10 FHV RNA copies). Cells were harvested at distinct time points post-infection
(i.e., from 0 hpi to 96 hpi), and virus abundance was determined by qPCR. Data from two
independent experiments demonstrated that FHV abundance increased from 0 hpi to 72 hpi and
decreased from 72 hpi to 96 hpi (Supplemental Figure S4). In replicate one, FHV levels in
hemocytes increased 3.7x by 24 hpi (p = 0.026) and 10.7x by 48 hpi, relative to 0 hpi (p < 0.001)
(Figure 4A). FHV abundance continued to increase from 48 hpi to 72 hpi, which had 37x (p <
0.001) the initial FHV level (i.e., compared to 0 hpi) (Figure 4A). By 96 hpi, FHV abundance was
less than levels quantified at 72 hpi (p = 0.034) but remained significantly higher relative to 0 hpi
(p <0.001) (Figure 4A). One possible explanation for reduced FHV abundance at 96 hpi is that,
by that time most hemocytes were FHV-infected, there may have been a lack of naive host cells
to support further virus replication. In replicate two of this experiment, FHV abundance was
constant at 24 hpi but was 16x higher at 48 hpi (p < 0.01) relative to 0 hpi. At 72 hpi, FHV levels
peaked, with 39.8% higher FHV levels compared to 0 hpi (» <0.001). FHV abundance was reduced
at 96 hpi relative to 72 hpi but was still 12.6x higher that levels at 0 hpi (p <0.001) (Supplemental
Figure S4B). To further validate that FHV, which has a +ssRNA genome, productively infected
cultured honey bee hemocytes, negative-strand-specific PCR was utilized to detect the replicative
intermediate of FHV. Since FHV abundance peaked at 72 hpi, this time point was selected to assay

for the presence of negative strand, and a negative-strand-specific FHV PCR product was detected
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(Figure 4B). Together, FHV abundance and negative-strand data demonstrate that FHV

productively infects primary honey bee hemocytes maintained in culture.
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Figure 4. Flock House virus (FHV) replicates in primary honey bee hemocytes. FHV
abundance in mock- or FHV-infected (1 x 10® FHV RNA copies) hemocytes was assessed over
time (i.e., 0 hpi, 24 hpi, 48 hpi, 72 hpi, and 96 hpi). (A) FHV abundance was higher at 24 hpi
(3.7%, p=10.026), 48 hpi (10.7%, p < 0.001), and 72 hpi (37%, p <0.001), relative to 0 hpi. FHV
abundance reduced from 72 hpi to 96 hpi (p = 0.034) but was significantly higher (» <0.001)
relative to 0 hpi. Raw data are included in Supplemental Table S5. Figure 4 includes results from
one representative biological replicate. The data for additional replicates are presented in
Supplemental Figure S4. All differences in means relative to 0 hpi were assessed by a Dunnett’s
test. Significance levels: * p <0.005; *** p < 0.0005. (B) FHV-specific negative strand was
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detected at 72 hpi, which confirms that FHV productively infects primary honey bee hemocytes
(Lane 1). Additional control reactions were performed using pooled RNA from time points 24—
96 hpi (Lanes labeled 2-9). Specifically, RNA-isolated FHV containing cell lysate was reverse-
transcribed with the primer listed below, treated with Exonuclease I to remove excess primer,
and amplified using the PCR primers listed for each lane. (L) Molecular weight ladder. (1) 72 hpi
RNA template—RT with FHV-TAGS-F, PCR with TAGS and FHV-Rev. (2) Negative control:
No RT in the presence of (FHV-TAGS-F), PCR with TAGS and FHV-Rev. (3) Negative control:
RT in the presence of (FHV-TAGS-F), PCR with only the FHV-Rev primer. (4) Negative
control: RT with random hexamer primer, PCR with TAGS and FHV-Rev. (5) Negative control:
No RT enzyme in the presence of random hexamers, PCR with FHV-F and FHV-Rev. (6)
Positive control: RT with random hexamers, PCR with FHV-F and FHV-Rev. (7) Negative
control: RT with random hexamers, PCR with only FHV-Rev primer. (8) Self-priming: RT
without a primer, PCR with FHV-F and FHV-Rev. (9) Negative control: No template, no RT,
PCR with TAGS and FHV-Rev. (10) Negative control: No template, no RT, PCR with FHV-F
and FHV-Rev. Additional details provided in Supplemental Table S25. .

The ability to infect hemocytes with FHV provides an additional tool for investigating virus—honey
bee host interactions at the cellular level. This model virus may prove particularly useful in
investigating RNAI in the context of viral suppressors, since FHV-B2 protein suppresses RNAI,
as confirmed by studies that utilized deletion mutants (i.e., FHV-AB2) [128,191]. To date there
have been relatively few studies on putative bee virus-encoded VSRs, and the results from IAPV-
infected honey bees and bumble bees have mixed results regarding the presence of a VSR;
therefore, additional investigation is required [150,190]. The proteins produced by other model
insect viruses, including cricket paralysis virus and Drosophila C virus, which encode bona fide
VSRs, have a conserved amino acid motif (DVEXNPGP) downstream of their VSR proteins
[192,193]. Sequence analysis indicates that this motif is present in IAPV, KBV, and ABPV,
suggesting that these viruses may encode VSRs, although additional studies are needed to identify
and validate putative VSRs. Overall, the use of both model viruses and naturally infecting honey
bee viruses, including those that do and do not encode RNAi suppressors, will advance our

knowledge of the interactions between viruses and the host antiviral RNAi machinery.
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3.5. Flock House Virus Replicates in Primary Honey Bee Pupal Cells

To examine the ability of cells derived from purple-eyed honey bee pupae to support infection and
replication of FHV, approximately 1 x 10 primary cells in culture were incubated with FHV (2 x
108 FHV RNA copies), and virus abundance was assessed at distinct time points post-infection.
FHYV abundance increased from 0 hpi to 72 hpi and was reduced or remained constant at 96 hpi in
two experimental replicates. In replicate one, FHV levels increased by 1.7x at 24 hpi (p = 0.024)
and by 3.4x at 48 hpi, relative to initial levels at 0 hpi (p < 0.001). The peak of infection was
reached at 72 hpi, with 5x greater FHV levels relative to 0 hpi (p < 0.001). FHV abundance in
pupal cells did not increase from 72 hpi to 96 hpi but remained 4% higher than at 0 hpi (» <0.001)
(Figure 5A). Similarly, in the second biological replicate, FHV abundance was 2.6x higher at 24
hpi (p = 0.013) and 7.5x higher at 48 hpi (p < 0.001), relative to levels at 0 hpi. FHV abundance
increased 20% (p <0.001) at 72 hpi relative to 0 hpi, which was the peak of virus infection. Similar
to FHV infection in hemocytes, FHV levels in pupal cells was lower at 96 hpi relative to 72 hpi (p
< 0.01) but was still 15.8% higher at 96 hpi compared to 0 hpi (p < 0.001) (Supplemental Figure
S5B). To validate that the increase in FHV abundance was indicative of virus replication, the
presence of FHV negative strand was assayed using strand-specific PCR. Active replication of
FHV was confirmed by detection of FHV negative-strand PCR product at 72 hpi (Figure 5B).
Together, the increase in FHV abundance quantified over the course of infections and the detection
of the replicative intermediate form (i.e., negative strand) of FHV demonstrate that primary honey

bee cells derived from purple-eyed pupae support the replication of FHV.

The ability to infect mixed cell types derived from honey bee pupae with a model virus helps

address some challenges in studying honey bee host—virus interactions using naturally infecting
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honey bee viruses. FHV can be easily propagated and purified in the lab, which helps circumvent
the problem of mixed virus inoculum produced from infected bees, since many honey bee viruses
co-purify due to their similar size and the high prevalence of mixed infections in colonies
[10,40,52,63,64,97]. Since FHV does not naturally infect honey bees, the experimental results may
not be confounded by pre-existing infections. However, a limitation of using FHV as a model virus
to investigate honey bee antiviral defense mechanisms is that it does not naturally infect honey
bees and therefore may not induce the same broad-spectrum antiviral or virus-specific immune
responses that occur during infection with a co-evolved virus. One benefit to utilizing FHV in
studies aimed at elucidating honey bee antiviral defense is that FHV—host interactions have been
studied in a broad range of insect hosts, including mosquitoes, fruit flies, honey bees, tsetse flies,

and reduviid bugs, thus facilitating comparative immune studies [105,106,110,111].
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Figure 5. Flock House virus (FHV) replicates in primary honey bee pupal cells. Pupal cells
were either mock- or FHV-infected (2 x 108 FHV RNA copies), and FHV abundance was
quantified over a course of time (i.e., 0 hpi, 24 hpi, 48 hpi, 72 hpi, and 96 hpi). (A) FHV
abundance increased at 24 hpi (1.7%, p = 0.024) and 48 hpi (3.4x p <0.001), with a peak in FHV
infection at 72 hpi (5%, p <0.001), relative to 0 hpi. FHV abundance did not increase from 72 hpi
to 96 hpi but remained 4% higher than at 0 hpi (p < 0.001). Raw data are included in
Supplemental Table S6. Figure 5 includes results from one representative biological replicate.
The data for additional replicates are presented in Supplemental Figure S5. All differences in
means relative to 0 hpi were assessed by a Dunnett’s test. Significance levels: * p <0.05; *** p <
0.0005. (B) To validate that the increase in FHV abundance was indicative of virus replication,
the presence of the negative strand (replicative intermediate) was assessed by negative-strand-
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specific RT followed by PCR. The negative strand was detected at 72 hpi (Lane 1). Additional
control reactions were performed using pooled RNA from time points 24-96 hpi (Lanes labeled
2-9). Specifically, RNA-isolated FHV containing cell lysate was reverse-transcribed with the
primer listed below, treated with Exonuclease I to remove excess primer, and amplified using the
PCR primers listed for each lane. (L) Molecular weight ladder. (1) 72 hpi RNA template—RT
with FHV-TAGS-F, PCR with TAGS and FHV-Rev. (2) Negative control: No RT in the
presence of (FHV-TAGS-F), PCR with TAGS and FHV-Rev. (3) Negative control: RT in the
presence of (FHV-TAGS-F), PCR with only the FHV-Rev primer. (4) Negative control: RT with
random hexamer primer, PCR with TAGS and FHV-Rev. (5) Negative control: No RT enzyme
in the presence of random hexamers, PCR with FHV-F and FHV-Rev. (6) Positive control: RT
with random hexamers, PCR with FHV-F and FHV-Rev. (7) Negative control: RT with random
hexamers, PCR with only FHV-Rev primer. (8) Self-priming: RT without a primer, PCR with
FHV-F and FHV-Rev. (9) Negative control: No template, no RT, PCR with TAGS and FHV-
Rev. (10) Negative control: No template, no RT, PCR with FHV-F and FHV-Rev. Additional
details provided in Supplemental Table S25.

3.6. Flock House Virus Infection Transferred from Infected to Naive Honey Bee Pupal Cells

To determine if FHV infection can be transferred from FHV-infected honey bee pupal cells to
naive cells, virus-containing cell culture obtained during peak infection (i.e., 72 hpi) was
transferred to naive pupal cells. Virus abundance in the secondary host cells was monitored over
time. In replicate one, a small volume of FHV-infected pupal cell culture (i.e., 10 pL with 2.6 x
108 FHV RNA copies) was transferred to freshly seeded pupal cells (Figure 6A). FHV abundance
at 48 hpi was 15.8% greater (p = 0.003) and at 72 hpi 28% greater than levels at 0 hpi (p < 0.001).
In the second replicate, FHV-infected pupal cells (i.e., 10 uL infected cell culture with 2.9 x 108
FHV RNA copies) from the first round of infection were transferred to naive pupal cells, and FHV
abundance remained constant from O hpi to 48 hpi but was 10.4x higher at 72 hpi (p < 0.001)
(Supplemental Figure S6B). As expected, FHV was not detected in control experiments, in which
a small volume of mock-infected honey bee pupal cell culture was transferred to naive cells
(Figures 6A and S6B). Together these results confirm that FHV virions produced by primary honey

bee pupal cell cultures can be utilized to established new/secondary infections (Figure 6A).
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Figure 6. DWYV and FHYV infection transferred from infected to naive honey bee pupal
cells. To confirm that infectious DWV and FHV virions were produced in infected primary
honey bee pupal cells, mock- or virus-infected honey bee pupal cell cultures (10 pL) at 72 hpi
were transferred to naive pupal cells. Virus abundance was assessed over a time course (i.e.,
0 hpi, 48 hpi, and 72 hpi) using qPCR. Raw data are included in Supplemental Tables S7 and
S8. (A) FHV abundance increased 15.8x at 48 hpi (p = 0.003), with a subsequent 28% increase
at 72 hpi relative to 0 hpi (p < 0.001). (B) DWV abundance was 2.7% (p <0.001) higher at 48
hpi and 4.1x higher at 72 hpi, relative to 0 hpi (p < 0.001). Figure 6 includes results from one
representative biological replicate. The data for additional replicates are presented in
Supplemental Figure S6. All differences in means relative to 0 hpi were assessed by a
Dunnett’s test. Significance levels: ** p < 0.005; *** p <0.0005.

3.7. Deformed Wing Virus Infection Transferred from Infected to Naive Honey Bee Pupal

Cells

To determine if the DWV-infected cultured primary honey bee pupal cells produced infectious
virions, small volumes of DWV-infected cell cultures were transferred to naive cultured pupal
cells. In replicate one, naive honey bee pupal cells were treated with cells and cell culture
supernatant (10 pL) from either mock-infected or DWV-infected cultures, which contained an
equivalent of 1.04 x 10° DWV RNA copies. By 48 hpi, DWV abundance increased 2.7x relative
to 0 hpi (p <0.001). DWV levels continued to increase over time, with 4.1x increase at 72 hpi (p

< 0.001) (Figure 6B). In replicate two, naive pupal cells were treated with 10 pL DW V-infected
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pupal cells (i.e., 9 x 10* DWV RNA copies). DWV abundance increased by 2.3x at 48 hpi (p <
0.01) and was 10.4x greater at 72 hpi, relative to 0 hpi (p <0.001) (Supplemental Figure S6D). As
expected, DWV was not detected in mock-infected cells, in which a small volume of PBS-treated
honey bee pupal cell culture was transferred to naive cells. The increase in DWV abundance over
time and detection of negative strand suggest that the DWV infection in honey bee pupal cells

results in the production of infectious DWV virions that have the ability to infect naive host cells.

3.8. Immune Gene Expression in Virus-Infected Primary Honey Bee Cells

Honey bee primary cells will be an important tool to investigate honey bee antiviral defense
mechanisms. We hypothesized that differential transcription of immune genes in primary cultures
will reflect the transcriptional response in individuals (i.e., pupae or adults)
[86,100,101,107,108,145,146,190]. Therefore, to begin to characterize cellular-level honey bee
antiviral immune responses, honey bee pupal cells were infected with SBV, DWV, or FHV, and
the expression of select antiviral genes, including dicer-like (dcr-like), argonaute-2 (ago2), and
bee antiviral protein-1 (bapl), which was formerly designated as GenBank MF116383, were
analyzed by qPCR in either two or three experimental replicates (Figure 7 and Supplemental

Figures S7-S10).
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Figure 7. Virus infections of primary honey bee pupal cells differentially impact the
expression of select immune genes. The relative expression of three honey bee immune
genes, argonaute-2 (ago2), dicer-like (dcr-like), and bee antiviral protein-1
(bap1)/mf116383, were assessed by qPCR at 72 hpi. The AACt method with
normalization to rp/8 was utilized to assess target gene expression in each sample, and
then the log> fold change values were calculated relative to mock-infected samples. Raw
data are included in Supplemental Tables S9—S11. (A) SBV infection of pupal cells did
not impact ago?2 or dcr-like expression, whereas the expression of bapl was 0.95 logs-
fold greater at 72 hpi (p = 0.032). (B) DW V-infected pupal cells exhibited slightly lower
ago? expression (p = 0.032) relative to mock-infected cells at 72 hpi, whereas there was
no impact of virus infection on dcr-like expression. The expression of bap ! was 0.18 log-
fold higher in DWV-infected pupal cells compared to mock-infected cells at 72 hpi (p =
0.032). (C) In pupal cells infected with FHV, ago?2 and dcr-like expression was higher
(i.e., 1 and 0.48 log»-fold change, respectively, p = 0.032) in FHV-infected cells relative
to mock-infected cells at 72 hpi. The expression of bapl was not impacted by FHV
infection. The differences in logz immune gene relative expression in infected cells
relative to mock-infected (PBS-treated) cells at 72 hpi were assessed using a one-sided
Wilcoxon Rank Sums test. Significance level: * p < 0.05.

Overall, the expression of bap! (GenBank: MF116383) was greater in SBV-infected cells than
mock-infected pupal cells at 72 hpi. Specifically, in first biological replicate, bap ! expression was
0.67 log>-fold greater in SBV-infected pupal cells relative to the expression level in mock-infected
cells (Wilcoxon Rank Sums, p = 0.032) (Supplemental Figure S7C). Likewise, bap! expression
was greater in the second biological replication (0.95 log>-fold, p = 0.032, Figure 7A) but not the
third. Since the bap ! expression was greater two of the three biological replicates of SBV-infected
pupal cells, its expression in the third biological replicate was also assessed at 96 hpi, at which
time its expression was 0.73 logz-fold higher in SBV-infected cells relative to mock-infected cells
(p = 0.032) (Supplemental Figure S7C). Expression of neither ago2 nor dcr-like were appreciably
impacted by SBV infection. Specifically, ago2 was not differentially expressed in the first two
replicates but had —0.76 log>-fold lower expression in the third replicate (p = 0.032) (Figures 7A

and S7A). Similarly, dcr-like was not differentially expressed in the second replicate but exhibited
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—0.67 logy-fold lower expression in the third replicate (p = 0.032) (Supplemental Figure S7). In
DWV-infected pupal cells, bap ! expression was unchanged in one replicate (Supplemental Figure
S8C) and slightly greater in the second experimental replicate relative to mock-infected cells at 72
hpi (0.18 logx-fold change, p = 0.032, Figure 7B). In DW V-infected pupal cells, ago2 expression
was slightly lower compared to mock-infected cells in two biological replicates (—0.28 and —0.18
log>-fold change, p = 0.032, Figures 7B and S8A). In contrast, dcr-like expression was slightly
lower in DW V-infected pupal cells in one replicate (—0.26 logz-fold, p = 0.032, Figure S8B), while
its expression was similar to mock-infected cells in another replicate (Supplemental Figure S7B).
The expression of bapl was not appreciably impacted by FHV infection of pupal cells (Figures
7C and S9C). Specifically, bapl expression was slightly lower in one replicate (—0.4 log>-fold, p
=0.032) and unchanged in the second replicate, compared to mock-infected cells (Figures 7C and
S9C). Interestingly, ago2 expression was consistently higher in FHV-infected cells relative to
mock-infected cells in two replicates (i.e., 1 log>-fold in repl and 1 logz-fold in rep2, p = 0.032)
(Figures 7C and S9A). Similarly, dcr-like expression was greater in FHV-infected cells relative to
mock-infected cells in both replicates (i.e., 0.66 logz-fold in repl and 0.48 logz-fold in rep2, p =
0.032) (Figures 7C and S9B). The trends in immune gene expression in FHV-infected hemocytes
were similar to FHV-infected pupal cells (Supplemental Figure S10). Specifically, bapl
expression was similar in FHV-infected and mock-infected cells at 72 hpi, whereas FHV-infected
hemocytes exhibited greater ago? (i.e., 1.1 logz-fold in rep1 and 0.54 log>-fold in rep2, p = 0.032)
and dcr-like expression (i.e., 0.45 log>-fold in repl and 0.63 log»-fold in rep2, p = 0.032) than

mock-infected hemocytes in both biological replicates (Supplemental Figure S10).
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Together these experiments indicate that studies in cultured honey bee primary cells recapitulate
data obtained from transcriptome level studies in individual honey bees, including those carried
out in pupae and adult bees [100], though additional studies are needed to better assess honey bee
antiviral immune responses at the cellular level. Further development, including the advancements
described herein, and utilization of honey bee primary cells is integral to elucidating the defense
pathways important for specific virus infections and, in turn, identifying viral counter defense

strategies.

4. Conclusions

In summary, these data indicate that primary honey bee cell cultures of larval hemocytes and
explanted pupal tissue serve as a useful tool for studying honey bee—host interactions. In addition
to demonstrating that a panel of viruses (SBV, DWV, and FHV) replicates in hemocytes and/or
pupal cells, pupal cell cultures showed virus-specific transcriptional regulation of three immune
genes (dcr-like, ago2, and bapl). These cultures can be established using rather simple techniques
that are amenable to higher sample size studies. Future work to optimize transfection in these
different cell culture types will be paramount for performing more advanced mechanistic studies.
This includes utilizing RNAi-mediated gene knockdown, which facilitates the study of honey bee
host—virus interactions by directly demonstrating the importance of specific genes in limiting
particular viruses. For example, this study indicates that hemocytes are a natural site of infection
for SBV and that SBV results in higher bap expression in infected pupal cells. By reducing the
expression of bap! in cell cultures that are infected with SBV, one could test the hypothesis that
this gene is important for cells to combat SBV infection. Additionally, the use of cell culture will

facilitate the study of basic virological questions, including virus cellular tropism, entry, and
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uncoating mechanisms. Additional efforts to establish virus-free cell lines from explanted honey
bee tissues will prove useful for the production of pure virus stocks, especially in concert with the
development of cDNA clones capable of producing infectious virus. The data presented in this
study represent one of many steps toward the development of sophisticated cell culture techniques

for the study of honey bee host—virus interactions.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Excel
file with Supplementary Tables S1-S24, and Supplemental Figures S1-S12. Supplemental Table
and Supplemental Figure titles are listed below: Supplemental Table S1. Primers used in this
study. Supplemental Table S2. Raw data for SBV-infected hemocytes (Figure 1). Supplemental
Table S3. Raw data for SBV-infected purple-eyed pupal cells (Figures 2 and S2). Supplemental
Table S4. Raw data for DWV-infected purple-eyed pupal cells (Figures 3 and S3). Supplemental
Table S5. Raw data for FHV-infected hemocytes (Figures 4 and S4). Supplemental Table S6.
Raw data for FHV-infected purple-eyed pupal cells (Figures 5 and S5). Supplemental Table S7.
Raw data for transfer of DWV infection from DWV-infected purple-eyed pupal cells to naive
purple-eyed pupal cell (Figures 6 and S6). Supplemental Table S8. Raw data for transfer of FHV
infection from FHV-infected purple-eyed pupal cells to naive purple-eyed pupal cells (Figures 6
and S6). Supplemental Table S9. Raw Ct values for immune gene expression in SBV-infected
pupal cells (Figures 7 and S7). Supplemental Table S10. Raw data for immune gene expression
in DWV-infected honey bee pupal cells (Figures 7 and S8). Supplemental Table S11. Raw data
for immune gene expression in FHV-infected honey bee pupal cells (Figures 7 and S9).
Supplemental Table S12. Raw data for immune gene expression in FHV-infected hemocytes

(Figure S10). Supplemental Table S13. SBV fold change relative to O hpi in hemocytes.
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Supplemental Table S14. SBV fold change relative to 0 hpi in pupal cells. Supplemental Table
S15. DWYV fold change relative to 0 hpi in purple-eyed pupal cells. Supplemental Table S16.
FHV fold change relative to 0 hpi in hemocytes. Supplemental Table S17. FHV fold change
relative to 0 hpi in purple-eyed pupal cells. Supplemental Table S18. DWV fold change relative
to 0 hpi in naive pupal cells treated with material from infected cells. Supplemental Table S19.
FHYV fold change relative to 0 hpi in naive pupal cells treated with material from infected cells.
Supplemental Table S20. Fold change and p-values for immune genes in SBV-infected pupae.
Supplemental Table S21. Immune gene fold change and p-values for DWV-infected honey bee
pupal cells. Supplemental Table S22. Immune gene fold change and p-values for FHV-infected
honey bee pupal cells. Supplemental Table S23. Immune gene fold change and p-values for FHV-
infected hemocytes. Supplemental Table S24. Virus testing in corresponding honey bee larval
carcass and hemocyte samples indicate that hemocytes are natural sites of infection for black
queen cell virus (BQCV). Supplemental Table S25. Negative strand-specific RT-PCR confirms
viral replication in hemocytes and pupal cells. Supplemental Figure S1. Larval hemocyte cultures
have relatively few contaminating adipocytes. Supplemental Figure S2. Sacbrood virus (SBV)
replicates in primary honey bee pupal cell cultures. Supplemental Figure S3. Deformed wing
virus (DWV) replicates in primary honey bee pupal cell cultures. Supplemental Figure S4. Flock
House virus (FHV) replicates in primary honey bee hemocytes. Supplemental Figure S5. Flock
House virus (FHV) replicates in primary honey bee pupal cells. Supplemental Figure S6. DWV
and FHV infection transferred from infected to naive honey bee pupal cells. Supplemental Figure
S7. Infection of primary pupal cells with SBV results in higher bap-1 expression. Supplemental

Figure S8. Infection of primary honey bee pupal cells with DWV has modest impact on the
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expression of select immune genes. Supplemental Figure S9. Infection of primary honey bee
pupal cells with FHV results in differential regulation of immune genes. Supplemental Figure
S10. Infection of honey bee hemocytes with FHV results in differential regulation of immune
genes. Supplemental Figure S11. Sacbrood virus (SBV) inoculum was free of several other
common honey bee infecting viruses. Supplemental Figure S12. Deformed wing virus (DWYV)

inoculum was free of several other common honey bee infecting viruses.
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Introduction

Honey bees (4pis mellifera) play a vital role in global agriculture as pollinators of fruit, nut, and
vegetable crops (1-3). The value of pollination services in the United States is $14.6 billion
annually (1, 4). Unfortunately, the US beekeeping operations have suffered high colony losses,
averaging ~38% annual losses from 2008 to 2018 (5-9). Various biotic and abiotic factors
contribute to these losses, including habitat loss, poor nutrition, exposure to agrochemicals, the
Varroa destructor mite, and pathogens (reviewed in (10-12)). Honey bee pathogens, including
bacteria, microsporidia, fungi, and viruses contribute to honey bee colony deaths (13-17). Viruses,
especially positive single-stranded RNA (+ssRNA) viruses comprise the largest and most diverse
group of honey bee pathogens. These include acute bee paralysis virus (ABPV), black queen cell
virus (BQCYV), chronic bee paralysis virus (CBPV), deformed wing virus (DWYV), Israeli acute
paralysis virus (IAPV), Kashmir bee virus (KBV), sacbrood virus (SBV), and the Lake Sinai virus
(LSV) group (reviewed in (10, 12, 18, 19)). Virus transmission occurs vertically from infected
queen or drone to offspring, or horizontally from nest mates via trophallaxis (mouth-to-mouth food

exchange) and shared floral resources (19-22). In addition, varroa mites transmit viruses as they
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feed on honey bees (23-25). Viral infections in honey bees may cause symptoms including
deformity, paralysis and/or death, or remain asymptomatic (10, 19, 26). Virus-infected
asymptomatic bees may harbor high viral loads (~10® — 10° viral RNA copies per individual beg).
These asymptomatic infections are likely energetically taxing and negatively affect bee physiology

and overall health status (27, 28).

Honey bees have evolved antiviral defense mechanisms to limit viral infections at the cellular,
individual bee, and colony levels. Antiviral defense mechanisms at the cellular level include NF-
kB mediated Toll and Imd (Immune Deficiency), Jak/STAT (Janus Kinase/Signal Transducer and
Activator of Transcription), JNK (c-Jun N-terminal kinase), MAPK (Mitogen-Activated Protein
Kinases), and RNA interference (RNAi) pathways (reviewed in (29, 30)). RNAi is a post-
transcriptional gene silencing mechanism that is triggered by the presence of cytosolically located
long double-stranded RNA (dsRNA), a virus-associated molecular pattern (VAMP) (31-33). The
dsRNAs are detected and cleaved by Dicer into 21-22 nucleotide long short interfering RNA
(siRNA) and loaded into Argonaute-2, the catalytic component of the RNA-induced silencing
complex (RISC) (32, 34, 35). One strand of the siRNA, the passenger strand is then released
leaving the guide strand bound to Argonaute-2. RISC surveils the cell, binds and cleaves cognate
RNAs, including virus or host genome transcripts, thereby reducing viral abundance (36). In
addition, honey bees and bumble bees exhibit a non-sequence specific dsSRNA antiviral response
that limits virus infection (37, 38). However, the non-specific dSRNA-mediated antiviral response

requires further characterization.
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Investigations aimed at better understanding the honey bee antiviral immune response have
utilized naturally infected bees which often harbor variable viral loads , or experimentally infected
honey bees (39, 40). While it is important to investigate honey bee host virus interactions using
naturally infecting honey bee viruses, these virus stocks are produced in honey bee pupae, which
sometimes harbor confounding co-purifying viruses. In addition, the limited availability of
infectious clones of honey bee viruses has made it challenging to further our knowledge on
understanding the interactions between the honey bee immune system and infecting viruses (41-
43). Model viruses including Sindbis virus tagged with green florescent protein (SINV-GFP) and
Flock House virus (FHV) have been used to investigate insect antiviral responses in fruit flies,
mosquitoes, and honey bees (37, 38, 44-48). The advantages of utilizing model viruses to
investigate the host immune responses are that they are easy to propagate and purify, genetically
and structurally well-studied, similar to naturally-infecting honey bees viruses, infect a range of
insects to enable comparative immunology studies, and are easily trackable (48, 49). FHV is a non-
enveloped, icosahedral virus, originally isolated from New Zealand grass grub (Costelytra
zealandica) (50, 51). FHV has been utilized as a model virus system in a broad range of insect
hosts, including mosquitoes, fruit flies, honey bees, and medically important insects including
tsetse fly, thus enabling comparative immunology studies across insect genera (46, 47, 49). FHV
contains a bipartite positive sense RNA genome and encodes a viral suppressor of RNAI, protein
B2. FHV B2 suppresses the host antiviral RN A1 response by binding long dsSRNAs and siRNAs to
prevent Dicer-mediated cleavage or inhibit loading into RISC (52, 53). Intriguingly, FHV protein
B2 suppresses the RNAi mechanism in plants, insects, and worms, suggesting that B2 has evolved

to evade the host immune system in a host-independent manner (53-55). Previous studies by
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O’Neal et al. utilized FHV as an experimental model virus system to investigate the role of ATP-
sensitive inwardly rectifying potassium (Karp) channels in honey bee antiviral immunity (46).
Honey bees were infected with FHV via intrathoracic injections and exhibited increased virus
abundance over time, suggesting that adult honey bees support FHV infection (46). Moreover,
FHV has been previously utilized to better understand honey bee host-virus interactions at the
cellular level using primary honey bee cells (56). Honey bee larval derived hemocytes and pupae
derived mixed cell cultures support FHV replication and mount antiviral immune responses (56).
The ability of FHV to infect honey bee derived primary cells provides a powerful tool to investigate

cellular mechanisms honey bee antiviral defense network.

Herein, we carried out laboratory-based experiments to assess the transcriptional regulation of
honey bee immune genes in response to FHV infection. In addition, we verified the role of key
immune genes involved in FHV-infected honey bees. Honey bees injected with FHV supported
FHYV replication and virus abundance increased over time. The expression of a suite of immune
genes was assessed to determine the specific genes and antiviral pathways involved in limiting
FHV infection. FHV-infected honey bees exhibited differential expression of dicer-like (dcr),
argonaute-2 (ago2), bee antiviral protein-1 (bap1), heat shock protein-90 (hsp90), protein lethal
(2) essential for life-like (pl2) and vitellogenin (vg) compared to mock-infected bees. Furthermore,
we utilized RNA interference to knockdown the expression of key genes in the RNAi pathway
(dcr and ago?) to investigate the function of these genes in honey bee antiviral response to FHV
infection. FHV levels were not affected by the introduction of non-sequence specific dSRNA, or

sequence specific dsSRNA i.e., dcr dSRNA or ago2 dsRNA. Overall, the use of well-studied model
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virus systems like FHV will help us further our understanding of the fundamentals of honey bee

immunity, which may be otherwise challenging to discern using naturally infecting honey bee

viruses.

Results and Discussion

Honey bees exhibit dose dependent mortality in response to Flock House virus infection

To examine FHV associated mortality in honey bees, age-matched adult bees (i.e., 24 hours post-
emergence) were infected via intrathoracic injection with four different FHV doses (i.e., 3.5 x 10°,
3.5x10°% 3.5x 107, and 3.5 x 103 FHV RNA copies/bee) and survival was assessed at 0, 6, 24, 48,

and 72 hours post infection (hpi). In general, honey bees exhibited FHV-dose dependent mortality,

i.e., higher FHV dose resulted in more rapid mortality (Figure 1).
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Figure 1 Honey bees exhibit dose dependent mortality in response to Flock House virus
infection.

Honey bees at 24 hours post-emergence were infected via intrathoracic injection with four
different FHV doses, i.e., 3.5 x 10° FHV RNA copies/bee, 3.5 x 10° FHV RNA copies/bee, 3.5 x
10 FHV RNA copies/bee, and 3.5 x 108 FHV RNA copies/bee and survival was assessed at 6,
24, 48, and 72 hpi. Bees infected with 3.5 x 108 FHV RNA copies /bee (solid line with
diamonds) exhibited 14% and 60% (p < 0.05, Kaplan-Meier log-rank test) mortality at 72 hpi
and 48 hpi respectively. In bees injected with 3.5 x 107 FHV RNA copies /bee (dotted line), 47%
mortality was recorded. Bees infected with lower FHV doses i.e., 3.5 x 10 FHV RNA
copies/bee (dashed line), 3.5 x 10° FHV RNA copies/bee (solid line with squares) did not exhibit
appreciable mortality until 72 hpi. Data were analyzed using Kaplan-Meier log-rank test in three
biological replicates (n=10-12 bees per treatment), significance levels: ** p < 0.001, *** p <
0.0001.

Bees injected with highest FHV dose, i.e., 3.5 x 1083 FHV RNA copies/bee exhibited 14% mortality
(p < 0.001, Kaplan-Meier log-rank test) within the first 48 hpi and 60% mortality at 72 hpi (p <
0.0001) (Figure 1). Bees infected with 3.5 x 10’ FHV RNA copies/bee did not exhibit appreciable
mortality in the first 48 hpi. At 72 hpi, bees infected with 3.5 x 10’ FHV RNA copies/bee exhibited
47% mortality (p < 0.001). In honey bees injected with 3.5 x 10° FHV RNA copies /bee, no
mortality was recorded until 48 hpi, with modest mortality (i.e., 3%) at 72 hpi. Honey bees infected
with 3.5 x 103 FHV RNA copies/bee exhibited the least amount of mortality. These results indicate

that FHV causes dose dependent mortality in honey bees, i.e., higher mortality with increasing

FHYV dose (Figure 1).
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Virus abundance increases over time in Flock House virus- infected honey bees

To examine the kinetics of FHV infection, adult honey bees (i.e., 24 hrs post-emergence) were
inoculated with FHV (3.5 x 10® RNA copies/bee) via intrathoracic injection and virus abundance
was assessed over a time course (i.e., 6,48 , 72, and 96 hpi). FHV abundance was quantified via
RT-qPCR using RNA copy number, including both viral genomes and transcripts, as a proxy for
overall virus abundance. In general, FHV abundance increased over time from 6 hpi to 72 hpi and
remained constant from 72 hpi to 96 hpi (Figure 2). In replicate one, logio FHV RNA levels
increased 2.9 logs at 48 hpi and 3.9 logs at 72 hpi relative to 6 hpi (p < 0.001, Dunnett’s test). By
96 hpi, FHV abundance was constant relative to 72 hpi, but still 2.6 logs higher relative to 6 hpi
(p < 0.001) (Figure 2A,). In replicate two, FHV infection level increased by 3.8 logs at 48 hpi
relative to 6 hpi (p <0.001) (Supplemental Figure S1). Infection peak was achieved at 72 hpi, with
4.2 logs increase in FHV levels relative to 6 hpi (p < 0.001). FHV levels did not change from 72
hpi to 96 hpi, but remained 4 logs higher than 6 hpi (p < 0.001) (Supplemental Figure S1). In
replicate three, FHV abundance in infected honey bees increased 2.1 logs by 48 hpi, and 1.8 logs
by 72 hpi (p <0.001), relative to 6 hpi. However, FHV abundance at 72 hpi was reduced compared
to 48 hpi. FHV levels remained constant at 96 hpi relative to 72 hpi, but 1.7 logs higher relative to
6 hpi (p < 0.05) (Supplemental Figure S1). To confirm active replication of FHV in virus-infected
honey bees, strand-specific RT-PCR was carried out to detect the presence of negative strand at
72 hpi since FHV abundance peaked at this time point. The FHV genome is positive-sense single-

stranded RNA. Thus, a negative sense template is synthesized during virus replication. FHV-
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specific negative strand was successfully detected in FHV-infected honey bees at 72 hpi (Figure

2B).
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Figure 2 Virus abundance increases over time in Flock House virus-infected honey bees.

FHYV abundance was assessed in FHV-infected honey bees by qPCR over a time course (i.e., 0 hpi,
48 hpi, 72 hpi, and 96 hpi). (A) In honey bees infected with 3.5 x 108 FHV RNA copies/bee via
intrathoracic injection, logio FHV RNA levels increased 2.9 logs at 48 hpi, and 3.9 logs at 72 hpi
relative to 6 hpi (p < 0.001, Dunnett’s test). FHV abundance was constant at 96 hpi relative to 72
hpi, but still 2.6 logs higher relative to 6 hpi (p < 0.001). Figure 2 includes results from one
representative biological replicate (n=10-12 per treatment group). The data for additional
replicates are presented in Supplemental Figure S1. All differences in means relative to 6 hpi were
assessed by a Dunnett’s test. Significance levels: * p < 0.005; *** p < 0.0005. (B) To confirm
productive replication of FHV in honey bees, the presence of negative strand (replicative
intermediate) was assessed using negative-strand specific PCR. Negative strand was detected in
pooled FHV-infected honey bee sample (n=5) at 72 hpi (Lane 1). Additional control reactions were
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performed using pooled RNA (Lanes labeled 2—10). Specifically, RNA isolated from FHV-
infected bees (n=5) was pooled and reverse transcribed with the primers listed below, treated with
Exonuclease I to remove excess primer, and amplified using the PCR primers listed for each lane.
(L) Molecular weight ladder. (1) RT with FHV-TAGS-F, PCR with TAGS and FHV-Rev. (2)
Negative control: No RT in the presence of (FHV-TAGS-F), PCR with TAGS and FHV-Rev. (3)
Negative control: RT in the presence of (FHV-TAGS-F), PCR with only the FHV-Rev primer. (4)
Negative control: RT with random hexamer primer, PCR with TAGS and FHV-Rev. (5) Negative
control: No RT enzyme in the presence of random hexamers, PCR with FHV-F and FHV-R. (6)
Positive control: RT with random hexamers, PCR with FHV-F and FHV-R. (7) Negative control:
RT with random hexamers, PCR with only FHV-R primer. (8) Self-priming: RT without a primer,
PCR with FHV-F and FHV-R. (9) Negative control: No template, no RT, PCR with TAGS and
FHV-R. (10) Negative control: No template, no RT, PCR with FHV-F. Primer sequences provided
in Supplemental Table S1. When reverse transcription was performed without primer, FHV cDNA
was detectable (lane 8), indicating that the secondary structure in the RNA genome potentially
serves as a primer for cDNA synthesis.

Together these data verify previous findings that FHV can productively infect adult honey bees
and thus may be utilized as a model virus to investigate honey bee host- virus interactions. An
advantage of utilizing FHV to study the honey bee antiviral defense mechanisms is its ability to
infect adult honey bees, as well as primary honey bee cells i.e., larval derived hemocytes and pupae
derived mixed cell cultures (45, 46, 56). This allows for better understanding the honey bee
immune mechanisms at the individual bee level and more precisely at the cellular level. The use
of FHV enables a better understanding of the honey bee immune response upon infection with a
virus that encodes a viral suppressor of RNAi (VSR), since RNAI is the key antiviral immune
pathway in honey bees (57, 58). In addition, RNAi suppressor proteins play a critical role in
establishment of virus infection. For instance, Drosophila melanogaster embryos injected with
wild type RNA1 produced abundant amount of RNA1 and subgenomic RNA3, whereas embryos
injected with B2 deletion mutant did not accumulate viral RNA (33). This indicates that protein

B2 plays a critical role in the suppression of host RNAi which enables FHV to establish infection.

Future work should focus on studying FHV accumulation and host immune response in honey
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bees infected with wild type (wt) FHV and FHV-AB2 mutant to better understand the role of

VSR’s in honey-bee infecting viruses that may encode a suppressor.

Transcriptional response to Flock House virus infection in honey bees

We hypothesized that FHV replication would trigger the honey bee antiviral immune pathways
and result in differential expression of antiviral genes. The expression of select immune genes was
assessed in honey bees infected with 3.5 x 103 FHV RNA copies/bee at 72 hpi. This time point
was selected since FHV abundance peaked at this time. The expression of six genes was assessed
including key genes in the RNAi pathway (dicer-like (dcr-like), argonaute-2 (ago2)), heat-shock
protein encoding genes (heat shock protein 90 (hsp90), protein lethal (2) essential for life-like
(pl2)), bee antiviral protein-1 (bapl), and vitellogenin (vg) relative to mock-infected bees.
Transcription levels of these genes was analyzed by qPCR in three experimental replicates (Figure

3 and Supplemental Figure S2).

A key endoribonuclease in the RNAi pathway, Dicer-like, recognizes and cleaves long dsRNAs
into 21-22 bp long short interfering RNAs (35). Transcription of dcr-like was higher in FHV-
infected bees in three biological replicates at 72 hpi relative to mock-infected bees (Figure 3 and
Supplemental Figure S2). Specifically, in the first biological replicate, dcr-like expression was 4.6
fold greater in FHV-infected bees relative to expression level in mock-infected bees (p < 0.001,
Wilcoxon Rank Sums) (Figure 3). Likewise, dcr-like expression was 1.2 fold (p <0.001) and 0.9

fold (p < 0.001) greater in FHV-infected bees in replicate two and three respectively, compared to
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mock-infected bees (Figure 3 and Supplemental Figure S2). Previous studies have validated the
role of dcr-like in response to virus infection in adult honey bees, larvae, and honey bee pupae-

derived cells (37, 56, 59).

Argonaute-2 1is the catalytic component of RISC and plays a crucial role in the RNAi pathway
(60). In general, FHV infection triggered ago2 expression in honey bees. In replicate one, ago?
expression was 2.7 fold higher in FHV-infected bees compared to mock-infected bees (p < 0.001).
In replicate two and three, ago2 expression was consistently higher in FHV-infected bees with 2.5
fold and 0.85 fold higher expression respectively (p < 0.001), compared to mock-infected bees

(Figure 3 and Supplemental Figure S2).
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Figure 3 Flock House virus infection results in differential expression of select honey bee
immune genes.

The relative expression of six honey bee genes including dicer-like (dcr), argonaute-2 (ago2), bee
antiviral protein-1 (bapl), heat shock protein 90 (hsp90), protein lethal (2) essential for life-like
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(p!2) and vitellogenin (vg), were assessed in FHV-infected honey bees at 72 hpi via qPCR. The
data were analyzed using AACt method with normalization to 7p/8, and then the fold change values
were calculated relative to mock-infected honey bees. The expression of dcr was 1.85 fold higher,
ago-2 was 1.9 fold higher, Asp90 was 1.4 fold higher, and p/2 was 3 fold higher in FHV-infected
bees relative to mock-infected bees (p < 0.001). The expression of vg was 0.2 fold lower (p =
0.005), whereas bapI expression remained constant in FHV-infected honey bees relative to mock-
infected bees. The differences in relative immune gene expression in FHV- infected honey bees

relative to mock-infected bees at 72 hpi was assessed using a one-sided Wilcoxon Rank Sums test.
Significance levels: * p < 0.05; ** p <0.005; *** p <0.0005.

Bee antiviral protein-1 (bapl) is a rapidly evolving, taxonomically restricted antiviral gene in
honey bees. A previous transcriptomic study showed induced expression of bap! in response to
infection with Sindbis virus (SINV), a model virus (37, 61). In addition, SINV infected bees with
reduced bap1 expression exhibited higher SINV abundance, suggesting that bap/ has an antiviral
function in honey bees (37, 61). The expression of bap! in FHV-infected bees was not impacted
in replicate one and three, but was 0.7 fold lower in the second replicate compared to mock-
infected bees (p < 0.001) (Figure 3 and Supplemental Figure S2). This observation is intriguing
since bapl expression is higher in honey bees infected with SINV. One potential explanation to
the differences in bap! expression in FHV-infected bees compared to SINV-infected bees is that
FHV encodes an RNAI suppressor protein while SINV does not (53, 62). The interactions between
the RNAi suppressor protein and the host RN Ai pathway perhaps results in unique gene expression
profiles. If the presence of a RNAi suppressor protein impacts the expression of bapl, it is
intriguing to speculate that bap may play a role in the RNAi pathway. Future studies should focus
on better understanding whether bap! works in tandem or independent of the RNAi pathway or
whether the presence of an RNAi suppressor protein which binds long dsRNA and siRNA

molecules, may impact bapl expression.
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Heat shock protein 90 (hsp90) is a molecular chaperone that is involved in protein folding and
protein stability (63). Hsp90 acts as a chaperone for RISC assembly thereby playing a significant
role in the RNAi-mediated immune response (64). The expression of heat shock proteins is induced
in response to various stressors including virus infection (44). Transcription level of ~sp90 was 2
fold higher in FHV-infected bees compared to mock-infected bees in replicate one (p < 0.001)
(Figure 3). In replicate two and three, hsp90 expression was 1.7 fold and 1.4 fold higher
respectively, compared to mock-infected bees (p < 0.001) (Figure 3 and Supplemental Figure S2).
This is consistent with previous studies that demonstrate that the heat shock response is antiviral

in honey bees (44, 65).

Protein lethal(2)essential for life-like (pl2) is a small heat shock protein that belongs to the Hsp20
family. In FHV-infected bees, p/2 expression was highly induced. The expression of p/2 was
consistently higher in all three replicates: 19.7 fold higher in replicate one, 9.3 fold higher in
replicate two, and 3 fold higher in replicate three (p < 0.001) (Figure 3 and Supplemental Figure
S2). This is in line with previous studies that have documented higher p/2 expression in virus-

infected honey bees, specifically in bees infected with IAPV, SINV, and DWV (44, 59, 66).

Vitellogenin (vg) is a honey bee egg yolk protein mainly synthesized in the fat body of honey bee
queens and sterile female workers (67). Vg serves multiple roles including its role in nutrition,
immune function, oxidative stress, and ageing and thus is a common marker of honey bee health

and lifespan (68-70) (reviewed in (71)). Previous work carried out at the colony level illustrates
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that vg gene expression is negatively correlated with DWV abundance (72, 73). Transcriptomic
analysis of SINV-infected bees at the individual bee level also demonstrated reduced vg levels
relative to mock-infected bees (37). Thus, we hypothesized that FHV infection would result in
reduced vg expression relative to mock-infected bees at 72 hpi. In replicate one, vg expression was
slightly lower in FHV-infected bees relative to mock-infected bees (i.e., 0.3 fold, p <0.05) (Figure
3 and Supplemental Figure S2). Likewise vg expression was slightly lower in FHV-infected bees
compared to mock-infected bees in two additional biological replicates (i.e., rep2, 0.2-fold, p <
0.001; rep3 0.2 fold, p = 0.005). Since vg is utilized as a proxy for honey bee health status, lower

levels of vg expression may indicate poor health status of the host.

Together these results indicate that the honey bee immune responses elicited against a model virus,
FHV, resembles the immune response elicited on infection with commonly infecting honey bee
viruses (39, 59). For instance, dcr, ago-2, and pl2 expression is induced in honey bees
experimentally infected with IAPV, expression of p/2 is higher in naturally IAPV-infected bees
and bees infected with DWV and SBV (39, 66, 74). Thus, FHV serves as a valuable model system
to study the honey bee host-virus interactions. Moreover, the fact that honey bee immune response
elicited at the individual level recapitulates the response elicited at the cellular level (i.e., honey
bee hemocytes and pupal cells in culture), suggests that FHV can serve as an effective model to
answer basic immunology questions important to better understand the honey bee antiviral

immunity (56).
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Reduced expression of key RNAi genes does not impact FHV abundance in honey bees

RNA viruses produce long dsRNA during replication, which triggers the RNAi-mediated antiviral
immunity in honey bees (57). To verify the role of two key RNAi genes in response to FHV
infection in honey bees, we utilized RNAi-mediated knockdown to reduce dcr and ago2 expression
in FHV-infected bees and quantified virus abundance at 72 hpi using RT-qPCR. Based on previous
studies and the importance of RNAi in honey bee immunity, we hypothesized that lower
expression of dcr or ago2 will result in higher virus abundance (37). Honey bees were injected
with FHV only, or co-injected with FHV containing non-sequence-specific dSRNA (ns-dsRNA)
corresponding to Drosophila C virus which has no sequence specificity to the honey bee genome
or to honey bee-infecting viruses. The ns-dsRNA has been shown to trigger an antiviral response
in honey bees and was thus utilized as a control. Alternatively, to reduce expression of dcr or ago2,
honey bees were co-injected with FHV containing dcr specific dSRNA (dcr dsRNA) or ago?
specific dSRNA (ago2 dsRNA). In replicate one, FHV-infected bees treated with dcr dsRNA
exhibited 69% reduction in dcr expression (p < 0.001, Dunnett’s test) whereas, bees co-injected
with FHV and ns-dsRNA did not exhibit a change in dcr expression relative to FHV-infected bees
(Figure 4A). This suggests that the reduction in dcr expression was reduced in a sequence
dependent manner (i.e., RNAi-mediated). FHV levels were not impacted by reduced dcr
expression in bees co-injected with FHV and dcr dsRNA relative to FHV infected bees (Figure
4A). In replicate two, FHV-infected bees co-injected with dcr dsSRNA-treated had 18% reduction
in dcr transcript levels compared to FHV-infected bees (p = 0.04). However, FHV abundance was
similar in bees co-injected with FHV and dcr-dsSRNA compared to FHV-infected bees

(Supplemental Figure S3). To investigate the impact of ago2 knockdown in FHV-infected bees,
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honey bees were co-injected with FHV and ago2-dsRNA. To determine the knockdown efficiency,
ago? transcript levels were quantified 72 hpi via RT-qPCR. The expression levels of ago2 were
33% (p < 0.001) and 89% (p < 0.001) lower in bees co-injected with FHV and ago2 dsRNA in
replicate one and two respectively, relative to FHV- infected bees. FHV abundance was similar in
bees with reduced expression of ago2 compared to FHV-infected bees (Figure 4B, Supplemental
Figure S4). Thus, FHV abundance in honey bees was not impacted by the administration of non-

specific dSRNA or dcr/ago2-dsRNA.
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Figure 4 Reduced expression of key RNAI genes does not impact FHV abundance in honey
bees.

The relative expression of dicer (dcr) and argonaute-2 (ago2) was assessed by qPCR, normalized
to rpl8 and fold changes were calculated relative to FHV-injected bees. FHV-abundance was
measured by determining the FHV RNA copies at 72 hours post-infection (hpi). (A) Bees co-
injected with FHV and dcr dsRNA had 69% reduction in dcr transcript levels compared to FHV-
infected bees (p < 0.001, Dunnett’s test). Co-injection with FHV and non-specific dsSRNA (ns-
dsRNA) resulted in no change in dcr expression, confirming successful dcr knockdown. FHV
abundance was similar in bees co-injected with FHV and dcr-dsRNA compared to FHV-infected
bees. (B) In honey bees co-injected with FHV and ago2 dsRNA, ago? transcript levels were
quantified at 72 hpi. The expression level of ago2 was 33% lower (p < 0.001) in bees co-injected
with FHV and ago2 dsRNA relative to FHV-infected bees. FHV abundance was similar in bees
co-injected with FHV and ago2 dsRNA compared to bees infected with FHV only. Different letters
above the treatment groups indicates a statistically significant difference.
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RNAI is the primary antiviral immune pathway in insects which is activated by the presence of
dsRNA molecules produced by RNA viruses during the viral replication cycle (57). In solitary
insects such as fruit flies and mosquitos, virus-specific dsSRNA triggers an RNAi-mediated immune
response, whereas non-sequence-specific dSRNA does not lower virus levels. Previous research
suggests that in honey bees and bumble bees, the introduction of virus-specific dsSRNA or ns-
dsRNA triggers an immune response, resulting in lower virus abundance (38, 75, 76). The
sequence specific dSRNA-mediate immune response can be utilized to knockdown the expression
of gene(s) of interest to investigate/verify their function in vivo. It has proved to be a powerful tool
in answering fundamental questions about honey bee immune pathways (37). We employed the
RNAi-mediated knockdown technique to reduce the expression of key RNAi genes, dcr and ago?2
to investigate their role in response to FHV infection in honey bees. Considering the importance
of dcr and ago? in the RNAIi pathway, we expected FHV-infected honey bees with reduced
expression of dcr or ago2 would have greater virus abundance compared to controls. However, we
determined that FHV abundance in honey bees co-injected with FHV and dcr or ago2-dsRNA was
similar to FHV-infected bees. A potential explanation for similar FHV levels in these experimental
treatment groups is that the FHV-B2 may prevent Dicer- mediated cleavage or siRNA loading
into RISC and reduce the impact of lowering their expression. To test this hypothesis, future work
should include similar experiments in FHV-infected and FHV AB2- infected bees to determine if

FHYV abundance is lower in FHV AB2- infected bees co-injected with dcr or ago2-dsRNA.
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Materials and Methods

Age-matched honey bees

Honey bee (Apis mellifera) colonies were established from ~1.5 kg of worker bees of Apis
mellifera carnica from a commercial producer in Montana. Honey bees were kept in Langstroth
hives located on Montana State University’s Horticulture Farm in Bozeman, MT, USA. Frames of
newly emerging honey bees for laboratory-based experiments were obtained one day prior to each
experiment and maintained in an incubator at 32°C. Age-matched (~24 h post-emergence), female,
adult honey bees were collected and housed in modified deli-containers and randomly assigned
into treatment groups. Honey bees in each treatment group were fed bee candy (powdered sugar
mixed with corn syrup until pliable) and water ad libitum. Experiments described herein were
carried out using honey bees collected from three separate colonies, designated as repl, rep2, and

rep3.

Flock house virus preparation

FHV was propagated in Drosophila melanogaster Schneider 2 (S2) cells derived from D.
melanogaster embryos. S2 cells were grown as monolayers in Schneider's Drosophila medium
supplemented with 10% heat-inactivated fetal bovine serum (Life Technologies) and 1%
penicillin-streptomycin as per manufacturer’s instructions. To generate FHV particles, 4 x 107 S2
cells/ml were seeded in a sterile T75 flask (Thermo Scientific). An aliquot of FHV was kindly

provided by Dr. Anette Schneemann (The Scripps Research Institute, La Jolla, California). S2 cells
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were infected with FHV at a multiplicity of infection of 1 pfu/cell and incubated at 28°C for 48 h
as previously described (77). After incubation, the cells were lysed by addition of 10% (vol/vol)
Nonidet P-40 and incubated on ice for 10 min with periodic swirling. Cell debris was pelleted in a
Sorvall LYNX 4000 Centrifuge (Thermo Fisher) at 13,800x g for 10 min at 4°C and the clarified
supernatant was transferred to a fresh tube. Virus was pelleted through a 1 mL volume of 30%
(wt/wt) sucrose in 50 mM HEPES (pH 7) at 40,000 rpm for 2.5 h at 11°C in a SW41 Ti Swinging-
Bucket Rotor (Beckman Coulter). The pellets were resuspended in 0.5 mL 50 mM HEPES (pH 7)
and centrifuged at 10,000 rpm for 10 min to remove any insoluble material. The clarified
supernatant was layered on continuous sucrose gradients (40%, 35%, 30%, 25%, 20%, 15% and
10% (wt/wt)) and centrifuged at 40,000 rpm for 1.5 h at 11°C to sediment the virus halfway down
the tube. The sedimented virus was further pelleted in 10 mM Tris HCI buffer (pH 7.5) at 40,000
rpm for 2.5 h at 11°C for injections in honey bees. RNA was isolated from 100 pL virus
preparations (as described below) and FHV abundance was quantified by RT-PCR and copy
number was based on a standard curve. FHV RNA 2 plasmid standards were used as templates,
with concentrations ranging from 103 to 10 copies per reaction to create a linear standard curve,
with a limit of detection of 10° copies of FHV ¢DNA using primers FHV-FW and FHV-REV
(Supplemental Table S1). The linear equation for the plasmid standard for FHV was Ct =-3.335x
+40.137 (R? = 0.993, efficiency = 99.5%) where ‘x’ is the log (FHV RNA copies).

dsRNA preparation

Double stranded RNA was generated by in vitro transcription with T7 RNA polymerase (37, 78).

T7 promoter-containing PCR-products were amplified using primers listed in Supplemental Table
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S1, with the following thermocycler program: pre-incubation of 95°C (5 min), 35 cycles of 95°C
(30 s), 60°C (30 s), and 72°C (1 min) followed by a final elongation at 72°C (5 min). PCR products
were used as template for T7 polymerase transcription reactions (100 uL): NTPs (each 7.5 mM
final), RNase OUT (40 units) (Invitrogen, Carlsbad, CA, USA), buffer (400 mM HEPES pH 7.5,
120 mM MgCl, 10 mM spermidine, 200 mM DTT); reactions were carried out at 37°C overnight
(8-10 h). DNA was removed by adding 1 unit of RQ1 DNAse (Promega, Madison, WI, USA) and
incubating for 15 min at 37°C. dsRNA products were precipitated with 500 uL ethanol and 1:10
volume 3 M sodium acetate (pH 5.2), suspended in 200 uL. RNase-free water, and annealed at
100°C for 5 min and then slowly cooled to room temperature. dsSRNA products were purified by
phenol:chloroform extraction and subsequent precipitation with 600 pL ethanol and 80 uL 5 M
ammonium acetate. RNA pellets were dissolved in 60 uL. 10 mM Tris HCI (pH 7.5). The dsRNA
quality was assessed by agarose gel electrophoresis and spectrophotometry. The dsRNA quantity

based on gel band intensity relative to a standard was determined using ImageJ version 1.50i.

Honey bee virus infection

Age-matched honey bees (~24 h post-emergence, n=10-12 bees per treatment) were cold
anesthetized at 4°C for 10 min prior to intrathoracic injection of virus or buffer (mock-infection).
Intra-thoracic injections were performed using a Harbo syringe (Honey Bee Insemination Service)
and microcapillary glass needles, made by pulling borosilicate glass capillary tubes (100 mm long,
1 mL capacity, Kimble-Chase) with a coil temperature of 61°C on the PC-10 Dual-Stage Glass

Micropipette Puller (Narishige). Honey bees were injected intrathoracically with varying doses of
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FHV or mock-infected with 2 pL buffer (10mM Tris HCL, pH 7.5) and incubated at 28°C for the

duration of the experiment.

RNA isolation

Individual honey bees were transferred into 2 mL Eppendorf safe-lock tubes and homogenized in
300 uL deionized water with a sterile steel ball (5 mm) using a Tissue Lyser II (Qiagen) at 30 Hz
for 2 min. An equal volume (300 pL) of TRIzol reagent (Invitrogen) was added to homogenate
and then samples were vortexed for 15 s. Samples were incubated for 5 min at room temperature,
followed by addition of 100 uL chloroform. Each sample was shaken by hand for 15 s and
incubated at room temperature for 2 min. Samples were then centrifuged at 12,000x g at 4°C for
15 min and the aqueous phase was transferred to a fresh 1.5 mL centrifuge tube. An equal volume
of isopropanol (~300 pL) was added to the aqueous phase, vortexed, and incubated at room
temperature for 10 min to precipitate the nucleic acid. The nucleic acid was pelleted by
centrifugation at 12,000x g at 4°C for 10 min. Supernatant was carefully removed and the pellets
were washed with 75% ethanol by centrifugation at 7,500x g at 4°C for 5 min. The resulting
supernatant was discarded, and the pellets were air dried for 10 min at room temperature, then
dissolved in 50 puL deionized water. RNA concentrations were assessed on Nanodrop 2000

spectrophotometer (Thermo Fisher). All RNA samples were stored in -80°C until further analysis.
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Reverse transcription/cDNA synthesis

Reverse transcription reactions were carried out to synthesize complimentary DNA (cDNA) by
incubating 2,000 ng of RNA with M-MLYV reverse transcriptase (Promega) and 500 ng random
hexamer primers (IDT) for 1 h at 37°C according to manufacturer’s instructions. The resulting

cDNA was diluted 1:2 with sterile distilled water.

Polymerase Chain Reaction (PCR)

Polymerase chain reaction (PCR) was used to test mock-infected bees in all experimental replicates
for pre-existing infections with naturally infecting honey bee viruses, since bees were obtained
from honey bee colonies that may have varying levels of naturally prevalent bee infecting viruses
(i.e., BQCV, CBPV, ABPV, DWV, IAPV, KBV, SBV, LSVs 1-4). To reduce the number of
individual PCR tests, individual bee cDNA samples (n= 11-12) were pooled, resulting in three
pooled samples per treatment. Each pool was tested for pre-existing virus infections using
pathogen-specific primers. PCR was performed according to standard methods (79). In brief, 2 uLL
cDNA template was combined with 10 pmol of each forward and reverse primer, and amplified
with Denville ChoiceTaq polymerase (Thomas Scientific) according to the manufacturer’s
instructions using the following cycling conditions: 95°C for 5 min, 95°C for 30 s, 57°C for 30 s,

72°C for 30s, 35 cycles, followed by final elongation at 72°C for 4 min.
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Negative strand specific PCR

FHV-infected honey bee samples were pooled (n=5) and analyzed for the presence of the negative-
strand RNA of the viral genome (i.e., the replicative intermediate form) using strand-specific PCR
(80-82). Reverse transcription/cDNA synthesis reactions were performed with M-MLV (Promega)
according to the manufacturer’s instructions using negative strand-specific primers tagged with an
additional 21 nt of sequence at their 5’ end (Supplemental Table S1). The tag sequence
(5'GGCCGTCATGGTGGCGAATAAZ') shares no homology with FHV nor with the honey bee
genome. Reactions were carried out by incubating 500 ng RNA and primers (10 pmol specific or
500 ng hexamers) with 200 units M-MLV reverse-transcriptase (Promega) according to the
manufacturer’s instructions. Reverse transcription reactions were incubated for 1 h at 37°C.
Unincorporated primers present in the RT reactions were digested with 2 units exonuclease I (Life
Technologies) per reaction at 37°C for 30 min, followed by heat inactivation at 85°C for 5 min.
To detect negative-strand-derived cDNA products, 2 pL of cDNA template in 12.5 plL aqueous
buffer containing 10 pmol of each of a tag-specific forward primer (TAGS) and virus-specific
reverse primer (Supplemental Table S1) was amplified with 0.5 pL (5 U/uL) ChoiceTaq
polymerase (Thomas Scientific) using the following cycling conditions: 95°C for 5 min; 95°C for
305, 55°C for 30 s, 72°C for 45 s, 35 cycles; final elongation 72°C for 5 min, hold at 4°C. Negative
control PCR reactions were performed using template generated from RNA-containing RT
reactions that were incubated in the absence of RT enzyme or using cDNA template that was
generated using random-hexamer primers and only including the reverse primer in the PCR.

Positive controls included PCR using FHV-specific qPCR primers (Supplemental Table S1). Viral
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and other long single-stranded RNA molecules often exhibit secondary structures, which serve to
prime reverse transcription reactions in the absence of exogenous primers (i.e., self-priming). To
test for self-priming, RT reactions were carried out in the absence of primers, followed by PCR
with virus-specific qPCR primers. The 72 hpi time point was selected for the detection of negative

strand since FHV abundance was highest at this time.

Quantitative PCR (qPCR)

Quantitative PCR was used to quantify relative virus abundance and honey immune gene transcript
levels. All qPCR reactions were performed in triplicate with 2 uL. of cDNA template. Each 20 uL
reaction contained 1x ChoiceTaq Mastermix (Thomas Scientific), 0.4 uM each forward and
reverse primer, 1x SYBR Green (Life Technologies), and 3 mM MgCl,. A CFX Connect Real
Time instrument (BioRad) was used to carry out reactions with the following thermo-profile: pre-
incubation at 95°C for 1 min followed by 40 cycles of 95°C for 10 s, 60°C for 20 s, and 72°C for
15 s; final extension at 72°C for 1 min, followed by melt curve analysis. Reactions without template
were carried out as negative controls. qPCR specificity was verified through melt point analysis,
and all products had previously been verified by sequencing. Plasmid standards containing 10°3-
10° copies per reaction were used as qPCR templates to determine the primer efficiency and create
linear standard curves used to determine viral RNA copies in each sample. The relative expression
of host genes was determined by a ranked AACt method in which the ACt was calculated by
subtracting the rp/8 Ct value from the Ct of the gene of interest (goi) (83). Then, the within-group

ACt values were ranked from highest to lowest, and the relevant corresponding control ACt value
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was subtracted from the treatment group ACt to obtain the AACt. The fold-change in cDNA

abundance was calculated by the equation 2742¢t

Statistical analysis

All data were analyzed using R v4.0.2 in RStudio V1.3.1073. Pairwise comparisons for virus
abundance and gene expression were evaluated using the pairwise.wilcox.test function in the base
R stats package to perform a Wilcoxon Rank Sums test with Benjamini-Hochberg correlation for
multiple comparisons (84).
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Supplemental Figure S1. Flock House virus (FHV) abundance increases over time in virus-
infected honey bees.

FHV abundance in individual honey bees injected with 3.5 x 108 FHV RNA copies/bee was
assessed over a time course (i.e., 6 hpi, 48 hpi, 72 hpi, 96 hpi) by qPCR (n= 9-12 per treatment
group) in each of the three experimental replicates (repl, rep2, rep3), one of which is included in
Figure 2. In replicate one and two, logio FHV RNA levels were greater at 48 hpi and 72 hpi relative
to 6 hpi. FHV levels did not change from 72 hpi to 96 hpi, but remained higher at 96 hpi relative
to 6 hpi. In replicate three, logio FHV RNA levels were greater at 48 hpi relative to 6 hpi. FHV
levels did not change from 48 hpi to 96 hpi, but remained higher at both these time points relative
to 6 hpi. Statistical significance was assessed using Dunnett’s test. Asterisks indicate a significant
difference in virus abundance, significance levels: ** p < 0.005, *** p < (0.0005.
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Supplemental Figure S2. Modulation in immune gene expression in FHV-infected honey
bees.

The expression of select immune genes (i.e., vitellogenin (vg), bee antiviral protein-1 (bapl), dicer
(dcr), argonaute-2 (ago2), heat shock protein 90 (hsp90), and protein lethal 2 essential for life-
like (pI2)) was assessed at 72 hpi in individual honey bees injected with 3.5 x 108 FHV RNA
copies/bee by qPCR (n= 9-12 per treatment group) in each of the three experimental replicates
(repl, rep2, rep3), one of which is included in Figure 3. The data were analyzed using AACt
method with normalization to 7p/8, and then the fold change values were calculated relative to
mock-infected honey bees. In replicate one and three, the expression of expression of vg was lower
and bapl was unchanged compared to mock-infected bees. Expression levels of dcr, ago2, hsp90,
and p/2 were higher in FHV-infected bees relative to mock-infected bees in both replicates,
replicate one and three. In replicate two, vg and bap ! expression levels were in FHV-infected bees
compared to mock-infected bees. In FHV-infected honey bees, dcr, ago2, hsp90, and pl2
expression was higher relative to mock-infected bees. Statistical significance was assessed using
Wilcoxson Rank Sum test. Asterisks indicate a significant difference in virus abundance,
significance levels: * p <0.05, ** p <0.005, *** p < 0.0005.
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Supplemental Figure S3. Reduced dcr expression does not impact FHV abundance in honey
bees

The relative expression of dicer (dcr) was assessed by qPCR, with normalization to 7p/8 and fold
changes were calculated relative to FHV-injected bees. FHV-abundance was measured by
determining the FHV RNA copies using qPCR at 72 hpi in each of the two experimental replicates
(repl, rep2), one of which is included in Figure 4. (A) In replicate one, dcr expression was 18%
lower (p = 0.04) in bees co-injected with FHV and dcr dsRNA, while dcr expression remained
unchanged in bees co-injected with FHV and ns-dsRNA, relative to FHV-infected bees. FHV
abundance levels were unchanged in bees co-injected with FHV and ns-dsRNA or dcr-dsRNA
compared to FHV infected bees. (B) In replicate two, dcr expression was reduced by 69% in bees
co-injected with FHV and dcr dsRNA (p < 0.001) compared to bees infected with FHV only.
Honey bees co-injected with FHV and ns-dsRNA did not show appreciable changes in dcr
expression. FHV abundance did not change in bees co-injected with FHV and either species of
dsRNA (i.e., ns-dsRNA or dcr dsRNA) compared to FHV infected bees. Different letters above
the treatment groups indicates a statistically significant difference.
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Supplemental Figure S4. Reduced ago2 expression does not impact FHV abundance in honey
bees

The relative expression of argonaute-2 (ago2) was assessed by qPCR, with normalization to rp/8§
and fold changes were calculated relative to FHV-injected bees. FHV-abundance was measured
by determining the FHV RNA copies using qPCR at 72 hpi in each of the two experimental
replicates (repl, rep2), one of which is included in Figure 4. (A) In replicate one, thte expression
of ago2 was 33% lower (p < 0.001) in bee co-injected with FHV and ago2 dsRNA compared to
FHV-infected bees. Ago2 expression was not changed in bees co-injected with FHV and ns-
dsRNA. FHV abundance remained unchanged in ago2 knockdown bees compared to bees infected
with FHV only. (B) In replicate two, ago2 expression was reduced by 89% in bees co-injected
with FHV and dcr dsRNA (p < 0.001) compared to bees infected with FHV only. Honey bees co-
injected with FHV and ns-dsRNA did not show appreciable changes in dcr expression. FHV
abundance did not change in bees co-injected with FHV and either species of dsRNA (i.e., ns-
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dsRNA or dcr dsRNA) compared to FHV infected bees. Different letters above the treatment
groups indicates a statistically significant difference.
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CHAPTER SIX

CONCLUSIONS AND DISCUSSION

Honey Bee Host-virus Interactions At The Individual And Cellular Levels

Honey bee (Apis mellifera) host-virus interactions were studied in laboratory-based
experiments to better understand the antiviral defense mechanisms at the individual bee and
cellular levels. First, individual bee studies were carried out to elucidate the impact of chemical
stimulants and stressors on honey bee immune responses and in turn, the outcome of virus
infection. Then, investigations at the cellular level were carried out to demonstrate that primary
cell cultures derived from honey bee larvae (i.e., hemocytes, immune cells) and pupae (i.e., mixed
cell populations) support replication of a panel of RNA viruses. In response to virus infection,
these primary cell cultures mounted a virus-specific transcriptional response, as assessed by
evaluating the expression of key antiviral genes including bap!, ago2, and dcr-like. Lastly, FHV
infection assays were carried out in individual bees to investigate the differential expression of
antiviral genes triggered in response to FHV infection. It was determined that the immune
responses elicited by FHV in primary cells can be recapitulated in adult bees, suggesting that FHV
can be utilized as a tool to study host-virus interactions at the individual and cellular levels.

Honey bees have evolved strategies to deal with the adverse impacts of abiotic and biotic
stressors, including pathogens (1-4). At the individual level, honey bees combat the impact of virus
infections by the induction of immune pathways including the Jak/STAT, JNK, and Imd pathways,
and the NF-kB/Dorsal mediated Toll pathway, and double stranded RNA (dsRNA)-triggered

immune responses (i.e., RNAi and non-sequence specific dsSRNA mediated antiviral mechanisms)
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(5-7) (reviewed in (1)). Herein, we demonstrate that honey bees fed sucrose syrup supplemented
with 0.16 ppm thyme oil harbored 25- 87% less virus than bees fed only sucrose syrup. This trend
was consistent for a panel of viruses including FHV, SINV-GFP, and DWV. Honey bees fed thyme
oil exhibited greater expression of genes involved in antiviral defense including the RNAi pathway
(i.e., ago2 and dcr-like) and antimicrobial peptide genes regulated by Toll and Imd pathways (i.e.,
abaecin and hymenoptaecin), as well as a gene involved in immune competence and a marker of
the overall bee health, vitellogenin. Together these results indicate that thyme oil stimulates honey
bee immune responses that mitigated virus infections. Our results, coupled with previous studies
are promising and may indicate that thyme oil augmented diets, either naturally acquired or fed,
enhance individual bee immunocompetence and can be further developed as a strategy that
beekeepers could use to mitigate virus-associated colony deaths (8). Additional studies are
required to further investigate the precise mechanisms of action, while results to date suggest that
thymol stimulates the expression of key honey bee immune genes. The signal transduction
cascades, sensors, transcription factors, and effector proteins involved have yet to be fully
elucidated.

The impact of agrochemicals, including neonicotinoid insecticides on honey bee health and
colony longevity is an important area of research that includes a large body of literature (9-12).
We determined that honey bees fed sucrose containing clothianidin (1 ppb) had reduced expression
of key immune genes (i.e., ago2, dcr-like, abaecin, hymenoptaecin, and vitellogenin), which
resulted in more severe virus infections, using virus abundance as a proxy for infection severity.
Together our results coupled with those from previous studies, suggest that sublethal doses of

clothianidin may increase the overall virus burden in a colony. However, honey bees fed sucrose
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syrup containing 10 ppb clothianidin had virus levels that were similar to, or lower than, levels in
bees fed only sucrose syrup. Although additional studies are needed, we hypothesize that bees fed
10 ppb clothianidin may have been less suitable hosts for viruses, which are obligate intracellular
pathogens and, thus, rely on healthy host cells for replication. In addition to insecticides, honey
bees are exposed to beekeeper applied in hive treatments, including miticides and the antifungal
compound fumagillin, which is used to mitigate Nosema spp. infections. To further investigate the
impacts of fumagillin treatment on the honey bee immune system and the outcome of virus
infection, honey bees were fed sucrose containing the recommended dose of 25 ppm, or a greater
dose of 75 ppm. We determined that virus abundance was higher in bees fed sucrose syrup
containing 25 ppm or 75 ppm fumagillin, relative to bees fed sucrose syrup only. The greater virus
abundance is likely due to immune suppression, as the expression of select honey bee immune
genes (i.e., ago2, dcr- like, abaecin, hymenoptaecin, and vitellogenin) were reduced in fumagillin
fed bees. Although future studies are warranted before adjusting recommendations for honey bee
colony management, our results suggest that beekeepers should consider trade-off of reducing
Nosema infections, but increasing virus abundance. While the focus of our experiments was to
evaluate the impact of dual stressors on individual honey bee health, we determined that honey
bees exposed to a single stressor, i.e., fumagillin (25 ppm or 75 ppm) or clothianidin (1 ppb) had
reduced levels of key immune genes (i.e., ago2, dcr-like, abaecin, hymenoptaecin, and
vitellogenin) compared to bees fed sucrose syrup alone. The reduced expression of vitellogenin in
fumagillin or clothianidin (1 ppb) fed bees indicates poor health status of the host while the reduced
expression of key immune genes suggests hindered immune responses. Collectively, this work

demonstrates that thyme oil serves as an immunostimulant and results in reduced virus abundance
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while chemical stressors such as fumagillin and clothianidin suppress the honey bee immune
response resulting in more severe viral infections. Future studies should focus on investigating the
impact of simultaneous exposure to chemical stimulant (i.e., thyme oil) and chemical stressor (i.e.,
clothianidin) at the colony level that may help beekeeping operations to reduce virus associated
colony losses.

Investigating honey bee host-virus interactions at the cellular level has been challenging
since robust cell culture systems are currently unavailable. The currently available honey bee
fibroblast-type cell line, AmE-711 is difficult to maintain, making it challenging to use for
studying honey bee host-virus interactions (13, 14). Therefore, the work described herein focuses
on establishing primary cell cultures from two honey bee developmental stages- i.e., larvae and
pupae. Hemocytes, the primary immune cells that phagocytose or encapsulate pathogens, were
isolated from honey bee larvae and maintained in culture (15). We demonstrated that hemocytes
can be productively infected by a model virus (i.e., FHV) as well as a honey bee infecting virus
(i.e., SBV). In addition, we demonstrated that hemocytes extracted from larvae were naturally
infected by SBV. The observation that honey bee hemocytes are infected by viruses has important
implications for viral pathogenesis, since viruses are known to destabilize cellular processes and
impair cell function. Moreover, the ability of hemocytes to support FHV replication provides tools
to study honey bee hemocyte-virus interactions more precisely since FHV is structurally and
genetically well-studied, and easy to propagate and purify. Additionally, we demonstrated
productive replication of SBV, FHV, and DWYV in mixed cell cultures (including epithelial cells,
adipocytes, muscle cells, hemocytes) derived from honey bee pupae. Infected honey bee pupal cell

cultures exhibited virus specific differential expression profiles of bapl, ago2, and dcr-like in



242
response to SBV, FHV, and DWV, suggesting that these cultures provide useful tools for studying
honey bee transcriptional responses to viral infection. Furthermore, we demonstrated that FHV-
infected honey bee hemocytes and FHV-infected pupal cells elicit similar immune response
profiles, i.e., higher expression of ago2 and dcr-like and no change in bap! expression. Antiviral
immune response elicited by honey bee pupal cell cultures in response to DWV infection also
recapitulate data obtained from transcriptome level studies in honey bee pupae (16).

To assess the transcriptional regulation of honey bee immune genes in response to FHV
infection, we experimentally inoculated adult honey bees with FHV. Similar to immune responses
mounted in honey bee hemocytes and pupal cells, FHV-infected adult honey bees exhibited higher
levels of ago2 and dcr-like expression, and no change in bapl expression. In addition, the
expression of select heat shock protein (HSP) expressing genes was evaluated in FHV- infected
bees since previous research determined that the heat shock response pathway is induced by
various stressors, including virus infection (17, 18). The expression of Asp90, a core heat shock
response gene and p/2, a small heat shock protein was higher in FHV-infected bees compared to
mock-infected bees, suggesting that FHV infection may trigger the heat shock response. In
summary, these data suggest that FHV can serve as an effective model to investigate basic
immunology questions important to better understand the honey bee antiviral immunity at both the
cellular and individual bee levels.

Herein, the impact of phytochemicals and chemical stressors on honey bee immunity and
consequent impact on outcome of virus infection was evaluated, primary honey bee cell culture
tools were developed, and the honey bee immune response to FHV infection at individual bee and

cellular level was investigated. This work focused on elucidating honey bee host-virus interactions
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that may help develop strategies to mitigate virus associated honey bee losses at the colony level.
The development of cell culture tools provides opportunities to identifying specific antiviral genes.
Future work at the individual bee level should focus on investigating the impact of a mixture of
chemical stimulant and stressor on the outcome of virus infection. At the cellular level, RNAi-
mediated gene knockdown experiments will facilitate the study of honey bee host—virus
interactions by directly demonstrating the importance of specific genes in limiting virus infection.
In the future, it may be that bee breeders select for bees that express optimal levels of antiviral
genes. In addition, better understanding of honey bee antiviral defense mechanisms and antiviral
gene expression in the context of additional abiotic stressors, including agrochemical exposures,
may prove important in modifications to current regulations and usage. Together, the studies
described herein may aid in the development of strategies that reduce virus associated honey bee

colony losses.
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