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ABSTRACT
High pollinator losses of recent decades have been attributed to several causes including increased
exposure to pesticides, particularly neonicotinoid insecticides. This has spiked re-evaluation of
neonicotinoid use in agriculture and has heightened the need to enhance pesticide risk assessment.
Currently, pesticide risk assessment for pollinators is based on assays focused predominantly on
worker bee mortality in response to pesticide exposure. This approach has been criticized for
overlooking sublethal toxic effects and its lack of proper evaluation of the reproductively active
honey bee drones and queens. Accordingly, the overarching goal of this thesis was to incorporate
the evaluation of honey bee reproductive castes in toxicologic assays through the use of “gold
standard” research techniques routinely used in vertebrate toxicology studies. First, we reviewed,
documented, and summarized the normal anatomical structures of the mated queen reproductive
tract in order to establish reference material of the normal morphology expected in healthy queen
bees. Next, we investigated the effect of thiamethoxam (THI), a commonly used neonicotinoid, on
developing queens. We found that direct THI toxicity in queens can result in hypoplasia of the
pheromone producing mandibular glands. Such morphologic organ changes precede compromised
organ function. Therefore, it is reasonable to hypothesize that dysregulation and disruption of
pheromone production in intoxicated queens may partially explain the increased queen failure rates
reported by beekeepers in association with high colony losses. Importantly, this study highlights
that THI can have a direct negative effect on queen bees, indicating that it may be prudent to
include all castes in pesticide risk assessment. This finding is further supported by our final studies,
where we describe that THI toxicity is highly caste and age specific. Namely, we found that
developing (i.e., larval) queens are highly sensitive to THI toxicity, but become more resilient
following emergence. The opposite was found to be true for drones. Furthermore, detoxification
enzyme activity in bees is similarly caste and age specific, although the enzymes tested in our
studies did not change in response to THI treatment. Overall, these finding indicate that using
worker bees alone in pesticide risk assessment may be suboptimal since toxicity in workers may
not fully reflect toxicity observed in other honey bee castes. In addition, applying histologic and
biochemical assays in pesticide risk assessment can potentially enhance our understanding of bee
toxicity, improve the detection of sublethal toxic changes, and assist in the establishment of safe
dose ranges of pesticides to protect pollinators while ensuring proper protection of agricultural
crops.
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CHAPTER 1:
1.1

INTRODUCTION AND LITERATURE REVIEW

Introduction

1.1.1 Problem statement
The sustainability of natural and agricultural ecosystems relies heavily on pollinator health and
biodiversity. It is estimated that a third of global food production depends on pollination, valued
at 153 billion euros (~ CAD 211.5 billion) (Gallai et al., 2009). Though pollinators include a wide
range of vertebrates (bats, birds, etc.) and insects (wasps, ants, flies, etc.), over 80 % of insect
pollination services are provided by the honey bees (Brianna, 2020).
The honey bees have experienced increased mortality worldwide in the last decade (CAPA, 2018;
Kulhanek et al., 2017). The cause of this increased mortality is multifactorial and attributed to the
loss of diverse floral sources, the spread of infectious disease, and increased pressure of
environmental agrochemical contaminants (Goulson et al., 2015; Hristov et al., 2020; Kuchling et
al., 2018; Smith et al., 2013). The agrochemicals that may affect bees go through a rigorous
pesticide risk assessment process (Fischer and Moriarty, 2014). This process is based on a tier
system. The initial risk assessment relies on laboratory assays and aims to identify chemicals that
will not pose a risk to bees. Higher tier assessments progressively incorporate field-realistic
conditions and are aimed at providing detailed risk estimates for compounds that did not pass the
initial screening.
The current risk assessment protocols are conservative and provide solid ground to make evidencebased decisions for releasing new plant protection products (PPPs) to the market. Nevertheless,
some PPPs that pass the risk assessment are later shown to have negative effects on honey bees,
triggering their re-evaluation. These incidences may cause substantial losses both to the honey bee
industry by affecting honey bee health as well as to the PPP producers by decreasing the value of
the produced products. Therefore, establishing risk assessment protocols that are better able to
detect potential negative effects of PPPs on honey bee health during the risk evaluation process is
crucial to protect pollinator health and the interests of PPPs producers (Berenbaum and Liao,
2019).
Current pesticide risk assessment is based mainly on identifying doses and concentrations of PPPs
that cause mortality in developing larvae or adult honey bee workers. This approach has several
pitfalls. Firstly, it may underestimate or fail to detect sublethal effects on bees, with weakened
surviving individuals contributing to a gradual decrease of the colony health over an extended
1

period. Functional, morphologic, biochemical, and genetic changes, commonly used in risk
assessment for vertebrate species, may be useful additional endpoints to characterize these
sublethal negative toxic effects better. Secondly, evaluating only workers overlooks any potential
toxic effects on the two reproductively active castes in the bee colony – the queens and drones. An
increasing number of recent studies have focused on these reproductive castes and demonstrated
unequivocal evidence that they too can be affected negatively, directly or indirectly, by exposure
to some PPPs. Lastly, applying laboratory-based results to expected toxicity in the field remains
challenging. Most laboratory assays evaluate effects on individual worker bees; however, the toxic
effects on bees may be different within their natural eusocial environment of the colony, which
forms a so-called "superorganism". Therefore, the development of hive-based assessment
assays/models may be another useful tool that could potentially enhance the risk assessment
protocols
1.1.2 Purpose
The overarching goal of this thesis was to investigate if various "gold standard" toxicologic
research techniques commonly used in vertebrate species could potentially enhance current
pesticide risk assessment protocols for pollinators. The specific focus was on the evaluation of
morphologic (histopathologic) and functional (enzyme activity) alterations in bees of all three
castes (workers, drones, and queens) in response to a toxic stimulus using in-vivo (in-hive)
experimental models. We hypothesized that evaluation of these parameters can improve the
detection of sublethal harmful effects of PPPs on bees and that they could help establish safe dose
ranges for their use in agriculture.
1.2

Biology of honey bees (Apis mellifera)

Honey bees are an important and highly valued species of insects. They provide essential
pollination services and a number of products widely used for food, medicine, cosmetics, and
various other purposes. In Canada alone, the value of honey bee pollination is estimated at over $2
billion (Canada Honey Council, 2020), and the total value of honey sold in 2021 is estimated at
$278 million (Canada Honey Council, 2021).
Honey bees are eusocial insects, which means they share the following four characteristics: a) they
live in colonies, b) they cooperatively care for brood, c) multiple generations overlap within a
single colony, and d) reproduction is limited to select individuals, in a colony (Wilson and
Hölldobler, 2005). Honey bee colonies comprise 10,000 – 80,000 individuals, depending on the
2

season. Of these, the majority are worker bees with several hundred drones and a single queen.
Drones are the male bees. The female bees comprise two castes, namely, the sterile workers and
fertile queens. For better clarity and conciseness, in this work, the term “caste” refers to all three
phenotypes of bees found in the colony including the male drones, as well as the female workers
and queens. Each caste (workers, drones, and queens) is responsible for a specific set of chores
within a colony; this close cooperation and the shared responsibility for survival is what defines
honey bee colonies as a superorganism. Accordingly, the health and wellbeing of each of the
castes, as parts of a superorganism, are important in maintaining the health of the whole colony.
1.2.1 Honey bee workers
The worker bees are the sterile female individuals in the colony. They perform various functions,
including housekeeping (cleaning cells, removing dead bees, etc.), nursing (feeding the larvae),
attending to the queen bee, maintaining a temperature within the hive, building wax combs,
guarding the hive, and foraging (collecting nectar, pollen, etc.). Their age defines their function,
where younger bees are responsible for less risky chores such as cleaning and feeding. In
comparison, the chores of older bees become progressively more dangerous and include hive
protection and resource collection outside of the hive. The worker bees develop from a fertilized
egg (diploid) to imago within 21 days. The lifespan of worker bees varies from 6 weeks during the
summer to several months over winter (Winston, 1987). Worker bees are the most numerous castes
in a colony and have the most interaction with the outside environment through foraging.
Accordingly, it is not surprising that the worker caste is the most well-studied and commonly used
in toxicologic risk assessment.
1.2.2 Honey bee drones
Drones are male bees whose main function is to mate with the queens. Drones die immediately
after copulation. Their adult life span varies from 1 to 4 months. Drones that were unsuccessful in
finding a mate during the summer are expelled from the colonies at the end of the honey bee season
to reduce the colony size and preserve the colony's resources. This increases the colony's chance
for survival over the long winter when the whole hive relies on a limited supply of honey and
pollen. Accordingly, the queen must produce a new generation of drones at the start of each spring
season. Drone development from an unfertilized egg (haploid) to emergence takes 24 days.
Interestingly, spermatogenesis in drones is completed during pupal development, but they do not
reach sexual maturation until 10-14 days after emergence. Drones have not been studied as
3

extensively as workers. However, recent research highlights the importance of the role drones have
in the colony, for example, as "superspreaders" of nosemosis in bees (Martín-Hernández et al.,
2018) and in sustaining genetic diversity in honey bee colonies with multiparous queens (Desai
and Currie, 2015).
1.2.3 Honey bee queens
Honey bee queens are the largest of all individuals and the only females within the colonies with
a fully developed reproductive system allowing them to mate, store sperm, and lay fertilized eggs.
Only one single queen can lead a colony at any given time. The workers can replace the queen
through swarming or supersedure (Conner, 2009). Swarming is a natural colony multiplication
process that is often a consequence of the rapid expansion of the bee population and overcrowded
conditions. In this scenario, the queen lays fertilized eggs into unique queen cups pre-drawn by
the workers, thus triggering the development of a new queen. Soon after that, the old queen leaves
the existing colony together with a group of workers to set up a new colony elsewhere, whereas
the remaining bees wait for the new queen to develop, emerge, mate, and eventually start laying
eggs. When an old queen begins to fail (poor hygienic behavior, spotted brood pattern, insufficient
pheromone production, etc.), workers can initiate the production of a new queen in a process
termed "supersedure". To do so, the workers choose several recently hatched diploid larvae,
expand the existing cell and provide these larvae exclusively with a queen diet (royal jelly). In
beekeeping, this method of queen replacement is less desirable as it implies stress or other
disorders in the colony and a less specific selection of queen larvae. Regardless of the process by
which the queen is replaced, the developing queens are only fed royal jelly produced by the
hypopharyngeal and mandibular glands of young worker bees. Unlike the bee-bread used for
worker and drone nutrition, the royal jelly does not contain pollen and allows for a full
development of the reproductive system in the queen. Within the first 2 weeks after emergence,
the queen goes on multiple mating flights, during which she mates with an average of 13 (Tarpy
et al., 2004) to as many as 77 drones (Withrow and Tarpy, 2018), storing enough sperm to last her
for the entire life (appx. 2-5 years).
Queen health is crucial for honey bee colony survival and success (Amiri et al., 2017; Bortolotti
and Costa, 2014). Queens largely rely on the use of pheromones to regulate all colony functions,
from larval development to survival, productivity, and disease control (Bortolotti and Costa, 2014;
Maisonnasse et al., 2010). Not surprisingly, low queen quality has been consistently reported as
4

one of the top three reasons associated with increased colony losses worldwide (van Engelsdorp
and Meixner, 2010). The cause of the generally decreased queen quality is not exactly known and
is thought to be multifactorial, including increased pressure of infectious diseases and toxic hive
contaminants (van Engelsdorp and Meixner, 2010).
1.3

Increased honey bee mortality

1.3.1 Infectious and parasitic diseases
Honey bee diseases are usually classified either by the type of the causative agent (viruses,
bacteria, fungi, protozoa, mites) or by the life stage that is most commonly affected (brood diseases
and diseases of adult bees) (Ritter and Akratanakul, 2011). Similar to other animals, the disease
severity in bees depends on the pathogen (e.g., virulence, infectious load), the host (e.g., genetics,
immunity), and the environment (e.g., food availability, temperature, humidity). The most
significant pathogens in bees include Varroa mites, bacterial agents Melisococcus plutonius and
Paenibacillus larvae causing European foulbrood (EFB) and American foulbrood (AFB),
respectively, microsporidia - Nosema spp., and several viruses (Eccles et al., 2017).
Varroa is an ectoparasitic mite. It feeds on the hemolymph and fat body of developing and adult
bees. The Varroa mites serve as vectors of several bee viruses, most notable the Deformed wing
virus and Acute bee paralysis virus. Varroa mites are thought to be the leading cause of honey bee
colony losses worldwide. Treatment and management of Varroa infestation rely on using synthetic
(such as Apivar® with active ingredient amitraz) and natural compounds (e.g. thymol, formic and
oxalic acid) or adopting specific beekeeping strategies aimed at removing or interrupting the
developing stage of the mite. Developing new highly effective, and bee-safe miticides is an
important avenue in honey bee research due to growing concern over the Varroa mite resistance
to currently used synthetic chemicals (Traynor et al., 2020).
The two most important bacterial diseases in honey bees are EFB and AFB, caused by
Melisococcus plutonius and Paenibacillus larvae, respectively (Forsgren et al., 2018). EFB is less
destructive of the two and is thought to be tightly correlated with the nutritional supply of the
colony. However, in recent years the increased incidence of EFB and lack of classically observed
spontaneous resolution of the disease have raised concern and fueled more research investigating
other underlying causes. Strain variation, increased frequency of exposure to various
agrochemicals, and lower pollen nutrition value of certain crops (e.g. blueberries) are the most
investigated underlying causes of increased incidence of EFB. AFB is a much more severe disease
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of brood caused by spore-forming bacteria. The spores germinate in the gut of the infected larvae,
where they undergo vegetative multiplication, eventually leading to septicemia and subsequent
larval death, leaving behind over 2 billion infective spores. The spores are highly infectious and
resistant to the environment. To prevent the spread of AFB, affected colonies are eliminated by
burning, while the equipment can undergo gamma or electron-beam irradiation (Forsgren et al.,
2018). In North America, the management of both these bacterial diseases relies on antibiotic use
(Mueller et al., 2020; Zabrodski et al., 2020).
Nosemosis is a disease caused by a microsporidian parasite Nosema apis and/or Nosema ceranae,
which infects the midgut epithelium of adult honey bees, resulting in clinical dysentery. Nosemosis
is correlated with increased overwinter mortality (Higes et al., 2008) and slow colony growth in
the spring (Guzmán-Novoa et al., 2010). Disease management relies on maintaining strong
colonies, surveillance, and in North America, the use of antimicrobial treatment (Fumagilin)
(Burnham, 2019).
Viral infections are frequently associated with their vectors, particularly Varroa mites and
Nosema. Accordingly, the management of viral diseases relies on the effective management of the
vectors that transmit these viruses (Grozinger and Flenniken, 2019).
The increased incidence of infectious and parasitic diseases in honey bees in recent years is in part
attributed to their interaction with pesticides (Sánchez-Bayo et al., 2016). For instance, honey bee
larvae exposed to a neonicotinoid thiacloprid during development are more susceptible to black
queen cell virus infection and Nosema infection evidenced by higher viral titers and lower bee
survival (Doublet et al., 2015). Similarly, Alaux et al. found that Nosema can act synergistically
with a neonicotinoid imidacloprid (IMD), reducing the sterilizing enzyme glucose oxidase activity
and facilitating higher Nosema infection rates in the colony (Alaux et al., 2010). Moreover, bees
simultaneously exposed to insecticides (fipronil or thiacloprid) and infected with Nosema cerenae
experience higher mortality (Vidau et al., 2011). Likewise, concurrent exposure of bees infected
with the Varroa mites to neonicotinoids reduces their flight capacity (Blanken et al., 2015) and
homing behaviour (Monchanin et al., 2019). Reduced grooming behaviour (James and Xu, 2012)
and decreased grooming intensity (Morfin et al., 2019) in response to neonicotinoid treatment are
one of the suggested mechanisms leading to a higher rate of parasitic and infectious diseases in
exposed insects. These findings highlight the complex interactions of biotic and abiotic stressors
found in a honey bee colony.
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1.3.2 Toxicities
Bees can be exposed to xenobiotics both outside and inside the hives. The most common routes of
exposure to external xenobiotics include nectar, pollen, guttation water, natural water bodies,
propolis, and soil dust (Johnson, 2015). In fact, due to their close interaction with the environment,
honey bee colonies can be used to asses environmental contamination levels (Bromenshenk et al.,
1985). In a hive, bees can be exposed to xenobiotics through the wax, stored pollen, honey and
propolis (Murcia-Morales et al., 2022). Accordingly, common xenobiotics include chemicals used
in agriculture for crop protection (insecticides, fungicides, herbicides, etc.) or in beekeeping for
the management of bee diseases (antibiotics, acaricides).
Acaricides, specifically fluvalinate, coumaphos, and amitraz metabolites are the most abundant
contaminants found in honey bee matrices (Calatayud-Vernich et al., 2018; Traynor et al., 2021).
Their use in honey bee colonies is necessary to control the Varroa destructor mite. Accumulation
of these products poses some concern for the development of resistance and decreased treatment
efficacy. In addition, elevated or chronic exposure of bees to these commonly used acaricides can
lead to decreased protein and carbohydrate levels, increased activity of glucose oxidase indicating
induction of immune responses, and reduced body weight and altered head size and wing venation
(Reeves et al., 2018), and altered cardiac function (O'Neal et al., 2017). However, when used
judiciously, these chemicals should not pose significant harm to bees (Dai et al., 2018).
Agrochemicals are the most encountered external/environmental xenobiotics and include
herbicides, fungicides, and insecticides. Since herbicides are not specifically developed to act on
insects, they generally have a lower toxic potential for honey bees (Johnson, 2015). However,
some herbicides may still affect bees directly. Most notably, exposure of young worker bees to
glyphosate, a widely used herbicide in weed management systems, can lead to dysbiosis (Motta et
al., 2018) and a change in the proteomic profile of royal jelly (Faita et al., 2022).
At the same time, when encountered in high doses or in combination with other stressors,
herbicides may pose some risk to the colonies. For example, colonies exposed to sugar syrup
spiked with phenoxy herbicides exhibited a temporary break in brood production and development
(Morton and Moffett, 1972). Fungicides, similar to herbicides, are generally thought to be less
toxic to bees. However, recent research emphasizes that fungicides can act synergistically with
other agrochemicals. For example, exposure of bees to a fungicide iprodione together with boscalid
and pyraclostrobin or azoxystrobin can result in decreased foraging activity (Fisher et al., 2017).
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Additionally, bees simultaneously exposed to sterol biosynthesis inhibiting fungicide prochloraz
are more susceptible to acaricide tau-fluvalinate toxicity (Fisher et al., 2017). Other research
conducted in our lab also suggests that bees exposed to combinations of insecticides and fungicides
are also more susceptible to European foulbrood disease (Thebeau et al., 2022, unpublished).
The effect of xenobiotics found in the hive and environment can be exacerbated by their combined
or synergistic effect. For example, common acaricides found in bee matrices include amitraz,
coumaphos, flumethrin, and fluvalinate (Johnson, 2015; Mullin et al., 2010). Exposure to high
concentrations of these acaricides alone or in combination can contribute to increased adult and
larval bee mortality (Dai et al., 2018) and altered behaviour when combined with exposure to some
neonicotinoids (Williamson and Wright, 2013).
1.3.3 Honey bee immunity and detoxification strategies
As eusocial organisms, honey bees have both individual and social immunity (Evans et al., 2006;
Morfin et al., 2021). Individual immunity includes humoral and cellular responses. In honey bees,
effectors of the humoral immunity are produced predominantly by the dorsal fat body with some
contribution from hemocytes, integument and intestinal epithelium (Gätschenberger et al., 2013).
Key components of the humoral immunity include antimicrobial peptides (Morfin et al., 2021),
phenoloxidase, an enzyme that modulates melanisation of invading pathogens, specifically
bacteria and fungi (Wilson-Rich et al., 2008), and production of reactive oxygen species – a key
insect innate immune response (Paris et al., 2017). In turn, hemocytes are the key component of
cellular immunity in bees. These cells are capable of phagocytosis, encapsulation, and
melanisation (Strand, 2008). The efficiency of humoral and cellar immune responses in bees is at
least partially defined by their age (Schmid et al., 2008).
Since honey bees live in crowded colonies that contain tightly packed stores of food and brood,
they make an easy target for a quick spread of infectious agents. Therefore, they have evolved
many social mechanisms that rely on cooperative strategies to withstand infections. These
strategies include social fever, self- and social grooming, hygienic behaviour, collection and the
use of propolis, social distancing when sick, and brood cannibalism (Larsen et al., 2019).
Immunosuppression is thought to be an important contributing factor to increased bee losses
worldwide (Smith et al., 2013). Immunosuppression in bees has been associated with both
infectious diseases (Buczek and Chełmiński, 2009; Li et al., 2018) and toxic stimuli (Di Prisco et
al., 2013; Pamminger et al., 2018).
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Detoxification in bees is similar to other species and aims to convert lipid-soluble substances to
water-soluble material ready for excretion. The three key phases of detoxification include
functionalization, conjugation, and transport (Berenbaum and Johnson, 2015; Gong and Diao,
2017). The main enzymes involved in phase I detoxification in bees are the P450 superfamily and
carboxylesterases. Surprisingly, the honey bee genome only contains 46 genes encoding P450s,
which is considerably fewer than other insects, including other Hymenoptera (Claudianos et al.,
2006). Nevertheless, P450s in bees are used for detoxification of commonly encountered
xenobiotics (Iwasa et al., 2004; Johnson et al., 2013). Similar to P450s, the number of
carboxylesterase genes is also reduced in bees compared to other insects (Claudianos et al., 2006).
Carboxylesterases are involved in detoxifying commonly used insecticides, including
organophosphate, pyrethroids, and neonicotinoids (Carvalho et al., 2013). The main enzyme
responsible for phase II conjugation is glutathione S-transferase (GST). Phase III of detoxification
utilises ATP-binding cassette proteins to facilitate the transport of conjugated products through the
cell membrane for excretion. These proteins are not well characterised in bees. Detoxification is a
highly energy-demanding process. Therefore, nutritional stress may undermine detoxification
efficiency in bees (Berenbaum and Johnson, 2015). In addition, genomic detoxification deficit in
bees may contribute to their increased vulnerability to combinations of xenobiotics (Berenbaum
and Johnson, 2015; Wu et al., 2011), especially if they share specific target sites. Both functional
assays evaluating detoxification enzymes and molecular evolution of detoxification gene
expression are relatively commonly used in academic research. Still, they are not a part of
recommended measures for pesticide risk assessment.
1.4

Neonicotinoid insecticides

1.4.1 Neonicotinoid history and general introduction
Insecticides are a class of pesticides that are crucial for the effective control of various insect pests
hazardous to crop production and management. A relatively new class of insecticides that was
developed in the late 1980s and introduced to the global market in the 1990s are neonicotinoids.
These are highly neurotoxic systemic insecticides that interfere with nerve signal transmission by
binding to the nicotinic acetylcholine receptors causing continuous activation, leading to
neurotoxicity and death (Jeschke et al., 2011). Excellent physicochemical properties, no known
pest resistance at the time of introduction, and significantly reduced risk to consumers and
farmworkers have led them to become the most commonly used class of insecticides worldwide,
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accounting for about a quarter of the world insecticide market (Simon-Delso et al., 2015;
Tomizawa and Casida, 2011). The first neonicotinoid to be discovered and introduced was IMD
(Tomizawa and Casida, 2011). It was later followed by the invention of thiamethoxam (THI) and
its metabolite – clothianidin (CLO) (Maienfisch et al., 2001; Tomizawa and Casida, 2005).
Neonicotinoids are water-soluble and may persist in the environment for long periods of time, thus
extending their protective ability. Neonicotinoids are chiefly used as a seed treatment. This enables
their quick uptake by the growing plant and later presence in all parts of the plant tissue providing
long term protection from sucking and some chewing pests, and decreasing the need for additional
chemical use later in the season (Jeschke et al., 2011; Nauen and Denholm, 2005).
1.4.2 Neonicotinoid effect on pollinators
The effect of neonicotinoids on pollinators has been the subject of many scientific studies and
reviews (Carreck and Ratnieks, 2014; Godfray et al., 2015; Lu et al., 2020; Lundin et al., 2015;
Mitchell et al., 2017). Broadly, these studies are based on laboratory research, field experiments,
and more recently – on individual in vivo (in-hive) exposure experiments.
1.4.2.1 Laboratory studies
Laboratory toxicity studies in bees are the most numerous and focus on characterising the changes
in bee's lifespan, behaviour, and interactions in response to toxic stimuli. For examples, bees
exposed to environmental levels of THI have impaired motor function and increased grooming
time (Williamson et al., 2014), changes of vitellogenin gene expression implicated in decreasing
foraging activity (Christen et al., 2017), altered color- and smell- cognition (Ludicke and Nieh,
2020; Mustard et al., 2020) and reduced waggle dance efficiency (Eiri and Nieh, 2012). However,
it is important to mention that many laboratory-based honey bee toxicologic studies face increasing
criticism since these studies focus predominantly on characterising acute, rather than chronic toxic
effects and most commonly do not consider the social structure of the honey bee colony.
1.4.2.2 Field studies
Field and semi-filed toxicologic studies in honey bee research provide valuable insight into colonylevel effects of the studied toxicant. Adverse effects of neonicotinoids at the colony level are also
reported. Namely, worker bees exposed to field-relevant doses of THI alone or in combination
with other neonicotinoids exhibited a 10 % – 32 % decrease in homing capacity (Henry et al.,
2012), increased rate of queen replacement and decreased population size (Sandrock et al., 2014),
changes of reproductive parameters, including sperm quality and morphologic alterations (Straub
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et al., 2016; Williams et al., 2015), increased a load of infectious and parasitic diseases (Alburaki
et al., 2015; Wu et al., 2012), and decreased honey production and cluster size (Wood et al., 2018).
Most often, colonies are more resilient than individual bees exposed to the same treatment doses
(Thompson and Maus, 2007; Woodcock et al., 2017). For instance, honey bee worker mortality
rates increased with the consumption of neonicotinoid spiked pollen and sugar syrup in laboratory
experiments (Decourtye et al., 2001; Suchail et al., 2001); however, no mortality was noted in
colonies foraging on neonicotinoid-treated fields (Dively et al., 2015; Schmuck et al., 2001). These
discrepancies are driven by many factors, including i) complexity of social insect interactions that
may differ if an individual is evaluated outside of the superorganism social structure in lab studies
(Henry et al., 2015); ii) widespread contamination of the environment by the neonicotinoids and
other pesticide residues encountered in field studies (Cutler et al., 2014; Cutler and Scott-Dupree,
2007); iii) the wide-area that pollinators forage on, preventing the researchers from controlling
for equal and homogeneous exposure. This is why a more specific and controlled approach is much
needed to understand the effect of neonicotinoids on honey bees, in order to address the recent
pollinator declines and suggest feasible solutions.
1.4.2.3 Individual in-vivo exposure studies
The in vitro techniques for rearing worker honey bee larvae, developed and standardised in recent
years (Crailsheim et al., 2013; Schmehl et al., 2016), have substantially improved current methods
of toxicologic research in honey bees. Although the research with in vitro reared honey bee larvae
still excludes the eusocial structures of the colony, it may not be fully reflective of colony-level
toxicity; however, it can serve as a good screening tool. This is why in vivo experimental models
are being developed and used to bridge the gap between laboratory and field studies. For example,
Yang et al. (2012) have exposed individual honey bee worker larvae on frames within experimental
colonies to incremental doses of IMD, a first-generation neonicotinoid insecticide. The authors
reported that the direct sublethal doses of IMD did not affect larval survival but reduced olfactory
association (Yang et al., 2012a). Similar methods were used by Gajger et al. (2017) to individually
expose honey bee queen larvae to incremental doses of THI. The authors found that direct THI
toxicity in developing queens results in decreased body weight and reduced sperm quality (Gajger
et al., 2017), suggesting that THI can have both a direct toxic effect on queens and an indirect
toxicity through compromised worker care. Both of these studies highlight the need for further
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development of assays with preserved eusocial order for the duration of the experiment while
allowing precise measurement of individual exposure levels and toxicity parameters.
1.4.3 Neonicotinoid effect on the reproductive fitness of vertebrate species
Although neonicotinoids are neurotoxicants, several publications point out their adverse effects on
the reproductive system of both vertebrates and insects (Blacquiere et al., 2012; Gu et al., 2013;
Rasgele, 2014; Straub et al., 2016; Tokumoto et al., 2013). Most commonly reported changes in
the vertebrate (mice and quail) reproductive system include increased oxidative stress and
degenerative changes in the germ cells within seminiferous tubules and ovarian follicles (Hirano
et al., 2015; Hoshi et al., 2014; Tokumoto et al., 2013). Additionally, delayed embryonic
development in mice and reduced sperm quality in quails have also been reported (Gu et al., 2013;
Tokumoto et al., 2013). Select examples of reported changes in the reproductive tract of vertebrates
species in response to neonicotinoid exposure are provided in Table 1. Similar research is
underway to assess neonicotinoid effects on insect reproduction.
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Table 1.1 Reported effects of the neonicotinoids on the reproductive system of vertebrates
Species

Neonic

Dose range

Observed effect

Mice

CLO,
IMD

0,10, 50,
250
mg/kg/day

Seminiferous tubules: epithelial vacuolization (Hirano et al., 2015)
Abnormal sperm morphology (Bagri et al., 2015; Rasgele, 2014)
Fertilization ability decrease in in vitro fertilization process (Gu et al., 2013)

Rat

CLO,
IMD

2, 8, 32
mg/kg/day

Increased apoptosis in testicular germinal epithelium; epididymis weight decrease, lower
sperm concentration (Bal et al., 2012b, 2012a)
Atrophy of the seminiferous tubules; hypoplasia, hypertrophy and Leydig cells cytoplasmic
granulation, lower testosterone level (Najafi et al., 2010)
Increase of palmitic, linoleic and arachidonic acids; epididymis weight decrease, lower
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sperm concentration (Bal et al., 2013)
Weight decrease of seminal vesicles (Bal et al., 2012b)
Seminal DNA damage and apoptosis (Abdel-Rahman Mohamed et al., 2017; Bal et al., 2013,
2012b)
Abnormal sperm morphology (Bal et al., 2012b)
Decreased sperm motility (Bal et al., 2012a;)
Arrested spermatogenesis and decreased sperm motility (Najafi et al., 2010)
Rabbits

IMD

19
mg/kg/day

Increased miscarriage frequency, lower offspring weight, increased frequency of skeleton
abnormalities (Cox, 2001)
Delayed sexual maturation and premature delivery (DeCant and Barrett, 2010)

Quails

CLO

Redlegged
Partridge
Lizard

IMD

IMD

0, 0.02, 1,
50
mg/kg/day

Seminiferous tubules germ cell vacuolization, DNA fragmentation, abnormal granulosa cells
decrease in egg-laying rate (Hoshi et al., 2014; Tokumoto et al., 2013)
Delay of egg laying, reduced number of eggs laid, alteration in egg yolk composition (LopezAntia et al., 2015)

0, 10, 50,
100
mg/kg/d

Alteration of testicular architecture, increased apoptotic rate, spermatogenesis arrest and
apoptosis (Cardone, 2015)
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1.4.4 Neonicotinoid effect on the reproductive fitness of insects
Neonicotinoid induced changes in reproductive success have been reported for both social and
solitary bee species. Bumble bee colonies exposed to 6-10 ppb of IMD displayed an 85% drop in
queen production both in the field and semifield experimental conditions (Rundlof et al., 2015;
Whitehorn et al., 2012), decreased brood development (Gill et al., 2012), and reduced fecundity in
queenless worker bumble bees chiefly attributed to the neonicotinoid-initiated nutritional
insufficiency (Laycock et al., 2012). A similar finding was observed in red mason solitary bees
(Osmia bicornis) exposed to thiamethoxam (2.9 ppb) and CLO (0.5 ppb), which resulted in
decreased brood production and a skewed gender ratio within the colonies significantly favouring
male individuals when compared to the control groups (Sandrock et al., 2014a). These findings
show that neonicotinoids may jeopardize the exposed colonies' development and growth, thus
giving them less time and energy to provide pollination services and secure resources for the cold
season. Additionally, an increased queen mortality was noted in bumble bees exposed to 20-100
ppb of IMD and CLO (Scholer and Krischik, 2014). In other insects (e.g. Aedes aegypti (yellow
fever mosquito), Anoplophora glabripennis (Asian longhorned beetle)), neonicotinoids were
shown to decrease egg hatchability and viability (Antonio-Arreola et al., 2011; Ugine et al., 2011).
On the other hand, IMD at 1% of the field dose (0.042µg/cm2) augmented the reproductive output
of the neotropical brown stink bugs (Euschistus heros), which are important soybean pests (Santos
et al., 2016). The authors suggest that this increase in fertility was a response to the neonicotinoidinduced stress manifested by cellular damage in the ovaries and decreased female longevity.
However, it is not only the female insects that may be affected. Male individuals of brown
marmorated stink bug (Halyomorpha halys) exhibited morphometric changes within male
accessory glands and reduced locomotor activity when exposed to 1% of the field recommended
IMD dose (Haddi et al., 2016). All of these findings show that even though neonicotinoids are
neurotoxicants, they also act on other organs and systems, both in insects and vertebrates.
1.4.5 Neonicotinoid effects on reproductive fitness of honey bees
1.4.5.1 Semifield toxicity studies
Pioneering field research investigating the effects of neonicotinoids on the reproductive fitness of
honey bee queens was conducted by Sandrock et al (2014). In this study, honey bee colonies (1.5
kg or roughly 15,000 bees per colony) were exposed to a combination of 5 μg/L THI and 2 μg/L
CLO through pollen patties over 2 consecutive brood cycles (46 days). In addition to short-term
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declines in the number of adult bees and decreased honey production and pollen collection, the
researchers noted a significant reduction in the colony growth in the following spring, attributed
to queen failure (Sandrock et al., 2014). This was supported by reduced swarming behavior and
increased incidence of queen supersedure (worker-induced queen replacement) in the colonies
exposed to the neonicotinoids. The authors concluded that even though the honey bee colonies
could withstand the effect of neonicotinoids in the medium term, their growth and expansion were
severely compromised in the long run, likely due to poor queen performance. Similarly, the effects
of a combination of the same neonicotinoids, 4 μg/L THI and 1 μg/L CLO, were also evaluated
with regard to honey bee queen performance, behaviour, and reproductive changes in field-realistic
conditions (Williams et al., 2015). The experimental colonies were exposed to a control or
neonicotinoid-spiked diet through pollen patties. The authors found that queens raised with
neonicotinoid exposure had increased the size of the ovaries and a significant decrease in the
quantity and viability of the stored sperm. The latter could explain increased supersedure rates in
colonies exposed to neonicotinoids in the long term noted in previous studies (Sandrock et al.,
2014b), for the less viable sperm the queen has, the fewer workers offspring the colony will obtain
over a certain time span. Another three-year-long study investigated neonicotinoid effects on
queen productivity in colonies of different sizes (1500, 3000, and 7000 bees / colony) (Wu-Smart
and Spivak, 2016). These colonies were exposed to control or one of the 4 concentrations of IMD
(10, 20, 50, 100 μg/L) through 50% sucrose syrup for 21 days. In addition to reduced egg
production and locomotor activity in neonicotinoid exposed queens, the authors emphasize that
these and other adverse effects were much more pronounced in small colonies (1500 bees/colony)
compared to larger colonies (7000 bees/colony), concluding that small colonies are much more
vulnerable to the toxic effects of neonicotinoids (Wu-Smart and Spivak, 2016). These
investigations show that honey bee queens may be variably susceptible to field-realistic levels of
neonicotinoids that alter the queen's performance, egg-laying abilities, and sperm quality.
Similar to queens, very few studies have investigated the toxic potential of neonicotinoids in
drones. Straub et al. (2016) reported decreased sperm viability in drones raised in colonies
supplemented with pollen patties spiked with filed relevant doses of THI and CLO. The authors
further conclude that decreased sperm viability in neonicotinoid-treated drones could be an
important contributing factor to the increased failure rates in managed honey bee queens (van
Engelsdorp et al., 2009). Likewise, decreased mitochondrial membrane potential and decreased
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sperm viability were noted in honey bee drones after chronic exposure to IMD spiked food (5ppb
and 200 μg/L) in semifield realistic conditions (Ciereszko et al., 2017). However, this study
emphasizes that sperm motility and total amount varied significantly between experimental
colonies regardless of IMD exposure. The findings of the poor sperm quality are in line with
similar studies on male mice and quails (Gu et al., 2013; Tokumoto et al., 2013).
The above studies show supportive evidence that sublethal exposure of reproductive honey bee
castes to neonicotinoids can have a severe adverse effect on queen and drone reproductive
potential. However, it is unclear if the observed changes result from direct neonicotinoid toxicity
on queens and drones or indicate collateral damage to the social colony structure and decreased
efficiency of worker bees to support the reproductive castes.
1.4.5.2 Direct exposure toxicity studies
Only a few studies focused on the direct toxicity of neonicotinoids on the reproductively active
honey bee castes. During development, Queens directly exposed to THI in hives had decreased
body weight and lower sperm quantity after mating (Gajger et al., 2017). In addition, queens
exposed to oral or topical treatments of environmentally relevant doses of neonicotinoids also have
decreased metabolic rate (Vergara-Amado et al., 2020), reduced differentiated hemocyte count and
impaired melanisation and antimicrobial activity (Brandt et al., 2017), and reduced sperm viability
(Chaimanee et al., 2016). Similarly, exposure of drone bumblebees to THI was associated with
reduced mating success and decreased sperm quality in queens inseminated by the exposed drones
(Straub et al., 2022). These studies clearly indicate that neonicotinoids have the potential to directly
affect the health and reproductive status of honey bee drones and queens. One weakness of the
existing work that has yet to be addressed is the lack of reliable references for a more precise
calculation of the natural exposure of queens and drones to toxicants in the environment.
Understanding the potential routes of exposure and precise doses is a crucial step for further
characterisation of honey bee reproductive toxicology.
1.5

Pesticide risk assessment for pollinators

1.5.1 Tiers system in pollinator pesticide risk assessment
Current pesticide risk assessment in bees is based on a tiered system involving laboratory-based
studies in tier I and semi-filed and field trials in studies of higher tiers (Fischer and Moriarty,
2014).
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Tier I experiments are a conservative screening tool that relies on acute and, as of recent, chronic
(10-day) oral and contact toxicity assays on adults and larvae of honey bee workers to distinguish
between chemicals that do not pose any substantial risk to bees and chemicals that may be of
potential concern (Barascou et al., 2021; OECD, 2017). The decision to proceed with higher tiers
is determined by pre-set trigger values (e.g., LD50 < 11 μg a.i. / bee) and/or reasonable indication
of the current scientific literature that further research is needed. A quantitative risk estimate is
calculated using established LD50 and LC50 to determine the environmental risk of pesticides to
honey bees. Hazard quotient (HQ) is the primary risk estimate used in Europe, while risk quotient
(RQ) is the primary risk estimate used in the USA. These values are calculated by dividing the
pesticide field application rate, for HQ, or estimated environmental exposure, for RQ, by the
established LD50 and LC50 values (Fischer and Moriarty, 2014).
Higher tier studies aim to conduct refined experiments that are more reflective of true
environmental conditions. These refinements include a re-evaluation of exposure doses based on
residue data in plant tissues and hive products, an extension of acute exposure test to include
chronic toxicity testing, as well as scaling up of the experiments from laboratory to semifield and
field conditions (EFSA, 2018; Fischer and Moriarty, 2014).
The endpoints used during pesticide risk assessment can be subdivided into classes based on their
direct relevance to pollinator protection goals. Accordingly, the highest class of endpoints include
forager bee mortality and colony strength. The second class can include general bee mortality and
brood production. Examples of third-class endpoints are behavioral changes, food storage and wax
build-up, as well as disease prevalence (EFSA, 2018).
1.5.2 Gaps in the current pollinator pesticide risk assessment
Current methods of pesticide risk assessment are effective for detecting highly toxic pesticides.
However, these methods have been criticized for underestimating sublethal effects and for having
a poor correlation with field-based studies (Barascou et al., 2021; Berenbaum and Liao, 2019;
Henry et al., 2015). In general, the key criticisms of the current pesticide risk assessment are the
insufficient characterisation of sublethal pesticide effects, lack of reproductive toxicologic assays,
and exclusion of complete social structure of the superorganism from the great majority of the
studies.
In vertebrate species, the gold standards for evaluating sublethal toxicity of a new substance on a
host (tested animal) include microscopic tissue evaluation, reproductive and developmental
18

toxicity, neurotoxicity, and potential for neoplastic growth (Bhattacharya et al., 2011); molecular
techniques are also used increasingly more often for characterisation of modes of action and
specific target sites. Surprisingly, these standard techniques are vastly underrepresented in honey
bee toxicologic research and are not included in the risk assessment protocols.
Histologic tissue evaluation in bees can be hindered by the lack of extensive normal reference
literature, although this is changing (Klein et al., 2021; LaDouceur et al., 2021; Snodgrass, 1985;
Stell, 2012). Histologic evaluation of worker hypopharyngeal glands was useful for characterizing
deformed wing virus infection in bees (Koziy et al., 2019). Similarly, histologic studies of
hypopharyngeal glands (Zaluski et al., 2017), brain (de Almeida Rossi et al., 2013), and hepatonephrotic tissues (Domingues et al., 2017) provided the basis for the understanding of pathogenesis
and sublethal effects of certain pesticides on bees. Accordingly, histopathology may be useful for
enhancing current pesticide risk assessment. However, a comprehensive database of normal
histologic findings of each system and standardised, reproducible experimental procedures need
to be established first.
The establishment of standard in vitro larval rearing protocols has already augmented the risk
assessment of pesticides for the developing worker brood (Crailsheim et al., 2013; Schmehl et al.,
2016). This technique was successfully used for establishing LD50 and LC50 of common
neonicotinoids for the developing worker bees (Dai et al., 2017; Grillone et al., 2017) and for
characterising developmental toxicity in bees in response to combinations of pesticides (Tomé et
al., 2020). However, in vitro larval rearing does not account for the complex social structure of the
honey bee colony. Several protocols have been established to address this issue that focuses on the
developmental toxicity of pesticides on bee larvae within a hive (in vivo) (Gajger et al., 2017; Yang
et al., 2012a). In short, young bee larvae of synchronised age in these studies are exposed to
incremental doses of neonicotinoids on experimental frames within a colony; the development,
capping, and emergence of these larvae are monitored and recorded. Accordingly, the development
of the treated larvae takes place in a true eusocial environment. At the same time, the limitation of
these studies is the comparative lack of controlled experimental environment. Thus, reproducibility
of the results may be hindered by a number of factors, including genetic-specific susceptibility,
climate, natural environmental contamination, availability of nutritional recourses, etc. Therefore,
further refinement of protocols investigating in vivo developmental toxicity in bees is warranted.
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Biochemical and metabolic biomarkers of toxicity are commonly used for risk evaluation in
vertebrate species (Artabe et al., 2020; Campion et al., 2013; Gonçalves et al., 2021). Specifically,
measuring the activity of select enzymes is a commonly used tool in clinical toxicology and is
increasingly used to aid drug development (Campion et al., 2013). Similarly, the activity of
detoxification enzymes in bees has been used to characterise their response to insecticides
(Prezenská et al., 2019; Smirle and Winston, 1988; Zhu et al., 2020). However, the lack of
standardization of experimental methodology and sampling hinders reliable comparison of
experimental data from different studies (Deng et al., 2017; Milone et al., 2020; Yu et al., 1984).
Nevertheless, these studies highlight that enzyme activity is a sensitive marker for characterising
toxicities in bees. This is why further standardisation of enzyme activity assays may be warranted
to improve the current understanding of the effects of pesticides on bees during pollinator risk
assessment.
Lastly, a major drawback of the toxicity studies in bees is that the great majority of the toxicologic
studies focus only on worker bees, thus potentially overlooking any toxicities affecting the
reproductively active drones and queens. Evaluation of both female and male individuals and their
reproductive capacity is a compulsory step in vertebrate toxicologic risk assessment (Gochfeld,
2017). In addition, reproductive failure and decreased sperm quality have been reported in both
queens (Chaimanee et al., 2016; Sandrock et al., 2014; Williams et al., 2015) and drones (Ii and
Rangel, 2018; Straub et al., 2022, 2016) in response to pesticide exposure. This reproductive
toxicity is overlooked by the current risk assessment. Unfortunately, the differences in physiology,
lifespan, and nutrition between the three honey bee castes make it difficult to adjust the mostly
worker bee-based protocols for use in queen and drone studies. Thus, establishing reliable and
reproducible assays to evaluate the reproductive effect of pesticides on bees may be a crucial step
in improving pesticide risk assessment.
1.6

Reproductive fitness of honey bee queens

A healthy colony requires the presence of a healthy and vigorous queen – the sole reproductively
active female responsible for the production of all offspring within a colony (Amiri et al., 2017;
Bortolotti and Costa, 2014). Common parameters measured for direct evaluation of queen health
and reproductive potential include body weight, ovary size, spermatheca size and sperm quality,
and retinue abundance (Büchler et al., 2013). In addition, some colony parameters, including brood
quantity and pattern, disease burden, productivity, and survival, can also be used to indirectly
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evaluate the queen quality (Büchler et al., 2013). This is possible because the honey bee queen is
thought to be the single most important regulator of colony function, mostly through the use of
queen pheromones (Bortolotti and Costa, 2014). Accordingly, in beekeeping colony failure can
almost always be attributed to the failure of the honey bee queen (Kulhanek et al., 2017; Lee et al.,
2019).
1.6.1 Pheromones
Queen pheromones carry out several important functions. They act as attractants for worker retinue
during mating, and swarm clustering, contribute to the coordination of comb building, brood
feeding, foraging and guarding, and can suppress new queen production and development of the
worker's reproductive tract (Bortolotti and Costa, 2014). Lack or reduction of the queen pheromone
signals in a colony is indicative of poor queen quality and can trigger the production of new queens
by the workers or colony death. Therefore, it is not surprising that decreased queens quality is
frequently reported as a cause of unspecific colony mortality (CAPA, 2018; Kulhanek et al., 2017;
van Engelsdorp et al., 2010).
The queen mandibular pheromone (QMP) is the most characterised chemical signal in bees. It is
produced in the mandibular glands of the queen bee. First, a single compound, (E)-9-oxodec-2enoic-acid (9-ODA) was discovered, and four others were added later, including two enantiomers
of 9-hydroxydec-2-enoic acid (9-HDA), methyl p-hydroxybenzoate (HOB) and 4-hydroxy-3methoxy-phenylethanol (homovanillyl alcohol [HVA]) (Callow and Johnston, 1960; Slessor et al.,
1990). Together, they comprise the QMP. The composition of the QMP varies with age in queens,
which is likely driven by the evolving needs of the queen as she goes through maturation, mating,
and establishing dominance as an egg-laying queen in the colony (Francke et al., 1997). Although
queen mandibular glands are thought to be the primary pheromone producers, other organs,
including tergal, tarsal, Dufour's and Koschevnikov's glands, also contribute to pheromone
production. Regardless of their production site, the queen pheromones still act predominantly as
chemoattractants and chemoregulators (Bortolotti and Costa, 2014). Interestingly, queens raised
in hives with miticide contaminated wax had decreased worker retinue and had modified relative
proportions of QMP chemical components, which was less attractive to worker bees in laboratory
conditions (Walsh et al., 2020). The direct effect of neonicotinoids on pheromone production and
pheromone producing organs is not well studied.
1.6.2 Reproductive biology (sperm storage and polyandry)
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Honeybee queens have the longest lifespan of the three honey bee castes and can survive and
successfully lead a colony for up to 4-5 years. This is extraordinarily long, considering the average
lifespan of a summer worker bee is ~40 days, and drones only live during the summer. The
increased queen longevity is not well understood but is often attributed to higher vitellogenin titers
in queens, their unique diet, and even cell wall composition.
Queens, unlike workers, have a fully developed reproductive system. Namely, they have a welldeveloped ovary comprised of ~300 ovarioles on average, and a spermatheca with accessory
glands. The spermatheca is a ball-shaped organ with the primary function of sperm storage. Honey
bee queens are only able to mate during the first 2-3 weeks of life. During that time, they can take
several mating flights and mate with 20-74 drones (Withrow and Tarpy, 2018). After mating, the
sperm collected by the queen from all drone mates is stored in the spermatheca and remain viable
for years. The exact mechanism of this phenomenon is unclear. Evaluation of spermatheca
contents, including sperm quantity and sperm viability, are routinely used in honey bee research
for queen quality assessment.
1.6.3 Reproductive tract morphology
Normal macroscopic and microscopic anatomy of certain sections of the honey bee queen
reproductive tract have been described and illustrated very well by diagrams (De Camargo and
Mello, 1970; Snodgrass, 1984). In short, these papers describe the reproductive system of the
honey bee queen composed of paired ovaries, paired lateral oviducts, a median oviduct that
includes a valve fold, a genital chamber, a bursa copulatrix with lateral pouches, and the sperm
recepticulum: the spermatheca with its glands and a spermathecal duct. There are also a substantial
number of publications characterizing ultrastructural morphology of certain segments of the
queen's reproductive tract and a few publications describing histologic morphology,
predominantly of ovaries or spermatheca. However, a comprehensive histologic review of the
entire reproductive tract of mated honey bee queens with high-quality photomicrographs is still
lacking.
1.7

Rationale and objectives

High levels of annual honey bee colony mortality have raised concerns regarding pollinator health
and sustainability. The cause of increased colony mortality is thought to be multifactorial and
includes changing environment, the spread of infectious disease, and increased levels of
environmental and hive contaminants. The role of neonicotinoid insecticides in decreased honey
22

bee health has been heavily scrutinised, which has led to the regulatory re-evaluation of their use
(EFSA, 2018; Stokstad, 2018) and increased interest in the improvement of toxicologic risk
assessment for pollinators (Barascou et al., 2021; Berenbaum and Liao, 2019).
The key criticisms of current pesticide risk assessment are the insufficient characterisation of
sublethal pesticide effects, lack of reproductive toxicologic assays, and exclusion of complete
eusocial structure from the great majority of studies. Accordingly, the overarching goal of this
work was to determine if standard toxicologic methods used for vertebrate species could be
employed for pesticide risk assessment of honey bees. Namely, we evaluated the effects of THI
(the most commonly used neonicotinoid insecticide in Saskatchewan) on i) microscopic tissue
morphology of queens, and ii) the comparative survival and enzyme activities of the reproductively
active castes and worker bees while preserving as much as a possible eusocial environment for
these experimental procedures. Specifically, the objectives of this thesis were to:
1. Use photomicrographs to review, describe, and document the normal histologic structures
and functions of the entire reproductive system of mated honey bee queens
2. Evaluate larval survival, reproductive fitness, and histopathology of honey bee queens
exposed in vivo to incremental doses of thiamethoxam
3. Compare the effect of thiamethoxam on all honey bee castes (worker vs drone vs queen)
at different ages (larvae, newly emerged, young adult, and mature adult)
4. Determine select detoxification enzyme activity in honey bees of all castes in response to
larval, adult, or combined larval and adult sublethal exposure to thiamethoxam
Taken together, the results of this research further characterise neonicotinoid toxicity in bees and,
most importantly, provide new methods for performing pesticide risk assessment in bees.
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PREFACE TO CHAPTER 2
“Poor” queen quality is consistently reported as one of the top three causes of increased colony
losses (Amiri et al., 2017). Although the exact cause of poor queen health is not known, one of the
inciting factors is thought to be increased exposure of honey bee colonies, including queens, to
environmental pollutants, miticides, and agrochemicals. For example, colonies exposed to
environmental levels of neonicotinoids experience an increased rate of queen supersedure
(Sandrock et al., 2014) and produce queens that have lower reproductive success (i.e., decreased
sperm viability and total number of matings) (Forfert et al., 2017; Williams et al., 2015).
Unfortunately, these changes are frequently overlooked during pollinator pesticide risk
assessment, which predominantly focusses on survival assays of worker bees. Accordingly,
establishing reliable assays to evaluate sublethal toxic effects on honey bee queens may potentially
improve current pesticide risk assessment protocols.
The current ‘gold standard’ of mammalian safety toxicopathological assays (for example,
gonadotoxicity = effects on testes and ovaries; teratogenicity = developmental defects;
neurotoxicity = effects on brain) are highly sensitive and easily reproducible examinations used
by veterinary pathologists in the pharmaceutical and regulatory agencies to detect sublethal toxic
effects of candidate drugs, pesticides, and other chemicals on laboratory animals to determine the
safe dose range of these medications/chemicals for humans and animals. In contrast, comparable
toxicopathological approaches using histopathology for honey bees have not been as extensively
developed.
One reason for the paucity of toxicopathologic evaluations of bees is the relative lack of well
documented studies on the histologic structures of honey bee organs to be used as a reference for
normal histology. Accordingly, to utilize histopathology as a tool for gonadotoxicity studies in the
honey bee queens, Chapter 2 focuses on reviewing, documenting, and summarizing the entire
reproductive tract of mated honey bee queens with high quality photomicrographs. This chapter
demonstrates and highlights the histological structure and function of the reproductive system of
the honey bee queen that may facilitate further investigations into the cause and pathogenesis of
recent declines in reproductive fitness of honey bees.
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2.1

Abstract

The accelerating decline of pollinator populations has become increasingly concerning in the last
two decades. Honey bees are economically important pollinators and a model species to evaluate
pollinator health. The decline in queen quality is one of the frequently reported causes associated
with honey bee losses worldwide. Histopathology is an essential tool used for diagnostics and
research in mammalian species, and may provide insight into the histomorphological basis of
decline in queen quality. Thus, the purpose of this study was to summarize previously described
normal morphology of the entire reproductive tract of mated honey bee queens and to illustrate it
by high quality photomicrographs. Accordingly, reproductive tracts of one-year old mated honey
bee queens were processed for histology, serially sectioned, stained with hematoxylin and eosin,
and used for the capture of high quality histologic photomicrographs of the entire reproductive
tract. This study illustrates the microscopic morphology of the queen reproductive tract which
may facilitate further investigations of the cause and pathogenesis of the recent decline in
reproductive fitness of honey bees using histopathology.
2.2

Introduction

Histology is an essential tool that facilitates accurate evaluation of the microscopic tissue structures
and allows for basic assessment of organ function. In vertebrate species, study of microscopic
morphologic alterations (histopathology) is the basis for diagnosis of disease or evaluation of host
response to noxious stimuli. It is used extensively for diagnostics, research and regulatory purposes
(risk and safety assessment) (Bernet et al., 1999; Brown et al., 2016). However, histopathology
has not been developed and utilized to the same extent in insects as it has been in vertebrate species.
Despite the growing public awareness of pollinators’ importance, the beginning of the 21st century
has been marked by compelling evidence of decline in pollinators and dependent plants (Burkle et
al., 2013; Morse and Calderone, 2000; Potts et al., 2010; Vanbergen and Initiative, 2013). Honey
bees are the most researched pollinators; the decline in honey bee populations and deterioration of
their health has been linked to a number of causes, including pesticide exposure (Sánchez-Bayo
et al., 2016; Wood et al., 2018), climate (Beyer et al., 2018), infectious and parasitic diseases
(Grozinger and Flenniken, 2019; Higes et al., 2008; Martín-Hernández et al., 2011), agricultural
intensification (Ricketts et al., 2008; Winfree et al., 2009), and loss of genetic diversity (Forfert et
al., 2017). Rigorous field and laboratory protocols have been established to study declines in honey
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bees. However, the results are often controversial and inconsistent between field and laboratorybased studies, leaving room for improvement of standard honey bee research techniques.
Queen failure and poor queen quality are consistently among the top three reported causes of honey
bee colony losses (Amiri et al., 2017). The decreased quality of queens has been associated with
the use of pesticides (Haarmann et al., 2002; Wu-Smart and Spivak, 2016), nosemosis (Alaux et
al., 2011; Simeunovic et al., 2014; Traver and Fell, 2012), varroosis and viral infections (Gauthier
et al., 2011); however, the cause and pathogenesis remain unclear. Histopathological evaluation of
the honey bee reproductive tract in addition to the current standard methods used for assessment
of reproductive fitness (e.g. queen morphometric measures, ovariole count, sperm evaluation,
brood pattern) may enhance our understanding of disease development, treatment, and prevention.
Previously, normal macroscopic and microscopic anatomy of the entire reproductive tract of mated
honey bee queens was described and illustrated by diagrams (Snodgrass, 1985), and certain
segments of the reproductive tract were well-characterized by electron microscopy (Biliński and
Jaglarz, 1999; Cruz-Landim and Patrício, 2010; Gutzeit et al., 1993; Patrício and Cruz-Landim,
2002, 2008) or light microscopy (Camargo and Mello, 1970; Gutzeit et al., 1993; Stell, 2012).
However, neither of these individual studies encompass the entire reproductive tract in sufficient
detail to provide a comprehensive reference for histopathology. Therefore, to facilitate the future
histopathological evaluation of abnormalities in the honey bee reproductive tract, a comprehensive
study with high quality photomicrographs illustrating the normal reproductive tract of mated honey
bee queens is needed.
The purpose of this study was to i) perform serial histological sections of abdomen of mated honey
bee queens, ii) illustrate the entire reproductive tract of a mated honey bee queen with high quality
photomicrographs, and iii) using these photomicrographs as a reference, summarize previously
published descriptions of normal queen morphology.
2.3

Materials and methods

2.3.1 Honey bee queen origin and dissection
All queens in this study (N ≈ 15 queens) originated from healthy honey bee colonies managed for
honey production in a research apiary located at the Goodale Research and Teaching Farm,
University of Saskatchewan (52°01'50.6"N 106°32'26.6"W) during summer 2015. The research
apiary was surrounded by commercial beekeeping operations, pastures and agricultural crops,
including alfalfa, canola, and cereals treated with pesticides according to standard agricultural
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practices. All colonies received standard spring and fall treatments of amitraz and oxytetracycline
according to label instructions. The research apiary was established predominantly from local
stock, with a minor contribution of New Zealand packaged bees that were cross-bred and represent
a genetic mixture most closely resembling Apis mellifera carnica. All of the studied queens were
naturally mated during early summer 2015 and collected in 10% formalin at the end of summer.
To avoid artifacts introduced by sectioning through the hard cuticle, the exoskeleton was removed
from the abdomen prior to sectioning. The 7th sternum was left intact, as it is involved in forming
part of the reproductive tract.
2.3.2 Tissue processing
The reproductive tracts, together with associated abdominal organs, were processed according to
standard mammalian procedure (Mepham, 1991) and embedded in Paraplast Plus (Leica
Biosystems, Richmond, IL, USA) in 3 positions: cranial, lateral and ventral to obtain sections in
3 different planes, namely: transverse, sagittal and dorso-ventral. Five µm serial sections were
collected every 100µm for histologic evaluation. The slides were dried for 1 hour at 65°C and
stained using routine Harris’ hematoxylin and eosin (H&E) staining protocol (Luna, 1968); briefly:
xylene 2 min., xylene 2 min., 100% ethyl alcohol 2 min., 100 % ethyl alcohol 2 min., 90% ethyl
alcohol 2 min., 70% ethyl alcohol 2 min., running 40°C water 1 min., Surgipath Harris’s
hematoxylin 560 (Leica Biosystems, Richmond, IL, USA) 5 min., running 40°C water 1 min.,
0.3% acid alcohol 15 sec., running 40°C water 1 min., Surgipath blue buffer 8 (Leica Biosystems,
Richmond, IL, USA) 1 min., running 40°C water 3 min., 80 % ethyl alcohol 1 min., Surgipath
alcoholic eosin 515 Y (1%) (Leica Biosystems, Richmond, IL, USA) 30 sec., 90% ethyl alcohol 1
min., 90% ethyl alcohol 1 min., 100% ethyl alcohol 15 sec., 100% ethyl alcohol 15 sec., 100%
ethyl alcohol 15 sec., xylene 2 min., xylene 1 min., xylene 1 min. The slides were then cover
slipped in fume hood using Micromount (Leica Biosystems, Richmond, IL, USA. We deliberately
chose hematoxylin and eosin staining protocol for tissue evaluation because it is most widely used
stain in vertebrate histopathology for diagnostics, research and regulatory risk assessment purposes
(Fischer et al., 2008).
2.3.3 Photomicrographs
For macroscopic images, queens were dissected under a stereomicroscope Olympus SZ61 and
photographed with Olympus DP71 microscope digital camera (Olympus, Japan). Each specimen
was photographed at 7-12 consecutive field depths. The digital images were overlaid with Helicon
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Focus 6.7.1. (Helicon Soft Ltd., Ukraine) to obtain a full-depth, in-focus image. Histologic images
were captured using an Olympus BX51 microscope and Olympus DP71 microscope digital camera
using various magnifications (reference bars indicated in Figure legends).
2.3.3.1 Terminology and description of macroscopic and microscopic anatomy
The terminology and description of macroscopic and microscopic anatomy used in this manuscript
is based on multiple sources of previously published literature referenced in the discussion section.
2.4

Results

In this study we reproduced the histologic morphology of the entire reproductive system of mated
honey bee queens and illustrated it with high quality photomicrographs. The reproductive system
of the honey bee queen consists of paired ovaries (Figure 2.1-1) connected by calices (Figure 2.12) to paired lateral oviducts (Figure 2.1A-3, 2.1B-3), which merge to form a median oviduct (Figure
2.1A-4, 2.1B-4) connected dorsally to the spermatheca (Figure 2.1A-5, 2.1B-5) and caudally to the
terminal portion of the reproductive tract (i.e. genital chamber and bursa copulatrix with lateral
pouches) (Figure 2.8). The spermatheca (Figure 2.1B-5) is connected to the median oviduct (Figure
2.1B-4) via the spermathecal duct (Figure 2.1B-8). Paired spermathecal glands (Figure 2.1B-6) are
connected to the spermatheca via the common duct (Figure 2.1B-7). The sperm pump is shown in
Figure 2.1B-9.
2.4.1 Histologic morphology of the reproductive system of the mated honey bee queen
2.4.1.1 Ovaries
Each ovary (Figure 2.1 A-1 & Figure 2.2 A, B, C) consists of densely packed clusters of ovarioles
(Figure 2.2A) which are thin chains of eggs that widen posteriorly, representing sequential, linear
maturation of the oocytes (Figure 2.2A-1) and trophocytes (Figure 2.2A-2). Macroscopically, an
ovary is structurally reminiscent of a bunch of bananas, where each banana represents a separate
ovariole. Each ovariole has four distinct regions which are: a short terminal filament, a germarium
of intermediate length, and a long vitellarium which ends with the ovariole pedicle, all encased
within an epithelial sheath (Figure 2.2B-4). The terminal filament (Figure 2.2B-solid bar) is
composed of undifferentiated stem cells embedded between discoid cells; the stem cells have large
nuclei and poorly stained cytoplasm (Figure 2.2B-3). The germarium (Figure 2.2B-dashed bar)
contains germline cells (cystocytes) clustered into rosette-like structures (Figure 2.2B-5). In the
distal portion of germarium, the oocytes (Figure 2.2C-1) become arranged into a single row,
separated by nurse cell chambers (Figure 2.2C-2), which constitutes the transition to the
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vitellarium. Somatic cells are haphazardly arranged in the proximal germarium but form a distinct
follicular epithelial lining around an oocyte and it’s corresponding trophocytes in the vitellarium
(Figure 2.3A-2 & 5).
In the centro-caudal portion of the ovariole, the ovum is almost completely covered by simple
cuboidal somatic epithelium with a central nucleus, densely stippled chromatin and eosinophilic
cytoplasm (Figure 2.3A-2), leaving only a narrow opening on the anterior side, the trophic stalk
(Figure 3A-3) which allows access of nutrients from the trophocytes (Figure 2.3A-4). There is a
distinct germinal vesicle within individual oocytes (Figure 2.2C-3). At late stages of vitellogenesis,
epithelium of the ovum is blunted (cuboidal) (Figure 2.3B-8) and subsequently becomes attenuated
(Figure 2.3B-9).
The trophocytes, or nurse cells, are large cells with dense, granular, eosinophilic cytoplasm and a
large, pale, polymorphic nucleus with finely to coarsely stippled chromatin (Figure 2.3A-4). As
they move posteriorly along the ovariole, the trophocytes increase in size and eventually undergo
degeneration, characterized by cytoplasmic eosinophilic granularity with pallor (rarefaction),
dispersal of the coarsely stippled nuclear chromatin and eventual effacement of the nuclear
membrane and cellular borders (Figure 2.3A-7). Small median follicular cells, previously
described as intertrophocytic median follicular cells, are occasionally observed in between
trophocytes within the nurse chamber (Figure 2.3A-6).
2.4.1.2 Calyx
The calyx (Figure 2.1A-2, 2.4A-1, 2.4B) is a funnel-like structure on the caudal aspect of the
ovaries that facilitates transfer of eggs from ovarioles to the lateral oviduct (Figure 2.1A-3, 2.4A2). The calyx is composed of simple to bi-layered, tall, columnar, densely packed epithelium
(Figure 2.4B-4) along an eosinophilic basement membrane (Figure 2.4B-5). The epithelial cells
have a centrally located nucleus and an eosinophilic cytoplasm that contains round, optically
vacant vacuoles (Figure 2.4B-6) that increase in size posteriorly and expand the cytoplasm.
2.4.1.3 Lateral oviducts
The lateral oviducts (Figures 2.1A-3, 2.1B-3, 2.4A-2) extend bilaterally from the calyx and unite
ventrally toward the spermatheca (Figure 2.1A-5), to form the median oviduct (Figure 2.1A-4,
2.1B-4). The oviducts are lined by cuboidal epithelium (Figure 2.4D-9) on an eosinophilic
basement membrane (Figure 2.4D-5) with a thin, outer layer of longitudinal muscle (Figure 2.4D10). The epithelial cells have eosinophilic cytoplasm with a well-defined, apical to central nucleus.
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The luminal side of the epithelial lining is covered by a thin, chitinous, strongly basophilic intima
that has numerous cteniform (comb-like) spines pointing caudally (Figure 2.4D-11). The lining
epithelium is attenuated when the oviduct lumen is distended by an egg (Figure 2.4C-8).
2.4.1.4 Median oviduct and valve fold
The median oviduct (Figure 2.1A-4, 2.1B-4, 2.5A-1) is a short, muscular tubule that joins both
lateral oviducts. It is posteriorly defined by the valve fold (Figure 2.5B circled), which also
constitutes the transition point of the median oviduct into the genital chamber. On the ventral
surface, the median oviduct has two lateral folds (Figure 2.5A-4) connected to a sphincter muscles
(Figure 2.5A-3). It is lined by epithelium similar to that found in the lateral oviducts, but instead
of cteniform spines, it is covered by a thin, pale, amphophilic intima (Figure 2.5B-8) that thickens
posteriorly along the genital tract (Figure 2.8B-5).
The valve fold is a deep transverse epithelio-muscular inward projection on the ventral aspect of
the posterior median oviduct (Figure 2.5B circled). The stalk of the valve fold is composed of
loosely arranged muscle (Figure 2.5B-9) and is covered by single layer of cuboidal to columnar
epithelium (Figure 2.5B-6) with multiple invaginations (Figure 2.5B-7). The epithelium of the
valve fold is covered by a thin, amphophilic intima, similar to the median oviduct (Figure 2.5B-8).
2.4.1.5 Spermatheca, spermathecal duct and glands
The spermatheca (Figure 1B-5 & Figure 2.6A-1) contains densely packed spermatozoa (Figure
2.6A-2) in mated queen and is connected to the adjacent median oviduct via the spermathecal duct
(Figure 2.1B-8 & Figure 2.6A-4). The spermatheca is lined by simple cuboidal epithelium (Figure
2.6B-5) covered by a thin cuticle (Figure 2.6B-7). The spermatheca is surrounded by welldeveloped tracheal network (Figure 2.6B-8) which is intimately associated with the basement
membrane (Figure 2.6B-6) of the spermathecal epithelium (Figure 2.6B-5) to facilitate gas
exchange. The orifice connecting the spermatheca with the spermathecal duct (Figure 2.7A-2) is
lined by tall columnar, slender epithelial cells with basal nuclei (Figure 2.7A-1, 2.7B-4). The lumen
of the duct is covered by a thick layer of basophilic cuticle (Figure 2.7B-5). At the base of the duct,
where it is still in contact with spermatheca, there is a set of circular and longitudinally arranged
muscles called the sperm pump (Figure 2.7B-6).
Two long, convoluted, symmetrical spermathecal glands (Figure 2.1B-6 & Figure 2.6A-3) are
connected to the spermatheca via the common duct (Figure 2.1B-7). The spermathecal glands are
lined by two epithelial layers – an external glandular layer (Figure 2.6C-9) and an internal intima
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(Figure 2.6C-12). The external layer is composed of tall columnar glandular epithelium (Figure
2.6C-9) that have large, basal, densely basophilic nuclei and foamy cytoplasm with at least one
large, distinct, pale eosinophilic, apical intracytoplasmic vacuole (Figure 2.6C-10). The external
epithelium is surrounded by a thin, basophilic basement membrane formed by attenuated epithelial
cells (Figure 2.6C-11). The internal intima is composed of much smaller cells (Figure 2.6C-12)
with ill-defined cell borders; small, round, basal nuclei; and multiple, optically vacant, linear,
intracytoplasmic canaliculi directed toward the glandular lumen (Figure 2.6C-13). The glandular
lumen is covered by amorphous amphophilic material (Figure 2.6C-14).
2.4.1.6 Genital chamber, bursa copulatrix, and bursal pouches
The median oviduct continues posterior to the valve fold to become the genital chamber (Figure
2.8A-1) which is limited posteriorly by a cleft-like widening called the bursa copulatrix (Figure
2.8A-2) with bilateral connections to two bursal pouches (Figure 2.8A-3). The genital chamber,
bursa copulatrix and the bursal pouches are lined by a single layer of epithelium (Figure 2.8B-4)
covered by a cuticle (Figure 2.8B-5) which has a similar histologic structure to the median oviduct
(Figure 2.5A). The most caudal portion of the reproductive tract is formed dorsally by the ventral
part of the sting and ventrally by the 7th sternum.
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Figure 2.1 Macroscopic image of the reproductive tract of a formalin fixed honeybee queen:
(A) Upper reproductive tract including ovaries (1), calyx (2), lateral oviducts (3), median oviduct
(4), and spermatheca covered by tracheal network (5) (bar=1mm); (B) Middle region of the
reproductive tract including lateral oviducts (3) (the right oviduct is distended with eggs), median
oviduct (4), spermatheca (5), spermathecal glands (6), common duct (7), spermathecal duct (8),
sperm pump (9); (bar=0.5mm).
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Figure 2.2 Photomicrographs of the ovary segments: (A) Low magnification view of the
ovarioles within the ovaries showing sequential linear maturation of the oocytes (1), accompanied
by trophocytes (2) (bar=1mm); (B) The most cranial portion of an ovariole is the terminal filament
(solid bar) composed of somatic and undifferentiated stem cells embedded between discoid cells
(3) within an epithelial sheath (4). Germarium (dashed bar) includes cystocyte rosettes (5) which
develop into a single oocyte and accompanying trophocytes (bar=20µm); (C) Cranial portion of
vitellarium showing distinct arrangement of oocytes (1) into a single row, separated by nurse cell
chambers (2). There is a distinct germinal vesicle within each oocyte (3) (bar=100 µm).
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Figure 2.3 Photomicrographs of the follicles: (A) The oocyte with accompanying trophocytes
form a follicle (black outline). The oocyte (1) is surrounded by a layer of single cuboidal
epithelium (2). Trophic stalk (3) connects the oocyte with the trophocytes (4). The trophocyte
chamber is surrounded by thin layer of attenuated epithelial cells (5). Intertrophocitic median
follicular cells (6) are located between trophocytes. Size of trophocytes increases with oocyte
maturation and they eventually undergo degeneration (7) (bar=50µm); (B) Blunted (8) and
attenuated (9) follicular epithelium surrounding oocytes (1) in the middle and caudal sections of
vitellarium (bar=20µm).
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Figure 2.4 Photomicrographs of the cranial tubular region of the reproductive tract (A) Low
magnification view of the calyx (1) transition into lateral oviducts (2) with centrally located
ventriculus (3) (bar=500µm); (B) Calyx is formed by an irregularly thickened wall, lined by simple
to bi-layered, slender, tall, columnar, densely-packed epithelium (4) on an eosinophilic basement
membrane (5) and contains apical, optically vacant vacuoles (6) (bar=50µm); (C) Cross section of
a distended lateral oviduct with eggs (8): distention is facilitated by longitudinal folds (7) lined by
attenuated epithelium (bar=100µm); (D) Longitudinal section of a lateral oviduct lined by cuboidal
epithelium (9) on an eosinophilic basement membrane (5) with an underlying, single layer of
longitudinal muscle cells (10). The epithelium is covered by a chitinous, strongly basophilic intima
that has numerous cteniform spines (11) (bar=20µm).
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Figure 2.5 Photomicrographs of the median oviduct and valve fold (A) the median oviduct (1)
is lined by simple cuboidal epithelium (2) and is externally surrounded by a well-developed outer
sphincter muscle (3) that forms two lateral folds (4) of the median oviduct by protruding inwards;
egg (5); (bar=100µm) (B) The valve fold (circled) is a deep, transverse, epithelio-muscular inward
projection, lined by simple cuboidal epithelium (6) that forms multiple invaginations (7), covered
by a thin intima (8). The core of the stalk is composed of loosely arranged musculature (9)
(bar=100µm).

37

Figure 2.6 Photomicrographs of the spermatheca with its glands and ducts (A); Low
magnification image of the spermatheca (1) containing sperm (2); spermathecal glands (3) and
spermathecal duct (4) (bar=200µm); (B) The spermatheca is lined by simple cuboidal epithelium
(5) on a thin, anucleate, basophilic basement membrane (6) with an overlying thin, basophilic
cuticle (7). The spermatheca is surrounded by tracheal network (8). The fecundated spermatheca
is filled with tightly packed spermatozoa (2) (bar=20µm); (C) The spermathecal glands are lined
by an external glandular epithelial layer (9), formed by tall, columnar epithelium that has large,
basal nuclei and foamy cytoplasm with at least one, distinct, apical, intracytoplasmic vacuole (10),
on a basophilic membrane formed by attenuated epithelium (11). The inner intima (12) is formed
by smaller, tall columnar cells with basal nuclei and multiple intracytoplasmic canaliculi (13). The
glandular lumen is covered by amorphous amphophilic material (14) (bar=20µm).
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Figure 2.7 Spermathecal duct (A) The orifice (circled) connecting the spermatheca and the
spermathecal duct lined by high columnar, slender epithelial cells (1) covered by basophilic cuticle
(2) ; sperm (3) (bar=50µm); (B) The spermathecal duct is lined by tall columnar epithelium with
basal nuclei (4), covered by a thick layer of basophilic cuticle (5). At the base of the duct, there is
a set of circular and longitudinal muscles called the sperm pump (6) (bar=50µm).

Figure 2.8 Lower reproductive tract (A) The genital chamber (1) is a continuation of the median
oviduct posterior to the valve fold; through a cleft-like opening, it transitions into the bursa
copulatrix (2) with bilateral bursal pouches (3) (bar=200µm); (B) Enlarged squared area in A:
genital chamber (1), bursa copulatrix (2), and bursal pouch (3) lined by cuboidal epithelium (4)
with prominent cuticle (5) (bar=50µm).
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2.5

Discussion

In this study we reproduced the histomorphology of the entire reproductive system of mated honey
bee queens and illustrated it by high quality photomicrographs. These photomicrographs augment
and enhance previous diagrams and descriptions of macroscopic and microscopic queen
reproductive anatomy illustrated by Snodgrass (1985) and Camargo & Mello (1970); they
described and illustrated by diagrams the reproductive system of the honey bee queen in the order
from cranial to caudal consisting of paired ovaries, paired lateral oviducts, a median oviduct with
a valve fold, a genital chamber(vagina), a bursa copulatrix with lateral pouches, the sperm
recepticulum: the spermatheca with its glands and a spermathecal duct.
Ovaries
The ovaries form a paired organ that takes up about 2/3 of the abdominal cavity in the honey bee
queen and are located latero-ventral to the upper digestive tract (Camargo and Mello, 1970;
Snodgrass, 1985). The ovaries are composed of ovarioles divided into four regions (i.e. terminal
filament, germarium, vitellarium and ovariole pedicle) based on morphological differentiation
(Patrício and Cruz-Landim, 2002, 2008). The stem cells (terminal filament) differentiate into
germinal cells forming rosette-like clusters (germarium); subsequently each rosette produces a
single oocyte and accompanying trophocytes which together comprise a follicle (vitellarium)
(Martins et al., 2011; Patrício and Cruz-Landim, 2002, 2008; Snodgrass, 1985; Tanaka and
Hartfelder, 2004), as illustrated in the present study (Figure 2.2A, B, C).
The ovary of the honey bee queen is polytrophic (multiple trophocytes per follicle) and meroistic
(produce nutritive trophocytes and ova). Within each follicle, the trophocytes (nurse cells) (Figure
2.3A-4) are attached by intercellular bridges and connected to the oocyte by the trophic stalk (a
narrow opening) (Figure 2.3A-3) which

allows transport

of nutrients, RNA, and

ribonucleoproteins from the trophocytes to the ovum during maturation (Figure 2.3A-1) as
described in previous studies (Biliński and Jaglarz, 1999; Tanaka et al., 2006; Berger and CruzLandim, 2009; Cruz-Landim and Patrício, 2010; Snodgrass, 1985). After transferring their
cytoplasmic contents to the developing ovum, the trophocytes undergo programmed cell death
(apoptosis) (Figure 2.3A-7) as found in earlier studies (Mpakou et al., 2006; Patrício and CruzLandim, 2008). Thus, the oocytes in the proximal vitellarium are small, followed by an organized
cluster of trophocytes (Figure 2.3A circle), whereas the oocytes in the distal vitellarium are greater
in size, followed by apoptotic/degenerating trophocytes (Figure 2.3A-7), as described by
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Snodgrass, 1985. Ramamurty (1977) suggested that degenerated trophocytes are phagocytosed by
the intertrophocytic median follicular cells (Figure 2.3A-6).
During late stages of vitellogenesis, the epithelium surrounding the ovum progressively attenuates
and produces chorion and vitelline membrane (Figure 2.3B-9). At the end of the vitellogenesis, the
trophic stalk (Figure 2.3A-3), forms an elevated, sieve-like micropyle (pore) in the ovum, through
which the sperm enters during fertilization in the median oviduct (Landim and Yabuki, 1995;
Nelson and Nelson, 1915). When a mature ovum progresses from an ovariole to the calyx during
ovulation, the ovum epithelium collapses and forms a corpus luteum (Patrício and Cruz-Landim,
2002), which later undergoes degeneration and resorption (Ramamurty, 1977). The corpus luteum
is an unorganized mass of cells which obstructs the ovariole pedicle, thus temporarily preventing
subsequent ovulation by the same ovariole (Patrício and Cruz-Landim, 2008). A mature ovum can
be ovulated approximately every 3-5 hours from each ovariole (Ramamurty, 1977).
2.5.1 Calyx and lateral oviducts
After ovulation, the egg passes from the calyx (Figure 2.4B) into a lateral oviduct (Figure 2.4C)
which has multiple accordion-like, longitudinal folds which allow expansion of the oviduct lumen
for the passing egg (Laidlaw, 1944; Mackensen et al., 1970) as illustrated in Figure 2.4C-7 & 2.8.
One of the distinctive features of the lateral oviduct is the presence of cteniform spines in the
epithelial intima (Figure 2.4D-11) which have been described in earlier studies (Berger-Twelbeck
and Dorn, 1994; Gerber et al., 1978; Laidlaw, 1944). These spines are more numerous and
pronounced in the anterior portion of the oviducts adjacent to the calyx and are absent in the
median oviduct. The spines are believed to have a role in unidirectional progression of the egg
from the lateral to the median oviduct by preventing its cranial movement during muscle
contraction (Gerber et al., 1978).
2.5.2 Median oviduct and the valve fold
Fertilization of an egg takes place in the median oviduct. It is believed that the valve fold (Figure
2.5B-9), together with the median oviduct sphincter (Figure 2.5A-3), slow down the egg when it
passes through the median oviduct and push the micropylar end of the egg against the opening to
the spermathecal duct to facilitate fertilization (Colin et al., 1999). The valve fold is also thought
to regulate sperm outflow from the spermathecal duct during fertilization (Camargo and Mello,
1970).
2.5.3 Spermatheca, spermathecal duct and glands
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The spermatheca (Figure 2.1B-5 & Figure 2.6A-1), spermathecal duct (Figure 2.1B-8 & Figure
2.6A-4) and the spermathecal glands (Figure 2.1B-6 & Figure 2.6A-3) are accessory organs of the
reproductive system of the honey bee queen studied in closer detail by Kapil (1962). The
spermatheca is located craniodorsally over the median oviduct at the level of the 5th sternum. It is
a round, 1.2-1.3 mm in diameter, sperm recepticulum (Tarpy et al., 2011). The spermathecal glands
(Figure 2.1B-6) secrete proteins into the spermatheca via the common duct (Figure 2.1B-7) to
replace the proteinaceous fluid lost from the spermatheca with the sperm during fertilization
(Klenk et al., 2004). At the base of the spermathecal duct, the muscular sperm pump (Figure 2.7B6) provides a constant sperm volume necessary for fertilization of a single egg (Baer et al., 2016;
Bresslau, 1905).
2.5.4 Genital chamber, bursa copulatrix, and bursal pouches
Posterior portion of the genital tract comprises the genital chamber, bursa copulatrix, and bursal
pouches. Several papers refer to the genital chamber as the “vagina” (Kapil, 1962; Laidlaw, 1944;
Snodgrass, 1985). However, Camargo and Mello (1970) contend that this term is not appropriate
as the genital chamber does not receive the drone’s endophallus during mating, except on rare
occasions, and therefore this term should not be borrowed from mammalian anatomy. During
copulation, the chitinous plates of the drone endophallus attach to the bursal pouches (Camargo
and Mello, 1970; Woyke, 2011) and sperm is ejaculated into the lateral oviducts where it then
travels backward via the spermathecal duct to be stored in the spermatheca within the next several
hours. The valve fold is thought to regulate the backflow of sperm into the spermatheca by
preventing its retrograde flow into the posterior genital chamber (Laidlaw, 1944). However, since
sperm consistently escape backward into the bursa copulatrix after mating, the efficacy of
regulation of sperm flow by the valve fold has been questioned by Camargo and Mello (1970).
2.5.5 Use of light and electron microscopy in honey bee research
Histologic evaluation of microscopic tissue samples is a universal gold standard technique used
for studying normal tissue structures, detection and diagnosis of disease, and toxicologic risk
assessment in vertebrate species (Crissman et al., 2004; Fiette and Slaoui, 2011). Historically,
some of the first histologic studies were used to understand and describe insect respiration in
silkworm by Marcello Malpighi (1628-1694) who is now known as the “father of microscopic
anatomy” (DiDio, 1995; West, 2013). However, unlike research in vertebrate species, insect
studies today rarely use histologic tissue evaluation as a research tool.
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Nevertheless, in recent years histologic and ultrastructural morphologic alterations have been
successfully used to study honey bee diseases and toxicities. For example, Koziy et al. (2019)
investigated the histologic appearance of brood-food glands in nurse bees affected with
deformed wing virus – a nearly ubiquitous honey bee disease worldwide. In this study, both the
hypopharyngeal and mandibular glands of affected bees were markedly hypoplastic and
contained a greater number of apoptotic cells (Koziy et al., 2019). These findings contribute to
further understanding of deformed wing virus pathogenesis. Similarly, Zaluski et al. (2017)
described histopathology of morphologic changes in mandibular (reduced height of secretory cells)
and hypopharyngeal (reduced acini size) glands of worker bees exposed to pyraclostrobin and
fipronil. The authors concluded that these changes to the glandular morphology may negatively
affect overall colony development, maintenance, and survival (Zaluski et al., 2017). Histologic
examination of the brain (de Almeida Rossi et al., 2013; Tomé et al., 2012) and the hepatonephrotic system (Domingues et al., 2017) of honey bees has also enhanced the current body of
literature on the pathogenesis and effect of certain pesticides on honey bee health revealing an
array of degenerative sublethal changes in response to insecticide treatment. Using histologic
tissue evaluation has enabled the above researchers to detect and describe minute changes in bees
in response to studied stimuli. Their discoveries now help us better understand the pathogenesis of
disease and some toxicities.
Light microscopic and ultrastructural evaluation of ovaries, but not other structures of the honey
bee queen reproductive tract, were used in several studies. These studies focus on understanding
both physiologic and pathologic processes in the ovary in response to various stimuli. For instance,
ultrastructural evaluation of the ovary showed that delayed mating increases apoptotic and necrotic
death of the ovarian germ line and somatic interstitial cells (Berger and Cruz-Landim, 2009).
Histology was used for more precise and reproducible estimation of ovariole numbers in honey
bee queens (Jackson et al., 2011), which has since become one of the standard methods in honey
bee research (Carreck et al., 2013). Additionally, histology was used in studies by Fyg in 1964,
who described the rare direct infections of the queen reproductive system with yeast-like
microorganisms (H-melanosis) and bacteria (B-melanosis) and characterized vitellarium
degeneration in queens as an indirect effects of Nosema spp infection. These studies further
emphasize the importance and benefit of thorough histopathological examination of the honey bee
queen reproductive system.
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The importance and novelty of the current study is that it provides high quality, detailed
photomicrographs with a thorough sequential description of the hematoxylin and eosin stained
histologic structures of the entire reproductive tract of mated honey bee queen. We deliberately
chose hematoxylin and eosin staining protocol for tissue evaluation because it is most widely used
stain in vertebrate histopathology for diagnostics, research and regulatory risk assessment purposes
and it allows detailed evaluation of microscopic changes in cells and tissues (Fischer et al., 2008).
By synthesizing descriptions and diagrams provided in earlier studies, this manuscript summarizes
in detail the normal structure, nomenclature, and function of the microscopic structures of the
queen’s reproductive tract and provides a visual example of each structure. Histologic evaluation
of reproductive histopathology is an essential step in toxicologic risk assessment in vertebrate
species, especially so in pharmaceutical drug development (Halpern et al., 2016) as well as in
theroigenology research. Accordingly, the comprehensive characterization and illustration of
normal light microscopic morphology of the entire reproductive tract of the honey bee queen
performed in the current study is anticipated to serve as a reference for the future histopathological
investigations of reproductive problems affecting honey bee queens.
2.6

Concluding comments

The current study summarized the normal histologic structure and function of the entire honey bee
queen reproductive tract and illustrated it with high-quality photomicrographs. It is anticipated that
this study will facilitate further investigations of the pathogenesis of the recent decline in
reproductive fitness of honey bees using histopathology.
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PREFACE TO CHAPTER 3
Honey bees are experiencing high annual losses and increased rates of infectious disease. These
high annual losses are partly attributed to decreased honey bee queen quality; however, the
etiology and pathogenesis of reduced honey bee queen quality is poorly understood. Some
reproductive parameters have been shown to decrease in response to neonicotinoid insecticide
exposure (Amiri et al., 2017; Forfert et al., 2017; Sandrock et al., 2014; Williams et al., 2015). At
the same time, it is unclear if the changes of these reproductive parameters are the result of direct
toxicity to queens, or if they result from compromised worker care of queens.
In Chapter 2, we documented and reviewed the normal histologic structures of the reproductive
tract of honey bee queen. In Chapter 3, we use histopathologic techniques to evaluate queen ovaries
and mandibular glands in order to determine the effects of neonicotinoid toxicity after direct queen
exposure to THI during development. Accordingly, we administered incremental doses of THI to
queen larvae developing in hives and evaluated subsequent queen survival, mating success, and
microscopic morphologic changes in the queen reproductive tract and mandibular glands.
This chapter demonstrates that previously reported changes in reproductive parameters of queens
exposed to neonicotinoids (Amiri et al., 2017; Forfert et al., 2017; Sandrock et al., 2014; Williams
et al., 2015) may be a consequence, at least in part, of the direct toxic effects of THI on late queen
larvae. This conclusion is based on reduced queen pupal survival, decreased viability of stored
sperm, and reduced size (hypoplasia) of mandibular glands in mated queens exposed to THI as
larvae. These findings may partially explain the reported decline of queen quality and increased
supersedure rate in colonies exposed to neonicotinoids. This chapter also suggests that, in addition
to worker bees, an evaluation of the effects of pesticides on honey bee reproductive cates (i.e.,
queens and drones) should be considered in the regulatory risk assessment process.
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3.1

Abstract

The productivity and survival of honey bee (Apis mellifera) colonies depend on queen bee health.
Colony-level neonicotinoid exposure has negative effects on reproductive fitness of honey bee
queens. However, it is unclear if the observed effects are a direct outcome of neonicotinoid toxicity
or result from suboptimal care of developing queens by exposed workers. The aim of this study
was to evaluate larval survival, reproductive fitness, and histopathology of honey bee queens
exposed to incremental doses (0, 5, 50 ng) of the neonicotinoid thiamethoxam (THI) applied
directly to individual late larvae (7 days post-oviposition) of queens. The 5 ng dose represents a
calculated high environmental level of exposure for honey bee queen larvae. Morphometric
evaluation revealed that the total area of mandibular gland epithelium in queens exposed to 5 and
50 ng THI was reduced by 14% (P = .12) and 25% (P = .001), respectively. Decreased mandibular
gland size may alter pheromone production, which could in part explain previously observed
negative effects of THI on the reproductive fitness of queens. We also found that late larval
exposure to THI reduced larval and pupal survival and decreased sperm viability in mated queens.
These changes may interfere with queen development and reproductive longevity.
3.2

Introduction

Honey bees (Apis mellifera) provide essential ecosystem services through pollination, in addition
to producing and collecting a number of valuable hive products, including honey, pollen, wax,
propolis, and royal jelly. Recent declines in honey bee populations raise great concerns over their
survival and the sustainability of services they provide (Traynor et al., 2021). The causes of honey
bee declines are thought to be multifactorial and include, inter alia, intensification of modern
agricultural practices, spread of infectious and parasitic diseases, decreased genetic diversity, and
poor queen quality (Potts et al., 2010; Sánchez-Bayo et al., 2016).
The increase in honey bee mortality has coincided with the introduction and widespread use of
neuroactive neonicotinoid insecticides. Neonicotinoids are systemic insecticides that are effective
against a wide range of insect pests, yet are much safer for mammals compared to previously used
plant-protection products (Simon-Delso et al., 2015). Thiamethoxam (THI) was the first of the
second-generation neonicotinoids introduced to the world market as a more potent alternative to
IMD, the first neonicotinoid brought to the market (Maienfisch et al., 2001). THI remains widely
used around the world (Simon-Delso et al., 2015), including the Canadian prairies (Main et al.,
2014) where the current study was conducted. Of note, the average THI concentration in honey
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from central Saskatchewan, Canada (Codling et al., 2016), is 59 times greater than the global
average of 0.29 ng/g (Mitchell et al., 2017). Previous research has shown that exposure to
environmental doses of THI has negative effects on worker honey bees, including reduced adult
survival, foraging efficiency, and homing success (Henry et al., 2012); altered motor function (Tosi
and Nieh, 2017); decreased disease resistance (Tesovnik et al., 2017); and increased larval and
pupal mortality (Tavares et al., 2017). Additionally, a growing body of literature suggests
neonicotinoids have adverse effects on the honey bee queen and drone reproductive fitness,
resulting in decreased genetic diversity within the colony (Forfert et al., 2017; Friedli et al., 2020;
Straub et al., 2016).
The honey bee queen is the only reproductively active female in the colony. The queen’s
development from an egg to an adult lasts 16 days and is the shortest among all 3 castes (21 days
for workers and 24 days for drones; Suppl. Table A3.1). Both workers and queens develop from
fertilized eggs, with larvae hatching 3 days post-oviposition. Queens develop from larvae that are
exclusively fed royal jelly throughout their development by attending workers. Queen larvae are
individually sealed off with a wax cap (capped) between days 8 and 9 post-oviposition; the larvae
pupate (the transition from larval state to pupal state) within the capped (sealed) queen cells. Adult
queens emerge on day 16 post-oviposition. A short glossary table describing common beekeeping
terms is provided in Supplemental Table A3.2.
The effect of neonicotinoids on developing queens has predominantly been evaluated on
individuals raised in colonies exposed to neonicotinoids through syrup and/or pollen patty. For
example, Forfert et al (2017) and Williams et al (2015) exposed honey bee colonies to 4 ppb (4
ng/g) THI and 1 ppb (1 ng/g) CLO through pollen patties over 36 days; the queens raised in these
colonies had reduced sperm count and sperm viability, reduced number of ovarioles, and mated
with fewer drones on average. Similarly, colonies exposed to pollen patties spiked with 5 ppb (5
ng/g) THI and 2 ppb (2 ng/g) CLO over 46 days had decreased adult and brood population sizes
and were at higher risk of post-overwintering queen failures (Sandrock et al., 2014). These studies
demonstrate the association between neonicotinoid exposure at the colony level and reduced queen
quality; however, it is unclear if the observed changes are due to the primary effects of
neonicotinoids on individual queens or secondary effects resulting from exposed workers
providing suboptimal care to developing and adult queens.
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There are very few studies in which individual honey bee queen larvae were directly exposed to
THI. In one such study, exposed queens had reduced emergence rate, body weight, and mating
success (Gajger et al., 2017). Furthermore, Walsh et al (2020) reported that honey bee queens
raised in wax comb contaminated with pesticides had altered composition of their mandibular
gland pheromones and decreased attractiveness to workers. The mandibular glands of honey bees
are bilaterally symmetrical glands located in the head. These glands are largest in the honey bee
queen compared to workers and drones (Snodgrass, 1985). In queens, mandibular glands produce
queen pheromones—the main queen signaling chemicals in the hive; these pheromones are vital
for homeostasis of the entire colony.
Previous colony-level and individual queen exposure studies suggest that neonicotinoids reduce
reproductive fitness of honey bee queens; however, the underlying cause or mechanism of these
effects has not been investigated. Therefore, the objectives of the current study were to (1)
determine the effects of direct exposure of queens to THI during pupation (which is the period of
main organogenesis) and (2) determine the mechanism of these effects by histopathological
evaluation focused predominantly on mandibular glands and ovaries.
3.3

Materials and Methods

The experiments were conducted from June to August 2018 at the University of Saskatchewan
research apiary (52°07′38.4″N 106°36′35.4″W). The experiment was performed twice (experiment
A started on June 6, 2018; experiment B started on August 3, 2018) using 2 genetic lines for queen
production. Queens were produced through artificial transfer of worker larvae, a process referred
to as “grafting” in beekeeping practice (Suppl. Table A3.2) (Conner, 2009). All colonies involved
in the experiment were maintained in accordance with the Saskatchewan Apiaries Act (Canada,
2005).
3.3.1 Rearing of queens
Experimental queens were reared by standard beekeeping procedures (Conner, 2009) to generate
7-day-old queen larvae of synchronized age that were exposed to experimental treatment
(described below) to determine their survival (capping and emergence rate) and effects on mating
success and reproductive fitness. The queens were placed into 3-frame nucleus (small) colonies 2
days before emergence for 3 weeks to allow natural mating. Detailed description of the queen
rearing procedure and mating nucleus set up is provided in Supplemental Appendix text and
Supplemental Tables A3.2 and A3.3.
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3.3.2 Treatment doses and exposure
Three treatment groups were used in this study. Queen larvae were exposed to 4 µl of distilled
water containing 0 ng, 5 ng, or 50 ng THI comprising the control, low-dose (theoretical high level
of environmental contamination), and high-dose (positive control—unrealistically high dose)
groups, respectively. The treatments were administered by pipetting 4 µl of the test solution
directly into the royal jelly bed of each queen cell at day 7 post-oviposition. The environmentally
relevant 5 ng dose was calculated based on the total amount of royal jelly consumed by a queen
larva during development estimated at 1.5 g (Haydak, 1970), the published maximum THI
contamination level in Saskatchewan pollen of 250 ng/g (Codling et al., 2016), and the reported
1% transfer rate of the neonicotinoid IMD from pollen patties to royal jelly (Dively et al., 2015).
The estimated 3.75 ng per larva exposure (1.5 g × 2.5 ng/g) was then rounded up to 5 ng to account
for potential underestimation of queen food consumption and contamination, and to better correlate
our study with previously published work (Gajger et al., 2017). The queen cells on each grafting
frame were randomized into treatment groups.
The grafting procedure and queen rearing were performed twice with different genetic lines
(experiment A and experiment B). Overall, 158 queen larvae were used in the 2 studies. In
experiment A, a total of 91 queen larvae were tested, of which 29 were in the control group, 26 in
the 5 ng group, and 36 in the 50 ng group. In experiment B, a total of 67 queens were tested, of
which 18 were in control group, 25 in the 5 ng group, and 24 in the 50 ng group.
3.3.3 Evaluation of capping and survival rate during development
After treatment (day 7 post-oviposition), the experimental queen cells were monitored daily for
capping success and pupal survival until day 14 post-oviposition when they were transferred to
mating nuclei. The capping rate was defined as the percentage of the treated queen cells that were
capped at day 9 post-oviposition (2 days posttreatment). Any uncapped cells at day 9 were removed
by the worker bees in the colony as part of their normal “cleaning” behavior; therefore, empty cells
at day 9 (representing uncapped cells) were considered “dead” in the survival analysis. Capped
queen cells which were subsequently removed by worker bees during pupation (until day 14 postoviposition) were also considered “dead” in the survival analysis.
3.3.4 Honey bee queen weight and sperm evaluation
Between 22 and 26 days post-emergence, mated honey bee queens were collected and examined
in cohorts of 9 to 12 queens per day representing an equal proportion of treatments. The queens
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were caught into queen cages (Mann Lake Ltd) with 4 attendant worker bees from their mating
nucleus. All mated queens from experiment B were weighed using a Sartorius Scale (BP121S,
Data Weight Systems, Inc). The spermatheca was removed from each queen (Cobey et al., 2013),
and the contents mixed in 1 ml of semen extender diluent (Hopkins et al., 2012). Sperm viability
was evaluated in 100 µl of each sample using SYBR 14 dye and propidium iodide (Live/Dead
Viability Kit, Life Technologies). A minimum of 10 fields at 200× magnification (10× ocular
magnification and 20× objective), or at least a total of 200 sperm heads, were counted in each
sample. For total sperm count, the spermatheca content from each queen, already diluted in 1 ml
of semen extender diluent, was further diluted 1:16 in modified Kiev buffer (sodium citrate 24.3,
sodium bicarbonate 2.1, potassium chloride 0.4, sulfanilamide 0.3, glucose 3.0 g/l for all). The
sperm was counted using Neubauer hemocytometer following standard procedure (Cobey et al.,
2013). The queen tissues that remained after extraction of the spermatheca were fixed in 10%
neutral buffered formalin for histopathological evaluation.
3.3.5 Histopathology and morphometric evaluation
Initial comparative histopathological evaluation of multiple organs of mated queens exposed to
different doses of neonicotinoids during development did not reveal any unequivocal differences
between groups. Nevertheless, there was a subjective impression that the queens exposed to high
doses had hypoplastic mandibular glands surrounded by a reduced number of fat cells and
potentially had increased apoptotic rate in the germarium portion of the ovaries.
Accordingly, we performed morphometric histopathological evaluation of serial sections of these
2 organs stained with Harris’ hematoxylin and eosin (H&E) and compared the results between
treatment groups. The total area of mandibular gland epithelium, mandibular gland lumen, and
peri-mandibular fat body were identified in serial tissue sections stained with H&E and compared
between treatment groups. The total area of the bilateral optic lobes of the brain was also used as
an internal control.
The queen heads, fixed in 10% buffered formalin, were removed from the body. The exoskeleton
from vertex (immediately behind the ocelli) to the most caudodorsal aspect of the lower jaw was
removed via sharp dissection prior to processing, to allow better paraffin penetration during
processing and to prevent sectioning artifact caused by the chitinous exoskeleton. The heads were
processed according to standard histologic tissue processing procedures and embedded in paraffin
blocks for sectioning. The orientation of the heads in the block was such that the mandible laid flat
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at the surface of the block and the ocelli and antennae were embedded deepest in the block;
accordingly, the first sections included the musculature of the lower jaw and caudal portion of the
head, whereas the last sections included the most cranial head sections. Five-micrometer-thick
serial sections were collected every 25 µm for histologic evaluation. Prepared slides were first
dried at 65 °C for 1 hour, then manually stained using H&E (Suvarna et al., 2013).
All slides containing sections of mandibular glands or optic lobes were photographed using a
microscope digital camera (Infinity 5, Lumenera Scientifica) and analyzed with image analysis
software (Image-Pro Premier 9.1, Media Cybernetics, Inc). The total area of mandibular gland
epithelium, mandibular gland lumen, peri-mandibular fat body, and optic lobe were determined in
serial H&E-stained sections (Figure 3.4) of 4 queen heads per treatment, per experiment (A and
B) (4 queens × 3 treatment groups × 2 replicate studies = 24 queens total or 8 queens per treatment).
To calculate total mandibular gland area, the glandular epithelium of both glands (right and left)
on each section was outlined manually, and subsequently, the area was detected and measured by
the image analysis software. The same procedure was repeated for mandibular gland lumen, perimandibular fat body, and the optic lobe. The mean (± SEM) number of sections examined is
provided in Table 3.1. There was no statistically significant difference in the number of sections
examined between treatment groups for any of the parameters (glandular epithelium F 2,21 = 0.5,
glandular lumen F 2,21 = 0.1, optic lobes F 2,21 = 0.005, fat body F 2,21 = 0.5; P > .05 for all).

Table 3.1 Mean (± SEM) number of histologic sections examined for mandibular gland
epithelium and lumen, peri-mandibular fat body, and optic lobe.
0 ng

5 ng

50 ng

Mandibular gland epithelium

29.5 ± 2.2

29.3 ± 2.0

27.0 ± 1.5

Mandibular gland lumen

26.8 ± 2.4

26.3 ± 2.3

25.3 ± 1.5

Peri-mandibular fat body

29.5 ± 2.2

29.0 ± 2.2

26.9 ± 1.4

Optic lobe

11.3 ± 1.2

11.1 ± 1.2

11.1 ± 0.6

3.3.6 Morphometric histopathologic evaluation of ovary
3.3.6.1 Number of apoptotic cells in germarium.
The ovaries from 4 queens from each treatment group from both experiments (4 queens × 3
treatment groups ×2 replicate experiments = 24 queens total or 8 queens per treatment) were
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removed from the abdomen of formalin-fixed queens with previously removed spermatheca. The
fixed ovaries were subjected to standard histological tissue processing and subsequently embedded
in paraffin blocks in a vertical position so that the proximal portion of the ovary, including the
terminal filament and germarium, could be sectioned first in cross sections.
The proximal 1.5 mm of the embedded ovary (encompassing the entire terminal filament,
germarium, and cranial vitellarium (Kozii et al., 2021b)) was serially sectioned. Specifically, for
each step, 30 consecutive 5-μm-thick sections were cut, of which the first 10 sections were
collected on a glass slide, stained with H&E, and examined, whereas the following 20 sections
were discarded. In this way, we obtained for each queen 10 glass slides containing 10 serial
consecutive cross sections of cranial ovary which were 100 µm apart (Supplemental Figure A3.1).
All 10 cross sections on a single slide were examined by a blinded pathologist (MS) to identify
one cross section with the least sectioning artifact and, subjectively, the greatest surface area of
the germarium. Up to 4 images of germarium were captured from each of the identified best
sections using a microscope digital camera (Olympus DP71, Olympus). Accordingly, 15 to 37
(average 26.5) images of the cross section of the ovary containing germarium of each queen were
captured. The 12 best sections/images that contained the largest area of germanium for each queen
were used for quantification of apoptotic rate by a blinded pathologist (MS) (Figure 3.6 - C). The
area of the germarium was outlined and measured using image analysis software (Image-Pro
Premier 9.1, Media Cybernetics, Inc) and the apoptotic cells were enumerated. Apoptotic cells
were defined as cells with hypereosinophilic cytoplasm and condensed, hyperbasophilic,
fragmented nuclei. The apoptotic rate was expressed as number of apoptotic cells per 1 mm 2 of
germarium.
3.3.6.2 Total ovariole count.
The last section (most caudal) of the ovary acquired from the serial sections described above was
used for counting the total number of ovarioles in each ovary. The evaluated sections were
approximately 1.5 mm deep from the proximal end of the ovary and were mainly composed of
cross sections of the vitellarium and some germarium (Figure 3.6 - A). Each oocyte or trophocyte
cluster in cross section was counted as a separate ovariole. The data were analyzed as the total
ovariole count per both ovaries.
3.3.7 Statistical analysis
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Mating and capping success were analyzed with a χ2 test and queen survival was compared using
Kaplan-Meier survival analysis. The mating data from experiments A and B were analyzed
together (n = 15/treatment). Queen weight was analyzed with one-way ANOVA. Total sperm
count was compared between treatment groups using a Kruskal-Wallis test as the data were not
normally distributed (Shapiro-Wilk test, W65 = 0.96, P = .03) (Zar, 2010).
Sperm viability data were assessed for mathematical and biological outliers. A total of 3 outliers
were removed from the analysis: one from the control group with a sperm viability of 9%, and 2
from the 50 ng THI group with a sperm viability of 6% and 11%, respectively. These sperm
viability scores are outliers from the sperm evaluation data of our lab and the currently published
literature. We believe these low scores were likely due to a manual error during sample preparation
for fluorescent evaluation (Zar, 2010).
A 3 × 2 ANOVA was used to evaluate the effect of neonicotinoid treatment and time of the
experiment (June vs August) on sperm viability and ovarian apoptotic rate. Similarly, a 2-way
MANOVA was used to compare the size of mandibular gland epithelium, mandibular gland lumen,
peri-mandibular gland fat body, and optic lobes. The time of the experiment had no significant
effect on the evaluated outcomes and therefore was removed from the analysis (sperm viability: F
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= 0.7, P = .5; gland, fat body and optic lobe area: Wilk’s L, F 8,30 = 0.3, P = .97). Tukey tests

were used for post hoc comparisons. Residual plots were evaluated to ensure the assumptions for
the ANOVA were met (Zar, 2010). The data analyzed in this study are available as Supplemental
Table S4.
3.4

Results

3.4.1 Capping rate
The overall queen capping rate was negatively affected by high-dose THI treatment in experiment
A (likelihood ratio χ2 = 7.7, df = 2, P = .02, n = 91; Figure 3.1 - A), with a capping success of
100% in control (29/29) and low THI (26/26) groups, dropping to 89% (32/36) in the high THI
group. In experiment B, we saw a similar drop in capping rate from 100% in the control group
(18/18) to 88% (22/25) and 87% (21/24) in the low and high THI groups, respectively; however,
this effect of THI treatment on capping rate in experiment B was not statistically significant (χ2 =
4.0, df = 2, P = .14, n = 67; Figure 3.1 - B).
3.4.2 Survival
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The overall survival of queens from exposure (day 7 post-oviposition) until day 14 of development
was negatively affected by treatment in both experiments A and B (A: χ2= 19.5, df = 2, P < .001;
B: χ2= 9.5, df = 2, P = .009; Figure 3.1 - C, D). While the survival of the queens in the control
group in both experiment A (29/29) and B (18/18) was 100%, the queens exposed to 50 ng THI
had a 31% (25/36) and 46% (13/24) reduction in overall survival in experiments A and B,
respectively, compared to controls (multiple pair-wise comparison, A: Control vs 50 ng, χ2 = 10.4,
P = .001; B: Control vs 50 ng, χ2= 10.6, P = .001). Survival of queens in the 5 ng group was only
significantly decreased in experiment B (5 ng vs Control, χ2= 6.8, P = .009), whereas all queens
exposed to 5 ng THI in experiment A survived. Similar statistically significant differences in
survival between treatment groups in the 2 experiments remained when analysis was limited to
post-capping (pupal) survival (day 9 through day 14 of development) (A: Control vs 50 ng, χ2=
7.0, P = .008; B: Control vs 50 ng, χ2= 8.3, P = .004; Control vs 5 ng, χ2= 4.5, P = .03).
3.4.3Mating success
The overall mating success of the queens in experiments A and B (n = 15/treatment) was 70%
(21/30), 83% (25/30), and 73% (22/30) in the control, 5 ng THI, and 50 ng THI treatment groups,
respectively (68 total; Figures 3.2 - A). No statistically significant differences between groups
were noted (total χ2 = 1.6, df = 2, P = .46).
3.4.4 Queen weights and Sperm evaluation
The mean weight of queens in the control, 5 ng, and 50 ng groups was 233.6, 228.1, and 219.7 mg,
respectively, in experiment B. Treatment had no effect on mean queen weight (F 2,34 = 1.343, P =
.274;Figure 3.2 - B). Queen weight data were not collected in experiment A.
Total sperm counts in the spermatheca of the queens were not affected by treatment in either
experiment (A: Kruskal-Wallis H = 1.2, df = 2, P = .54; B: Kruskal-Wallis H = 5.4, df = 2, P =
.07; Figure 3.2 - C). However, the total sperm count was significantly lower in all 3 treatment
groups in experiment A, compared to experiment B (control: Mann-Whitney U = 16.0, P = .007;
5 ng THI: Mann-Whitney U = 6.0, P < .001; 50 ng THI Mann-Whitney U = 15.0, P = .003). The
mean ± SEM total sperm counts for the control, 5 ng and 50 ng groups were 2 622 125 ± 273 589,
2 739 000 ± 314 432, and 2 404 111 ± 424 768 in experiment A, respectively; and 4 207 667 ±
426 601, 5 249 000 ± 223 196, and 4 396 727 ± 244 215 in experiment B, respectively.
Overall, THI treatment had a negative effect on sperm viability (F 2,62 = 15.8, P < .001; Figure 3.2
- D); specifically, queens in the 50 ng group had an 18% reduction of sperm viability compared to
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queens in the control group, and a 15% reduction compared to the 5 ng group (Tukey post hoc
tests, P < .001 for both).
3.4.5Morphometric histopathologic evaluation of mandibular glands and optic lobes
During the initial tissue evaluation, queen mandibular glands and ovaries were identified as organs
potentially affected by THI toxicity. Mandibular glands (Figures 3.3 - A, B; Figure 3.4) are
exocrine, sack-like symmetrical glands found in the head of the honey bee. The glands extend from
mandibles caudally to the vertex and are located ventro-caudally to the brain. Mandibular glands
of the honey bee queen are lined by variably corrugated simple cuboidal epithelium surrounding a
single large central lumen. The glandular epithelium is characterized by abundant light
eosinophilic cytoplasm with a variable degree of microvesicular vacuolation and a prominent
round large nucleus with lightly basophilic coarsely stippled chromatin. The mandibular glands
are surrounded by clusters of variably sized round to oval basophilic cells with coarsely vacuolated
cytoplasm and large smooth nuclei comprising the peri-mandibular fat body.
The epithelial lining of the mandibular glands subjectively appeared variably attenuated and/or
hypoplastic (less prominent corrugation) in queens exposed to 50 ng THI by light microscopic
evaluation (Figures 3.3 - A, B). Therefore, morphometric evaluation was employed and
subsequently demonstrated a dose-dependent decrease in total area of mandibular epithelium (F
2,21

= 8.1, P = .002; Figures 3.5 - A), while the mean ± SEM total area of the optic lobe (used as

an internal control) was not statistically different between experimental groups (F 2,21 = 0.8, P =
.46; Figures 3.5 - B). Specifically, queens in the 50 ng THI group had a 25% reduction in the total
area of mandibular gland epithelium compared to control (P = .001). The 14% epithelial area
reduction in the 5 ng group was not statistically different from control (P = .12). On the other hand,
the mandibular gland luminal area was not significantly different (F 2,21 = 1.3, P = .29) between
treatment groups (Figures 3.5 - C). The peri-mandibular fat body cells subjectively varied in size,
number, and staining intensity between treatment groups. The morphological evaluation showed
that there was 12% and 14% reduction in total area of peri-mandibular fat body in the 50 ng
treatment group compared to the control and 5 ng groups, respectively. This result was not
statistically significant, but it approached the set confidence level of 0.05 (F 2,21 = 3.4, P = .051;
Figures 3.5 - D).
3.4.6Morphometric histopathologic evaluation of ovary
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Sections of proximal ovaries, containing areas of ovarian germarium, had highly variable numbers
of apoptotic cells (ie, condensed, hyperbasophilic, fragmented nuclei) within germline cell clusters
as evaluated in H&E-stained sections under light microscopy. Some apoptosis is expected in this
location, but the apoptotic incidence rate appeared to be highly variable between queens.
Accordingly, quantitative evaluation of the H&E-stained sections of the ovaries was performed.
Neither the total ovariole counts (Figures 3.6 - A, B) nor the ovarian apoptotic rate (Figures 3.6 C, D) were affected by the neonicotinoid treatment (F 2,21 = 0.37, P = .70; F 2,21 = 0.28, P = .76,
respectively).
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Figure 3.1 Capping and survival rate of honey bee queen larvae and pupae exposed to 0, 5,
or 50 ng of thiamethoxam (THI) Figure A. Capping rate of treated larvae at day 9 of
development was overall negatively affected in experiment A (June) (χ2 = 7.7, df = 2, P = .02, n =
91); however, multiple comparisons were not significant (control vs 50 ng, P = .06; 5 ng vs 50
ng, P = .08). Figure B. Capping rate was not affected by treatment in experiment B (August) (χ2
= 4.0, df = 2, P = .14, n = 67), which is likely the result of a smaller sample size in experiment B
(n= 67) compared to experiment A (n = 91) Figure C. Queen pupal survival decreased by 31%
(25/36 queens) in experiment A in the 50 ng THI group (P = .001).Figure D. In experiment B,
queen pupal survival was reduced by 32% (17/25) in the 5 ng group (P= .009) and by 46% (13/24)
in the 50 ng (P = .001) group. Different letters indicate statistically significant differences between
treatment groups (P ≤ .05).
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3.2 Mating success, body weight, and sperm quality in honey bee queens exposed to
thiamethoxam (THI) during development The graphs for mating success and sperm quality
show data combined from experiments A (June) and B (August); the graph for queen weight shows
data only from experiment B. Queen mating success (%) (Figure A), mated queen weights (mean
± SEM) (Figure B), and total sperm count in the spermatheca of the queens (Figure C) were not
affected by THI treatment. The total sperm count is shown in box-plot graphs where the horizontal
bar is the median, the box represents interquartile range, and the whiskers show minimum and
maximum. Figure D. Mean (± SEM) sperm viability was reduced by 18% in queens exposed to
50 ng THI. Different letters indicate statistically significant differences between treatment groups
(P ≤ .05).
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Figure 3.3 Thiamethoxam exposure, head (coronal section), mated honey bee queen
Mandibular glands of the queen in the group receiving 50 ng thiamethoxam (Figure A) are lined
by attenuated epithelium (long arrow); the surrounding fat cells (short arrow) are multifocally
shrunken and appear less numerous compared to control (Figure B). Insets: mandibular gland
lining and peri-mandibular gland fat body. Hematoxylin and eosin (H&E).
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Figure 3.4 Thiamethoxam exposure, head (coronal section), mated honey bee queen Image
analysis. The highlighted areas on the right indicate the areas of mandibular gland lumen (yellow),
mandibular gland epithelium (green), peri-mandibular gland fat body (pink), and optic lobe of the
brain (blue). Both right and left sides were included in the analysis. Serial sections were examined
to calculate the total area of the highlighted regions. Hematoxylin and eosin (H&E).
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Figure 3.5 Morphometric analysis of serial sections of the heads of mated honey bee queens
exposed to thiamethoxam (THI) during development Figure A. The total area of the
mandibular epithelium decreased by 2.8 mm2 (25%) in queens exposed to 50 ng THI (P = .001).
In queens exposed to 5 ng THI, the 1.3 mm2 (14%) reduction in epithelial area was not statistically
significant (P = .12). Treatment did not significantly affect the size (area) of the optic lobe (Figure
B), mandibular gland lumen (Figure C), or the peri-mandibular fat body (Figure D). Mean ±
SEM. Different letters indicate significant differences between treatment groups (P ≤ .05).
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Figure 3.6 Number of ovarioles and apoptotic rate in ovaries of mated honey bee queens
exposed to thiamethoxam (THI) during development Figure A. Normal ovary, mated honey
bee queen. The ovariole is represented by distinct round eosinophilic structures (oocytes; arrows)
and by light basophilic structures (immature oocytes and/or trophocyte clusters; arrowheads).
Hematoxylin and eosin (H&E). Figure B. Total ovariole counts are not affected by THI treatment.
Mean ± SEM. Figure C. Normal proximal ovarioles, mated honey bee queen. The ovarioles
contain germarium (arrow, arrowhead) and vitellarium (dashed ellipse). In the germarium,
germline cells (arrow) are arranged in rosettes, and there is early differentiation of oocytes
(arrowhead). In the vitellarium (dashed ellipse), each oocyte is associated with a cluster of
trophocytes within a single ovariole. Inset: a germarium containing apoptotic cells (asterisk) that
have condensed, hyperbasophilic, fragmented nuclei. Arrow: germline cells; arrowhead: early
oocytes. H&E. Figure D. The apoptotic rate within germarium was not affected by treatment.
Mean ± SEM.
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3.5

Discussion

Our study indicates that late larval exposure of honey bee queens to incremental doses of THI can
reduce queen pupal survival, decrease sperm viability, and result in hypoplasia of mandibular
glands in mated queens. Our study confirmed that queens exposed to THI during development had
increased larval and pupal mortality as reported by Gajger et al (2017) and decreased reproductive
fitness (eg, sperm viability) as reported by other studies (Forfert et al., 2017; Sandrock et al., 2014;
Wang and Moeller, 1971). Unique to our study, histopathological evaluation revealed that
incremental doses of THI had a negative effect on development of queen mandibular glands.
The queen mandibular glands secrete pheromones regulating all aspects of colony homeostasis
including growth, health, production, reproduction, and queen supersedure (Bortolotti and Costa,
2014; Maisonnasse et al., 2010). Failure of any of these parameters is usually attributed to the poor
quality of the queen.
The reduction in the total area of mandibular glandular epithelium in our study was dosedependent; however, this reduction was only statistically significant in the positive control
treatment group exposed to 50 ng THI. Yet, organ malfunction often precedes the development of
morphological changes, which can only be detected in more severe or chronic disease processes
(Kemp et al., 2008; Oakes, 2015). The functional significance of the morphological changes
observed in the mandibular glands in this study was not determined. Therefore, we cannot
conclude if the non–statistically significant 14% reduction in the total area of the mandibular gland
size in queens exposed to 5 ng THI (theoretical highest environmental dose in Saskatchewan,
Canada) is biologically significant. Nevertheless, it is reasonable to hypothesize that reduction in
mandibular gland epithelium may result in reduced pheromone production/secretion, which
together with other abiotic and biotic stressors could compromise queen performance resulting in
suboptimal colony functionality and health. Interestingly, Walsh et al (2020) recently reported that
raising queens in miticide-contaminated wax decreases attractiveness of the queen mandibular
gland product to worker bees and alters relative chemical composition of the queen mandibular
gland. Taken together, our study and the study of Walsh et al emphasize the importance of
mandibular gland morphology and function as indicators of queen health (Walsh et al., 2020).
THI treatment in our study affected the queen’s mandibular glands, but not overall queen size or
weight. The optic lobe area, measured as an internal control, remained similar across all treatments
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as well. This suggests that the morphological changes in mandibular gland are treatment specific
rather than reflective of a generalized treatment response (eg, reduction in body mass).
Previously, in a pilot study, we examined the area of mandibular gland epithelium following the
same procedures in newly emerged virgin queens (Suppl. Table A3.4, line 14) (unpublished).
Similar to the findings presented in Figure 3.5 - A, the newly emerged virgin queens exposed to
50 ng THI during development had a 27% reduction in mandibular gland epithelium area
compared to water-treated control. Considering the similar trends observed in newly emerged
virgins and mated queens, we conclude that the observed changes are due to mandibular gland
hypoplasia (underdevelopment) during pupal development rather than mandibular gland atrophy
occurring post-emergence.
Reduction in size of mandibular and hypopharyngeal glands have been previously reported in
worker bees in association with malnutrition (Corby-Harris et al., 2016), infectious diseases (Koziy
et al., 2019; Wang and Moeller, 1971), and pesticide exposure (Zaluski et al., 2017). The current
study demonstrated that THI exposure during development is associated with reduced mandibular
gland size in newly emerged virgin queens and young mated queens. In workers, pesticide
exposure has been associated with reduction of gland size and decreased brood food production
(Zaluski et al., 2017). In queens, a similar association between mandibular gland size and its
biologic activity has not yet been established. Interestingly, in workers, the mandibular gland
luminal space (reservoir) and the epithelial cell height was reduced in response to pesticide
exposure (Zaluski et al., 2017), whereas in our study the area of mandibular gland epithelium, but
not the lumen, was reduced in response to THI treatment. The reduction of epithelial area, but not
lumen, in queens exposed to THI suggests that secretory function of the mandibular gland is more
likely to be affected than its storage ability. At the same time, we found that peri-mandibular gland
fat body in the 50 ng group was reduced by 12% compared to control (this difference was not
statistically significant [P = .051], but close to the confidence level value of 0.05). The function of
the insect fat body is often compared to that of liver and kidney in mammals, carrying out
metabolic and nutritional functions. Accordingly, the observed 12% reduction of fat body size
around the smaller mandibular glands may suggest 2 pathways of mandibular gland hypoplasia in
response to THI treatment. One pathway is that the reduced size of the mandibular glands may be
directly associated with THI toxicity. Alternatively, the reduced gland size may be a nonspecific
change that reflects decreased nutritional supply and metabolic activity of the peri-mandibular
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gland fat body. It is possible that both pathways may contribute to the observed changes. This
finding warrants further investigation into the effects of neonicotinoids on secretion, concentration
and/or diversity of queen mandibular pheromone using gas chromatography-mass spectrometry or
other techniques (Maisonnasse et al., 2010; Princen et al., 2019). This may help elucidate effects
of neonicotinoids on queen quality, which is considered to be 1 of the 3 most commonly reported
causes of morbidity and mortality of honey bee colonies (van Engelsdorp and Meixner, 2010).
Queen pupal survival was dependent on both the dose of THI and the time the experiment was
conducted. Queen larvae exposed to 50 ng (positive control) in both experiments A (June) and B
(August) had a 31% (11/36) and 46% (11/24) mortality, respectively, compared to 0% mortality
in control (Figures 3.1 - C, D). However, the queens exposed to 5 ng THI (theoretical highest
environmental dose in Saskatchewan, Canada) experienced a significant negative treatment effect
in August, but not in June, with 32% (8/25) and 0% (0/26) mortality, respectively. We hypothesize
that the main factors contributing to this variability include the different genetic lines used in the
2 experiments (Rinkevich et al., 2015) and/or the environmental reduction in forage in August in
our area. The high pupal mortality rate in individuals exposed to 5 ng THI in experiment B is
concerning as it suggests that high environmental doses of THI may have a detrimental effect on
queen production when enhanced by unfavorable environmental or genetic conditions. This
finding is in agreement with Gajger et al (2017) who reported a statistically significant 13% and
10% decrease in survival of individual queen cells exposed to 4.28 ng and 8.5 ng THI, respectively,
compared to control.
The decreased sperm viability and amount of sperm stored in the spermatheca of queens exposed
to neonicotinoids is well documented (Gajger et al., 2017; Sandrock et al., 2014; Williams et al.,
2015). In our study, sperm viability decreased by incremental doses of THI, but only queens
exposed to 50 ng THI (positive control) had statistically significant, lower sperm viability
compared to controls, and total sperm count was not statistically different between treatment
groups. The lack of treatment effect on total sperm count in our study may have been influenced
by a low number of drones near our mating colonies, especially in early summer. We deliberately
did not augment the drone population during queen mating to enhance mating competition. In
addition, the lack of an abundant drone population at mating may have prevented detection of a
treatment effect on total sperm count, which was previously reported to be negatively affected by
neonicotinoid exposure (Forfert et al., 2017). Differences in method of neonicotinoid exposure
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may also account for differences between our results and those of other studies. In our study, the
treatment was pipetted into the royal jelly of individual queen larvae, whereas most other studies
(Sandrock et al., 2014; Williams et al., 2015) exposed entire colonies through sugar syrup or pollen
patty. Therefore, the negative effects of neonicotinoids on sperm viability and/or total count
reported by other studies may be, in part, secondary to the effects of neonicotinoids on queenworker interaction at the colony level, as opposed to a true toxic effect of the neonicotinoid on a
developing honey bee queen.
Differences in method of neonicotinoid exposure may also account for the disparity in effects of
neonicotinoids on queen weight and ovarian development. Gajger et al (2017) reported that queens
exposed to THI during development had decreased body weight. We observed a trend toward
decreased body weights of queens exposed to incremental doses of THI, but the changes were not
statistically significant. Similarly, there are disparities in reported effects of THI on ovaries:
Williams et al (2015) reported that THI, in combination with CLO, increased the number of
ovarioles in exposed queens, whereas Gajger et al (2017) reported decreased ovarian weights in
queens exposed to THI. In our study, there was no difference in ovariole numbers among treatment
groups and histopathological evaluation of ovaries did not reveal unequivocal differences between
treatment groups. In addition, we did not detect any difference in apoptotic rate in the ovarian
germarium by morphometric analysis.
To evaluate THI toxicity in individual developing honey bee queens in this study, we chose to
work with 2 calculated doses based on previous studies (Codling et al., 2016; Dively et al., 2015;
Haydak, 1970): (1) worst theoretical exposure possible in Saskatchewan, Canada (5 ng THI), and
a (2) positive control (10 times the worst calculated dose, 50 ng THI per larva). In this calculation,
we considered only potential transfer of neonicotinoids from contaminated pollen to royal jelly
(the only feed provided to queen larvae) and did not take into consideration the additional potential
exposure of honey bee queen larvae and pupae to THI through contaminated comb wax which has
been shown to contain a wide mixture of pesticides (Mullin et al., 2010). Raising bees in pesticidecontaminated comb was previously shown to delay development and reduce longevity of workers
(Wu et al., 2011), reduce reproductive potential of queens (Walsh et al., 2020), and decrease sperm
viability in drones. The average THI contamination of beeswax reported previously was 38 ng/g
(Wu et al., 2011). Nevertheless, the 5 ng THI treatment dose (the worst calculated exposure dose),
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although theoretically possible in areas with high THI contamination (Saskatchewan, Canada), is
likely an overestimation compared to the world average (Mitchell et al., 2017).
In summary, this study demonstrated progressive hypoplasia of mandibular glands in queens
exposed to incremental doses of THI during development, even though only the high-dose 50 ng
group was significantly different from the control. The functional significance of the
morphological changes observed in mandibular glands in this study was not determined, but if
confirmed by subsequent studies, could explain, at least in part, some aspects of compromised
reproductive fitness and quality of queens exposed to neonicotinoids. Queen survival in response
to the calculated high environmental dose of 5 ng per larva was negatively affected in 1 of the 2
replicate experiments. This difference in treatment response emphasizes the need to consider
genetic and environmental variability in honey bee toxicity studies.
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PREFACE TO CHAPTER 4
Pesticide risk assessment in honey bees focuses on the evaluation of workers bees. At the same
time, there is increasing evidence that all three castes, including the reproductively active drone
and queen castes, can be adversely affected by exposure to pesticides either directly or through
compromised worker care.
In Chapter 3, we demonstrated that neonicotinoid pesticides can have a direct toxic effect on honey
bee queens. A similar study is being performed in drones by Dr. Colby Klein (an MSc student in
our lab). Regardless, the comparative effects of pesticides on all three castes have not been well
characterized.
There has been a substantial number of studies investigating the effects of pesticides on individual
castes; however, due to variations in experimental design, pesticides tested, doses, and honey bee
age under evaluation, it is often difficult to compare the results of these studies and determine
which caste/age is the most susceptible to toxicity. Therefore, in Chapter 4 we investigated the
comparative effects of the same doses of THI on all three castes of four age categories within a
single study to identify a potential “weak link” within the eusocial order of a honey bee colony.
We found that both the age of exposure and the type of honey bee caste exposed determine severity
of THI toxicity. Namely, drones were by far the most susceptible caste to adult THI toxicity
compared to both workers and queens. Queens were most sensitive to larval THI exposure, yet
most resistant to THI exposure post emergence across all adult ages. These findings, in conjunction
with the widely reported contamination of hive products with pesticides, may suggest that
evaluation of the two reproductive castes of honey bees could enhance regulatory pesticide risk
assessment. In addition, caste and age specific toxicity in bees warrants further investigation in
order to characterize the mechanism of the observed differential toxicity.
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4.1

Abstract

The pesticide Tier 1 risk assessment is focused almost exclusively on worker honey bees, whereas
comparative toxicity among honey bee castes has not been extensively investigated. The objective
of this study was to compare effects of comparative thiamethoxam (THI) doses on three different
honey bee castes of four age categories.
Queen, drone, and worker larvae of synchronized age were subjected to individual in-vivo
exposure to incremental doses of THI (0, 5, 50, 100 ng / larva) while caged adult queens, drones
and workers of three age categories (newly emerged, young adults and mature adults) were
subjected individually to 0, 10, 30, 60 ng of THI by contact exposure.
Queens were most sensitive to larval THI exposure as evidenced by over 60% decrease in
emergence rate of queens compared to drones and workers. In adult bees, queens exposed to THI
had higher overall survival than workers in newly emerged and young adult categories. The adult
drones were most sensitive to THI contact exposure in all ages.
THI toxicity in honey bees is highly caste and age specific. If other pesticides have similar
differential effects on honey bee castes, then it may be prudent to consider including other castes
in pesticide risk assessment.
4.2

Introduction

The health and sustainability of honey bees as essential pollinators, is of global concern (Klein et
al., 2007). Increased incidence of infectious and parasitic diseases, changing global and
agricultural environment, and increased use of agrochemicals are considered the main driving
factors behind bee declines (Potts et al., 2010; van Engelsdorp and Meixner, 2010). In particular,
neonicotinoid insecticides have been implicated to have negative effects on honey bee colonies.
Neonicotinoids are systemic insecticides that cause neuronal overstimulation and subsequent death
of the insect by nearly irreversible binding of the nicotinic acetyl choline receptor (Maus and
Nauen, 2011; Tennekes and Sánchez-Bayo, 2013). This class of insecticides are highly effective
against a wide range of insect pests, provide a long-term protection to growing plants, and are safer
to mammals compared to previously used compounds (Simon-Delso et al., 2015). When applied
as seed treatment, neonicotinoids have systemic distribution and can be found in all tissues of the
treated plant, including nectar, pollen and guttation fluid, all of which can be easily harvested and
stored by the honey bees within a hive (Wood and Goulson, 2017) with subsequent potential
negative effects on colony health. Neonicotinoids have been shown to decrease honey bee
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survival, interfere with learning and homing behaviour, decrease honey harvest and impede
reproductive success (Henry et al., 2012; Straub et al., 2016; Tavares et al., 2017; Williams et al.,
2015; Wood et al., 2018). Based on these and other negative effects, some restrictions have been
imposed on certain neonicotinoid use in countries of the European Union (Stokstad, 2018) and
Canada (Canada, 2019).
The vast majority of research evaluating the effect of neonicotinoids on honey bees has been
conducted on the honey bee workers, and much less on the honey bee reproductive castes, the
drones and queens. This is not surprising, since the honey bee workers are the most abundant in
the colony and are at the greatest risk of being exposed to environmental contamination during
foraging. Nevertheless, all three castes can be exposed to neonicotinoids during their lifespan
through contaminated hive matrices including honey, bee bread, wax, and royal jelly (Blacquière
et al., 2012; Dively et al., 2015). Given the high inter-caste variability in their morphology,
physiology, ploidy, and energy demand (e.g. reproduction vs foraging) it is possible that bees of
different castes may respond differently to the same toxic stimulus.
Although comparative effects of neonicotinoids on all three castes at various life stages have not
been well characterized, some studies clearly indicate caste-specific differences in bees in response
to toxic insecticide and acaricide stimuli. For example, Friedli et al. (2020) showed that honey bee
drones raised in colonies supplemented with pollen contaminated with a combination of commonly
used neonicotinoids thiamethoxam (THI) and CLO are more susceptible to developing wing
abnormalities compared to workers (Friedli et al., 2020). Similar studies evaluating honey bee
queens raised in colonies supplemented with neonicotinoid contaminated pollen also show that
neonicotinoids can interfere with queen development and reproductive fitness (Forfert et al., 2017;
Williams et al., 2015), however the reported queen toxicity was not compared to workers. Earlier
studies investigating caste-specific toxicities suggest that queens may sometimes be more resilient
to toxic stimulus compared to workers. Specifically, Graves and Mackensen, (1965), found that
queen LD50 for organophosphate DDT was over six times higher than that of the worker bees
(Graves and Mackensen, 1965). Similarly, Dahlgren et al. (2012) found that queens were 11 times
and 54 times more resistant to acaricides coumaphos and fenpyroximate, respectively, compared
to workers (Dahlgren et al., 2012). At the same time, both these studies found amitraz to have
similar toxicity in queens and workers. Interestingly, a survival pattern of bumblebees in response
to oral CLO exposures, suggests that queens may be most resilient and drones most sensitive to
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neonicotinoid exposure in this species, as reported by Mobley and Gegear (2018). The authors
further suggested that a sex-specific expression of detoxification genes may partially explain the
difference in caste survival (Mobley and Gegear, 2018). These studies indicate that physiologic
differences between castes may determine a caste-specific response to xenobiotics. Furthermore,
physiologic differences that determine age-specific activity in bees have also been implicated in
changing bee’s response to toxic stimuli. Specifically, Zhu et al. (2020) report that worker bee
susceptibility to insecticide toxicity, including neonicotinoid IMD, increased by 21% and by 54%
in 21 day old and 42 day old worker bees compared to bee exposed at 7 days of age (Zhu et al.,
2020). The labor division of reproductively active honey bee castes differs from that of the worker
bees; accordingly, the drone and queen exposure and response to toxic stimuli may follow a
different age-specific pattern compared to workers. Understanding this age and caste specific toxic
response may be useful in understanding how a toxic stimulus can undermine the health of the
entire colony and help bridge the gaps between individual and colony level studies.
Thus, determining the most vulnerable honey bee population (caste and age) should be essential
for accurate prediction of a given toxicant’s effect on honey bees as a superorganism, similar as
determining the target organ in toxicological risk assessment is critical for accurate toxicity
evaluation in mammalian species (Kacew and Lee, 2012).
The objective of this study was to compare the effect of thiamethoxam (THI), a commonly used
neonicotinoid, on all honey bee castes (worker vs drone vs queen) at different age (larvae, newly
emerged, young adult, and mature adult). This study did not focus on evaluating a dose effect of
THI on exposed individuals of exactly the same age, as differing biology of the three honey bee
castes results in different modes and doses of exposure to environmental toxicants. Instead, taking
in consideration differences in caste longevity, we aimed to investigate if comparable exposure to
incremental doses of THI across honey bee castes of similar physiologic ages will induce a
comparable response. Doses were chosen arbitrarily and ranged from below to above established
worker LD50 in order to enable a caste and age specific comparison rather than represent an
environmentally relevant risk of exposure. Survival of exposed individuals was compared across
the three castes and age categories.
4.3

Materials and Methods

All research experiments were conducted at the University of Saskatchewan research apiary
(52.127319, -106.609823), Saskatoon, SK, Canada. The laboratory experiments were conducted
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at the Honey Bee Health Laboratory, Western College of Veterinary Medicine, University of
Saskatchewan, Canada. The larval toxicity studies were conducted during the summer of 2018.
The adult contact toxicity studies were conducted during the summer 2019. All animal
manipulations and experimental procedures were performed according to the Saskatchewan
Apiaries Act (Canada, 2005).
4.3.1 Larval toxicity study
4.3.1.1 Experimental animals
One experimental colony was established to produce synchronised aged honey bee worker, drone,
and queen larvae in July 2018. The colony was housed in a standard Langstroth 2- brood chamber
hive. This hive was equipped with a three-frame queen cage in the bottom box.
To acquire larvae of the same age, the experimental worker and drone frames with drawn out wax
were placed one by one into the queen cage with the queen for 24 hours each. Once the queen laid
eggs, the experimental frames were removed into the top brood chamber for further development.
Similarly, to produce queen larvae, a worker frame with drawn out wax comb was placed in a
queen cage for 24 hours. On day 3 post oviposition the queen was removed from the experimental
colony with a frame of honey, a frame of capped brood, and the above-described frame now
containing 3-day old eggs – all with bees on the frame – and transferred into a nucleus colony.
This was done to establish a queen-less condition in the experimental colony to stimulate
acceptance of grafted queen cups. The next day, newly hatched larvae from the previously caged
and removed frame were grafted into JZ BZ queen cups and placed into the top brood chamber of
the experimental colony. The original queen was moved back to the experimental colony one day
after grafting (once grafted queen cells were accepted) and released in the bottom brood chamber
separated by a queen excluder from the queen cells in the top brood chamber. The total number of
treated larvae of all castes and the dates of treatment are provided in Table 4.1.
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Table 4.1 Timeline and number of larvae treated for each cast and experimental group
Doses (ng THI per larva)
Caste

Time of treatment

H2O

5

50

100

Queen

2018 July 29

19

19

18

18

Worker

2018 July 24

99

101

111

104

Drone

2018 July 23

98

95

92

104

4.3.1.1 Experimental interventions and measured parameters
The larvae of all honey bee castes were subjected to THI treatment one day prior to capping
following a treatment procedure adopted from Yang et al., 2012 (Yang et al., 2012b). In short,
worker and drone frames 7 and 10 days post oviposition, respectively, were removed from the
colony. The brood area on each frame was divided into 4 quadrants by removing 4-5 rows of wax
brood cells around each quadrant with a utility knife. Individual larvae in each quadrant received
4 μl of distilled water containing incremental doses of THI (0, 5, 50, 100 ng in 4 μl of water)
directly pipetted onto the bottom of the cell. Similarly, the queen cells on the grafting frame were
divided into four treatment groups and exposed to the same THI incremental doses at day 7 post
oviposition.
The frames were placed back into the colonies right after treatment for further development. The
capping rate was recorded for each frame two days after treatment. The cells were considered as
“capped” when the cell containing treated larva was sealed with a smooth, non-perforated layer of
wax.
The treatment quadrants on the drone and worker frames were individually covered by a 1.2 mm
wire mesh cage after the cells were capped to prevent drone and worker cannibalism by the worker
bees.
All frames were moved into the laboratory incubator two days prior expected emergence date.
Emergence was monitored for 7 days after onset of emergence. The number of capped un-emerged
cells remaining in the treatment quadrants after day 7 was recorded.
4.3.1.2 Treatment doses
Each experimental larva of all three castes were exposed to 4 μl of water containing 0 ng, 5 ng, 50
ng, or 100 ng THI.
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The 5 ng dose group was chosen based on the reported acute oral LD50 of THI to adult worker
bees (EFSA, 2013) and reflects the highest hypothetical exposure to THI by developing queens
(Kozii et al., 2021a). The incremental doses were chosen arbitrarily to allow the dose response
comparison between castes. This was done to enable a caste and age specific comparison and they
do not represent an environmentally relevant risk of exposure for different castes.
4.3.2 Adult contact toxicity study
4.3.2.1 Experimental animals
Definition of age. The life cycle and longevity vary tremendously among castes; accordingly, the
three age categories selected for this study were based on physiologic and life cycle parameters
rather than based on days post emergence (Table 4.2).

Table 4.2 Definition of age categories for each caste
Honey bee castes
Age category

Worker

Drone

Queen

Newly emerged*

24 h post emergence

24 h post emergence

24 h post emergence

Young adult*

14 d post emergence

15 d post emergence

21 d post emergence

(store nectar and

(just reached sexual

(after mating)

pollen)

maturity)

Foragers with pollen

Drones at the end of

(collected at the hive

season (Sept. in SK)

Mature adult**

2-year-old

entrance)
* Raised from eggs from the same queen
** Various genetic lines

Honey bees of three age categories were subjected to contact THI exposure. The age categories
included i) newly emerged bees, ii) young adult bees, and iii) mature adult bees (Table 1.2). The
newly emerged and young adult bees all originated from a single queen and were all raised in a
single experimental colony housed in a 2-brood chamber standard Langstroth hive. The queen was
caged to produce synchronised worker and drone brood. The frames were moved to the laboratory
incubator for emergence. Newly emerged individuals were either placed in cages for immediate
contact exposure, or paint marked on the thorax and returned back to the colony for maturation.
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For experimental manipulation the worker and queen bees were caged in small (7.5x4x5.5cm) and
the drones in big (8.5x5x9cm) stainless steel insect cages (Small Life Supplies, Cambridgeshire,
Great Britain). All cages were housed in an incubator at 33C and 60% relative humidity. All cages
were provided with 50% sucrose solution and a 1:4 pollen:syrup paste ad libitum.
4.3.2.2 Worker bees
To acquire newly emerged worker bees, a worker frame with drawn out wax comb was place in
the queen cage for 24 hours. The worker frame with synchronized worker eggs was then placed
into the top brood chamber and subsequently moved into the laboratory incubator 2 days prior
emergence. The experimental worker brood frame was evaluated twice daily for onset of
emergence. Newly emerged bees were placed in insect cages within 24 hours post emergence.
To acquire young adult workers (14-day old), the newly emerged bees in the incubator were paint
marked on the dorsal thorax and returned back to the hive for 14 days. At day 14 the paint-marked
bees were collected from the experimental colonies into the small insect cages in cohorts of 10
bees per cage and transferred to the lab incubator. The bees were provided with the same diet as
state above and remained in the incubator for 1 hour for acclimatisation prior to initiation of
treatment.
The mature adult workers were defined as forager bees returning to the colony with pollen. To
collect the foragers, the colony entrance was closed with a fine wire mesh. The bees that visibly
had corbiculae full of pollen were collected into the small insect cages in cohorts of 9-11 bees/cage
and subjected to the same experimental procedure as newly emerged and young adult workers.
4.3.2.3 Drone bees
The drones of all age categories were housed in the large insect cages together with worker bees
in a 1:2 drone to worker ratio. The workers originated from the same colony as drones and were
not subjected to THI treatment.
To acquire newly emerged drones a drone frame with drawn out wax comb was placed in the queen
cage for 24 hours. The drone frame with synchronized eggs was then placed into the top brood
chamber and subsequently moved into the laboratory incubator 2 days prior emergence.
Additionally, a frame of emerging worker brood from the same colony was also moved to an
incubator at the same time. The newly emerged worker bees were collected into the large cages in
cohorts of 20 bees/cage two days prior to drone emergence. The newly emerged drones were
placed into the cages with 48-hour old workers, within 24 hours of emergence.
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To acquire young adult drones, the newly emerged drones in the incubator were paint marked and
returned back to the bottom brood chamber of the experimental colony for 15 days for maturation.
The bottom brood chamber was separated from both the entrance and the top brood chamber with
individual metal queen excluders to prevent drones leaving the colonies. At 15 days post
emergence the drones were collected into the large insect cages in cohorts of 10 drones per cage.
Additionally, each cage received twice as many worker nurse bees collected from open/uncapped
brood frames of the same colony.
To acquire mature adult drones, the drones were collected from a colony at the same apiary in late
September. Very little to no drone brood was detected in colonies during late August and early
September. Accordingly, we assumed that the majority of drones collected in late September were
older than 1 month. Each cage with 10 mature drones was provided with 20 worker bees collected
from brood frames of the same colony.
4.3.2.4 Queen bees
The newly emerged and young adult queens were raised from 24-hour larvae of the same genetic
line as workers and drones. The queens were raised in a queen right grafting colony following
previously described procedure (Kozii et al., 2021a).
To acquire newly emerged queen bees, the grafting frames with 14-day old queen cells and an
emerging frame of worker brood were moved to an incubator. The newly emerged worker bees
were immediately placed into small cages in cohorts of 10 bees per cage. Each cage then also
received one queen cell. The onset of queen emergence was monitored twice daily. After
emergence, newly emerged queens were subjected to toxicity trials.
Young adult queens were defined as newly mated queens, 21 days post emergence. To acquire
young adult mated queens, the queens were raised as described above and individually placed into
mating nuclei on the 14th day of development. The mating nuclei were composed of a standard
Langstroth box separated into 3 sealed compartments with a single entrance each. Every nucleus
was provided with a frame of mixed honey and pollen, and a frame of brood each with bees, as
well as an empty foundation frame. The nucleus colonies were examined 14 and 21 days post
queen emergence for the presence of young worker brood on frames confirming successful mating.
21 days post emergence, the young mated queens producing worker brood were collected into
small cages together with 10 worker bees from the same nucleus and subjected to the same
experimental tests as newly emerged queens
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To acquire mature adult queen bees we collected all queens raised and mated at the research apiary
in 2017 that were paint marked after mating. Similar to young adult bees, each queen was collected
with a cohort of 10 attendant worker bees from their own colony, transferred to incubator and
subjected to the same experimental tests as newly emerged and young adult queens.
4.3.3 Experimental interventions and measured parameters
All caged bees were removed from the incubator one hour after caging. The cages were randomly
assigned to one of the four contact toxicity treatment groups exposed to 1 μl acetone containing 0
ng, 10 ng, 30 ng, and 60 ng THI. The caged bees were anesthetised with CO2 for 20 seconds at 50
cubic feet per hour (CFH). Immediately after anesthesia, individual bees received 1 μl of treatment
solution on the dorsal aspect of the thorax. The worker bees in the cages with drones and queens
were subjected to anesthesia only, but not to the contact THI treatment. Recovery from anesthesia
was recorded 1 hour after treatment at which time all cages were returned back to the incubator.
The mortality of the experimental bees exposed to contact toxicity as well as attendant worker bees
in the queen and drone cages (not exposed to contact toxicity) were recorded at 4, 24, 48, 72, and
96 hours post treatment. The dead bees were removed from the cages at observation times. The
total number of treated bees and the dates of treatment are provided in Table 4.3.
4.3.4 Treatment doses
The treatment doses for this contact exposure included 0 ng (negative control), 10 ng, 30 ng, and
60 ng THI dissolved in acetone. The 30 ng/μl THI concentration reflects previously reported
contact LD50 of THI for honey bee workers (Iwasa et al., 2004). The remaining concentrations
were chosen arbitrarily to comparatively test incremental dose responses in all castes.
4.4

Statistical analysis

All statistical analysis were performed using SPSS 23 (SPSS, Inc, an IBM Company, Chicago,
IL), and graphs were created using Prism 6 (GraphPad Software, La Jolla, CA).
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Table 4.3 Timeline and number of emerged bees treated for each caste and experimental
group
Dose (ng THI per 1 l acetone)
Caste

Time of treatment

0 ng

10 ng

30 ng

60 ng

Queen

2019 Jun 24

16

17

16

17

Worker

2019 Jun 18

40

40

40

40

Drone

2019 Jun 21

40

40

40

40

Queen

2019 Jul 26

9

9

9

10

Worker

2019 Jul 29

40

30

30

34

Drone

2019 Jul 23

50

41

40

40

Queen

2019 Jul 10

8

8

8

7

Worker

2019 Jul 29

71

60

60

58

Drone

2019 Sep 29

50

50

50

50

Newly emerged

Young adult

Mature Adult

4.4.1 Larval toxicity study: capping and emergence success
Two, 3 x 4 x 2 contingency tables were used to determine if the binary outcome (yes/no) of capping
success (analysis 1) and emergence success (analysis 2) was affected by an interaction between
dose (4 doses) and caste (3 castes). Further χ2 tests at each dose level were performed to compare
the success rates across castes, as well as tests on each caste to compare the success rate across
doses. Due to the repeated use of samples in different analyses (for the interaction, for the caste
effect and for the dose effect), our α level was corrected to decrease the chances of type I error (α’
= α / 3 = 0.017).
4.4.2 Adult contact toxicity study
Exploring factor interaction. Adult bees were exposed to incremental doses of THI to ensure a
dose-dependent response could be observed to confirm legitimacy of the experimental model;
however, it was not the objective of this paper to characterize dose specific THI toxicity.
Therefore, to explore the interaction between age and caste, four 3 x 3 x 2 contingency tables were
used to determine if the binary outcome (live/dead) in bees was affected by an interaction between
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the age of bees (3 ages) and the type of caste (3 castes) for each of the 4 treatment doses of THI at
the 96 hours of post exposure.
Exploring single factor effects. Next, to explain the observed interaction, three Kaplan-Maier
analysis were run to evaluate the effect of (1) castes, and (2) age groups at each dose level, as well
as the effect of (3) doses for each caste, on bee survival over the first 96 hours post treatment.
Accordingly, our α level was corrected to decrease the chances of type I error (α’ = α / 4 = 0.0125)
to account for evaluating the caste*age interaction, and the three Kaplan-Maier analyses. Further,
when evaluating between caste (worker vs drone, worker vs queen, drone vs queen), between age
(new vs young, new vs mature, young vs mature), and between dose (0 ng vs 10 ng, 0 ng vs 30 ng,
0 ng vs 60 ng) effects, the α’ level was corrected again to reflect the three additional comparisons
at each level (α’’ = 0.0125 / 3 = 0.0042).
4.5

Results

4.5.1 Larval toxicity study
4.5.1.1 Capping success
The 3-way contingency table revealed a significant interaction between dose and caste
(χ217=16043.1, p<0.001), indicating that the effect of THI on capping rate was dose- and castespecific.
Effect of castes at each dose: Subsequent χ2 analyses revealed that, for controls, the capping rate
was similar across all castes (χ22=3.7, p=0.16). A similar result was obtained for the larvae exposed
to 5 ng THI (χ22=1.1, p=0.57). However, exposure to 50 ng and 100 ng THI had different effects
on capping rates among castes (50 ng: χ22=118.4, p<0.001; 100 ng: χ22=172.9, p=0.001). For both
those concentrations, queens had the lowest capping rate compared to workers and drones (50 ng:
queen vs worker, χ21=66.6, p<0.001; queen vs drone χ21=62.5, p<0.001; 100 ng: queen vs worker,
χ21=91.4, p=0.001; queen vs drone χ21=98.8, p=0.001) (Figure 4.1). A complete summary of bee
survival (%) from all experiments is provided in Supplemental Table A4.1.
Effect of doses on each caste: The overall capping rate was significantly reduced in response to
THI treatment in queens (χ23=44.3, p<0.001), but we failed to find a significant effect of THI on
drones (χ23=9.0, p=0.03) or workers (χ23=1.0, p=0.8, Figure 4.1). Specifically, queens had a 38.9%
and an 83.3% reduction in capping in the 50 ng and 100 ng groups, respectively, compared to
control (control vs 50 ng: χ21=16.5, p<0.001; control vs 100 ng: χ21=26.6, p<0.001).
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4.5.1.2 Emergence success
The 3-way contingency table revealed a significant interaction between dose and caste
(χ217=5436.8, p<0.001), indicating that the effect of THI on emergence rate was dose- and castespecific.
Effect of castes at each dose: Subsequent χ2 analyses revealed that the emergence rate was
different between castes for all four doses (control: χ22=18.1; 5 ng: χ22=16.9; 50 ng: χ22=69.8; 100
ng: χ22=55.0; p<0.001 for all). In the control and the 5 ng THI group, drone emergence was 17.4%
and 19.1% lower than worker emergence, respectively, (control: drone vs worker, χ21=17.0,
p<0.001; drone vs queen: χ21=2.0, p=0.2; 5 ng THI, drone vs worker χ21=16.7, p<0.001; drone vs
queen: χ21=1.3, p=0.3), therefore, comparison of the castes to each other at different doses should
be interpreted with caution. Nevertheless, in the 50 ng THI group the queens had the lowest
emergence rate, followed by drones, then workers (worker vs drone χ21=6.7, p=0.01; worker vs
queen χ21=68.9, p<0.001; drone vs queen χ21=32.1, p<0.001, for all). In the 100 ng THI group
queen emergence rate was 67.9% and 72.7% lower than workers and drones respectively (worker
vs queen χ21=37.4, p<0.001; drone vs queen χ21=48.4, p<0.001 for both) (Figure 4.2).
Effect of doses on each caste: The overall emergence rate was affected by THI treatment in
workers (χ23=26.1, p<0.001) and queens (χ23=37.7, p<0.001) but not drones (χ23=6.5, p=0.09).
(Figure 4.2). Specifically, worker emergence rate was reduced in response to 100 ng THI treatment
compared to water control (χ21=13.7, p<0.001). The queen emergence rate was reduced in both the
50 ng (χ21=17.6, p<0.001) and the 100 ng THI groups (χ21=23.0, p<0.001) compared to control.
4.5.2Adult contact toxicity study
Exploring factor interaction. A significant interaction between caste and age was observed in
bees exposed to all four THI treatments (0 ng: χ212=3701.0; 10 ng: χ212=4651.9; 30 ng
χ212=11397.5; 60 ng χ212= 12773.19; p<0.001 for all), indicating that the effect of THI on bee
survival at 96 hours post contact exposure, was caste and age specific (Figures 4.3 and 4.4), thus,
suggesting adult bee survival in response to contact THI exposure is both age and caste dependent.
4.5.2.1 Exploring the effect of caste.
The following Kaplan-Maier analysis revealed that caste was a significant determining factor for
bee survival for mature bees in the control group, all ages of bees in the 10 ng and 30 ng treated
groups, and for the newly emerged and young bees in the 60 ng THI treated group (Figure 4.3).
The Chi-square statistics and corresponding p-values are indicated in Supplemental Table A4.2
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Overall, queens were the most frequent caste to have the highest survival; specifically, queens had
the highest survival among the newly emerged bees in the 10 ng THI group, and young bees in the
30 ng and 60 ng THI group (Figure 4.3). The worker survival was most similar to queens; these
two castes had similarly higher survival compared to drones among the newly emerged bees in the
30 ng group, young bees in the 10 ng group and mature bees in the 10 ng and 30 ng THI groups
4.5.2.2Exploring the effect of age.
The second Kaplan-Maier analysis revealed that age had a significant effect on bee survival for
drones in the 0 ng THI group, all castes in the 10 ng THI group, drones, and queens in the 30 ng
THI group and for drones in the 60 ng THI group (Figure 4.4). The specific Chi-square statistics
and corresponding p-values are indicated in Supplemental Table A4.3.
Overall, for drones, the newly emerged individuals had a slightly better survival compared to
young and mature bees. Unlike drones, for workers (in the 10 ng THI group) and queens (in the
30 ng THI group) it was the young adult bees that had the highest survival compared to the newly
emerged and mature bees (Figure 4.4).
4.5.2.3Exploring the effect of treatment dose.
The third Kaplan-Maier analysis confirmed that a dose-specific response of bee survival was
observed for all castes at all ages, excluding a single category of young adult queens where only a
weak trend of a dose effect was observed (χ22=0.02) (Figure 4.5). The specific Chi-square statistics
and corresponding p-values are indicated in Supplemental Table A4.4.
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Figure 4.5 Survival of bees exposed to contact THI treatment (differently colored lines) of
different castes (columns) in different age categories (rows) over the first 96 hours. The letters
indicate groups statistically different from control (p≤0.0042) N-numbers are stated in Table 4.3.

4.6

Discussion

The results of this study indicate that the severity of THI toxicity is determined by both, the age at
which bees are exposed and the type of honey bee caste in question. Specifically, we found queens
to be most sensitive to larval THI exposure, yet most resistant to THI exposure post emergence
across all adult ages. Adult drones, on the other hand, were found to be most sensitive to contact
THI exposure out of all adult castes.
4.6.1 Larval toxicity study
When all honey bee castes were exposed to the same doses of THI as late larvae, we found queens
to be overall most sensitive. This is evidenced by the observed decrease in queen cell capping and
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emergence rates when compared to workers and drones exposed to the same treatment doses
(Figure 4.1 and 4.2).
The most striking differentiation between castes was observed when bees were exposed to 50 ng
THI. The worker, drone and queen emergence rate in this group was 97.3%, 88.0%, and 27.8%
respectively; all of these groups were statistically different from each other. It is important to
mention, however, that the drone emergence rate was reduced even in the control group (81.6%)
with overall variation between 77.9%-89.4% among all treatment groups; accordingly, this
compromised our analysis and no significant effects on emergence were observed among drones
exposed to different doses. Taken together, this data shows that queens are clearly most sensitive
to early THI exposure, however, a direct comparison of drones and workers may have been
hindered by the overall slightly lower emergence success rate in drones in response to experimental
manipulation. Drone rearing is highly energetically costly to the colony (Hrassnigg and
Crailsheim, 2005) and greatly dependent on environmental factors (Boes, 2010; Lee and Winston,
1987; Stürup et al., 2013). Therefore, we suggest that the timing of in-vivo (in-hive) drone studies
should closely coincide with the peak of drone rearing season to ensure optimal environmental
conditions

for

drone

development,

while

eliminating

any

additional

stressors

(swarming/temperature/food resources/other). The significant decrease of drone emergence
compared to workers in the control group may in part reflect an overall higher sensitivity of drone
larvae to noxious stimuli.
The high tolerance of worker larvae to THI exposure in our study is in agreement with previous
reports (Friol et al., 2017; Overmyer et al., 2018; Tavares et al., 2015; Wood et al., 2020; Yang et
al., 2012b). Resilience of worker larvae in response to neonicotinoid exposure may reflect reduced
larval expression of nicotinic acetylcholine receptor (nAChR) subunits(Thany et al., 2003) or
sequestration of neonicotinoids within the larval fat body, therefore delaying their deleterious
effects until fat tissue metabolism in later development (Tadei et al., 2019; Yuzheng et al., 2017).
In our study, queens were much more susceptible to negative effects from larval exposure to THI.
Previously, we observed a similar decrease in survival of queens exposed to 50 ng THI during
development (Kozii et al., 2021a). The mechanism of this increased susceptibility of queen larvae
to THI is not known. Importantly, the significant reduction of queen survival in response to THI
treatment was only evident in the groups exposed to 50 ng THI or more, which is a dose at least
ten times greater than highest calculated theoretical environmental contamination. Nevertheless,
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this finding indicates that queen larval survival in response to neonicotinoid treatment may be a
sensitive parameter for use in ecotoxicologic risk assessment for honey bee brood.
4.6.2 Adult contact toxicity study
THI contact toxicity is highly dependent on the honey bee caste/phenotype. Our comparative caste
toxicity study suggests that the queens are most resilient to contact THI exposure, whereas drones
are most sensitive. The effect of THI exposure on adult honey bees in our study was evaluated at
three distinct life points. Considering the physiologic differences between castes, the age
categories were split by assumed physiologic aging rather than days post emergence (see Materials
and Methods Section).
The workers and queens were most similar in their treatment response at mature adult stages. This
is in agreement with previously published work suggesting similar immune response to a bacterial
stimulus between the two female castes (Gätschenberger et al., 2013). However, in our study, the
newly emerged queens and the young adult queens were better at withstanding THI exposure
compared to workers, thus suggesting queens are more resistant to toxic stimulus. Based on the
honey bee life cycle, it is interesting to note that the newly emerged honey bee queens leave the
colony for the mating flights much earlier than the worker bees start on their foraging duties. This
need to leave the colony earlier may be one of the factors contributing to queens developing a
mechanism to withstand toxic stimuli early in life. Nevertheless, it is not clear if the observed
difference between queens and workers is associated to any extent with the higher resilience to a
toxic stimulus observed in the queen at a younger age.
Drone survival was consistently the lowest across all treatment groups. The degree of THI toxicity
on drones may have been exacerbated by the added stress of laboratory conditions (Oertel et al.,
1953; Retschnig et al., 2014). At the same time, the high drone survival in control groups indicates
that the increased drone sensitivity is a true change in response to THI treatment. Nevertheless,
drone survival in response to contact THI exposure should be interpreted with caution in light of
their increased overall mortality in laboratory studies (Retschnig et al., 2014). The comparatively
lower survival of drones in response to THI treatment supports the haploid susceptibility theory
that predicts males in haplodiploid species have reduced disease resistance (O’Donnell and
Beshers, 2004).
THI toxicity is highly dependent on the age of exposure. Our studies also demonstrate that the age
is an important factor in determining the toxic effect of THI on honey bees.
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Queens were most resilient to contact THI at young adult life stage (right after mating), followed
by the newly emerged, then mature life stages. The workers were shown to be highly sensitive to
contact THI at emergence, most resistant as young adults, and appeared to acquire higher
sensitivity to THI as they aged to mature adults. Conversely, it is the newly emerged drones that
had slightly higher resistance than young and mature adults. However, most drone mortality
occurred by 24 hours post exposure, especially in the higher treatment groups.
The overall increased sensitivity of all castes to THI exposure in older age is in part consistent
with previous work describing increased sensitivity to insecticides in aged workers (Rinkevich et
al., 2015; Zhu et al., 2020). Zhu et al. (2020) additionally report a gradual increase of P450 activity
and decrease of total soluble proteins in aging workers, suggesting these physiologic changes may
partially determine the difference in insecticide susceptibility between bees of different ages (Zhu
et al., 2020). Interestingly, age has also been reported as a key factor determining
immunocompetence in bees. For example, Schmidt et al (2008) report that all three castes undergo
loss of total hemocyte count as they age (Schmid et al., 2008), supporting the notion that immune
functions may be de-prioritized in aging bees (Zuk and Stoehr, 2002). At the same time, Schmidt
et al. (2008) also show that the activity of phenoloxidase, an enzyme involved in cellular immunity,
depends both on the age and caste, increasing with age in queens, decreasing in drones and staying
at the same level in workers after the first week of life, hinting at a caste-specific immunotolerance
in bees (Schmid et al., 2008). Perhaps, the observed caste and age specific toxicity in our study
may in part also reflect the varying investment in detoxification strategy as bees age. This,
however, would need to be further investigated in future work. Alternatively, the higher
susceptibility of aged individuals to THI may reflect the nearly irreversible nature of neonicotinoid
exposure (Tennekes, 2011), leading to cumulative effects. Namely, those bees that were allowed
to mature in a natural environment (workers for a few weeks, drones for a couple months and
queens for two years) could be exposed to cumulative, minute neonicotinoid residues in the
environment, or the hive products, thus lowering the threshold of survival after experimental
contact exposure to THI. This may be especially relevant for survival of two-year old mature
queens when compared to the newly emerged and newly mated individuals.
4.7

Conclusion

The results of this study highlight that the THI toxicity in honey bees is highly caste and age
specific. The biology, physiology and life cycle of the honey bee castes are very different and
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change substantially over time with increasing age. Accordingly, risk, duration and concentration
of potential toxin exposure is also highly variable among castes. The objective of this study was
to focus on comparative THI toxicity using the same doses in all castes and ages regardless of
natural risk of potential exposure. Understandably, these differences put individuals from different
castes at different ages under a higher or lower hazard from external toxicants. Nevertheless, it is
important to understand which phenotype (caste and age) of the honey bees within the colony is a
potential the “weakest” link. Our findings suggest the queens are most sensitive to THI exposure
only during larval development, but are also most resilient as adults. The detected increasing
susceptibility of aging honey bee queens to THI supports and highlights the effectiveness of more
frequent queen replacement strategies.
The wide contamination of the hive products with agrochemicals and bee protection products
increases potential of exposure to these chemicals within the colony by all honey bee castes.
Accordingly, it may be beneficial to consider including representatives from all castes of different
age categories in future toxicological screening tests.
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PREFACE TO CHAPTER 5
There is mounting evidence that neonicotinoids can adversely affect members of all three castes
within a colony. In Chapter 4, we demonstrated that neonicotinoid toxicity in honey bees is both
caste and age specific; however, the underlying mechanism of this differential toxicity has not
been investigated. Accordingly, the main goal of Chapter 5 was to characterize the activity of
select detoxification enzymes in honey bee workers, drones, and queens exposed to incremental
doses of THI as individual larvae in hive and/or at emergence. Here, genetically related bees of
the three castes were exposed to 0 ng or 25 ng THI as larvae; then, the treated individuals surviving
to emergence were captured and subjected to an additional exposure of 0 ng, 7.5 ng or 15 ng THI
by contact. Enzymatic activity of esterase, glutathione-S transferase (GST), acetylcholine esterase
(AChEst) and superoxide dismutase (SOD) was measured in newly emerged bees after larval
treatment and in 48-hour old bees after larval and/or adult THI treatment.
Although we did not detect a significant effect of THI on enzyme activity, we did find that enzyme
activity was significantly different between honey bee castes regardless of bee age. Activity of
esterase, GST, and SOD was consistently highest in newly emerged and 48-hour old worker bees.
Activity of esterase and GST in newly emerged and 48-hour queens, as well as AChEst in newly
emerged and SOD in 48-hour old queens, was lowest. Drone enzyme activity was variably
comparable to that of workers or queens. We also determined that exposure of workers and drones
to 25 ng THI as larvae predisposes them to higher mortality in response to subsequent topical
application of THI after emergence. These findings did not reveal a clear mechanism of differential
THI toxicity between honey bee castes, nor correlation between enzyme activity and survival.
However, the differences in enzyme activity between castes not treated with THI indicate that the
three castes have a substantially different capacity for detoxification using the enzymes
investigated in this study. Accordingly, bee castes may have different detoxification strategies that
do not involve these detoxification enzymes, or the level of toxicity threshold may vary between
bees of different castes. Further studies are needed to better understand the underlying mechanism
of this caste specific toxicity.
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5.1

Abstract

Pesticide risk assessment in bees is focused on worker bees, potentially overlooking adverse
effects in queens and drones. Previously, we found that neonicotinoid toxicity is highly caste and
age-specific. In particular, queens are most sensitive after developmental neonicotinoid exposure,
and most resistant after adult exposure. To explore the underlying mechanism of the caste-specific
toxicity, this study focused on evaluating specific enzyme activity in honey bee workers, drones,
and queens after exposure to thiamethoxam (THI) as larvae and/or at emergence. Cohorts of
genetically related workers, drones, and queens were individually exposed to 0 or 25 ng THI as
larvae within a hive; next, the surviving emerged individuals were caged and further exposed by
topical application to 0, 7.5, or 15 ng THI. Survival was monitored in topically exposed individuals
for 48 hours. Enzyme activity of esterase, glutathione-S transferase (GST), acetylcholine esterase
(AChEst) and superoxide dismutase (SOD) were measured in newly emerged bees and 48-hour
old bees after the topical THI application.
Enzyme activity differed significantly between honey bee castes regardless of bee age or THI
treatment. Esterase, GST, and SOD were most active in newly emerged and 48-hour-old worker
bees. All queens had the lowest activity of esterase and GST, while AChEst and SOD activities
were lowest in newly emerged and 48-hour-old queens, respectively. The topical application of
THI did not affect enzyme activity. We also found that exposure of workers and drones to 25 ng
THI as larvae predisposes them to higher mortality after topical application of THI at emergence.
This comparative study clearly demonstrates differences in detoxification enzyme activities among
different castes of the same genetic line under the same experimental conditions; however, these
enzymatic differences do not correlate with the survival of adult bees after they were exposed to
THI as larvae and/or newly emerged imagos.
5.2

Introduction

Honey bees are considered the single most important species used for pollination services
worldwide (Klein et al., 2007). It is estimated that up to $577 billion USD of global food
production relies on the services provided by honey bees annually (Bayer, 2019). Therefore, it is
not surprising that the recent decline in honey bee health has spiked tremendous public concern
and scientific interest.
Insecticide toxicities in bees, among other things, have been heavily investigated in light of
increased bee mortality worldwide. The neonicotinoid insecticides, whose introduction coincided
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with the reports of decreasing bee health, have been of particular interest to the research
community, environmentalists, and agrochemical and beekeeping industry stakeholders.
Neonicotinoid insecticides have a high affinity for the insect nicotinic acetylcholine receptors,
where they cause nearly irreversible stimulation with subsequent death. Thiamethoxam (THI) is a
widely used second-generation neonicotinoid (Maienfisch et al., 2001; Simon-Delso et al., 2015).
However, considering the recent assessment of the environmental risks that THI may have towards
aquatic and terrestrial non-target species, its use has been under scrutiny and re-evaluation
(Canada, 2019; Stokstad, 2018).
Pollinator risk assessment and most studies investigating neonicotinoid toxicity in bees focus on
worker bees (Fischer and Moriarty, 2014). THI in particular has been shown to decrease worker
bee life span and foraging success (Henry et al., 2012), increase susceptibility to infections
(Tesovnik et al., 2020, 2017), and increase mortality during development (Tavares et al., 2017).
Fewer studies have investigated the effect of THI on the honey bee reproductive castes – the queens
and drones. Importantly, Blacquiere et al. (2012) found that all hive matrices, including honey,
pollen, and nectar, can contain residual traces of neonicotinoids (Blacquière et al., 2012), thus
providing a route of exposure for all bees within a hive, including adults as well as developing
larvae and pupae. Worker honey bee larvae are known to be more tolerant to neonicotinoid
exposure compared to adult bees. For THI specifically, the adult oral LD 50 is 4.4 ng THI per
honey bee (Laurino et al., 2011), while larval LD 50 is ~52x higher (Grillone et al., 2017). At the
same time, bees of all three castes exposed to neonicotinoids during development either directly
or indirectly show some evidence of toxicity. Worker bees have reduced survival (Tavares et al.,
2017), start foraging flights at a younger age (Colin et al., 2019), and have degenerative cellular
changes in the brain, the Malpighian tubules, and the gastrointestinal tract (Friol et al., 2017).
However, the mechanism responsible for the difference between larval and adult toxicity and
sensitivity to neonicotinoids in honey bees is unclear. In part, the differences in metabolic activity,
fat stores, and nicotinic acetylcholine receptor (AChr) expression between larvae and adult bees
are thought to contribute to this age-specific toxicity. Given that neonicotinoids produce a nearly
irreversible activation of the nicotinic AChr, it is unclear if larval exposure to neonicotinoids can
subsequently increase susceptibility (i.e., decrease tolerance) during adulthood due to a cumulative
effect over the bee's lifespan, which ranges from ~40 days to several years among castes.

97

Similar to workers, both drones and queens raised in colonies supplemented with a mixture of
THI and CLO show evidence of toxicity (Straub et al., 2016; Williams et al., 2015). Queens have
an increased number of ovarioles and reduced sperm viability and the number of spermatozoa
stored (Williams et al., 2015). Similarly, drones have reduced sperm viability and a shorter life
span (Straub et al., 2016). In addition, colonies exposed to a mixture of these neonicotinoids were
shown to be at a greater risk of queen supersedure (Sandrock et al., 2014). While the
aforementioned studies demonstrated that certain reproductive parameters are affected in drones
and queens from colonies exposed to neonicotinoids, it is not clear if these unequivocal effects are
due to direct toxicity to queens and drones or are secondary to negative effects on workers who
provide suboptimal care. In a previous study, we found that queens directly exposed to a high dose
of THI during development had hypoplastic mandibular glands (Kozii et al., 2021a).
Based on the evidence presented above, it is reasonable to hypothesize that neonicotinoids have
the potential to affect all three castes directly. However, the caste-specific physiologic and
morphologic differences between workers, drones, and queens make it difficult to compare the
studies, identify the most susceptible individuals, and describe the mechanisms that determine the
caste-specific susceptibility to toxins. In addition, it is not clear to what extent the effects of agespecific toxicity affected the caste-specific toxicity observed between workers, drones and queens
in previous studies (Dahlgren et al., 2012; Kozii et al., Unbublished; Mobley and Gegear, 2018).
Previously, we exposed workers, drones, and queens to incremental doses of THI at four distinct
developmental stages: 1) larvae, 2) emergence (imago), 3) 14-15 days after emergence, and 4) as
mature bees collected at the end of the season (workers and drones) or after one winter (queens).
We found that queens had the lowest emergence rate compared to workers and drones when treated
with THI as larvae; however, queens generally had the highest survival compared to workers and
drones after exposure to THI at any age after emergence, while drones consistently had the lowest
survival (Kozii et al., Unpublished). Similarly, Dahlgren et al. (2012) found queens were more
tolerant to 5 (tau-fluvalinate, thymol, fenpyroximate, coumaphos, fenpyroximate) of the 6 tested
acaricides, with amitraz being the only substance to which both castes responded similarly. The
authors suggested that the difference in enzyme activity between these two castes may be
responsible for the observed differential toxicity (Dahlgren et al., 2012). Further, Claudianos et al.
(2006) suggested that enzyme activity can serve as a useful biomarker for scanning potential
toxicities of new insecticides; however, determining if all honey bee castes have a similar baseline
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enzyme activity as well as similar enzymatic response to a toxic stimulus is important before using
enzyme activity as a potential tool in toxicologic risk assessment.
The objective of this study was to determine the detoxification enzyme activity of honey bees of
all castes in response to larval, adult, or combined larval and adult sublethal exposure to THI. We
hypothesized that the enzyme activity will be different between castes, regardless of THI
treatment. Additionally, we hypothesized that the initial exposure of bees to THI as larvae will
affect the bees’ response to an additional THI treatment at emergence, reflected in different
survival rates and different enzyme activity. Accordingly, in this study, we first exposed cohorts
of genetically related workers, drones, and queens to 0 ng or 25 ng THI as larvae, and,
subsequently, caged the surviving emerged imagos and exposed them by contact to incremental
doses of THI. The enzyme activity of esterase, acetylcholine esterase (AChEst), glutathione-s
transferase (GST), and superoxide dismutase (SOD) were measured at emergence and 48 hours
after the contact exposure to THI.
5.3

Materials and methods

Field research experiments were conducted at the University of Saskatchewan research apiary
(52.127319, -106.609823), Saskatoon, SK, Canada. The laboratory experiments were conducted
at the Honey Bee Health Laboratory, Western College of Veterinary Medicine, University of
Saskatchewan, Canada. This experiment took place in July and August 2020.
5.3.1 Experimental animals
The same colony was used to raise experimental workers, drones, and queens to ensure similar
genetics. Specifically, a 2-brood-chamber colony, housed in a standard 10-frame Langstroth hive,
was equipped with a 3-frame queen cage in the bottom brood chamber. The queen cage was made
of a queen excluder mesh that prevented a queen from leaving the cage while allowing free
movement of worker bees. The queen cage was supplied with two frames completely filled with
honey and pollen, and a single experimental brood frame. This was done to ensure adequate
nutritional supply and to restrict the queen from laying eggs on the experimental brood frames.
The experimental frames were used for the production of synchronized brood and were replaced
in the cage every 24 hours. Accordingly, an experimental frame with worker foundation and
drawn-out wax was inserted in the queen cage for 24 hours to acquire worker brood. Those frames
with sufficient numbers of eggs laid by the queen within 24 hours were placed in the middle of the
top brood chamber. Similarly, to acquire a drone brood, a drone frame with a drawn-out wax
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foundation was placed into the cage for 24 hours, and if the drone frame had enough eggs, it was
placed into the top brood chamber at the third frame position from the outer wall of the hive.
Lastly, to acquire queens, a worker frame was placed in the queen cage for 24 hours and removed
into the middle of the top chamber. The hatched larvae (less than 24 hours old) on this frame were
grafted into plastic JZ BZ queen cups and placed into a queen-right, 2-brood chamber starter
colony for 24 hours. After 24 hours, the frame with the grafted and accepted queen cells was placed
back into the experimental colony for further development of experimental queen larvae and
pupae. Once larvae of all three castes were produced, the queen was released into the bottom brood
chamber separated from the top brood chamber with a queen excluder for the duration of the entire
experiment.

Table 5.1 Schedule of experimental frame manipulation, bee emergence, and sampling
Manipulations

Worker

Drone

Queen

July 7

July 6

July 11

Remove experimental frame with eggs

July 8

July 7

July 12

Expose bee larvae to 0 ng or 25 ng THI

July 14

July 16

July 18

Move experimental frame to the incubator

July 26

July 29

July 23

July 28

July 31

July 27

July 30

August 2

July 29

Insert experimental drawn-out frame into a cage with the
queen

Cage bees emerged in the incubator
Measure enzyme activity in newly emerged bees
Expose caged bees to contact THI treatment
Measure enzyme activity 48 hours post-exposure

5.3.2 Experimental manipulations
5.3.2.1 Exposure of bees to THI as larvae
The bees of all castes were exposed to experimental treatment once during development and once
within 24 hours of emergence. For larval treatment, the experimental worker, drone, and queen
frames were divided into two treatment areas, corresponding to a control (0 ng THI) and THItreated (25 ng THI per larva) area. Each larva received 4 μl of experimental aqueous solution one
day before the larval cells were expected to be sealed off with a wax cap (worker: 7 days post
oviposition; drones: 10 days post oviposition; queens: 7 days post oviposition). To achieve this,
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the frame with bee larvae of appropriate age was removed from the colony. The comb and
associated larvae on the worker and drone frames were destroyed and removed, leaving two clearly
outlined areas containing >400 larvae each, corresponding to either control or THI-treated area.
The queen cells on the grafting frames were divided into two groups in such a way that each frame
had randomly assigned representatives of both, the control and THI treated queens.
5.3.2.2 Caging the bees
All experimental frames were transferred into a lab incubator 2-3 days before the expected
emergence date and kept at 33⁰C and 60% relative humidity. An additional frame of worker brood
of the same genetic line as the treated bees that was due to emerge 2 days prior to drone emergence
was also transferred into the incubator; these workers were used as nursing bees in the drone cages.
The worker and drone treatment areas were covered with a fine wire mesh to prevent the newly
emerged bees from mixing. Emergence was checked every 12 hours thereafter.
The worker bees that emerged within a period of 24 hours were placed into a big (8.5 x 5.0 x 9.0
cm) stainless steel insect cage (Small Life Supplies, Cambridgeshire, Great Britain). The workers
were grouped into cohorts of 12 bees per cage. The bees in each cage came from the same larval
treatment. Fifteen cages were made for each treatment group (0 ng THI and 25 ng THI) for a total
of 30 cages of worker bees (12 bees x 15 cages x 2 treatment groups = 360 workers total).
Similarly, drones that emerged within a period of 24 hours were placed into big stainless steel
insect cages. Each cage for the drones was first populated with 25 non-treated newly emerged
worker bees 2 days prior expected drone emergence. Within the first 24 hours of drone emergence,
these cages were additionally provided with 12-13 drones per cage. A total of 16 cages of drones
were made for each larval treatment group to a total of 32 cages of drones (406 drones total).
The queen cells were individually transferred from the grafting frames into separate small (7.5 x
4.0 x 5.5 cm) insect cages on day 12 post oviposition. Each cage was additionally provided with
10 newly emerged worker bees coming from the same genetic line as the treated bees. A total of
42 and 45 queen cages with queen cells were assembled for the 0 and 25 ng THI treatment groups,
respectively.
All cages (worker, drone, and queen) were provided with ad libitum 50% sugar syrup and a 4:1
pollen:syrup paste. The pollen used for the pollen paste preparation was collected at the hive
entrances of the hives at the University of Saskatchewan research apiary in May – early June 2020
before any major agricultural crops were in bloom.
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5.3.3 Contact THI treatment at emergence
Newly emerged bees of all three castes were subjected to contact exposure of containing 0, 7.5,
and 15 ng THI in 1 μl of acetone applied to the dorsal thorax. Within the first 2 hours of caging,
the worker and drone bees in each cage were anesthetized using CO2 for 20 seconds, and
appropriate treatment was administered. The emergence of queens was monitored twice daily.
Caged bees with newly-emerged queens were anesthetized within 24 hours of queen emergence.
The queen in each cage was subjected to the same treatment as experimental workers and drones.
The non-treated attendant nurse workers in the drone and queen cages were anesthetized within
their cages but did not receive any topical applications. The cages were checked 1 hour after
treatment to ensure that all bees recovered from anesthesia. Bee survival in the cages was checked
at 4, 24, and 48 hours post-treatment. Dead individual bees, if any, were removed from the cage at
those times.
5.3.4 Preparation of THI solutions used for exposure
The larvae of all castes were exposed to 4 μl of water containing either 0 ng or 25 ng THI (SigmaAldrich - LOT BCBT8326, Exp. Mar22). The newly emerged bees of all castes were subjected to
thoracic contact exposure of 1 μl of acetone containing 0 ng, 7.5 ng, or 15 ng of THI. For larval
exposure, a stock of THI was prepared in water to a final concentration of 600 ng/μl. This stock
was further diluted through a series of serial dilutions to 6.25 ng/μl, so each THI-treated larvae
received 25 ng THI in 4 μl of solution. For adult exposure, a stock of THI was prepared in acetone
to a final concentration of 150 ng/μl. Serial dilutions of the stock were prepared to get working
solutions of 7.5 ng/μl and 15 ng/μl.
5.3.5 Sample preparation and processing
Enzyme activity was checked in i) newly emerged bees within the first 24 hours of emergence, to
evaluate the effect of larval exposure to THI on enzyme activity level at emergence, and in ii) bees
48 hours post topical contact exposure to THI, to evaluate the effect of additional adult exposure
on enzyme activity. Five samples were collected for each caste. To obtain a sufficient amount of
extracted protein, bees were sampled in cohorts as follows: the worker bees were collected in
cohorts of three worker bees per sample, and the drones and queens were collected in cohorts of
two bees per sample. Only the heads and thoraxes were collected; these were placed on ice,
homogenized, and analyzed.
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Tissue homogenization and protein extraction was achieved by a Navy RINO RNA Lysis kit for
homogenization (Next Advance, Troy, NY, USA; LOT CAP8870). Sample preparation was done
on ice. Each sample, consisting of heads and thoraxes from two (drone and queen) or three
(worker) bees was diluted in 500 μl of 0.1 M potassium phosphate buffer, pH 7 (obtained by
dilution of a 0.5 M potassium buffer stock (69.79g K2HPO4, 13.45 g KH2PO4, 1 L H2O)) in a tube
prefilled with stainless steel beads and homogenized for 1 minute using Air cooling Bullet Blender
Storm 24 (Next Advance, Troy, NY, USA). Subsequently, the homogenized samples were
centrifuged for 5 minutes at 4°C at 18407 rcf (Beckman Coulter Microfuge 22R), and protein
concentration in the supernatant was determined (Milone et al., 2020; Zhu et al., 2017). Pierce
BCA Protein Assay Kit (Thermo Scientific) was used to quantify the protein content of the samples
following the manufacturer's instructions using 96 well plates and Spectramax 340PC with Soft
Max Pro7 Software (Molecular Devices, LLC, San Jose, CA, USA).
5.3.6 Enzyme activity
All enzyme assays were performed using Spectramax 340PC with SoftMax Pro 7.0 software
(Molecular Devices, CA, California). All assays were run in duplicates.
Esterase activity was determined following previously published protocols (Milone et al., 2020).
In short, the reaction solution consisted of 20 μl of a 1:10 dilution of the supernatant from bee
(head and thorax) homogenate in 0.1 M phosphate buffer and 200 μl of 1 mM 4-nitrophenylacetate
(PNPA). The sample was replaced with 20 μl of phosphate buffer in the blank control. The samples
were read immediately after mixing at 405 nm over 5 minutes with 10-second intervals. First, to
obtain a δ absorbance/min corrected for control, the absorbance values recorded in the sample and
blank duplicates at 50 seconds were subtracted from the absorbance value at 1 min and 50 seconds;
next, the value of the blank sample was subtracted from all the sample values. To account for the
difference in the total amount of protein added to each reaction, the δ absorbance/min value was
then divided by the total amount of protein in each sample. Accordingly, the esterase activity is
reported as δ absorbance/min/mg protein.
Acetylcholinesterase (AChEst) activity was determined using the Acetylcholinesterase Activity
Assay Kit (Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer's instructions.
Briefly, 10 μl of a 1:10 dilution of the supernatant from bee homogenate was added to 190 μl of
the provided Working Solution; the assay blank control contained 10 μl of phosphate buffer in 190
μl of Working Solution; an additional control consisted of 200 μl of the provided Calibrator
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solution used as a reference in enzyme activity calculation. The samples were read immediately
after mixing for 15 minutes with a 1-minute interval at 412 nm. First, to calculate enzyme activity
in U/L we used the provided kit formula, which accounts for the observed sample absorbance over
an 8-minute interval, the absorbance of the calibrator and blank control, and the equivalent activity
of the calibrator. Last, to account for the difference in total protein added to each reaction, the U/L
value was divided by the total protein used in each sample for this assay. Accordingly, the AChEst
activity is reported as U/μg protein.
Glutathione S-transferase (GST) activity was determined using a GST Assay Kit (Sigma-Aldrich,
St. Louis, MO, USA) following the manufacturer's instruction. Briefly, a fresh reaction master mix
was prepared for each assay, consisting of 9.8 ml Dulbecco phosphate buffer, 0.1ml of 200mM Lglutathione reduced, and 0.1 ml of 1-Chloro-2,4-dinitrobenzene (CDNB). The reaction solution
included 5 μl of a 1:2 dilution of the supernatant from bee homogenate in 195 μl of the reaction
master mix. The sample aliquot was replaced with phosphate buffer in the blank control. The
samples were read immediately after mixing for 15 minutes with a 1-minute interval at 340 nm.
First, δ absorbance/min was calculated for each sample using absorbance values at 2 minutes and
5 minutes, accounting for the blank δ absorbance/min at the same time points. Next, an extension
coefficient of 5.3 mM-1 for CDNB conjugate at 340 nm was used in the provided formula to
calculate enzyme activity in μmol/ml/min. This value was divided by the total amount of protein
used in each sample to acquire a specific enzyme activity value measured in μmol/min/mg protein.
SOD levels were determined using a 19160 SOD determination kit (Sigma-Aldrich). SOD was
determined in 1:100 diluted samples that were previously frozen for 8 months after collection. The
assays were performed according to the manufacturer's instructions. The absorbance was read at
450 nm after a 20-minute incubation period at 37oC. SOD specific activity is expressed as
inhibition rate (%) per μg protein.
5.3.7 Statistical analysis
A 2 x 3 MANOVA was used to evaluate the effect of larval THI exposure during development (0
ng or 25 ng) and caste type (worker, drone, queen) on the activity of 4 enzymes in newly emerged
bees. Residual plots were evaluated to ensure the data met MANOVA assumptions. Wilk's Lambda
is reported for the multivariate analysis results. Tukey’s test was used as a post hoc test to compare
enzyme activity between the three castes. To further characterise the effect of caste on enzyme
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activity in newly emerged bees, a simple MANOVA was used for each larval treatment group
separately (0 ng THI and 25 ng THI).
To evaluate the effect of caste type (worker, drone, queen), larval treatment (0 ng THI, 25 ng THI),
and/or adult treatment (0 ng THI, 7.5 ng THI) on enzyme activity in 48-hour old bees, a 3 x 2 x 2
MANOVA was carried out. The bees treated with 15 ng THI at emergence were not used in this
analysis due to prohibitively high drone mortality in the group exposed to 25 ng THI as larvae and
15 ng THI at emergence. Box's test of equality of covariance was significant (p=0.02), which is
why Pillai's trace is reported for multivariate analysis. The Tukey’s test was used as a post-hoc
analysis to compare the three castes.
We used three 3 x 2 x 2 contingency tables to determine if the survival (live/dead) of bees was
affected by an interaction between the larval exposure to THI (0 ng or 25 ng THI) and additional
adult exposure to THI (0 ng, 7.5 ng, 15 ng THI) for each caste at 48 hours post adult exposure.
Further, two Kaplan Meier analyses were carried out to evaluate the effect of 1) larval treatment
and 2) adult THI treatment on bee survival over 48 hours post-contact THI exposure. Due to
repeated use of samples for different analyses (1. larval*adult treatment interaction, 2. larval
treatment effect, 3. adult treatment effect), our α level was corrected to decrease the chance of type
I error (α' = α / 3 = 0.0167); similarly, when comparing survival of bees treated at emergence with
7.5 ng THI and 15 ng THI to the survival of bees treated with 0 ng THI, we further adjusted the α'
to α" (α" = α' / 2 = 0.0083). The raw data is provided in Supplementary material (Appendix at the
end)
5.4

Results

5.4.1 Enzyme activity in newly emerged bees is highly dependent on caste
The 2-way MANOVA revealed no significant interaction between the type of caste and the type
of larval treatment on enzyme activity in newly emerged bees (Wilk's Λ=0.54, F8,42=1.9, p=0.09).
However, when looking at the effect of each of the factors separately, we found larval exposure to
THI did not affect enzyme activity (Wilk's Λ=0.96, F4,21=0.2, p=0.9), but the type of caste did
affect enzyme activity (Wilk's Λ=0.05, F8,42=18.4, p<0.001) (Figure 5.1). Specifically, caste had a
significant effect on the activity of all 4 enzymes (esterase, F2,24=15.6; GST, F2,24=30.1; AChEst,
F2,24=68.6; SOD, F2,24=10.9; p<0.001 for all). Namely, esterase activity was the lowest in queens
compared to workers and drones (queen vs worker and queen vs drone, p<0.001, worker vs drone
p=0.8); similarly, GST activity was also the lowest in queens (queen vs worker and queen vs drone,
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p<0.001 worker vs drone p=0.06); AChEst activity was different between all castes, being the
highest in the workers, then drones, then queens (all p<0.005); and the SOD activity was the
highest in workers, compared to drones and queens (worker vs drone and worker vs queen p<0.01,
drone vs queen p=0.6).
For newly emerged bees treated with 0 ng THI as larvae, all enzymes were significantly different
between castes (Wilk’s Λ=0.03, F8,18=11.1, p<0.001; esterase, F2,12=17.2; GST, F2,12=21.1;
AChEst, F2,12=25.6, p<0.001 for all; SOD, F2,12=6.9; p=0.01). Specifically, esterase activity
differed between all three castes, being the highest in drones, followed by workers, then queens
(p<0.04 for all). GST activity was the lowest in queens compared to both workers and drones
(p<0.005 for both). AChEst activity differed between all three castes, which were the highest in
workers, followed by drones, then queens (p<0.05 for all). Lastly, SOD activity was higher in
workers compared to queens (p=0.009) but was similar to drones.
Similarly, for newly emerged bees, treated with 25 ng THI as larvae, all enzymes were significantly
different between castes (Wilk’s Λ=0.05, F8,18=8.4, p<0.001; esterase, F2,12=6.2, p=0.014; GST,
F2,12=12.9, p=0.001; AChEst, F2,12=45.4, p<0.001; SOD, F2,12=4.6, p=0.034). Specifically, esterase
activity was higher in workers compared to queens (p=0.01) but was similar to drones. GST
activity was the lowest in queens compared to both workers and drones (p≤0.01 for both). AChEst
activity was the highest in workers compared to both drones and queens (p<0.001 for both). SOD
activity was higher in workers compared to drones (p=0.045) but was similar to queens.
5.4.2 Esterase, SOD and GST activity in 48h old bees depends on caste and exposure to
THI during development.
No 3-way interaction between the type of caste, larval, and adult THI treatment was observed for
enzyme activity (Pillai’s Trace = 0.07, F8,92=0.4, p=0.9). Similarly, no 2-way interactions between
these factors were observed (larval * adult treatment: Pillai’s Trace = 0.05, F4,45=0.6, p=0.6; caste
* adult treatment: Pillai’s Trace = 0.2, F8,92=1.6, p=0.1; caste * larval treatment: Pillai’s Trace =
0.2, F8,92=1.3, p=0.2).
Enzyme activity in bees 48 hours post-contact THI exposure varied significantly between castes
(Pillai's Trace = 1.7, F8,92=63.2, p<0.001) (Figure 5.2). Specifically, esterase activity was different
between castes (F2,48=77.2, p<0.001), with worker bees having the highest enzyme activity
compared to both drones (p<0.001) and queens (p<0.001) and queens having the lowest enzyme
activity compared to workers and drones (p<0.001). The GST activity was also highly dependent
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on caste (F2,48=271.6, p<0.001), with queens' GST activity being 82% and 81% lower compared
to workers and drones, respectively (p<0.001 for both), while worker and drone GST activity were
similar (p=0.3). AChEst activity was similar across all castes. SOD activity was also dependent on
caste (F2,48=20.8, p<0.001), with workers having the highest SOD activity compared to drones and
queens (p<0.001 for both) while drones and queens were not different (p=0.5). There were no
statically significant differences in AChEst activity between castes in 48-hour-old bees.
The adult treatment, namely, exposure of newly emerged bees to 0 ng or 7.5 ng THI, did not affect
enzyme activity in our study (Pillai's Trace = 0.1, F4,45=1.8, p=0.2).
The larval treatment, namely, exposure of bees to 0 ng or 25 ng THI prior capping, had a significant
effect on enzyme activity of bees 48 hours after additional THI treatment at emergence (Pillai’s
Trace = 0.3, F4,45=4.4, p=0.005) for the following enzymes: esterase (F2,48=77.2, p<0.001), GST
(F2,48=271.6, p<0.001), and SOD (F2,48=20.8, p<0.001), but not AChEst (F2,48=2.9, p<0.06).
5.4.3 Survival of newly emerged workers and drones exposed to contact THI depends on
larval THI treatment
A 3 x 2 x 2 contingency table revealed a significant interaction between the larval and adult THI
treatments in workers (χ212=335.7, p<0.001) and drones (χ212=588.4, p<0.001), indicating that the
survival of workers and drones in response to adult contact THI exposure depended on whether or
not they were treated with THI during development. No queen mortality was recorded in any
treatment groups (Figure 5.3).
Survival of workers bees treated with 25 ng THI was significantly affected by the contact THI
treatment at emergence
Worker bees exposed as larvae to 25 ng of THI lived significantly shorter (χ22=24.4, p<0.001) after
contact exposure at emergence to 7.5 ng or 15 ng THI compared to the acetone treated control.
Specifically, workers exposed to 25 ng THI as larvae had a 35% reduction in survival after contact
exposure to 7.5 ng THI at emergence (χ21=25.2, p<0.001) and a 30% reduction in survival after
exposure to 15 ng THI at emergence (χ21=21.0, p<0.001) compared to the acetone treated controls.
Worker bees exposed as larvae to 0 ng of THI were not affected by the contact exposure to 7.5 ng
and 15 ng THI at emergence, compared to acetone treated control (χ22=4.9, p=0.09).
The survival of drone bees was significantly affected by the contact THI treatment at emergence
Drones exposed as larvae to 0 ng (χ22=101.5, p<0.001) and 25 ng THI (χ22=143.9, p<0.001) lived
for a significantly shorter time after contact exposure to 7.5 ng or 15 ng THI at emergence
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compared to the acetone treated controls (0 ng THI). Specifically, drones exposed to 0 ng THI as
larvae had a 54.4% reduction in survival after contact exposure to 7.5 ng THI at emergence
(χ21=44.6, p<0.001) and an 80.8% reduction in survival after contact exposure to 15 ng THI at
emergence (χ21=96.6, p<0.001) compared to the acetone treated controls. Likewise, drones
exposed to 25 ng THI during development had a 43.6% reduction in survival after contact exposure
to 7.5 ng THI at emergence (χ21=32.6, p<0.001) and 98.4% reduction in survival after contact
exposure to 15 ng THI at emergence (χ21=148.0, p<0.001) compared to the acetone treated controls
(0 ng THI).
Larval THI treatment effect
Survival of workers exposed to 25 ng THI as larvae was reduced by 30% and 21% after exposure
to 7.5 ng THI (χ21=16.7, p<0.001) and 15 ng THI (χ21=9.6, p=0.002) at emergence, respectively,
compared to bees exposed to 0ng THI as larvae.
In drones, larval exposure to 0 ng or 25 ng THI had no significant effect on survival in response
to contact exposure to 0 ng THI at emergence (χ21=1.0, p=0.3) and 7.5 ng THI at emergence
(χ21=0.05, p=0.8), but did affect the survival of drones treated with 15 ng THI at emergence
(χ21=26.1, p<0.001). Specifically, drones exposed to 25 ng THI as larvae had a 100% mortality in
response to contact exposure to 15 ng THI at emergence compared to 80.8% mortality in drones
exposed to 0 ng THI as larvae and subsequently exposed to 15 ng THI at emergence.
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5.5

Discussion

In this study, we have determined enzyme activity of esterase, GST, AChEst, and SOD in the 3
honey bee castes in i) newly emerged bees exposed to THI as larvae and in ii) 48-hour old bees
exposed to THI first as larvae and then by contact at emergence. We found enzyme activity was
significantly different between honey bee castes regardless of age or THI treatment. In the newly
emerged bees exposed to 0 ng or 25 ng THI as larvae, worker bees generally had the highest
enzyme activity, while queens had the lowest activity. A similar trend was observed in 48-hourold bees that were additionally exposed to contact THI treatment at emergence, with the worker
caste showing the highest enzyme activity most frequently. Additionally, we found that the
survival of bees exposed to contact THI at emergence varied between castes and was dependent
on whether they were exposed to THI during development. Namely, workers and drones, but not
queens, exposed to 25 ng THI as larvae had higher mortality after contact exposure to THI at
emergence. Taken together, these findings emphasize that the physiological differences between
castes may contribute to their differential susceptibility to toxic stimuli.
In newly emerged bees not exposed to THI as larvae, enzyme activity differed between castes.
This is not surprising, since previous studies have also shown that the bee castes differ in their
immune response to infectious diseases (Retschnig et al., 2014; Roberts and Hughes, 2015; Straub
et al., 2020), toxic stimuli (Kozii et al., 2021a), and have different proteome profiles (Chan et al.,
2006). Generally, these studies suggest that drones are more susceptible to infectious diseases and
toxic exposure compared to workers. Considering that in previous studies conducted in our lab,
we also found drones to be most sensitive to THI exposure after emergence and queens to be most
resilient (Kozii et al., under review), we hypothesized that enzyme activity would reflect this castespecific sensitivity in a similar pattern; namely, we hypothesized that queens and drones would be
on the opposite ends of the enzyme activity spectrum. However, we were surprised to see that
generally, queens had the lowest enzyme activity and workers had the highest, with some variation
between enzymes (Figures 5.1 and 5.2).
The relatively low enzyme activity in newly emerged queens compared to other castes in our study
is partly consistent with Weirich et al. (2002), who found the activity of SOD and GST measured
in the ventriculus is higher in worker bees compared to virgin or mated queens (Weirich et al.,
2002). At the same time, when measured in muscle, Weirich et al. found SOD and GST were most
active in the mated queens but were similar between the worker bees and virgin queens. Therefore,
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the authors suggest that SOD and GST may be involved in the prolonged storage of sperm and are
only activated in the mated queens. Similar to Weirich et al., in our previous study (Kozii - under
review), we also found that the age of queens at the time of exposure to THI is a significant
determining factor of THI toxicity. Specifically, queens exposed to THI as larvae had the lowest
survival (expressed as emergence rate) compared to similarly treated workers and drones.
Conversely, queens had the highest survival rate compared to workers and drones over the first 96
hours after contact exposure to THI as newly emerged bees, young adults, or mature adults. In the
current study, we did not find an unequivocal correlation between the enzyme activity in newly
emerged queens or 48-hour-old queens and their comparatively better survival rate in response to
THI treatment compared to workers and drones. This may suggest that queens use other protective
mechanisms to withstand toxic stress.
Queen longevity and tolerance to stress have been investigated in other studies. For example,
Strachecka et al. (2021) reported that queens have higher fat body stores compared to workers
(Strachecka et al., 2021). Considering that the insect fat body is responsible for a number of
metabolic, storage, and detoxification functions (Chobotow and Strachecka, 2013), the higher
amount of fat stored in the queen may be another non-enzyme based protective mechanism used
by queens. In addition, Haddad et al. (2007) reported that queen longevity is associated with the
higher content of monounsaturated fatty acids in queen cell membranes as opposed to mostly
polyunsaturated fatty acids in workers (Haddad et al., 2007). This finding is also in agreement with
Martin et al., who reported the composition of phospholipid membranes in bees is age and caste
specific; namely, larvae of all three castes have relatively high proportions of monounsaturated
fatty acids; however, after emergence, only worker bees increase the amount of polyunsaturated
fat content in their membranes at the expense of monounsaturated fatty acids (Martin et al., 2019).
Since monounsaturated fatty acids are more resistant to peroxidative damage, it is reasonable to
presume that their presence in queen and drone cell membranes renders these two castes more
resistant to oxidative stress compared to worker bees, thus diminishing the importance of enzymebased strategies to reduce oxidative damage. Nevertheless, it would be interesting to monitor the
change of enzyme activity in queens as they age and go through maturation, mating, the onset of
oviposition, swarming and senescence.
In our study, we found that in drones, the enzyme activity of AChEst and SOD is more similar to
that of queens, while the activity of GST and esterase (in newly emerged drones) is more similar
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to worker bees; esterase activity in 48-hour old drones was the lowest compared to other castes.
Little information is available on enzyme activity in drones. Compared to worker bees, drones
produce fewer digestive enzymes (Hrassnigg and Crailsheim, 2005), which is likely the result of
drones relying on worker bees for feeding, especially at a young age (Free, 1957). Conversely,
GST activity was observed to be higher in drone larvae and pupae compared to worker larvae and
pupae (Lipiński and Żółtowska, 2005), which was interpreted as a sex-specific trait given that
males of Limande limande, a type of flatfish, and Triatoma infestans, a blood-sucking insect,
similarly exhibit higher GST activity compared to females of these species. Interestingly, Collins
et al. (2004) compared transcript numbers for antioxidant encoding genes between queens and
drones and found higher expression of i) genes encoding catalase, SOD and GST in somatic and
reproductive tissue of drones compared to queens; and ii) higher expression of the same genes in
mature (21 days old) compared to young (7 days old) drones. Although specific enzyme activity
was not measured, the authors suggested that higher antioxidant enzyme levels in drones compared
to queens may be needed to improve drone longevity (Collins et al., 2004). McAfee et al. (2021)
used quantitative proteomic analysis to characterize stress response proteins in drones after a
contact exposure to IMD, a first-generation neonicotinoid (McAfee et al., 2021). Referencing the
haploid susceptibility hypothesis, the authors anticipated drones would be more susceptible to
toxic stimuli and would express lower levels of stress response proteins. Corroborating our
findings, the authors reported that drones had higher mortality after IMD treatment compared to
worker bees and found 17 upregulated stress response proteins in drones compared to workers,
including the protein-encoding GST S4 (McAfee et al., 2021). Similarly, in our study, specific
GST activity of drones was significantly higher compared to queens (reproductively active
females), but it was similar to that of worker bees (reproductively sterile females) measured both
at emergence and in 48-hour old bees; this suggests that factors other than sex or reproductive
status can contribute to determining enzyme activity in bees.
In drones, enzyme activity can be induced by Varroa infection. Lipinski and Zoltowska, (2015)
found drone pupae infected with the Varroa mite had higher activity of ceruloplasmin, SOD, and
glutathione peroxidase, compared to the non-infected drone pupae from the same colony; however,
enzyme activity in workers or queens from the same colony was not evaluated at the time (Lipiński
and Żółtowska, 2005). The changes in enzyme activity in drones in response to a toxic stimulus
have not been characterized.
114

Surprisingly, we did not detect an unequivocal effect of contact THI treatment on enzyme activity
in 48-hour old bees, although all of these enzymes were previously shown to be up or downregulated in worker bees in response to neonicotinoid exposure (Boily et al., 2013; Dussaubat et
al., 2016; Li et al., 2017; Milone et al., 2020; Murawska et al., 2021; Zhu et al., 2017); however,
the mode of exposure and treatment doses varied. Tavares et al. (2017) found that AChEst, GST,
and carboxylesterase activity was increased when measured in the head of in-vitro reared worker
pupae exposed to 0.0003 – 43.2 ng THI as larvae, compared to the non-treated controls; however,
the significant effect of THI treatment on enzyme activity in newly emerged bees of this study was
only observed for AChEst and not GST or carboxylesterase (Tavares et al., 2017). Boily et al.
(2013) found increased AChEst activity in bees sampled from hives two weeks after they were
moved near conventionally managed cornfields, compared to bees from hives moved to organic
cornfields or non-cultivated areas, when measured in pooled samples of bee heads (Boily et al.,
2013). Dussaubat et al. (2016) exposed honey bee queens caged with workers to 0.7 µg/L IMD in
50% sucrose solution and found increased GST activity in the extract from the head but not midgut
of exposed queens compared to control (Dussaubat et al., 2016). Badiou-Beneteau et al. (2021)
found increased GST activity in the heads of worker bees 48 hours after topical exposure to 2.56
– 51.16 ng/bee THI, while esterase activity was decreased only in bees treated with 2.56 ng/bee
(Badiou-Bénéteau et al., 2012). Paleolog et al. (2021) found SOD activity decreased in 1-day-old
queens reared in colonies supplemented with IMD-spiked sugar syrup (~5-200 ng/ml) for 1 month
when measured in pooled hemolymph samples. Interestingly, the authors also found that SOD
activity was lower in 1-day old workers compared to 1-day old queens, which was not observed in
our study (Paleolog et al., 2021). However, comparing our results to the published literature is
complicated by inconstancies in reported units between studies. For instance, enzyme activities
were reported as δ-absorbance, the difference from control treatment, activity per the amount of
proteins, or activity per amount of tissue used. Additionally, metabolic laboratory assays, such as
those evaluating enzyme activity, are often highly time-sensitive, can employ different
methodologies (endpoint assays vs assays monitoring changes over time) and depend on the
environmental conditions (temperature, pH, etc.) (Deng et al., 2017) and type of tissue sample (Yu
et al., 1984). Milone et al. (2020) further emphasize that enzyme activity, in particular, that of
esterase, can vary between genetic stocks of bees (Milone et al., 2020). Therefore, comparison of
the results between different studies should be interpreted with caution. That said, a comparison
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of enzyme activity between genetically related bees in a single study using the same methodology
can be a useful tool to gauge an effect of a toxic stimulus. Accordingly, even though certain aspects
of the results of this study differ from others, the most important finding of the current work is the
unequivocal comparative differences in enzyme activities among the three castes of the same
genetic line. At the same time, these differences in enzymatic activity among castes do not
completely explain the differences in survival of different castes; therefore, it would be of interest
to survey the comparative activity of other enzymes, most notably cytochrome P450
monooxygenases, catalases, and other classes of carboxylesterases in the three castes to explain
different survival observed in this study and in our previous study (Kozii - under review).
Another interesting finding of our study is that sublethal larval exposure to THI seemed to have
potentiated negative effects on the survival of workers and drones after additional contact exposure
to THI at emergence. Namely, the worker bees exposed to 25 ng THI as larvae and additionally
exposed to 7.5 ng or 15 ng THI at emergence had a 30% and 25% decrease in survival, respectively,
compared to workers that were not exposed to THI during development but received the same THI
treatment at emergence. Similarly, there were no surviving drones at 48 hours in the group treated
with 25 ng THI during larval development and 15 ng THI at emergence, compared to 19.2% of
drones surviving in the group exposed to 0 ng THI during development and 15 ng THI at
emergence. These findings suggest that sublethal larval exposure to THI by workers and drones
might make them more susceptible to THI toxicity during adulthood. This observed potentiating
negative effect of THI on survival seems to be also associated with the increased enzymatic activity
of esterase, GST, and SOD in bees exposed to THI as larvae and at emergence compared to those
exposed only at emergence. This is not surprising since previous research suggests that larval
exposure to neonicotinoids can have adverse effects on newly emerged bees. Namely, Friol et al.
(2017) showed that in vitro reared larvae exposed to 0.03ng THI through diet contamination had
morphologic changes in the digestive cells, Malpighian tubules, and in the Kenyon cells (Friol et
al., 2017). Although we did not find an effect of larval THI treatment on enzyme activity at
emergence, our findings still corroborate the notion that larval exposure to THI may potentiate
bees' susceptibility to THI later in life.
A potential limitation of our study is the relatively low number of bees sampled for each of the
enzyme assays. We modelled our sample size (N=5) after the work carried out by Zhu et al. (2017)
and Milone et al. (2020), who used 3 and 4 bees per each enzyme, respectively. At the same time,
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the relatively high degree of intra-group variance may have interfered with our analysis, thus
overshadowing any potential differences between treatment groups. Another point worth
mentioning is that the doses of THI used in this study were designed to compare caste-specific
responses, rather than reflecting a true risk of exposure to bees. Considering the high variability
between castes in response to contact THI treatment, we found it challenging to select doses that
would be sublethal to all castes but still elicit an enzymatic response or toxic effect. Thus, the 15
ng THI dose used for the treatment of newly emerged bees was likely too low to serve as a positive
toxic treatment dose for queens, yet too high for drones, whose survival was too low by 48 hours
post-treatment to have an appropriate sample size for enzyme analysis. Additionally, other
common detoxification enzymes, such as cytochrome P450 monooxygenases, catalases, and other
classes of carboxylesterases were not tested in this study and should be considered in future work.
In conclusion, our study highlights that enzyme activity in honey bees is highly caste specific,
being generally the highest in workers, followed by drones, then queens. Additionally, we found
that exposure to THI during development can make drones and workers more vulnerable to
additional THI toxicity during adulthood. Accordingly, inter-caste differences in enzymatic
activities and survival observed after exposure to THI need to be examined for other
neonicotinoids and insecticides. Lastly, considering the wide variation of reported enzymatic
activities in various castes of bees, experimental standardization of exposure methodology, doses
of pesticides, and measurement and expression of enzymatic activities are needed for a meaningful
comparison of results generated among various studies.
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CHAPTER 6:

GENERAL DISCUSSION AND CONCLUSION

It is widely accepted that the global decrease of pollinators is a multifactorial problem. One of the
commonly cited reasons for this decline is the increased exposure of pollinators, including honey
bees, to pesticides. Accordingly, thorough pesticide risk assessment protocols need to be followed
to assure the safety of the bees while providing proper protection to crops. Current pesticide risk
assessment strategies have been criticized for under-detection of sublethal toxicities, their
predominant focus on a single caste of worker bees, excluding the reproductively active drones
and queens, and omission of eusocial structure from the experimental procedures. Therefore, the
purpose of this thesis was to investigate if commonly used toxicologic research techniques for
vertebrate species, including histopathology, reproductive toxicity, and biochemical assays, can
also be useful for pesticide risk assessment in bees. Accordingly, first, we reviewed, described and
documented normal histologic morphology of the entire reproductive tract of mated honey bee
queens and subsequently examined histologic changes in queens individually exposed to
incremental doses of thiamethoxam (THI), a widely used neonicotinoid insecticide. We did not
find unequivocal morphological changes in the reproductive tract of these queens; however, we
demonstrated the presence of direct THI toxicity in queens based on hypoplasia of the pheromoneproducing mandibular glands that regulate homeostasis of the colony. Subsequently, we compared
the effect of THI on workers, drones, and queens of various ages, and found that it is the queen
bees that are most susceptible to neonicotinoid toxicity during development, and drone bees that
are most susceptible to neonicotinoid toxicity after emergence. These findings highlight that using
worker bees for pesticide risk assessment purposes may not completely reflect true colony-level
toxicity. In the last chapter, we investigated comparative detoxification enzyme activity in bees of
the three castes after THI exposure to further characterise the underlying mechanism of the castespecific neonicotinoid toxicity. Similarly, we found bee survival was caste- and dose-dependent.
Although we did not find an unequivocal correlation between THI toxicity and enzyme activity,
we did find that detoxification enzyme activity in bees was highly caste specific. Taken together,
our findings demonstrate that certain aspects of histopathology can be a useful and valuable tool
for the detection of some sublethal toxicity in bees and that honey bee castes highly vary in their
response to a toxic stimulus, which is why it may be prudent to include evaluation of drones and
queens in future works.
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6.1

Histopathology as a tool in toxicologic risk assessment

Histologic tissue evaluation is not commonly used in honey bee research, although several research
groups have previously successful used histology to describe morphologic changes in bees affected
by infectious diseases (Higes et al., 2020; Koziy et al., 2019; Wang and Moeller, 1971) and some
toxic changes in workers (Domingues et al., 2017; Zaluski et al., 2017). However, histopathology
is the “gold standard” tool used for toxicologic risk evaluation in vertebrate species. Notably, the
successful use of histopathology as a tool relies on extensive knowledge of normal histology and
background pathology. Comprehensive histologic atlases of specific organs and systems are
widely available in vertebrate species. The same extensive knowledge of normal histology in
honey bees is lacking. The first chapter of this thesis fills in part this gap and it provides a detailed
review, description, and high quality photomicrographs of the entire reproductive tract of mated
honey bee queens. This chapter can serve as reference material for normal structures for future
work evaluating the presence of any potential morphologic abnormalities in the reproductive tract
of queens.
Using histologic tissue evaluation, in Chapter 3, we describe for the first time that direct
developmental exposure to THI by queens results in underdevelopment, or hypoplasia, of their
pheromone-producing mandibular glands. Mandibular glands in queens produce a bouquet of
pheromones responsible for controlling colony homeostasis (Bortolotti and Costa, 2014). The
balance of the mandibular gland pheromone products and their production can be compromised
by infectious disease (Alaux et al., 2011; Dussaubat et al., 2010) or queen exposure to miticides
during development (Walsh et al., 2020), leading to queen failure and increased queen replacement
rates. An association between neonicotinoids and compromised pheromone production has not yet
been established. Since disturbance of functional integrity precedes morphologic tissue changes
(Kemp et al., 2008), it is reasonable to hypothesize that the decreased size of mandibular glands in
queens can result in compromised pheromone production. This change can be a substantial factor
contributing to the increased queen failure rates and decreased queen quality frequently reported
by the beekeepers worldwide. Another finding of this study, namely, the decreased stored sperm
viability in queens exposed to high doses of THI, is in agreement with previous research
(Brodschneider et al., 2016; Gajger et al., 2017). The lack of viable sperm in long-lived queens
decreases their ability to produce female offspring, which increases the need for more frequent
queen replacement. Lastly, this study also clearly demonstrates that neonicotinoids can have a
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direct toxic effect on honey bee queens. In previous studies, where queen health was evaluated in
colonies exposed to neonicotinoids through sugar syrup and/or pollen patties, it was unclear if the
observed reproductive changes were caused by direct toxicity queens or as a secondary change
due to compromised worker care. The results of our study indicate that queens can be directly
affected. Considering ubiquitous contamination of nearly all hive matrices with pesticides, it is
reasonable to expect at least some exposure of queens and drones to these chemicals within a hive.
Accordingly, neonicotinoids can have a direct negative effect on all castes in the colony, not only
on the worker bees, which have been the predominant focus of most toxicologic studies in the past.
6.2

Caste-specific toxicity in bees

Strict division of labour and close cooperation between individual bees and bee castes defines the
eusocial structure of the honey bee colony, making them a “superorganism” and a well-structured
“team”. As we know, “any team is only as good as its weakest link”. Since our previous work
clearly showed that honey bee queens, not only workers, can be directly affected by neonicotinoid
toxicity, in Chapter 4, we wanted to determine which one of the castes is the colony’s “weakest
link” when exposed to THI. The haploid susceptibility theory predicts haploid males to be more
sensitive to noxious stimuli (O’Donnell and Beshers, 2004); however, this has been both supported
(Friedli et al., 2020) and disputed (Ruiz-González and Brown, 2006) in previous toxicological
studies. In our study, we did find drones to be most susceptible to THI exposure after emergence,
evidenced by their high mortality rate in the first 96 hours post-treatment compared to age-matched
workers and queens. At the same time, we also found that when bees are exposed to THI as larvae,
it is the honey bee queens that had the highest mortality compared to drones and workers.
Accordingly, the findings described in Chapter 4 emphasise that THI toxicity in honey bees is
highly caste and age specific. Thus, using worker bees alone for toxicologic risk assessment may
both overestimate and underestimate the toxic potential of a compound on other members of the
honey bee colony. The high tolerance level of worker larvae to THI exposure is well documented
(Friol et al., 2017; Overmyer et al., 2018; Tavares et al., 2015; Yang et al., 2012a), which is why
the high susceptibility of queen larvae to THI found in our study was surprising. Although the
mechanism of this high larval THI toxicity in queens is still unclear, this finding suggests that
using honey bee queen larvae for ecotoxicological risk assessment of new compounds on
developing bees may be a more sensitive test compared to worker larvae alone. The higher level
of THI toxicity in drones was predicted based on the haploid susceptibility theory. However, this
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theory cannot explain the difference in toxicity observed between workers and queens – the two
diploid female castes in the colony. Potential factors contributing to the differential caste and age
specific toxicity in bees may include differences in nicotinic acetylcholine receptor (nAChR)
subunit expression (Thany et al., 2003), fat body quantity and metabolic activity (Tadei et al.,
2019; Yuzheng et al., 2017), and even cell membrane composition (Haddad et al., 2007). However,
the exact mechanism to explain this varying susceptibility has not been determined.
To further characterise and explore the comparative caste-specific toxicity in bees, we measured
specific detoxification enzyme activity, including esterase, GST, AChE, and SOD, in the three bee
castes exposed to THI as larvae and/or as newly emerged bees. Since we did not identify an
unequivocal treatment response in castes to THI, we hypothesize that these tested enzymes are not
likely to play a key role in determining bees’ susceptibility to THI. At the same time, since there
was up to a 6-fold difference in the activity of some enzymes between castes (most notable GST),
it is possible that these enzymes can contribute to caste-specific toxicity in response to other toxic
stimuli. The lack of clear effect of THI on enzyme activity in our study is somewhat surprising,
since other research has shown that these enzymes can be up/down-regulated in response to
neonicotinoid treatment (Boily et al., 2013; Dussaubat et al., 2016; Li et al., 2017; Milone et al.,
2020; Murawska et al., 2021; Zhu et al., 2017). The discrepancy between our study and other
studies could have resulted from different experimental setups or genetic variations of enzyme
activity in bees. In addition, enzyme activity assays can also be skewed by the environmental
conditions at the time of the assay (temperature, pH, etc.), timing, and the type of tissue sampled
(Deng et al., 2017; Yu et al., 1984). Furthermore, enzyme activity is frequently reported as
different end values or outcomes, ranging from the difference in optical density from either control
groups or initial reading to the amount of substrate converted over time while accounting or not
accounting for the total amount of protein initially added to the reaction. These differences make
the comparison of published work difficult. At the same time, when samples are collected,
processed, and handled similarly (as for example in this study), comparative enzyme activity
assays can be a powerful tool. Therefore, more effort should be made in the honey bee research
community to standardise the experimental procedures used for enzyme activity assays so that
more information can be extrapolated from studies conducted by multiple research groups.
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6.3

Limitations and future direction

Overall, the studies described in this thesis indicate that histopathology may be a valuable tool to
enhance certain aspects of the current pesticide risk assessment and that it may be prudent to
consider all three castes of the honey bees in pesticide risk assessment. At the same time, there are
some limitations to our studies that, if addressed, could substantially improve the potential for the
use of these methods by regulators or other researchers. For example, histopathology in vertebrate
species is frequently enhanced with the use of special stains that highlight specific structures,
immunohistochemical techniques for detecting specific proteins, and in situ hybridization for the
detection of specific DNA or RNA fragments. However, these techniques usually also require
extensive background knowledge of tissue composition and molecular structure, and often need to
be species specific to be most effective. For example, in Chapter 3, we used histopathology to
estimate the number of apoptotic cells in queen ovaries by visually counting apoptotic bodies on
hematoxylin and eosin-stained slides. This investigation could be enhanced using
immunohistochemical markers for apoptosis including Annexin V, caspase-3, p53 or by using
terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assays. These techniques
are aimed at detecting specific cell components that indicate cell death. In particular, both TUNEL
and caspase-3 assays have been used in honey bees to characterise cell death in the hypopharyngeal
glands and brain of worker honey bees (Silva and Bowen, 2000; Wu et al., 2015). Similarly, we
used TUNEL to visualise and quantify the extent of apoptosis in queen ovaries, but the results
were inconsistent. Accordingly, we propose that the markers and procedures used in these studies
need to be standardized and validated; in addition, the development of species-specific markers
for honey bees would be the ideal approach. Having these bee-specific biomarkers could
substantially increase the sensitivity of detecting early cell death in honey bee tissues or other types
of changes (e.g. mitotic rate). The brain may be an organ of choice in studies investigating
neonicotinoid toxicity in bees since this class of insecticides targets the nAChR; accordingly, the
use of various neuronal-specific markers to evaluate brain responses to neonicotinoids may be
beneficial.
In addition, in our study, a subjective visual inspection of the histologic tissue sections of the mated
honey bee queens did not reveal an unequivocal effect of THI on various other organ systems.
However, morphometric measurements such as cell height, cytoplasmic vacuolation, or area, could
be used in future studies to enumerate these morphologic observations for a more detailed,
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quantitative evaluation. Furthermore, evaluation of other organs may be warranted. For example,
worker bees exposed to pesticides exhibit clear histologic changes in the brain and hepatonephrotic system (Domingues et al., 2017; Oliveira et al., 2014). Similar changes in drones and
queens have not yet been described or explored. It is also important to mention that tissue reaction
in vertebrate species is much more pronounced than in honey bees, and it is mostly seen as an
inflammatory response that is easily detected histologically as an influx of inflammatory cells in
specific organs. However, in bees, observable inflammatory tissue reaction is largely limited to
melanisation. Therefore, although other tissue responses depicting growth disturbance and cellular
death (e.g., hyperplasia, atrophy, apoptosis, necrosis) are present in honey bees, these are often
more challenging to detect and enumerate compared to inflammatory processes. Thus,
histopathology may have only limited value for current pesticide risk assessment unless it is
enhanced further with specific molecular, immunological or histochemical biomarkers, and
potentially augmented with morphometric tissue parameters.
Similarly, using biochemical assays, including evaluation of enzyme activity, can be a useful tool
for pesticide risk assessment in bees. The results of our work show that enzyme activity is highly
caste specific in bees and depends on the age at which the bees are sampled. Accordingly, it may
be interesting to survey enzyme activity in honey bee castes of different ages and physiologic
maturity. Knowing the fluctuation of enzyme activity in bees may serve as a good predictive value
to identify age categories that are likely to be most susceptible to toxins that can target or
overwhelm specific detoxification enzymatic pathways. In addition, it would be useful to expand
the work described in Chapter 5 to include more detoxification enzymes of bees. Most notably,
such enzymes as cytochrome P450 monooxygenases, catalases, and other classes of
carboxylesterases should be surveyed since they are also involved in the detoxification of a wide
array of toxins in bees (Berenbaum and Johnson, 2015; Lu et al., 2021). The above proposed
investigation of detoxification enzymes would be substantially enhanced by standardization of
experimental procedures to enable the comparison of results among different research studies.
Another limitation of the studies described in this thesis is that we used a single neonicotinoid,
THI, for all our toxicologic assays. We chose THI because it is the most common neonicotinoid
used in Saskatchewan (Codling et al., 2016). Accordingly, our conclusions only apply to the effect
of THI on bees, and to some extent CLO, the metabolite of THI. However, to add more value and
weight to our findings, similar changes may need to be demonstrated in bees in response to other
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pesticides and/or their combinations. In addition, establishing a reliable positive control treatment
that could be used in all three castes with well characterized outcomes may also be useful for future
toxicologic work. In our studies, we relied on the use of “high dose” THI treatment as the positive
control. The high THI dose groups served as reliable positive control treatment groups for some,
but not all measurements in our studies. For example, queens treated with high THI doses had
reduced sperm viability, and mandibular gland hypoplasia, and exhibited an increase in pupal
mortality rate. At the same time, the high THI treatments used when evaluating enzyme activity in
bees were not sufficient to elicit a treatment response. In bees, dimethoate is frequently used as a
positive control treatment in adult and larval acute toxicity studies (Medrzycki et al., 2013); a
similar positive control(s) for various sublethal effects would be a good addition in chronic toxicity
studies as well.
Lastly, there is mounting evidence that genetics in bees, similar to other species, also plays a key
role in determining the extent of susceptibility of bees to toxins. This is why multiple genetic lines
need to be tested to ensure that the observed toxic changes/responses are seen across multiple
unrelated colonies. At the same time, using different genetic lines also contributes to the increased
variability in the observations. Often researchers must choose between selecting to work with
multiple genetics to draw more broad conclusions, or selecting to work with a more homogeneous
genetic population and be somewhat restricted in conclusions that can be made. Since our studies
aimed to explore previously underused research methods, we opted to narrow genetic variations
in our experimental bees by using mostly related individuals. In future work, it may be prudent to
include multiple genetic lines and even multiple geographic locations to confirm if the changes
described in our work are consistently found in other bees as well.
6.4

General conclusions

The principal goal of this thesis was to investigate if “gold standard” toxicologic research
techniques commonly used in vertebrate species can enhance current pesticide risk assessment for
pollinators. Accordingly, our studies included microscopic evaluation of samples collected from
bees treated with THI, and the addition of reproductive castes (i.e. queens and drones) in
toxicologic assays in bees. We found that routine histologic tissue evaluation can successfully be
used to identify certain limited sublethal toxic changes on queens. Specifically, we found that
queens exposed to THI during development have smaller mandibular glands, a change that could
contribute to decreased queen quality through compromised pheromone production. We also
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report that toxicity in bees is highly caste and age specific, as evidenced by their differential
survival in response to THI exposure and their differential enzyme activity. These findings indicate
that it may be prudent to include all three honey bee castes in future toxicologic risk assessment
studies to estimate better the effect of any given toxin on the colony at large. In summary, the
findings described in this thesis enhance our current knowledge of neonicotinoid toxicity in bees,
and further provide new avenues that can be potentially used to improve future pollinator pesticide
risk assessment.
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APPENDIX
Supplemental material and information for this thesis are provided in this Appendix (8
tables and Figure total). Data include timeline of queen development, glossary of beekeeping
terminology, procedure for queen rearing and mating nucleus colony set up, experimental design,
and summary of the data collected and described in Chapter 3; summary of bee survival and
statistics of survival analysis for data collected and described in Chapter 4.
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Supplemental Figure A3.1. Serial sectioning procedure of the ovary Serial sectioning
procedure of the ovary. Thirty consecutive 5 μm thick sections were cut, of which the first 10
sections were collected on a glass slide, stained with H&E and examined; the following 20 sections
were discarded. In such way, we obtained for each queen 10 glass slides containing 10 serial
consecutive cross sections of cranial ovary which were 100 μm apart.
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Supplemental Table A3.1 Timeline of queen development
Day

1

2

Cell state
Developmental

3

4

5

6

7*

8

9

10

open
egg

11

12

13

14

15

capped (sealed)
larva

pre-pupa

pupa

16-17
emergence
imago

stage
*7 – day of queen larva exposure to THI
Supplemental Table A3.2. Glossary of beekeeping terminology
Term

Definition

Capped brood

at the end of larval stage the cells are sealed with wax caps to allow
pupation

Frame

structural component of a hive that supports wax comb

Foundation

plastic plate with imprinted hexagonal pattern which is used by bees to
build wax comb for food storage (honey and pollen) and rearing of brood
(eggs, larvae, pupae)

Grafting

the process of transferring a larva (<24 hours post hatching) into a queen
cup during artificial queen rearing process

Grafting frame

frame containing queen cups in which larvae (<24 hours post hatching)
are transferred during artificial queen rearing process

Late larva

larval stage starts with egg hatching at day 3 post oviposition and it is
completed by day 8-9 with capping. Accordingly, in this study, we refer
to larvae at day 7 post oviposition as late larvae

Mating nucleus

small colony used to house virgin queen during the first three weeks of
life while mating flights takes palace; these are used for commercial
queen production

Queen-right colony

colony with a present laying queen

Sealed brood

capped brood

Standard Langstroth the most commonly used frame size in Langstroth bee hive with
frame

following standardized dimensions 24.3x48.0x23.0x3.5 cm

Strong colony

highly populated colony
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Unsealed

eggs and developing larvae that have not been sealed off with a wax cap

(uncapped) brood

Supplemental Table A3.3. Experimental design and timeline
Day of the Description
experiment
0

Insert wax-drawn worker frame into a one-frame queen cage with a queen;

1

Remove the worker frame with eggs from the queen cage;

4

Graft (transfer) newly hatched bee larvae from the worker frame into plastic
queen cups on a grafting frame;
Place grafting frames with grafted larvae into a starter colony for initial
rearing of honey bee queen larvae;

7

Remove grafting frame from the starter colony;
Pipette 4μl of test solution with incremental doses of THI (0, 5, 50 ng/larva)
into each queen cell;
Place the grafting frame with treated larvae into an incubator (finisher)
colony for further development;

8-14

Record queen survival daily by examining the integrity of the queen cells
on the grafting frame;
Record capping rate on day 9 post oviposition;

13

Assemble mating nucleus colonies by placing 3 frames into nucleus boxes,
including 1) a foundation frame, 2) a full frame of honey and bee bread with
bees, and 3) a frame of fresh and capped brood with bees;

14

Place one experimental queen cell into each mating nucleus;

37

Examine each mating nucleus for the presence of eggs and larvae to identify
the number of mated queens;

38-42

Collect mated queens from mating nucleus colonies for further evaluation
(weight, sperm analysis, histology).
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Rearing of queens
A detailed day-by-day description of the experimental timeline is provided in Supplemental Table
S3. The queens were reared in highly populated (strong) colonies in the presence of a laying queen
(queen right). Each queen-rearing colony consisted of two Langstroth brood chambers with 19
frames total (used to store food and raise brood). The queen in each colony was restricted in a cage
in the middle of the top chamber made of queen excluder mesh. All frames of unsealed worker
brood (uncapped larvae under 8-9 days post oviposition) were removed from the colony to prevent
unwanted spontaneous queen cell formation, and returned to the colony prior to worker bee
emergence to sustain a vibrant nurse bee population. The caged queen was given empty foundation
drawn with wax every 24 hours to generate frames with eggs of synchronized age, which were
used as a source of larvae to produce queens. Newly hatched larvae were grafted (transferred) into
artificial plastic queen rearing cell cups (Mann Lake Ltd. Hackensack, MN, USA) suspended from
the bars of a grafting frame. After larval transfer was complete, the grafting frames were incubated
in the top chamber of the queen-rearing colony (starter colony), on either side of the queen cage;
accordingly, the queen cells were accepted and raised in the queen right queen-rearing colony until
day 7 post-oviposition, at which time they were exposed to treatment. Grafting frames with treated
queen larvae were moved to an incubator colony (finisher colony) for capping and maturation until
day 14. The incubator colonies were strong and occupied a standard hive composed of two 10frame Langstroth brood-chambers divided by a queen excluder to separate the queen in the bottom
brood chamber from the experimental grafting frame in the top brood chamber. On day 14, the
queen cells were removed from the incubator colony and individually placed into mating nucleus
colonies (small, queen-less colonies) prepared for queen emergence and mating.

Mating nucleus set up
Mating nucleus is a small hive that houses a colony with low population of bees without a queen;
the mating nuclei are used as starter colonies for a newly emerged queen to mate. The mating
nuclei in our study were made up of a single standard Langstroth box divided into three completely
separate compartments. Thus, each Langstroth box housed three mating nuclei with three standard
Langstroth frames (24.3 x 48.0 x 23.0 x 3.5 cm) in each: one frame of capped honey, one frame of
sealed brood with bees, and a new empty frame with plastic foundation. These mating nuclei were
made on day 13 with frames donated by healthy, non-experimental colonies. On day 14 post153

oviposition, each box containing three mating nuclei was randomly assigned three queen cells
representing each treatment (control, 5 ng, and 50 ng THI), with one cell inserted in each mating
nucleus. After 2 weeks and 3 weeks post queen emergence, the experimental nucleus colonies were
checked to determine mating success of queens based on the presence of eggs and worker brood.
All mated queens were harvested 22-26 days post emergence for further evaluation.

Supplemental Table A3.4. Summary of the original data collected from all measured
parameters described
Control
1. Total treated
29
2. Total capped
29
3. Total emerged
29
4. Total mated
9
5. Queen weight (mg)

June (A)
5ng THI
50ng THI

Control

August (B)
5ng THI
50ng THI

26

36

18

25

24

26

32

18

22

21

26

25

18

17

13

13

9

12

12

13

215.3
252.6
245.6
211.8
256.4
257.4
220.9
244.7
248.6
199.9
221.3
228.1

196.1
228.5
217.8
202.6
216.9
246.2
261.3
258
231
238.2
230.8
209.3

231.4
246.4
237.3
241.3
190.9
193
211.5
203.4
234.4
201.3
259.2
190.9
215.4

6. Total sperm count
2,024,000

2,915,000

1,276,000

3,936,000

5,072,000

4,752,000

2,453,000

1,232,000

1,529,000

5,232,000

4,140,000

5,448,000

.

2,255,000

2,255,000

5,316,000

6,480,000

4,788,000
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3,619,000

2,189,000

2,222,000

4,920,000

4,812,000

3,852,000

2,761,000

1,386,000

2,156,000

6,288,000

4,800,000

.

3,949,000

2,222,000

3,179,000

4,272,000

5,748,000

3,168,000

2,277,000

4,367,000

5,467,000

4,832,000

5,936,000

4,020,000

1,925,000

4,818,000

1,595,000

4,448,000

5,824,000

5,312,000

1,969,000

3,553,000

1,958,000

2,384,000

5,120,000

5,408,000

3,916,000

3,200,000

6,224,000

4,080,000

1,727,000

800,000

4,416,000

3,280,000

2,101,000

4,864,000

4,416,000

.

2,926,000

4,256,000

7. Sperm viability (%)
88.3
78.0
.
79.9
86.6
77.1
80.3
91.3
83.7

82.7
78.4
89.7
76.3
81.0
72.1
68.3
66.3
71.7
77.0
73.0
78.2
89.6
28.2
82.3
77.2
82.3
78.8
74.0
87.9
63.7
78.2
8. Mandibular gland epithelial area (mm2)
13.49
8.40
5.65
9.97
10.40
8.28
8.20
9.11
8.58
10.95
8.23
7.52
2
9. Mandibular gland lumen total area (mm )
9.65
14.13
11.51
18.14
3.13
12.98
11.10
14.58
11.39
9.49
8.52
3.89
155

89.5
86.9
79.8
73.4
80.5
87.0
80.6
83.5
84.2
86.8
84.3
68.1

80.9
86.8
82.7
80.5
79.0
77.9
79.0
73.8
70.4
85.6
79.7
81.3

55.8
73.5
44.8
47.7
.
69.3
74.2
67.6
74.9
74.3
70.4
.
60.7

9.67
9.70
12.46
11.30

10.94
9.87
8.97
8.20

8.27
8.36
8.38
9.49

14.21
11.64
14.27
13.24

12.60
13.81
8.67
5.04

8.80
10.33
10.01
14.61

10. Peri-mandibular gland fat body area (mm2)
9.75
10.44
6.31
9.97
9.68
10.15
10.12
9.12
9.53
11.51
8.95
12.97
10.82
9.70
9.70
9.47
11. Optic lobe total area (mm2)
4.30
3.28
3.67
3.32
3.08
3.37
3.36
3.28
4.01
4.08
3.86
3.20
4.17
3.79
3.32
2.89
12. Total ovariole count
296
292
280
294
310
335
346
277
340
274
303
272
435
306
303
321
2
13. Number of apoptotic cells per mm
96.2
114.3
100.1
140.9
78.0
66.2
152.9
258.7
30.7
232.9
56.8
138.7
15.0
4.2
49.1
162.1
14. Total mandibular gland epithelial area in newly emerged honey
2017
13.31
17.13
3.65
19.57
15.38
13.14
14.18
14.19
12.84
18.67
16.07
12.78
15.97
17.98
10.77
18.11
9.30
15.41
14.76
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10.31
10.97
11.02
9.01

9.30
8.60
7.56
10.90

3.11
3.38
3.42
3.19

2.99
2.81
2.79
3.35

343
285
305
332

294
314
317
491

118.6
237.4
72.0
130.6
87.6
55.0
11.4
58.6
bee queens; pilot study,

Supplemental Table A4.1. Summary of bee survival (%) from all experimental
manipulations
Capping rate, %
Treatment group
0 ng THI
5 ng THI
50 ng THI
100 ng THI
Emergence rate, %
Treatment group
0 ng THI
5 ng THI
50 ng THI
100 ng THI

Worker
100.0
99.0
99.1
99.0

Drone
96.9
100.0
100.0
100.0

Queen
100.0
100.0
38.9
16.7

Worker
99.0
97.0
97.3
84.6

Drone
81.6
77.9
88.0
89.4

Queen
94.7
89.5
27.8
16.7

Survival to 96h after contact exposure to THI, %
Newly emerged bees
Treatment group
Worker
Drone
0 ng THI
100.0
100.0
10 ng THI
45.0
17.5
30 ng THI
0.0
0.0
60 ng THI
0.0
0.0
Young adult bees
Treatment group
Worker
Drone
0 ng THI
100.0
84.0
10 ng THI
83.3
22.0
30 ng THI
36.7
0.0
60 ng THI
0.0
0.0
Mature adult bees
Treatment group
Worker
Drone
0 ng THI
100.0
58.0
10 ng THI
65.0
0.0
30 ng THI
16.7
0.0
60 ng THI
3.4
0.0
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Queen
100.0
88.2
25.0
0.0
Queen
88.9
88.9
100.0
50.0
Queen
62.5
12.5
12.5
0.0

Supplemental Table A4.2 Specific Chi-square statistics and p-values for a Kaplan Maier
analysis evaluating the effect of caste on bee survival at each dose and age level. For the overall
analysis the a level was corrected to α’ = α / 4 = 0.0125; for between caste comparison, the α level
was corrected to α’’ = 0.0125 / 3 = 0.0042. The bolded p-values highlight groups where statistically
significant differences were identified.
Overall (caste)

Worker vs Drone

Worker vs Queen

Drone vs Queen

Dose

Caste

Χ22

p

Χ21

p

Χ21

p

Χ21

p

0 ng

New

.

.

.

.

.

.

.

.

Young

6.9

0.032

6.9

0.008

4.4

0.035

0.2

0.69

Mature

37.3

<0.001

36.9

<0.001

29.3

<0.001

0.3

0.6

New

21

<0.001

3.9

0.049

9

0.003

24.4

<0.001

Young

30.8

<0.001

24.8

<0.001

0.1

0.7

10.7

0.001

Mature

72.3

<0.001

63.3

<0.001

4.7

0.031

27.4

<0.001

New

13.4

0.001

10.7

0.001

7.6

0.006

3.4

0.064

Young

49

<0.001

29.5

<0.001

9.7

0.002

48

<0.001

Mature

22.7

<0.001

20.3

<0.001

0.043

0.8

12.7

<0.001

New

32.3

<0.001

23.8

<0.001

18.2

<0.001

2.2

0.14

Young

39.3

<0.001

20

<0.001

11.8

<0.001

31.9

<0.001

Mature

5

0.084

0.7

0.4

2.5

0.1

7.2

0.007

10 ng

30 ng

60 ng
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Supplemental Table A4.3 Specific Chi-square statistics and p-values for a Kaplan Maier
analysis evaluating the effect of age on bee survival at each dose and caste level. For the overall
analysis the a level was corrected to α’ = α / 4 = 0.0125; for between age comparison, the α level
was corrected to α’’ = 0.0125 / 3 = 0.0042. The bolded p-values highlight groups where statistically
significant differences were identified.
Overall (age)

New vs Young

New vs Mature

Young vs Mature

Dose

Caste

Χ22

p

Χ21

p

Χ21

p

Χ21

p

0 ng

Worker

.

.

.

.

.

.

.

.

Drone

25.9

<0.001

6.9

0.008

21.4

<0.001

8.6

0.003

Queen

7.3

0.027

1.8

0.18

6.8

0.009

1.7

0.197

Worker

9

0.011

9.1

0.003

2.4

0.12

3.2

0.074

Drone

45

<0.001

1.9

0.17

50

<0.001

19.1

<0.001

Queen

17.5

<0.001

0

0.999

14.3

<0.001

7.6

0.006

Worker

8.8

0.013

7.9

0.005

3.6

0.056

2.4

0.12

Drone

87.7

<0.001

79

<0.001

48.2

<0.001

9.9

0.002

Queen

14.3

<0.001

11.5

<0.001

0.5

0.49

13.3

<0.001

Worker

3.1

0.2

1.8

0.18

0.5

0.48

2.7

0.099

Drone

73.5

<0.001

55.5

<0.001

41.6

<0.001

6

0.014

Queen

7.2

0.028

3.9

0.049

3.3

0.069

3.3

0.071

10 ng

30 ng

60 ng
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Supplemental Table A4.4 Specific Chi-square statistics and p-values for a Kaplan Maier
analysis evaluating the effect of THI dose on bee survival at each caste and age level. For the
overall analysis the α level was corrected to α’ = α / 4 = 0.0125; for between age comparison, the
a level was corrected to α’’ = 0.0125 / 3 = 0.0042. The bolded p-values highlight groups where
statistically significant differences were identified.
Overall
Dose

Queen

0 ng vs 30 ng

0 ng vs 60 ng

Χ23

p

Χ21

p

Χ21

p

Χ21

p

129.6

<0.001

30.1

<0.001

85.5

<0.001

85.7

<0.001

Young

96.6

<0.001

7.1

0.008

35.9

<0.001

81.5

<0.001

Mature

178.5

<0.001

29.9

<0.001

106

<0.001

134.5

<0.001

New

134.6

<0.001

59.5

<0.001

79

<0.001

81.1

<0.001

Young

155.5

<0.001

48.3

<0.001

89

<0.001

89

<0.001

Mature

178.6

<0.001

107.4

<0.001

111.2

<0.001

111.3

<0.001

New

52.9

<0.001

1.9

0.16

19.4

<0.001

34.2

<0.001

Young

9.8

0.02

0.002

0.97

1

0.32

3.5

<0.001

Mature

22.2

<0.001

4.1

0.042

9.4

0.004

14.2

<0.001

Caste

Worker New

Drone

0 ng vs 10 ng
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Supplemental Table A5.1 Enzyme activity in newly emerged bees

Bee ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Caste
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Drone
Drone
Drone
Drone
Drone
Drone
Drone
Drone
Drone
Drone
Queen
Queen
Queen
Queen

Age
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged

Larval
THI dose
(ng/bee)
0
0
0
0
0
25
25
25
25
25
0
0
0
0
0
25
25
25
25
25
0
0
0
0

THI dose
at
Esterase (δ
GST
emergence Absorbance/min/mg (μmol/min/mg
(ng/bee)
protein)
protein)
0
1.93
6.39
0
2.02
6.03
0
1.10
6.43
0
1.67
5.98
0
1.79
6.41
0
1.69
5.33
0
1.45
6.12
0
3.32
7.42
0
2.54
6.18
0
2.05
6.28
0
2.27
5.54
0
2.38
5.06
0
1.64
5.86
0
2.79
5.64
0
2.98
5.98
0
2.28
5.33
0
1.35
5.47
0
1.35
5.86
0
2.31
6.06
0
1.51
5.28
0
0.87
3.77
0
0.98
3.85
0
1.00
4.06
0
1.12
5.11
161

AChEst
(U/μg
protein)
13.08
13.06
11.13
9.59
12.42
11.87
12.37
13.21
12.75
14.97
10.39
8.35
9.50
8.07
8.30
8.79
9.38
8.08
9.82
6.64
6.96
7.07
7.38
6.45

SOD ((%)
per μg
protein)
26.08
30.18
33.99
33.80
35.64
25.19
27.76
35.57
27.36
24.06
21.98
22.87
21.76
22.79
27.52
20.16
23.03
17.76
25.64
23.18
21.55
21.27
3.96
24.01

25
26
27
28
29
30

Queen
Queen
Queen
Queen
Queen
Queen

Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged
Newly emerged

0
25
25
25
25
25

0
0
0
0
0
0

1.19
1.32
0.81
0.86
0.99
1.21
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5.13
4.43
3.21
3.01
3.95
5.36

7.57
7.22
7.48
6.96
7.54
6.68

24.44
25.89
18.65
23.46
23.00
21.44

Supplemental Table A5.2 Enzyme activy in bees 48 hours after contact THI treatment at emergence

Bee ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Caste
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Worker
Drone
Drone
Drone
Drone

Time (h) post
contact THI
exposure
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48

Larval
THI dose
(ng/bee)
0
0
0
0
0
0
0
0
0
0
25
25
25
25
25
25
25
25
25
25
0
0
0
0

THI dose
at
Esterase (δ
GST
emergence Absorbance/min/mg (μmol/min/mg
(ng/bee)
protein)
protein)
0
2.089
22.853
0
2.340
24.299
0
3.301
25.913
0
2.383
34.029
0
2.734
34.447
7.5
2.170
21.366
7.5
2.321
31.802
7.5
2.403
28.828
7.5
3.122
26.366
7.5
3.221
21.576
0
3.157
29.617
0
2.944
35.807
0
3.144
33.178
0
2.396
28.954
0
3.419
35.650
7.5
2.561
26.973
7.5
2.535
30.930
7.5
2.772
17.900
7.5
3.065
34.725
7.5
3.009
33.513
0
1.277
31.530
0
1.231
25.847
0
0.576
26.465
0
1.808
25.138
163

AChEst
(U/μg
protein)
10.629
10.600
17.068
13.421
12.432
11.976
9.437
11.215
8.023
14.547
11.400
9.826
14.124
14.226
8.977
10.850
9.864
9.556
10.715
7.184
9.082
8.982
9.282
12.488

SOD ((%)
per μg
protein)
33.356
35.051
30.879
32.428
46.339
28.887
37.993
38.071
39.591
32.308
64.840
41.146
47.437
38.833
51.991
37.098
38.841
35.053
50.527
39.154
35.821
28.929
28.684
31.012

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

Drone
Drone
Drone
Drone
Drone
Drone
Drone
Drone
Drone
Drone
Drone
Drone
Drone
Drone
Drone
Drone
Queen
Queen
Queen
Queen
Queen
Queen
Queen
Queen
Queen
Queen
Queen
Queen
Queen

48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48
48

0
0
0
0
0
0
25
25
25
25
25
25
25
25
25
25
0
0
0
0
0
0
0
0
0
0
25
25
25

0
7.5
7.5
7.5
7.5
7.5
0
0
0
0
0
7.5
7.5
7.5
7.5
7.5
0
0
0
0
0
7.5
7.5
7.5
7.5
7.5
0
0
0

0.838
0.813
0.500
0.487
0.396
0.495
1.080
1.362
1.167
2.251
0.639
1.311
0.582
1.933
1.160
0.584
1.352
1.910
2.102
1.783
1.846
1.427
1.554
1.811
2.421
2.703
2.288
1.395
2.122
164

22.937
28.048
29.358
22.773
22.389
22.114
26.017
28.946
29.841
29.638
32.660
25.316
23.837
35.257
28.488
28.114
4.847
4.773
4.899
4.691
5.077
4.445
5.123
4.993
4.737
5.065
5.645
5.239
6.019

9.845
9.209
10.037
11.706
9.913
7.571
11.678
12.058
8.574
10.750
11.733
11.507
10.904
11.548
10.676
9.207
8.540
7.751
9.537
9.181
11.267
8.203
8.932
7.857
10.181
12.772
11.280
12.778
10.049

26.202
31.489
31.163
29.721
30.989
29.805
39.379
27.494
38.156
34.457
33.859
36.285
31.267
38.156
27.316
33.463
30.370
26.729
30.354
30.719
31.947
27.076
26.259
28.727
29.419
34.384
34.585
30.024
37.831

54
55
56
57
58
59
60

Queen
Queen
Queen
Queen
Queen
Queen
Queen

48
48
48
48
48
48
48

25
25
25
25
25
25
25

0
0
7.5
7.5
7.5
7.5
7.5

1.807
2.577
2.193
2.219
2.777
1.839
1.757
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5.763
4.733
5.754
4.413
5.684
6.123
4.787

10.752
9.506
10.685
10.971
10.851
10.425
8.833

31.099
26.430
33.912
31.504
31.541
30.424
26.675

Supplemental Table A5.3 Survival of caged bees

Treatment
group
1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5
6

Caste
Workers
Workers
Workers
Workers
Workers
Workers
Drone
Drone
Drone
Drone
Drone
Drone
Queen
Queen
Queen
Queen
Queen
Queen

Larval THI
dose (ng/bee)
0
0
0
25
25
25
0
0
0
25
25
25
0
0
0
25
25
25

THI dose
at
emergence Total bees
(ng/bee)
caged
0
60
7.5
60
15
60
0
60
7.5
60
15
60
0
64
7.5
63
15
78
0
62
7.5
62
15
77
0
15
7.5
12
15
15
0
15
7.5
15
15
15
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Live at 48
hours post
contact
treatment
60
57
55
60
39
42
64
30
15
61
34
0
15
12
15
15
15
15

