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ABSTRACT 

Several factors are responsible for the health decline currently faced by managed honey 

bees (Apis mellifera) worldwide, including pests, pathogens, queen failure, pesticide 

contamination, habitat fragmentation and nutritional stress. One of the most important 

contributors in this decline is the ectoparasitic mite Varroa destructor, a ubiquitous pest 

that, when found in high numbers, causes colonies to collapse and die. To control 

Varroa since its introduction three decades ago, beekeepers in the U.S. have treated 

colonies with the miticides tau-fluvalinate, coumaphos, and amitraz. These pesticides, in 

addition to forager-collected fungicides and insecticides, such as chlorothalonil and 

chlorpyrifos, bind to the colony’s lipophilic wax matrix and remain permanently in the 

hive until the comb is replaced. Most studies exploring the effects of pesticides on honey 

bee health have focused on oral or topical exposure of workers, often using 

unrealistically high concentrations of these chemicals. Incidentally, few studies have 

examined the synergistic and combinatorial effects of exposure to pesticide-laden wax 

during development on honey bee queen reproductive health.  

 

The goal of this dissertation was to determine the effects of wax exposure to pesticides 

during development on honey bee queen physiology and reproduction, as well as queen 

and worker behavior. To do this, we reared honey bee queens in beeswax contaminated 

with field-relevant combinations of the miticides tau-fluvalinate, coumaphos, and 

amitraz, as well as the pesticides chlorothalonil and chlorpyrifos (or left the wax free of 

pesticides, as a control). Once adult queens emerged from their cells and mated, we 
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housed them in observation hives to assess worker retinue behavior and queen egg-

laying rate. We found that queens reared in pesticide-free wax had significantly larger 

retinues and higher egg-laying rates than queens reared in any of the pesticide treatment 

groups. We then dissected the queens’ mandibular glands, which produce pheromones 

that attract retinue workers and maintain colony organization, to conduct caged worker 

bioassays and GC-MS analyses. Caged workers were significantly more attracted to the 

mandibular extracts of queens reared in pesticide-free wax, and these queens produced 

gland pheromone profiles significantly different from those produced by queens reared 

in any of the pesticide treatment groups.  

 

Using the same experimental treatments, we also measured other markers of queen 

reproductive health and fitness including the rate at which developing queen larvae were 

fed by nurse workers, adult queen size and weight, viability of spermatozoa stored in the 

mated queen’s spermatheca, the number of ovarioles per ovary, and the queen’s mating 

frequency. We found no significant differences between queens reared in pesticide-free 

versus pesticide-laden wax for the nurse feeding rate toward developing queens, adult 

queen size, weight, or ovariole number. Surprisingly, queens reared in wax contaminated 

with amitraz mated with significantly more drones than queens in any other 

experimental group, including the controls. Our results show that pesticide exposure 

during development affects some aspects of queen physiology, including egg-laying rate, 

mating frequency, and worker retinue behavior, which likely have important fitness 

implications at the colony level.   
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1. INTRODUCTION  

1.1 Honey bee background 

The honey bee, Apis mellifera L. (Hymenoptera: Apidae), is arguably the most important 

beneficial insect to the agricultural sector in the United States, contributing 

approximately $17 billion annually to the economy, particularly through the pollination 

of major agricultural crops (Calderone 2012). Despite their importance, honey bee 

populations continue to decline worldwide at an alarming rate. Some of the main factors 

contributing to this decline include habitat fragmentation, increased use of agricultural 

pesticides, pathogens and pests, poor nutrition, and, most importatantly, the problems 

associated with the parasitic mite, Varroa destructor (Acari: Varroidae). Varroa sucks 

the fat bodies and hemolymph of developing and adult bees, while simultaneously 

vectoring over a dozen bee-associated viruses (vanEngelsdorp et al. 2010, Pettis and 

Delaplane 2010, Ramsey et al. 2019). Honey bee colonies with high Varroa infestations 

typically collapse and die within two to three years, if left untreated (Martin 2001, 

Boecking and Genersch 2008).  

 

The decline of managed honey bees not only endangers the survival of this essential 

pollinator, but also puts food security at risk, as one third of the food consumed by 

humans is pollinated, at least in part, by honey bees. Furthermore, the demand for 

pollinator-dependent crops continues to increase on a global scale (Aizen and Harder 

2009). Because so much of our agricultural production is dependent on honey bee 

pollination, the decline of their population is one of the greatest challenges facing 
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agriculture and food security in the U.S. and around the world over the next decade. 

According to the United Nations, the current world population (7.3 billion people) is 

expected to rise to approximately 9.7 billion by 2050. One of the most striking 

challenges associated with this rapid human population explosion is the shockingly vast 

amount of food that must be produced to support it. Incidentally, the well-documented 

pollinator shortages in the U.S. and some European countries will directly limit the 

amount of pollinator-driven food that can be produced (Holden 2006, Aizen and Harder 

2009). Because farmers of large commercial crop operations understand that pollination 

is necessary for an economically sustainable yield, they offer commercial beekeepers 

large pollination fees for the placement of honey bee colonies in agricultural fields 

during a particular plant’s blooming period. Beekeepers rush to meet pollination 

demands all over the country, but particularly for the mid-February almond bloom in 

California. This large-scale human-assisted migration for pollination events not only 

stresses honey bees nutritionally and makes them susceptible to pathogens, but also 

concentrates most managed colonies in one small geographical area, thus creating a 

reservoir for horizontal transmission of pests and pathogens, and exposing colonies to 

pesticides used in agricultural fields and/or applied by beekeepers (Ahn et al. 2012).  

 

Since honey bees were introduced to the New World by European settlers in the late 

1600’s, humans have built entire agroecosystems that utilize bee-driven pollination 

services (Sheppard 1989). To successfully feed our growing population and meet our 

increasing crop pollination needs, the honey bee decline must be mitigated. This 
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dissertation’s research attempts to explore one of the factors contributing to the honey 

bee decline by examining whether and how in-hive pesticide contamination negatively 

impacts the reproductive health of honey bee queens. 

 

1.2 Pesticides of interest 

1.2.1 Beekeeper-applied miticides 

In the fight against Varroa mites, the most widely used miticides in the U.S. in the last 

25+ years have contained the pyrethroid tau-fluvalinate (active ingredient in Apistan®), 

the organophosphate coumaphos (active ingredient in Checkmite+®), and the 

formamidine amitraz (active ingredient in Apivar®). Studies have shown that the 

majority of honey bee colonies in the U.S. contain beeswax that is contaminated with 

some or all of these miticides, some of which are found at very high levels. Mullin et al. 

(2010) performed a survey of commercial honey bee colonies across the U.S. and found 

87 pesticides and their metabolites in 259 15 cm x 10 cm wax samples surveyed. The 

average wax sample contained eight different pesticide residues, with almost half 

(49.9%) containing one or more systemic pesticides, while the most contaminated 

sample had 39 pesticides and/or their metabolites. The miticides tau-fluvalinate and 

coumaphos were primarily found in conjunction with each other and were in 77.7% of 

all the bee, pollen, and wax samples surveyed. Amitraz, or its metabolites 2,4-

dimethylpphenylformamide (DMPF) or 2,4-dimethyl aniline (DMA), were among the 

top ten pesticides present in wax samples. Additionally, it was very common to find 
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combinations of a miticide such as tau-fluvalinate or coumaphos with the fungicide 

chlorothalonil or the organophosphate chlorpyrifos in wax samples. 

 

Tau-fluvalinate, or (2R)-fluvalinate, is a synthetic pyrethroid used by beekeepers to treat 

Varroa mite infestations. Apistan® and Mavrik® were the first legal products with tau-

fluvalinate as the active ingredient that were legalized under a Section 18 Emergency Ag 

Exemption when Varroa mites initially invaded the U.S. in 1987. Tau-fluvalinate is very 

stable, and has a half-life of approximately five years in beeswax (Bogdanov 2004, see 

review by Johnson et al. 2010). It kills Varroa by blocking its sodium and calcium 

channels (Davies et al. 2007). This inhibits nerve signaling and function, causing tremors 

(or T-syndrome) and paralysis, which eventually lead to mite death. While honey bees 

are highly susceptible to pyrethroids, they exhibit some tolerance to tau-fluvalinate 

because their cytochrome P450 monooxygenases (P450s) quickly detoxify it (Johnson et 

al. 2006). However, hney bee queens exposed to tau-fluvalinate during development 

were shown to be smaller than unexposed queens (Haarmann et al. 2002). While tau-

fluvalinate was initially highly successful in controlling Varroa, the mites quickly 

developed resistance to this product, and by 1994 it had largely fallen out of favor in the 

beekeeping community. 

 

Coumaphos, an organophosphate, was the second acaricide to be legally used by the 

beekeeping industry after it was granted a Section 18 Emergency Ag Exemption in 1999. 

Sold under the tradename Checkmite+®, coumaphos kills Varroa with a bioactivated 
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oxon metabolite by inactivating acetylcholinesterase. This inhibits nerve signaling and 

function, causing tremors and paralysis which eventually lead to death. Similar to tau-

fluvalinate, coumaphos has a half-life of five years in beeswax (Bogdanov 2004). 

Varroa quickly developed tolerance and eventual resistance to coumaphos as early as 

2001 (Elzen and Westervelt 2002). Honey bees can tolerate some exposure to 

coumaphos because of their P450 detoxifying enzyme activity (Johnson et al. 2009), but 

it was nevertheless shown to cause queens to be of smaller size and cause high queen 

mortality when developing queens came in contact with high concentrations of this 

miticide (Haarmann et al. 2002, Collins et al. 2004, Pettis et al. 2004). 

 

The products Miticur® and Taktic®, which have the formamidine Amitraz as the active 

ingredient, were initially registered under a Section 18 Emergency Ag Exemption for 

beekeeper use against Varroa mites in 1989, but it was withdrawn from the market two 

years after registration due to reports of bee deaths and high colony losses (Elzen et al. 

2005). Despite little evidence to support these claims, the registrant completely withdrew 

Miticur® (Hoechst-Roussel Agri-Vet Company, Somerville, New Jersey, U.S.) from the 

market. However, amitraz continued to be commercially (albeit illegally) available to 

beekeepers as Taktic®, a veterinary miticide for large mammals. The high levels of the 

amitraz metabolites DMPF and DMA that are consistently found in beeswax suggest that 

it continued to be used after its registration was withdrawn from the market (Berry 2009, 

Mullin et al. 2010, Berry et al. 2013). Amitraz was registered once again in 2012 under a 

Section 18 Emergency Ag Exemption as the product Apivar®, and continues to be 
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widely used by commercial beekeepers today, despite some reports of Varroa resistance 

as early as 2005 (Sammataro et al. 2005). Amitraz is an octopaminergic agonist to honey 

bees and Varroa mites (Evans and Gee 1980). It interacts with octopamine receptors in 

the central nervous system causing T-syndrome and paralysis, eventually leading to 

death. Amitraz is acutely toxic to honey bee larvae and has been shown to cause queens 

to temporarily or permanently stop laying eggs (Gregorc and Bowen 2000). 

 

Even though they are no longer used heavily, tau-fluvalinate and coumaphos are 

ubiquitous in wax samples from U.S. beekeeping operations because they were initially 

the only chemical tool beekeepers could use to combat Varroa mites in the late 80’s and 

early 90’s, so they were almost universally applied in colonies with high Varroa levels 

(Haarmann et al. 2002, Mullin et al. 2010). Once Varroa began to develop resistance to 

both miticides, beekeepers started to overuse and misuse these miticides.  This in turn 

caused fast and severe mite resistance to both products, leading the beekeeping industry 

towards a chemical treadmill that is still widely present today. In recent times, amitraz 

has suffered a similar style of misuse by beekeepers. It is thought to be safer for bees 

because it has a much shorter half-life in wax than tau-fluvalinate or coumaphos (only 

10 days), bioactively breaking into DMPF and DMA. However, these metabolites have a 

relatively longer half-life than amitraz (three months and 1 ½ respectively) and are 

commonly found found in colonies years after beekeepers stated they had stopped using 

it (Mullin et al. 2010, Traynor et al. 2016, Ostiguy et al. 2019). 
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Due to nationwide contamination of beeswax with tau-fluvalinate, coumaphos, and 

amitraz, it is reasonable to expect that any contaminated wax in which honey bee queens 

are reared compromises adult queen health (Pettis et al. 1991, Pettis et al. 2004). Comb 

contamination is a very serious problem, because the presence of miticides in the hive 

has been shown to have negative sublethal effects on adult queen fertility (Burley 2007, 

Haarmann et al. 2002, Pettis et al. 2004). 

 

1.2.2 Crop applied pesticides 

While many honey bee foragers die in the field after they are exposed to pesticides 

(Porrini et al. 2003), they often bring pesticides with them back to the colony. This 

exposes the entire colony to products that were never intended to be inside a hive 

causing a pesticide “drift” that can occur via air, water, or mechanical movement. 

Examples of drift include the movement of systemic neonicotinoids from 

agroecosystems to milkweed plants in nearby monarch butterfly foraging areas (Pecenka 

and Lundgren 2015). 

 

Honey bees are the most economically viable way for commercial farmers to ensure that 

their crops are sufficiently pollinated (McGregor 1976, Watanabe 1994). Approximately 

35% of all commercially grown crops depend directly on honey bee pollination to have 

economically viable yields. In the U.S., honey bee pollination accounts for 

approximately $17 billion to our economy every year (Calderone 2012). As agriculture 

comprises more and more monocultures, native bees are not able to establish themselves 
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in adequate numbers to ensure crop pollination without the help of managed honey bees 

(Aizen et al. 2009). Therefore, commercially kept honey bee colonies are the best option 

to ensure the pollination of large acreage of fruits, seeds, nuts, and vegetables that are 

insect pollinated (Crane and Walker 1984, Free 1993, Burd 1994, Delaplane and Mayer 

2000, Klein et al. 2007, Gallai et al. 2008). 

 

Agricultural pesticides accumulate in a honey bee colony’s lipophilic beeswax, 

contaminating the pollen, nectar, and bee rearing environment within the colony over 

time. Hives can therefore act sinks for agrochemicals, allowing large numbers of 

independently applied products to act synergistically through processes that are still 

poorly understood (Johnson et al. 2010, Johnson et al. 2013b). For instance, the impact 

of fungicides and other pesticide classes on honey bee health was not of major interest 

until recently. Pettis et al. (2014) determined that honey bees exposed to high levels of 

fungicides in pollen were significantly more susceptible to the microsporidian gut 

pathogen Nosema ceranae. Since then, there has been more research on the sublethal 

effects of agrochemicals on honey bee health.  

 

Chlorpyrifos and chlorothalonil were the agrochemicals with the third and fourth highest 

prevalence in the bee, wax, and pollen samples collected from commercial apiaries by 

Mullin et al. (2010). The United States Geological Survey (USGS) has estimated that, 

conservatively, over 5 million pounds of the organophosphate chlorpyrifos, have been 
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used annually in the U.S. over the last decade. This estimate is down from the estimated 

10+ million pounds that were used annually in agriculture during the 1990’s.  

The EPA considers organophosphates to be acutely toxic to arthropods, invertebrates, 

and mammals. Chlorpyrifos is a non-systemic contact spray that honey bee foragers 

encounter on flowering plants. It is hazardous to pollinators for approximately three days 

after it has been sprayed, although it has been assessed as a “low risk” pesticide when 

used according to label instructions (Cutler 2014). Organophosphates are 

acetylecholinesterase (AChE) inhibitors, which disrupt the nervous system by stopping 

AChE from breaking down acetylcholine—the neurotransmitter that signals muscles to 

move, leading to a buildup of acetylecholine in the nerves. This causes a lack of 

inhibition in neuron firing, ultimately causing tremors, paralysis, and eventual death in 

exposed arthropods (Fukuto 1990, Pohanka 2011). 

 

Chlorpyrifos has been shown to reduce honey bee larvae survival when combined with 

fluvalinate, coumaphos, or chlorothalonil (Zhu et al. 2014). It also has sublethal effects 

such as causing a deficiency in odor-learning and memory in honey bees after they 

ingested 50 pg of chlorpyrifos, which is thousands of times lower than the evaluated 

LD50 of chlorpyrifos to honey bees via oral exposure of 15.39 mg/L (Hageman et al. 

2013, Dai et al. 2017). Chlorpyrifos and other AChE inhibitors have been shown to 

increase grooming behavior and impair honey bees’ ability to right themselves after 

falling, as well as cause abdominal spasms (Williamson et al. 2013). Furthermore, 

chlorpyrifos and its metabolites had a greater AChE inhibition effect than chlorpyrifos 
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itself on brain and midgut tissues (Dauterman 1971, Fukuto 1990, Williamson et al. 

2013). 

 

According to the United States Geographical Survey (USGS), chlorothalonil (or 2, 4, 5, 

6-tetrachloroisophthalonitrile) is the most widely used fungicide in the U.S.  It is used to 

eliminate fungi on everything from vegetables, nuts and fruits to golf courses. While 

chlorothalonil breaks down relatively quickly in one to three months, its primary 

metabolite, 4-hydroxy-2,5,6,-trichloroisophthalonitrile, is approximately 30 times more 

acutely toxic than chlorothalonil and is also more persistent in the environment (Cox 

1997). Chlorothalonil kills fungi by reducing the antioxidant glutathione, thus causing 

cell dysfunction and death (Johnson et al. 2010). Long-term or chronic exposure to 

chlorothalonil in mammals can cause kidney damage or cancer (re-registration eligibility 

decision for chlorothalonil, EPA 1999). Exactly how chlorothalonil impacts arthropods 

is unknown, but it has sublethal effects by ostensibly suppressing the honey bee immune 

system and making bees more susceptible to microsporidian pests (Zhu et al 2014, Pettis 

et al. 2013).  

 

The USGS estimates that over 8 million pounds of chlorothalonil has been used as an 

active ingredient in agriculture every year in the U.S. since 1992, with use reaching 12 

million pounds in some years. These estimates do not account for non-agricultural use, 

which the EPA estimates would have increased chlorothalonil use to approximately 15 

million pounds during some years in the 1990’s (EPA 1999). Since then, chlorothalonil 
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has a significantly negative impact on honey bee larvae survival when were fed 

chlorothalonil in bee bread, the same way that they would encounter it inside a hive. 

Larvae survival was further reduced when chlorothalonil was mixed with tau-fluvalinate, 

coumaphos, or chlorpyrifos (Zhu et al. 2014). Chlorothalonil has also been found to be a 

marker that activates honey bee pollen entombing behaviors (vanEngelsdorp et al. 2009, 

Johnson 2010). Entombing is suspected to be a protective behavior of honey bees which 

consists of stored or “entombed” pollen in the sunken and capped cells, and is associated 

with high colony mortality.  

 

Due to the high usage of chlorothalonil and chlorpyrifos by farmers (USGS) and the 

high prevalence of these agrochemicals in commercial beekeeping operations (Mullin et 

al. 2010), the negative effects of these pesticides on honey bees are of extreme concern. 

It is reasonable to expect chlorothalonil and chlorpyrifos to be prevalent in commercial 

beekeeping colonies and queen-rearing operations on an almost universal scale in the 

U.S., making it highly important to uncover whether and how these pesticides impact 

queen health. 

 

1.3 Dissertation objectives and rationale 

For over two decades, beekeepers in the U.S. have controlled Varroa mites with the 

pyrethroid tau-fluvalinate, the organophosphate coumaphos, and, most recently, the 

formamidine amitraz, which are ubiquitous in the wax and pollen stored by most 

colonies in commercial beekeeping operations (Collins et al. 2004, Mullin et al. 2010).  
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Furthermore, colonies are constantly exposed to high levels of pesticides used in 

agricultural settings, which inadvertently contaminate their colonies with chemical 

residues (Mullin et al. 2010, Ahn et al. 2012, Traynor et al. 2016, Kulhanek et al. 2017, 

Ostiguy et al. 2019). The comb inside honey bee colonies acts as a lipophilic medium for 

pesticide build up, causing the areas used for brood rearing, food storage, and adult 

congregations to be potentially exposed to lethal and sublethal levels of these pesticides 

(Pettis et al. 1991, Wallner 1999, Pettis et al. 2004, Johnson et al. 2010, Mullin et al. 

2010, Traynor et al. 2016, Ostiguy et al. 2019). 

 

Due to the nationwide contamination of beeswax with these agrochemicals (Mullin et al. 

2010, Traynor et al. 2016, Ostiguy et al. 2019), it is reasonable to expect that the wax 

used for rearing queens in most beekeeping operations across the U.S. is likely 

compromising queen reproductive health (Pettis et al. 1991, Pettis et al. 2004). The 

presence of miticides in wax has been shown to have negative sublethal effects on honey 

bee fertility, including lower sperm viability in queen spermathecae and sexually mature 

drones (Collins and Pettis 2013, Fisher and Rangel 2018), as well as lower queen sperm 

counts, body weight, and ovary weight (Haarmann et al. 2002) when miticides were 

orally or topically applied. Miticide contamination of queen-rearing wax has also been 

linked to higher queen mortality and decreased measures of reproductive health, 

including lower body weight and smaller size (Pettis et al. 2004). 
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Given these troubling results, it imperative to determine how exposure to these 

pesticides in wax during development impact honey bee queen reproductive health. 

Therefore, the main objectives for this dissertation were to: 

 

1.  Assess the effects of pesticide exposure of wax during development on 

queen mandibular gland chemical composition and of worker behavior 

toward adult queens.  

2.  Explore how pesticide exposure of wax during development affects the 

rate at which queen larvae are fed, the chemical composition of larval 

queen cuticular hydrocarbon profiles, and the morphology of virgin 

queens reared in pesticide-laden wax. 

3.  Determine differences in sperm viability and mating frequency of 

queens reared in pesticide-laden wax compared to those reared in 

pesticide-free wax. 
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2. QUEEN MANDIBULAR PHEROMONE, EGG-LAYING, AND WORKER 

RETINUE BEHAVIOR ARE AFFECTED BY PESTICIDE EXPOSURE DURING 

DEVELOPMENT IN HONEY BEE (APIS MELLIFERA) QUEENS 

2.1. Introduction 

Native and managed bees are currently being subjected to several environmental and 

anthropogenic stressors that are causing large-scale decline in their numbers (Spivak et 

al. 2010, Potts et al. 2010, Leach and Drummond 2018; Belsky and Joshi 2019). These 

stressors include habitat fragmentation, climate change, poor nutrition, pests and 

pathogens, as well as pesticide exposure through various routes (Leach and Drummond 

2018, Kopit and Pitts-Singer 2018, Vilcinskas 2019). Managed honey bees (Apis 

mellifera) contribute significantly to the global agro-economy, primarily from 

performing pollination services (Potts et al. 2010, Calderone 2012, Belsky and Joshi 

2019). Their population decline is therefore of particular concern due to their role in our 

food security. Honey bees in the U.S. face similar health risks including poor queen 

quality, nutritional stress, exposure to pests and pathogens, and pesticide contamination 

(Mullin et al. 2010, Ahn et al. 2012, Traynor et al. 2016, Kulhanek et al. 2017), which 

often cause combinatorial problems at the individual and colony levels (Pettis et al. 

2004, Johnson et al. 2010, Wu et al. 2011, Traynor et al. 2016, Gregorc et al. 2018). 

Many studies examining the impact of pesticide exposure on honey bee health so far 

have focused on oral or contact pesticide exposure routes on adult bees (Burley et al. 

2008, Zhu et al. 2014, O’Neal et al. 2017, Yao et al. 2018, Reeves et al. 2018), rather 

than on problems related to the exposure of bees during development to pesticide-laden 
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wax comb. The presence of pesticide residues in the wax comb matrix has been linked to 

increased worker mortality and delayed development (Wu et al. 2011), as well as “queen 

events” (Traynor et al. 2016), which are considered some of the leading causes of colony 

mortality in the U.S. (Kulhanek et al. 2017). Three different surveys in the U.S. over the 

past decade have found similar trends of high number of pesticides inside hives, 

regardless of the type of beekeeping management practice (Mullin et al. 2010, Traynor et 

al. 2016, Ostiguy et al. 2019). Therefore, it is likely that developing queens are exposed 

pesticide residues through the beeswax they are reared in, particularly given that these 

residues accumulate over time (Wallner 1999). Due to the queen’s importance as the 

reproductive head of a colony, there is a critical need to understand how pesticide 

exposure during development affects queen physiology, reproductive behavior, and 

overall health.  

 

Like all eusocial insects, honey bees exhibit strict reproductive division of labor in the 

female caste (Wilson 1971, Michener 1974), whereby the queen performs all reproductive 

duties, while facultatively sterile workers perform all other colony tasks, including queen 

tending (Winston 1987). At approximately five to seven days of age, some workers tend to 

form a retinue of attendants around the queen to groom and feed her, all while collecting 

and redistributing queen-released pheromones that alter worker physiology and behavior, 

ultimately reinforcing caste differentiation within the colony (Naumann et al. 1991, Slessor 

et al. 2005, Kocher et al. 2009). Like other eusocial insects (Matsuura et al. 2010, Monnin 

et al. 2002, Smith et al. 2012), honey bee queens release pheromones from several glands 
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including the mandibular, Dufour’s and tergal glands, which help maintain colony 

organization (Winston and Slessor 1998, Slessor et al. 2005, Le Conte and Hefetz 2008, 

Van Oystaeyen et al. 2014, Holman 2018) as well as social learning and cohesion (Le 

Conte and Hefetz 2008, Urlacher et al. 2014, Holman 2018). In honey bees, some of these 

pheromones have been suggested to act as honest indicators of queen quality (Keller and 

Nonacs 1993, Kocher et al. 2009, Peso et al. 2014, Kocher and Grozinger 2011), which 

implies that queens of higher reproductive quality (e.g., those with higher egg-laying rates) 

may produce pheromone profiles that are differentially attractive to workers, leading to 

variation in retinue size and worker treatment toward queens (Kocher et al. 2009). In 

particular, queen mandibular pheromone (QMP) has been shown to repress worker ovary 

development (Hoover et al. 2003), maintain temporal polyethism among workers (Pankiw 

et al. 1998), and inhibit queen rearing (Butler 1961, Melathopoulos et al. 1996), all of 

which reinforce the queen’s reproductive status (Winston and Slessor 1998, Slessor et al. 

2005, Le Conte et al. 2008, Kocher and Grozinger 2011). Mandibular gland components 

and particular component ratios (i.e., 10-HDA:9-HDA, 9-ODA:10-HDA, and 9-ODA:9-

ODA+10-HDA), vary among queens and can indicate specific things to workers (Plettner 

et al. 1996, Moritz et al. 2000). A striking example of this is that high ratios of 10-HDA to 

9-HDA indicates that queens have increased size and reproductive quality (dubbed 

“queenliness”) (Plettner et al. 1996, Moritz et al. 2000, Moritz et al. 2004, Schäfer et al. 

2006). For example, first instar grafted queens have much higher 10-HDA to 9-HDA ratios 

than inter-caste queens (Plettner et al. 1996, Moritz et al. 2000, Moritz et al. 2004, Schäfer 

et al. 2006, Rangel et al. 2016). 
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The presence of miticide residues in the queen-rearing wax has been shown to cause 

negative sub-lethal effects on honey bee fertility, including lower sperm viability in the 

spermathecae of mated queens (Collins and Pettis 2013), as well as higher queen mortality 

and lower body weight and size (Pettis et al. 2004, Rangel and Tarpy 2015). In addition, 

queens that were orally or topically exposed to miticides showed lower queen sperm 

counts, as well as lower body and ovary weight (Haarmann et al. 2002). Furthermore, 

miticide contamination of wax was recently shown to impair sperm viability in sexually 

mature drones (Fisher and Rangel 2018). 

 

Pesticide contamination is ubiquitous in honey bee colonies across the U.S. 

comprehensive survey of the pesticide residues contained within wax samples collected 

from 259 commercial apiaries showed that 98.4% of the beeswax samples had detectable 

levels of multiple pesticides. Of those, 83% showed heavy use of the beekeeper-applied 

miticides tau-fluvalinate and coumaphos (Mullin et al. 2010), which are used to control 

infestations by the ectoparasitic mite, Varroa destructor. Despite Varroa mites 

developing resistance to both products by the year 2000 (Elzen et al. 1998, Elzen et al. 

2000, Lodesani et al. 1995, Elzen and Westervelt 2002), these miticides have persisted in 

the beeswax matrix of many commercial beekeeping operations either because 

beekeepers reuse contaminated beeswax, or because they continue to apply these 

products year after year, or both (Mullin et al. 2010, Traynor et al. 2016, Haber et al. 

2019, Ostiguy et al. 2019). A miticide more commonly used today, amitraz, and its 
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metabolites N-(2,4-dimethylphenyl)-N-methylformamidine (DMPF) and 2,4-

dimethylaniline (DMA), were present in 60.5% of all the wax samples analyzed by 

Mullin et al. (2010). In addition, two agrochemicals, the fungicide chlorothalonil, and 

the insecticide chlorpyrifos, were among the top five pesticides detected in beeswax 

(Mullin et al. 2010). These chemicals, which were found in 49.2% and 63.2% of all wax 

samples analyzed, respectively, were likely introduced into the colonies by forager bees 

that visited crops that had been treated with these chemicals. Due to the nationwide 

pesticide contamination of beeswax (Mullin et al. 2010, Traynor et al. 2016, Ostiguy et 

al. 2019), it is reasonable to expect that the wax used for rearing queens in most 

beekeeping operations is likely compromising queen reproductive health (Pettis et al. 

1991, Pettis et al. 2004). However, it is unclear if exposure to field-relevant 

combinations of some of these pesticides during queen development affects queen 

pheromone production or other indicators of queen health. Given that pesticide exposure 

during development affects queen mating frequency, sperm viability, and overall quality 

(Rangel and Tarpy 2015), it we hypothesized that pesticide exposure during 

development would also affect queen pheromonal signatures, and that these changes 

would be discernible by retinue workers. 

 

To answer this question, we reared queens in plastic cups coated with molten beeswax 

that was either pesticide-free, or mixed with field-relevant concentrations of either a) a 

combination of tau-fluvalinate and coumaphos, b) amitraz only, or c) a combination of 

chlorothalonil and chlorpyrifos. Emerged queens mated naturally and were then 
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randomly introduced into observation colonies, where we measured the queens’ egg-

laying rates and worker retinue size. The queens’ mandibular glands were then used for 

caged worker behavioral bioassays and GC-MS chemical analysis. Our results indicate 

that pesticide contamination of the queen-rearing wax significantly affects queen 

physiology and worker behavior, which can have severe implications for colony-wide 

health and productivity. 

 

2.2 Methods 

2.2.1 Bee source and queen rearing 

The colonies used in this study were kept at the Janice and John G. Thomas Honey Bee 

Facility of Texas A&M University in Bryan, TX (N 30°38’31.037” W 96°27’39.495”), 

and the Windy Hill Apiary in Watertown, WI (N 43°7’9.79” W 88°44’30.562). All 

colonies were headed by queens of Italian descent obtained from Olivarez Honey 

Queens Inc. (Orland, CA) in the summers of 2016 and 2017. 

 

Experimental queens were reared by transferring first-instar worker larvae into JZBZ 

Honey Co. (Santa Cruz, CA) plastic cups using a standard queen-rearing procedure 

known as “grafting” (Laidlaw and Eckert 1962, Rangel and Tarpy 2015). Each plastic 

cup had been previously coated with ≈200 mg of molten beeswax. To do this, certified, 

pesticide-free wax pellets (Koster Keunen Inc., Watertown, CT) were melted, and were 

either kept untreated, or mixed separately with a) a combination of 204,000 ppb of tau-

fluvalinate and 91,900 ppb of coumaphos (>98% purity, ThermoFisher), b) 43,000 ppb 
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of amitraz (>98% purity, Sigma-Aldrich), or c) a combination of 9800 ppb of 

chlorpyrifos and 53,700 ppb of chlorothalonil (>98% purity, Thermo Fisher). These 

pesticides and their concentrations were chosen based on reported prevalence and 

concentrations found in wax samples collected from over 250 commercial beekeeping 

operations in North America (Mullin et al. 2010). 

 

All wax-coated cups with grafted larvae were placed into queenless units of bees known 

as “cell builders” (Laidlaw and Eckert 1962), where nurse bees cared for queens during 

larval and pupal development. While these cell builders were not tested for pesticide 

contamination, they were constructed using bees housed on frames that were a maximum 

of two years old, had been kept in a non-agricultural area, and were never subjected to 

miticide use. Approximately two days before the expected queen emergence, each 

capped cell was put into a queen-holding cage and placed inside a queenless five-frame 

mating nucleus colony (or mating “nuc”) composed of approximately one thousand 

workers, two frames containing brood, one frame containing nectar and pollen, one 

empty frame, and one frame feeder with sugar syrup for bees to feed ad libitum. Upon 

emergence, the queens were marked, released from their cages, and allowed to mate 

naturally (Winston 1987). Queen mating status was checked by examining mating nucs 

for egg and queen presence ten and 15 days after a queen was released into the mating 

nuc. Once a queen mated successfully, which was confirmed by the presence of worker 

brood, she was caged and placed into a three-frame observation hive for behavioral 

studies. 
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2.2.2 Observation hive set up 

We set up glass-walled observation hives with two frames of capped brood, one frame of 

honey and pollen, and approximately 6,000 workers (Seeley 1995). Each observation 

hive received a caged queen that was reared in a queen cup coated with either pesticide-

free (control group) or pesticide-laden (experimental groups) wax, as explained above. 

We used a random number generator to determine the placement of queens into a given 

observation colony. Each observation period was conducted with a minimum of one 

colony led by a control queen for every colony headed by an experimental treatment 

queen. Two days after their introduction, the queens were released from their cages. The 

bees were allowed to acclimate to the queens overnight for a minimum of twelve hours 

before data collection began.  

 

2.2.3 Retinue size and egg-laying measurements 

The size of a queen’s retinue was point sampled by counting the number of workers 

tending the queen by antennating, licking, feeding, or surrounding her for ≥10 s in a 60-s 

interval, following methods previously published (Richards et al. 2007, Niño et al. 

2012). This count was repeated for five consecutive minutes several times per day over a 

period of several days, until we reached a minimum of 50 five-minute sampling periods 

for each of the 39 queens examined. Queen egg-laying rate was calculated by counting 

the number of eggs laid in 60-s intervals for five consecutive minutes several times per 

day until a minimum of 50 observation periods was reached for each of 29 queens. Once 
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all data were collected from a queen, she was sacrificed for mandibular gland dissection, 

as described below. 

 

2.2.4 Queen mandibular gland dissection 

The queens’ mandibular glands were either immediately dissected after the queens were 

anesthetized by chilling at -20oC for three to four minutes, or dissected from queens 

sacrificed by freezing at -80oC earlier in the season. We dissected both mandibular 

glands from each queen, as done previously (Walsh and Rangel 2017). One of the 

dissected glands was placed in a vial containing 100 µL of dichloromethane for 24 h to 

create one queen equivalent (1 Qeq.) of QMP, as done previously (Richard et al. 2007, 

Kocher et al. 2009, Niño et al. 2012). The dichloromethane extract was exchanged into 

hexane, preserving the pheromonal compounds and creating a mandibular gland extract 

(Pankiw et al. 1995, Grozinger et al. 2003, Richard et al. 2007, Niño et al. 2012, Rangel 

et al. 2016) used in the caged bioassays. The other gland was used for GC-MS analysis, 

as explained below. 

 

2.2.5 Caged worker bioassay 

One frame of emerging brood and one frame of uncapped honey and bee bread were 

taken from a single source colony and placed in a five-frame nucleus hive. Emerging 

workers were constantly exposed to 0.1 Qeq. of commercial queen pheromone 

(Pherotech, Canada), an amount that is typically sufficient to mimic a live queen’s 

presence prior to behavioral worker assays (Slessor et al. 2005). The nucleus hive was 
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placed in an incubator maintained at 34oC and ~50% relative humidity. Newly emerged 

workers were collected, marked with paint on their thorax, and placed back in the 

nucleus hive.  

 

Cohorts of 35 five-day-old workers were caged in plexiglass boxes (10”x10”x7”) with a 

screen on one side to allow for gas exchange to conduct a choice test. Workers in each 

cage were presented simultaneously under a red light with two glass slides, each 

smeared with 5 µL of the mandibular gland-hexane mixture, or 0.05 Qeq., as done 

previously (Kocher et al. 2009, Niño et al. 2013). We counted the number of workers 

that chose to investigate each slide in 60-s intervals every five, ten, and 15 min, to 

determine if they were more attracted to the mandibular gland extracts of one queen type 

over the other. A “choice” was counted when worker bees antennated or licked one of 

the two slides for ≥10 s, in accordance with similar caged bioassays performed 

previously (Pankiw et al. 1995, Richard et al. 2007). All bees used for the caged worker 

bioassays were bred in the Texas field location, and all tests were conducted in 2017. 

 

2.2.6 Mandibular gland chemical composition analysis 

The second mandibular gland from each dissected queen was placed into a glass vial 

containing 50 μL of an internal standard (0.4 μg/μL of 10-undecenoic acid) dissolved in 

dichloromethane. The mixture was allowed to rest for 24 h. We placed 5 μL of this 

solution in a combusted glass autosampler vial with an attached insert (300 μL) and 

allowed the solvent to evaporate completely at room temperature. We then added 10 μL 
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of N-methyl-n-(trimethylsilyl)-trifluoroacetamide (MSTFA) as a silating agent and 

diluted it with 50 μL of hexane (Rangel et al. 2016, Walsh and Rangel 2017). 

 

We used a 6890A gas chromatograph (GC) system (Agilent™) equipped with a DB-

5MS (30 m x 0.25 mm x 0.50 μm film thickness) column (Agilent™) coupled to a 5973 

mass selective detector (MSD, Agilent™) for separation, identification, and 

quantification of the compounds of interest. Helium was the carrier gals with a linear 

velocity of 31 cm/s. The oven was kept at 50°C for 1 min, heated to 280°C at 5°C/min, 

then to 320°C at 20°C/min, and maintained at the final temperature for 20 min. Samples 

were injected in splitless mode with the inlet at 280°C, the transfer line maintained at 

320°C and the purge valve opened at 1.0 min. Electron impact ionization default settings 

were used for the MSD. Ions were detected in scan mode in the mass/charge range of 

33–650 amu at a scan rate of 2.39 scans/s. Then, 2 μL of the derivatized sample was 

injected using a 7683B autosampler (Agilent™). 

 

We determined the chemical identity of each queen’s mandibular gland components 

based on a compound’s similarity to the mass spectra (≥ 90%) found in the reference 

library (NIST 05), as well as the match of molecular weight and mass of characteristic 

fragments. We used known QMP standards to confirm the identity of each selected peak 

(Keeling et al. 2003, Niño et al. 2013, Rangel et al. 2016). These included methyl-4-

hydroxybenzoate, 4-hydroxybenzoic acid (HOB), 8-hydroxyoctanoic acid (8-HOAA), 

and trans-10-hydroxy-2-decenoic acid (10-HDA). 
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We then compared the retention indices calculated on the DB-5 column to literature 

values (NIST 05), and considered regularities within an analogous series with different 

chain lengths. We integrated the identified peaks for quantification and corrected the 

integration manually as required. Peak area values were normalized to that of the 

internal standard, 10-undecenoic acid, for each sample. We determined the relative 

proportions of each compound in a sample by calculating the percent normalized peak 

area in reference to the total normalized peak area. Lastly, we calculated average values 

for each peak across each experimental queen group, and selected the most abundant 

peaks—components comprising of over 5% of the total content—for statistical analysis. 

 

2.2.7 Statistical analysis 

We conducted the statistical analyses after ensuring that all assumptions were met, 

including testing for normality, which was conducted using Shapiro-Wilk tests. We 

performed full factorial ANOVA tests using the least squares platform in JMP to 

determine if queen egg-laying rate and worker retinue size differed among queens that 

were reared in either pesticide-free or pesticide-laden wax. Parametric data were 

analyzed using Student’s t-tests and Tukey-Kramer HSD, while non-parametric data 

were analyzed using Wilcoxon tests. We conducted paired t-tests on the caged choice 

assay data to determine if caged bees were differentially attracted to the extracts of 

control versus experimental queens. The GC-MS analysis of queen mandibular gland 

contents entailed first performing a principal components analysis (PCA) of all the 
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compounds detected, followed by a full factorial ANOVA test using the first two 

components from the PCA. We used post-hoc Student’s t-tests to detect differences 

between years (2016 vs. 2017) or between rearing location (TX or WI) across treatment 

groups for all variables measured. The relative mean amounts, standard errors of the 

mean (S.E.M.), relative amounts of identified compounds (%), total relative amounts of 

QMP compounds (%), and other measurements of mandibular gland components, were 

calculated using the observed amounts of each compound in each gland relative to the 

internal standard (10-undecanoic acid) in each sample using Microsoft Office Excel 

2019, as done previously (Niño et al., 2013, Rangel et al. 2016). We also conducted 

ANOVA tests to compare mandibular gland component ratios (10-HDA:9-HDA, 9-

ODA:10-HDA, and 9-ODA:9-ODA+10-HDA) between queen treatment groups. 

Statistical analyses for the egg-laying rates, retinue sizes, and cage bioassays, were 

performed in JMP v13.0 (SAS Institute Inc. Cary, NC). All descriptive statistics are 

presented as the mean ± S.E.M. We set the level of statistical significance for all tests at 

α = 0.05. 

 

2.3 Results 

2.3.1 Behaviors in observation hive 

Queens that were reared in cups coated with pesticide-free wax attracted significantly 

more workers in their retinues than queens reared in any of the pesticide treatment 

groups (ANOVA, post-hoc: Tukey-Kramer HSD, N = 39, p < 0.0001; Fig. 1). 

Specifically, queens reared in pesticide-free wax attracted 14.96 ± 0.09 bee attendants in 
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their retinues per 60-s interval. In contrast, queens reared in cups contaminated with tau-

fluvalinate and coumaphos had 12.10 ± 0.12 bees (ANOVA, posthoc: Tukey-Kramer 

HSD, N=8, p < 0.0001), those reared in cups contaminated with amitraz only had 13.29 

± 0.11 bees (ANOVA, posthoc: Tukey-Kramer HSD, N = 9, p < 0.0001), and those 

reared in wax contaminated with chlorpyrifos and chlorothalonil had 13.26 ± 0.22 bees 

in their retinues (ANOVA, posthoc: Tukey-Kramer HSD, N = 8, p < 0.0001). Retinue 

size was significantly lower for queens reared in cups contaminated with tau-fluvalinate 

and coumaphos compared to those reared in chlorpyrifos and chlorothalonil cups 

(ANOVA, posthoc: Tukey-Kramer HSD, p = 0.0006). No other treatment groups 

differed significantly from each other. Furthermore, there were no differences in queen 

retinue size based on the year (ANOVA, posthoc: Tukey-Kramer HSD, N = 39, p = 

0.24) or the location in which the queens were reared (ANOVA, posthoc: Tukey-Kramer 

HSD, N = 39, p = 0.12). 
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Queens reared in pesticide-free wax exhibited higher egg-laying rates than those reared 

in miticide-laden wax (Fig. 2). Control queens laid an average of 1.91 ± 0.08 eggs per 

five-min observation period, which was significantly higher than the egg-laying rate of 

queens reared in wax cups contaminated with tau-fluvalinate and coumaphos (1.26 ± 

0.11 eggs; ANOVA, posthoc: Wilcoxon, N = 8, p = 0.0008) or amitraz (1.1 ± 0.4 eggs; 

ANOVA, posthoc: Wilcoxon, N = 9, p < 0.0001), but not chlorothalonil and chlorpyrifos 

(1.66 ± 0.11 eggs; ANOVA, posthoc: Wilcoxon, N = 6, p = 0.14). There were no 
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significant differences in the egg-laying rate between years (N = 29, p = 0.21) or queen-

rearing locations (N = 29, p = 0.10). 
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2.3.2 Caged worker bioassays 

Workers in the caged bioassays were overwhelmingly more attracted to the mandibular 

gland extracts of control queens compared to the extracts from queens reared in miticide-

laden wax (Fig. 3, N = 24). In particular, mandibular gland extracts of queens reared in 

pesticide-free wax attracted 6.35 ± 0.31 workers per five-min intervals compared to the 

4.11 ± 0.53 workers attracted by the gland extracts from queens reared in wax 

contaminated with tau-fluvalinate and coumaphos (t-test, N = 6, p = 0.003), and the 5.06 

± 0.53 workers attracted by the gland extracts from queens reared in amitraz-laden wax 

(t-test, N = 6, p = 0.04). However, the number of bees that was attracted to extracts from 

queens reared in chlorothalonil and chlorpyrifos-laden wax (5.23 ± 0.53 workers) was 

not significantly different from that of control queens (t-test, N = 6, p = 0.06). 

 

2.3.3 GC-MS analysis of queen mandibular gland contents 

A PCA of the mandibular gland contents of all queens (N=39) showed that principal 

component one (PC1) comprised five identified compounds, accounting for 80.1% of all 

variation observed across treatment groups. These consisted of the common QMP 

compounds 10-HDA, HOB, HVA, 9-HDA, and 10-HDA. A full factorial ANOVA of the 

components identified via PC1, treatment group, rearing location, and year showed that 

these compounds significantly varied between control queens and queens reared in wax 

contaminated with tau-fluvalinate and coumaphos (ANOVA, posthoc: Student’s t-test, p 

= 0.0001), and also varied by location (p = 0.029). There were no significant differences 

in the amounts of 10-HDA, HOB, HVA, 9-HDA, or 10-HDA produced between control 
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queens and those reared in wax contaminated with either amitraz (p = 0.059) or with 

chlorothalonil and chlorpyrifos (p = 0.33). Likewise, there were no differences in the 

amounts of those mandibular gland components based on the year in which queens were 

raised (p = 0.207).  

 

Principal component two (PC2) was responsible for an additional 14.6% of the variation 

observed between queen types, and comprised 9-ODA, 8-hydroxy-E-2-decenoic acid, 

and an unidentified compound (Unknown 2). A full factorial ANOVA of these 

components, treatment group, rearing location, and year showed the components 

significantly varied between control queens and queens reared in tau-fluvalinate and 

coumaphos-laden wax (ANOVA, posthoc: Student’s t-test, p = 0.028), and also varied 

by the queen-rearing location (Student’s t-test, p = 0.01). There were no significant 

differences in these components between control queens and those reared in wax 

contaminated with either amitraz (p = 0.17) or chlorothalonil and chlorpyrifos (p = 0.33). 

Likewise, there were no significant differences in the ratio of the relative amounts of 

queen mandibular gland components 10-HDA to 9-HDA (p = 0.27), 9-ODA to 10-HDA 

(p = 0.67), and 9-ODA to the sum of 9-ODA and 10-HDA (p = 0.59).  

 

The relative amount of mandibular gland compounds varied significantly among queen 

types, but only for a few compounds (see Table 1 for all statistical values). For instance, 

all pesticide exposure treatments decreased the relative amount of 8-hydroxyoctanoic 

acid in the total queen mandibular gland contents compared to control queens. Queens 
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reared in wax contaminated with tau-fluvalinate and coumaphos showed the greatest of 

such effect, with a 40% decrease in 8-hydroxyoctanoic acid (ANOVA, posthoc: Tukey-

Kramer HSD, p = 0.025). The relative amount of unknown compound 2 also decreased 

in queens exposed to tau-fluvalinate and coumaphos by 59%, while amitraz decreased 

the amount of unknown compound 2 by 42% (ANOVA, posthoc: Tukey-Kramer HSD, p 

= 0.004). Only exposure to chlorothalonil and chlorpyrifos altered the amounts of 4-

hydroxy-3-methoxyphenylpropanoic acid, increasing its relative abundance by 88% 

(ANOVA, posthoc: Tukey-Kramer HSD, p = 0.034). The total relative amount of the 

QMP compounds 9-ODA, HOB, HVA, 9-HDA, and 10-HDAA was statistically similar 

for all queens. The highest total relative amount of QMP compounds was for queens 

reared in wax contaminated with chlorothalonil and chlorpyrifos (74.38%), followed by 

that of control queens (72.52%), queens reared in wax contaminated with tau-fluvalinate 

and coumaphos (69.85%), and those reared in amitraz-laden wax (69.58% of all 

compounds).  

 

2.4 Discussion 

We examined the effects of wax contaminated with field-relevant concentrations of 

pesticides during queen development on adult honey bee queen physiology and worker 

behavior. We found that contamination of the queen-rearing wax with the beekeeper-

applied miticides tau-fluvalinate, coumaphos, and amitraz, impacted queens at both 

behavioral and physiological levels. In particular, workers formed significantly larger 

retinues for queens reared in pesticide-free beeswax compared to queens reared in 
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pesticide-laden beeswax, but this differential attraction was not as dramatic in caged 

choice tests between control and pesticide-reared queen mandibular gland extracts, or in 

the chemical composition of mandibular gland contents. The decrease in worker reaction 

from a live queen to queen mandibular gland contents could be due to redundancy in 

queen signaling. In a recent study, Princen et al. (2019) found that some blends of 

compounds characteristic of queens, particularly the tergal gland esters that are used in 

chemical signaling between queens and workers, were as effective in suppressing worker 

ovary development as individual or combined QMP compounds. This novel finding 

demonstrates that considerable redundancy exists in queen fertility signaling at an intra-

colony level. Perhaps our results corroborate this type of redundancy, given that workers 

form retinues based in part on the chemical composition of QMP, but also through the 

combination of other fertility indicators, such as cuticular hydrocarbons or tergal gland 

secretions. If this is the case, we could expect that exposure to pesticides during 

development would also affect the production of tergal gland pheromones or cuticular 

hydrocarbons, and thus could be contributing to pesticide-reared queens attracting 

smaller retinues. These intriguing questions remain to be studied, however.  

 

Even though queen egg-laying rate is a proxy measurement for queen quality (REF), we 

did not observe which eggs were laid to maturity, which can sometimes vary depending 

on whether or not workers remove eggs over time (Ratnieks 1993). Despite this, our 

results are troubling, because they suggest that queens reared in amitraz-laden beeswax 

may eventually have headed colonies with roughly about half the adult worker 
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population of colonies headed by queens reared in pesticide-free beeswax.  The lower 

egg-laying rates we observed in queens reared in miticide-laden wax could lead to 

dramatic long-term effects in colony population size. By extrapolation, we estimate that 

queens reared in pesticide-free wax would have been capable of laying around 200,779 

eggs per year in climates where they could lay year-around, such as our Texas location. 

In comparison, experimental queens reared in wax contaminated with either a mix of 

tau-fluvalinate and coumaphos, or with amitraz alone, would have been capable of 

laying around 363 and 316 eggs per day, or approximately 132,451 and 115,376 eggs per 

year, respectively, resulting in a decrease of 43%. Miticide-reared queens may be 

showing a lower egg-laying rate due to a physiological response to pesticide exposure 

whose mechanism remains unknown. Tau-fluvalinate, coumaphos, and amitraz all 

ultimately act upon the central nervous system of insects, although they do this through 

different modes of action. It is possible that exposure during development interfered with 

a queen’s ability to physically lay eggs. However, other work has shown that incipient 

colonies that are started with only beeswax foundation contaminated with known 

concentrations of tau-fluvalinate, coumaphos, amitraz, chlorothalonil, and chlorpyrifos, 

did not have different population or growth rates compared to those started on pesticide-

free foundation (Payne et al. 2019), even though the queens in those experiments were 

bought from a commercial queen breeder and therefore had an unknown level of 

pesticide exposure during development.  
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Physiological level effects of the pesticide treatments were the alternation of the relative 

abundance of the chemical compounds present in the queen mandibular glands of one of 

our experimental groups. Mandibular gland contents were substantially affected enough 

that retinue-aged workers were able to discern differences in caged worker and retinue 

size bioassays based on pesticide exposure during development. More workers were 

attracted to the mandibular gland extracts from queens reared in pesticide-free wax 

compared to those from queens reared in wax contaminated with either a combination of 

tau-fluvalinate and coumaphos, or amitraz alone. Furthermore, miticide contamination 

of the queen-rearing wax caused a significant drop in worker retinue size and queen egg-

laying rate in the hives headed by queens reared in pesticide-free wax. There were 

significant differences between levels of both 8-Hydroxyoctanoic acid and 4-Hydroxy-3-

methoxyphenylpropanoic acid in the mandibular glands of control queens and queens 

reared in wax contaminated with chlorothalonil and chlorpyrifos, although we do not 

know what this may specifically signal to the workers. However, there were no 

differences in either the grouped queen mandibular gland components (comprising 

PCA1 and PCA2), the number of workers attracted to mandibular gland contents in 

caged bioassays, or queen egg-laying rate between queens reared in pesticide-free wax 

and those reared in wax contaminated with chlorothalonil and chlorpyrifos. Clearly, our 

treatment groups affected queens differently, perhaps due to the different modes of 

action of the pesticides used.  
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The results of this study are consistent with previous studies on the impacts of miticide 

exposure on the reproductive health of queens and drones (Fisher and Rangel 2018, 

Collins and Pettis 2013, Johnson et al. 2013, Collins et al. 2004, Pettis et al. 2004, 

Haarmann et al. 2002, Rinderer et al. 1999, Sylvester et al. 1999, Pettis 1991). Rangel 

and Tarpy (2015) found that queens exposed to a combination of tau-fluvalinate and 

coumaphos in the wax during development had fewer sperm cells stored in the 

spermatheca, as well as lower sperm viability, compared to queens reared in pesticide-

free wax. Similarly, a recent study showed that drones reared in wax contaminated with 

the same pesticides used in this study exhibited significantly lower sperm viability than 

drones reared in pesticide-free wax (Fisher and Rangel 2018), where drones reared in 

tau-fluvalinate and coumaphos or amitraz contaminated beeswax both had almost 80.0% 

and 80.1% sperm viability, respectively, than drones reared in pesticide-free beeswax 

comb which had over 95% sperm viability. Drones reared in chlorothalonil and 

chlorpyrifos contaminated comb 93.2% sperm viability (Fisher and Rangel 2018). 

Further work from our laboratory also found that queens reared in wax contaminated 

with those same pesticides tend to have a significantly lower number of ovarioles than 

queens reared in pesticide-free wax (Walsh et al. 2019). Queens throughout the 

experiment exhibited delayed development, sometimes taking 18 days to emerge, but 

this was noticed late in the experiments and appeared true for all queens, regardless of 

treatment group. Queen cell initiation rates and emergence rates for all queens was very 

low (with an approximate 10% grafting success rate standard throughout the experiment, 

regardless of treatment group). Queens we grafted into uncoated JZBZ queen cups in the 
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same locations and time had between 80-95% grafting success, if success is measured as 

queen eclosure from a pupal cell. The low grafting success in experimental treatment 

groups further demonstrates that contamination of the beeswax matrix causes significant 

problems with queen-rearing as early as the cell initiation process.  

 

We tested the effects of exposure to chlorothalonil and chlorpyrifos during queen 

development at the concentrations chosen because they were the two agrochemicals 

most frequently found in wax that were not applied by beekeepers (Mullin et al. 2010), 

and because they are known to be toxic to bees (Zhu et al. 2014, Dai et al. 2017). For 

instance, Zhu et al. (2014) found that chlorpyrifos is highly toxic to worker larvae in 

vitro. In particular, approximately 60% of larvae were dead on the sixth day of 

development when they consumed a chlorpyrifos-laced diet. Interestingly, the authors 

also found that chlorothalonil acted antagonistically when paired with fluvalinate or 

coumaphos and fed to worker larvae, ultimately leading to three-fold lower mortality 

than when larvae that were fed only fluvalinate, coumaphos, or chlorothalonil. However, 

our combination of chlorothalonil and chlorpyrifos in wax may not have directly 

impacted our experimental queens as dramatically as the miticides did because the 

concentrations we used were relatively low compared to the concentrations used in 

studies that showed effects of exposure to these compounds. The amounts we used 

(53,700 ppb of chlorothalonil and 9800 ppb of chlorpyrifos) were consistent with those 

typically found in commercial apiaries in the U.S., although these values vary depending 

on the region examined (Urlacher et al. 2016). For instance, Dai et al. (2017) determined 
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that the oral LD50 for worker larvae reared in vitro that were fed a diet contaminated 

with chlorpyrifos was 0.46µg/larva, lower than concentrations found in field surveys of 

apiary colonies (Mullin et al. 2010, Traynor et al. 2016, Ostiguy et al. 2019). 

 

Queen mandibular gland contents varied depending on the pesticide treatment groups, as 

well as the location in which they were reared. QMP is a multi-compound blend of (E)-9-

oxo-2-decenoic acid (9-ODA), (R,E)-9-hydroxy-2-decenoic acid (9-HDA), methyl p-

hydroxybenzoate (HOB), 4-hydroxy-3-methoxyphenylethanol (HVA), (S,E)-9-hydroxy-2-

decenoic acid (9-HDA), (E)-10-hydroxy-2-decenoic acid, and 10-hydroxydecanoic acid 

(10-HDAA) (Slessor et al. 1990, Plettner et al. 1996, Keeling et al. 2003, Slessor et al. 

2005, Malka et al. 2014). These components are biosynthesized from stearic acid and 

secreted by the queen’s mandibular glands (Slessor et al. 2005, Malka et al. 2014, Mumoki 

et al. 2018). Like other queen-produced pheromones, the overall chemical composition of 

QMP is highly variable and differs based on reproductive status (Richard et al. 2007, Niño 

et al. 2013) and grafting age (Rangel et al. 2013). This variability ultimately leads to each 

queen having a unique pheromone profile, which is largely due to differing ratios among 

the relative amounts of key QMP components. For instance, a high ratio of 10-HDA to 9-

HDA indicates “queenliness” and differs between queens and inter-caste queens, while a 

high ratio of 9-ODA to 10-HDA indicates higher queen fertility as well as mating status 

(i.e., the ratio is higher in mated queens compared to virgin queens) (Plettner et al. 1996, 

Moritz et al. 2000, Moritz et al. 2004, Schäfer et al. 2006). Finally, a high ratio of 9-ODA 

to the sum of 9-ODA and 10-HDA is an indication of higher queen quality and 
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reproductive capacity (Plettner et al. 1996, Moritz et al. 2000, Moritz et al. 2004, Schäfer et 

al. 2006, Rangel et al. 2016). All of these chemical profiles of the queen’s mandibular 

gland contents are considered indicators of queen reproductive quality.  

 

It is possible that differences in queen mandibular gland composition based on the 

rearing location could be attributable to the stress of transporting queens from WI to TX, 

or the differences in the age at which queens were sacrificed, or both. Additionally, 

while all queens were reared from Italian stock procured from a single queen producer, 

the mother sources used for grafting varied throughout the experiment. This 

demonstrates that the patterns of behavior we observed are consistent and likely 

representative of honey bees, or at least this subspecies of honey bees, rather than a quirk 

of one colony (Amsalem and Grozinger 2018). However, we found no differences in 

worker retinue size based on the year or location in which queens were reared. This 

could be because all observation colonies were comprised of workers from a single 

location (TX field location) and with identical available resources, so the queen rearing 

location did not affect worker retinue behavior in this study. 

 

The differences we observed in queen egg-laying rate, queen mandibular gland 

composition, and worker retinue size are of particular interest because, combined, they 

provide evidence that the chemical composition of queen mandibular gland contents 

reflects queen health, thus reinforcing the idea that queen mandibular pheromones act as 

“honest indicators” of queen reproductive potential to the workers (Kocher and 
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Grozinger 2011). Previous studies have shown differences in queen mandibular gland 

composition and ratios among QMP components based on grafting age, the year in 

which queens were grafted, and mating status (Richard et al. 2007, Niño et al. 2013, 

Rangel et al. 2013, Rangel and Tarpy 2015). For example, queens reared from one-day-

old worker larvae were less attractive to workers and elicited smaller retinues than 

queens reared from thee-day-old larvae (Rangel et al. 2016). Those queens also 

exhibited significantly higher ratios of 9-ODA to 10-HDA, and higher ratios of 9-ODA 

to the sum of 9-ODA and 10-HDA, indicating that queens grafted from first-instar larvae 

were more “queenly” and were likely well mated (Rangel et al. 2016). Insemination 

volume and mating status have also been shown to have a significant impact on queen 

mandibular gland contents, with virgin queen mandibular glands showing higher 

proportions of 9-ODA and 10-HDA compared to inseminated or mated queens (Niño et 

al. 2013). Interestingly, while the relative proportion of 9-ODA to 10-HDA were 

numerically higher in control queens compared to miticide-reared queens in our study, 

these differences were not statistically significant. This suggests that the relative 

proportion of 9-ODA to 10-HDA is a way to confirm that queens are still virgins, or that 

either mated naturally or were inseminated, but it does not provide reliable information 

regarding the effects of pesticide contamination in the queen-rearing environment. 

Furthermore, neither the ratio of 10-HDA to 9-HDA, nor the ratio of 9-ODA to the sum 

of 9-ODA and 10-HDA differed significantly among treatment groups. While the ratio 

of 10-HDA to 9-HDA has been proposed to indicate “queenliness” (Plettner et al. 1996), 

this was not the case in our study, and it was not associated with differences in worker 
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retinue size. Lastly, while the ratio of 9-ODA to the sum of 9-ODA and 10-HDA is 

considered to be indicative of a queen’s general reproductive capacity (Moritz et al. 

2000, Moritz et al. 2004), we did not observe differences in this ratio among treatment 

groups. This suggests that these ratios are not reliable indicators of queen reproductive 

quality when queens are produced in wax contaminated with pesticides, although the 

differences we found in 8-hydroxyocatanoic acid, 4-hydroxy-3-methoxyphenylpropanoic 

acid, and unknown compound 2 were unexpected. 

 

2.5 Future directions  

Despite evidence that colonies in most commercial beekeeping operations are 

contaminated with miticides and agrochemicals at high frequency and concentrations 

(Mullin et al. 2010, Traynor et al. 2016), and that rearing queens in contaminated 

beeswax negatively affects queen reproductive physiology and worker behavior, it is 

difficult to recommend that beekeepers immediately replace every old comb and stop 

miticide use completely when faced with severe Varroa mite infestation. This is because 

the industry still relies heavily on miticide-based control methods (Kulhanek et al. 

2017), and colonies that are untreated typically collapse and die within two to three years 

(Boecking and Genersch 2008, Rosenkranz et al. 2010). In fact, despite the mounting 

evidence that miticide contamination of wax causes sub-lethal effects at the individual 

and colony levels, a recent survey of over 19,000 beekeepers during a four-year period 

showed that 89% of all commercial beekeepers and 61% of small-scale beekeepers still 

rely tau-fluvalinate, coumaphos, or amitraz for Varroa control (Haber et al. 2019). 
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Varroa control may be accomplished, or at least partially accomplished, without 

miticides if beekeepers use non-chemically based integrated pest management 

techniques, such as utilizing Varroa resistant or tolerant honey bee stock (Spivak 1996, 

Hunt et al. 2016) or drone trapping (Calis et al. 1998).  

 

Apis mellifera is the model bee species for pesticide risk assessments due to their high 

pesticide sensitivity, widespread prevalence and role as an important agricultural crop 

pollinator (Arena and Sgolastra 2014). However, non-Apis bees are also exposed to 

pesticides and have demonstrated to be highly sensitive to such exposure (Potts et al. 

2010, Kopit and Pitts-Singer 2018, Belsky and Joshi 2019). For instance, Bombus bees 

are at particular risk due to their preference for nesting in soil, a high-risk substrate for 

pesticide contamination (Gradish et al. 2019). Compared to honey bees, little is known 

about the dietary and soil preferences in bumble bees, or about how these preferences 

may contribute to the movement of pesticides among the substrates used by these 

species. This makes it difficult to accurately predict the levels of residue contamination 

that can accumulate in their nests. Given that bumble bees are larger than honey bees, 

they are typically exposed to lower pesticide doses and have lower pesticide 

concentrations within their bodies (Gradish et al. 2019). However, the opposite is the 

case for smaller native or solitary bee species, including many Andrenids and Halictids, 

which are relatively exposed to higher pesticide doses. How pesticide exposure affects 

many other bee species, remains largely unknown.  
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Further research will need to focus on the physiological and behavioral effects on honey 

bee queens and workers due to exposure during development to wax contaminated with 

field-relevant concentrations of miticides and agrochemicals. There is a similar need to 

determine the molecular mechanisms causing differences in the mandibular gland 

contents of queens reared in wax contaminated with field-relevant concentrations of 

pesticides. This work will need to be performed at individual and colony-wide scales, to 

determine how exposure to agricultural pesticides in the beeswax matrix affects overall 

honey bee health. Additionally, most pesticide risk assessments are focused on honey 

bees, which can lead to inaccurate assumptions of pesticide risk to solitary and native 

bees in particular. If honey bees are exhibiting physiological and behavioral effects due 

to pesticide exposure during development, it is possible that non-Apis bees are also in 

danger, and these possibilities should be investigated. 
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3. HONEY BEE (APIS MELLIFERA L.) QUEEN DEVELOPMENTAL  

EXPOSURE TO IN-HIVE PESTICIDES DOES NOT AFFECT  

NURSE FEEDING RATES OF QUEEN LARVAE OR ADULT QUEEN EXTERNAL 

MORPHOLOGY  

3.1 Introduction 

Like most highly eusocial insects, honey bees (Apis mellifera) exhibit a haplo-diploid 

sex determination system, whereby fertilized eggs are diploid and develop into females, 

while unfertilized eggs are haploid and develop into drones (Winston 1987). Fertilized 

honey bee eggs are bipotent. As such, they can develop into queens if they are 

continually fed royal jelly during early larval stages, or they can develop into workers if 

they are only fed regular brood food, which is predominantly composed of pollen and 

nurse bee glandular secretions (Winston 1987, Mao et al. 2015). Most queens are reared 

by nurses throughout the reproductive swarming season, which typically occurs in 

colonies that are populous and healthy in the spring (Seeley 1995). During this time, a 

colony can rear up to a dozen or more queens, which develop asynchronously inside 

large, protected cells made of thick layers of beeswax (Winston 1987). After finishing 

their 16-day developmental period, virgin queens announce their impending emergence 

by vocalizing, with the first emerging queen typically walking around the nest and 

killing all other immature queens irrespective of developmental stage (Gilley 2001). 

Sororicide of immature queens is accomplished when the adult queen chews a small hole 

in the top of a developing queen’s cell, where the rival queen’s abdomen is located, and 

stings the rival through this hole until death. If a rival queen emerges before the first 
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emerged queen can kill her, both queens will duel to the death (Gilley 2001). In a study 

of 27 queens in artificial fighting arenas, the heaviest queen won the duels 

approximately 75% of the time (Tarpy and Mayer 2009), indicating that body size is 

associated with a queen’s competitive ability. External morphological features, including 

body weight, head size, and thorax width, are often considered markers of queen 

reproductive potential, along with ovary weight and number of ovarioles per ovary 

(Eckert 1937, Haarmann et al. 2002, Delaney et al. 2011, Rangel et al. 2013, De Souza et 

al. 2019). However, ovary weight and ovariole number do not always correlate with 

other measures of body size (Eckert 1934, Jackson et al. 2011).   

 

Another measure of queen reproductive quality is the number of ovarioles in each ovary, 

which can range between 100 and 180 (Jackson et al. 2010, Delaney et al. 2011). Each 

ovariole is made of a germarium, a mass of undifferentiated cells that eventually forms 

oocytes, nurse cells, and follicular cells. Nurse cells nourish the oocytes during early 

growth, while follicular cells function in enlarging oocytes with an epithelium and 

chorion as the oocytes ripen into eggs. Once the queen has mated, follicular cells 

become vitellogenic and grow in size (Tanaka and Hartfelder 2004, Hartfelder et al. 

2018). Eckert (1937) found a correlation between ovary weight and the number of 

capped brood cells produced by a queen. However, ovary weight and ovariole number 

are not always predictive indicators of a queen’s egg-laying capacity. For example, 

workers can remove eggs from the brood area when the colony is stressed (Ratnieks 

1993), which would underestimate the number of eggs laid by the queen over time. In 
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contrast, workers can also activate their ovaries and lay unfertilized eggs while 

mimicking queen-laid egg signals (Katzav-Gozansky et al. 2003), which would 

overestimate the queen’s egg-laying rate. 

 

The rate at which nurse bees feed queen larvae, as well as the amount and quality of 

food that the larvae are fed, also impact adult queen morphology. A recent study showed 

that rearing queen larvae on supplemental diets with added nutrients and higher levels of 

juvenile hormone increased adult queen weight, head size, and thorax width, but not 

ovary weight (De Souza et al. 2019). Although nurse feeding rates of queen larvae has 

not been previously examined, nurse bees typically spend less than 50 seconds per visit 

to a developing worker larva during its first two instars, and this is likely also true for 

developing queen larvae. The visits are gradually lengthened (> 50 s) during subsequent 

worker larval instars (Brouwers et al. 1986). Furthermore, under nutritional stress, nurses 

preferentially feed starved larvae (Sagili et al. 2018), suggesting that nurses are sensitive 

to changes caused by environmental and nutritional cues from larval pheromones.  

 

Recently, Walsh et al. (2019) showed that exposure to pesticides during development 

affects queen physiology and worker behavior. In particular, adult queens that were 

reared in beeswax contaminated with field-relevant concentrations of miticides and agro-

chemicals showed significant differences in the chemical composition of their 

mandibular gland contents compared to queens reared in pesticide-free wax. These 

differences were discernable by attendant-aged workers, who were significantly more 
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attracted to the glandular contents of queens reared in pesticide-free wax compared to 

those reared under pesticide-laden conditions. Furthermore, pesticide exposure during 

development caused mated queens to have a lower egg-laying rate, and a lower number 

of workers in the queen’s retinue (Walsh et al. 2019).  

 

Pesticide contamination is ubiquitous in honey bee colonies across the U.S. 

comprehensive survey of the pesticides found in wax samples collected from 

commercial apiaries showed that 98.4% of the 259 samples analyzed were contaminated 

with multiple pesticides. Of those, 83% contained both of the beekeeper-applied 

miticides tau-fluvalinate and coumaphos (Mullin et al. 2010), which have been heavily 

used over the last three decades to control infestations by the ectoparasitic mite, Varroa 

destructor. Despite Varroa mites developing resistance to both products by the year 

2000 (Elzen et al. 1998, Elzen et al. 2000, Lodesani et al. 1995, Elzen and Westervelt, 

2002), these miticides have persisted and have accumulated in the beeswax matrix of 

commercial beekeeping operations over time (Wallner 1999, Mullin et al. 2010, Traynor 

et al. 2016, Haber et al. 2019, Ostiguy et al. 2019). A more recently used miticide, 

amitraz, and its metabolites N-(2,4-dimethylphenyl)-N-methylformamidine (DMPF) and 

2,4-dimethylaniline (DMA), were present in 60.5% of all the wax samples analyzed by 

Mullin et al. (2010). In addition to these miticides, two agrochemicals, the fungicide 

chlorothalonil and the insecticide chlorpyrifos, were among the top five pesticides 

detected in beeswax samples (Mullin et al. 2010). These chemicals were found in 49.2% 
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and 63.2% of all samples analyzed, respectively, and were likely introduced into the 

colonies by forager bees that visited crops that had been treated with these chemicals.  

 

Miticide exposure during development has been shown to cause sub-lethal effects on 

queen and drone reproductive quality. Tau-fluvalinate exposure causes increased queen 

mortality in the first six months after their introduction to new colonies (Pettis et al. 

1991, Sokol 1996). It also causes lower body weight (Haarmann et al. 2002), and 

increased supersedure rates (Sokol 1996). Coumaphos exposure during development 

also causes lowered body and ovary weights in queens (Haarmann et al. 2002), and has 

been reported to cause a 90% decrease in queen acceptance (Fell and Tignor 2001) and 

lower survival (Pettis et al. 2004). Most strikingly, coumaphos exposure at the label 

application rate of 1 strip/5 frames of bees can cause high mortality in developing queen 

larvae after 24 hours of exposure (Haarmann et al. 2002), in addition to as much as a 

75% decrease in adult survival during the first six months after exposure (Collins et al. 

2004, Pettis et al. 2004).  

 

In this study, we examined whether exposure to wax contaminated with field-relevant 

concentrations of tau-fluvalinate, coumaphos, amitraz, chlorpyrifos and chlorothalonil 

during development affected the rate at which they were fed royal jelly by nurse bees, or 

the morphology of emerged virgin queens. Despite our prediction that pesticide exposure 

would negatively affect the variables measured, we did not detect any effect pesticide 

presence in beeswax during queen development on either the feeding rate of nurse bees 
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toward queen larvae, the external morphological features of adult virgin queens, or the 

number of ovarioles in each queen’s ovary, suggesting that pesticide exposure affects 

some, but not all measures of honey bee queen reproductive quality. 

 

3.2 Methods 

3.2.1 Queen rearing 

The colonies used in this study were kept at the Janice and John G. Thomas Honey Bee 

Facility of Texas A&M University in Bryan, TX and the Windy Hill Apiary in 

Watertown, WI. All mated queens used for morphological assessments were reared in 

2016 and 2017 in Wisconsin and Texas. All queen larvae and pupae, as well as all virgin 

and mated queens used for morphometric analyses and all mated queens used for 

ovariole counts were reared in 2018 and 2019 in Texas. All colonies used for queen 

rearing were headed by queens of Italian descent obtained from Olivarez Honey Queens 

Inc. (California, U.S.). 

 

Experimental queens were reared by grafting, a standard queen-rearing procedure 

(Laidlaw and Eckert 1962) in which first-instar worker larvae were carefully transferred 

into plastic queen cups (JZBZ Honey Co., Santa Cruz, California, U.S.). Each plastic 

cup was coated with ≈ 200 mg of molten beeswax that was either pesticide-free or mixed 

with pesticides before grafting. To do this, we melted certified pesticide-free wax pellets 

(Koster Keunen Inc., Connecticut, U.S.), and kept the pellets untreated or mixed 

separately with a) a combination of 204,000 ppb tau-fluvalinate and 91,900 ppb 
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coumaphos (>98% purity, ThermoFisher, Waltham, Massachusetts, U.S.), b) 43,000 ppb 

amitraz (>98% purity, Sigma-Aldrich, Missouri, U.S.), or c) a combination of 9,800 ppb 

chlorpyrifos and 53,700 ppb chlorothalonil (>98% purity, ThermoFisher, Massachusetts, 

U.S.). We chose these pesticides at those concentrations because they were the most 

prevalent in beeswax from commercial beekeeping operations in the North America 

(Mullin et al. 2010). All grafted larvae were placed into queenless units of bees known 

as “cell builders” (Laidlaw and Eckert 1962), where nurse bees cared for the queens 

during larval and pupal development.  

 

Approximately two days before the anticipated queen emergence, capped cells were 

caged and individually placed inside a queenless five-frame mating nucleus (“nuc”) 

colony composed of approximately 1,000 workers, two frames containing brood, one 

frame containing nectar and pollen, one empty frame, and one frame feeder with sugar 

syrup for bees to feed ad libitum. Upon emergence, the queens were released from their 

cages, marked on the thorax and allowed to mate naturally (Winston 1987). Once a 

queen mated successfully, which was confirmed by the presence of worker brood in the 

mating nuc, the queens were collected for external morphology measurements and then 

used for other concurrent studies (Walsh et al. 2019). 

 

3.2.2 Nurse feeding rate assay 

After grafting first-instar larvae into wax-coated plastic cups, the grafts were put into a 

glass-walled observation hive that was kept closed for up to three days. Each observation 
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hive was provisioned with one frame of emerging brood, one frame of honey, and 

approximately 4,000 nurse bees. It also had a wooden bar holding the wax-coated cups 

containing the grafted larvae, which were positioned on the bar at random to eliminate 

any location effects. To measure the rate at which nurse bees fed royal jelly to the queen 

larvae, we counted the number of bees that stuck their heads and/or thoraces in the queen 

cups for 3 s or more, following methods previously published (Schmickle et al. 2003, 

Metz et al. 2010). These counts were repeated for five consecutive minutes until each 

larva had been observed for ten five-minute periods. The observation colony was fed 1:1 

weight by volume sugar syrup ad libitum and kept in a dark room during this assay. All 

nurse bee feeding assessments were conducted under a red light to avoid disturbing the 

bees. 

 

3.2.3 Virgin and mated queen morphology 

A separate cohort of grafted queens from each experimental group was used for external 

morphological measurements. A total of 23 virgin queens and 49 mated queens were 

anesthetized by freezing at -20oC for three to five minutes. Once immobilized, we 

recorded the queen’s body weight, thorax width, and head width from all queens. We 

measured thorax and head width twice for each queen using digital calipers 

(Fisherbrand™, Waltham, Massachusetts, U.S.), and used the average of the two values.  
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3.2.4 Ovariole counts 

After adult queens matured and mated successfully, as confirmed by the presence of 

worker brood inside the mating nucs, we collected each queen, anesthetized her by 

freezing at -20oC for three to five minutes, decapitated her, and dissected her ovaries. 

The ovaries were fixed in 10% neutral buffered formalin solution, dehydrated, and then 

taken to the Texas A&M University Histology Laboratory (College Station, TX) where 

they were individually embedded in paraffin. Each ovary was cross-sectioned into 5-µm 

thick slices using a microtome. Each slice was mounted onto a slide and then stained 

with hematoxylin and eosin stain. The slides were assigned numbers at random as a 

mechanism to avoid biases while performing the ovariole number counts, and each slide 

was counted twice by two different people. The person counting the number of ovarioles 

in each slide did so blindly and did not know the treatment group to which each queen 

belonged. We used a microscope with a mounted MotoX camera (Motic, Xiamen, 

China) to take high quality images of the ovary cross-sections, which were uploaded to 

the counting software ImageJ® (NIH, Madison, WI). This provided two technical 

replicate counts per ovary, and the average value was used for analysis.  

 

3.2.6 Statistical analysis 

We performed a repeated measures ANOVA test to determine whether exposure to 

pesticides in wax during queen development affected nurse feeding rates toward queen 

larvae. We also conducted ANOVA tests to determine if pesticide exposure during 

development affected the external morphological measurements (i.e., body weight, head 
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width, and thorax width) of virgin queens. Furthermore, we compared queen ovariole 

counts and mature queen external morphological measurements by performing full 

factorial ANOVA tests across treatment groups using both, the location and year in 

queens were reared, as non-random variables. All tests were conducted using JMP v. 13 

(SAS Institute Inc., North Carolina, U.S.). We present all descriptive statistics as the 

mean ± S.E.M. and the level of significance for all tests at α = 0.05. 

 

3.3 Results  

3.3.1. Nurse visitation assay 

Queen larvae reared in pesticide-free beeswax had an average of 5.40 ± 0.40 nurse visits 

per 5-min interval (Fig. 4). In contrast, queen larvae reared in wax contaminated with 

tau-fluvalinate and coumaphos had an average of 5.27 ± 0.27 nurse visits per 5-min 

intervals, those reared in amitraz-laden wax had 4.34 ± 0.17 nurse visits per 5-min 

intervals, and those reared in chlorothalonil- and chlorpyrifos-laden wax had 4.71 ± 0.62 

nurse visits per 5-min intervals. There were no statistical differences in the rate at which 

queen larvae were fed between the control and pesticide treatment groups (ANOVA: 

F3,29 = 1.41, p = 0.26). 
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3.3.2. Virgin queen external morphology 

We found no difference in virgin queen weight based on treatment (ANOVA: F3,22 = 

0.74, p = 0.54). On average, virgin queens reared in pesticide-free beeswax weighed 

155.57 ± 6.40 mg. For the pesticide treatment groups, queens reared in wax 

contaminated with tau-fluvalinate and coumaphos weighed an average of 154.84 ± 4.53 

mg, those reared in amitraz-laden wax weighed 147.98 ± 4.06 mg, and those reared in 
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wax contaminated with chlorothalonil and chlorpyrifos weighted 144.83 ± 7.94 mg (Fig. 

5A). We obtained a similar statistical pattern for head size, as there were no differences 

in head width across treatment groups (ANOVA: F3,22 = 0.48, p = 0.70). Virgin queens 

reared in pesticide-free beeswax had an average head width of 3.33 ± 0.05 mm. Queens 

reared in wax contaminated with tau-fluvalinate and coumaphos had an average head 

width of 3.24 ± 0.07 mm, while those reared in amitraz-laden wax or those reared in 

chlorothalonil- and chlorpyrifos-laden wax, had an average head width of 3.38 ± 0.04 

mm and 3.33 ± 0.09 mm, respectively (Fig. 5B). Lastly, we observed no significant 

difference in virgin queen thorax width across treatment groups (F3,22 = 2.09, p = 0.13). 

Virgin queens reared in pesticide-free beeswax had an average thorax width of 4.25 ± 

0.14 mm. Mated queens reared in wax contaminated with tau-fluvalinate and coumaphos 

wax had an average thorax width of 3.98 ± 0.15 mm. Queens reared in either amitraz-

laden or chlorothalonil and chlorpyrifos-laden wax had an average thorax width 4.34 ± 

0.12 mm and 4.37 ± 0.08 mm, respectively (Fig. 5C).  
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3.3.3 Mated queen external morphology 

Mated queens reared in cups coated with pesticide-free wax had statistically similar 

body weights, regardless of rearing location (TX vs. WI, p = 0.82) or year (2016 vs. 

2019, p = 0.84). The average mated queen body weight for queens reared in pesticide-

free wax was 237.14 ± 3.61 mg, which was not significantly different from that of any of 

the pesticide treatment groups (Full factorial ANOVA: F3,48 = 1.28, p = 0.27). The 

average mated queen body weight for queens reared in cups contaminated with either 

tau-fluvalinate and coumaphos, amitraz, or chlorothalonil and chlorpyrifos was 237.52 ± 

2.68 mg, 227.93 ± 3.60 mg, and 226.84 ± 2.95 mg, respectively (Fig. 6A). Mated queens 

reared in pesticide-free wax also had statistically similar head width, regardless of the 

rearing location (TX vs. WI, p = 0.72) or the year (2016 vs. 2019, p = 0.78). There was 

no difference in head width for these queens based on treatment (Full factorial ANOVA: 

F3,48 = 0.99, p = 0.50). Mated queens reared in pesticide-free wax had an average head 

width of 3.34 ± 0.04 mm. Mated queens reared in either tau-fluvalinate- and coumaphos-

laden wax, amitraz-laden wax, or chlorothalonil- and chlorpyrifos-laden wax had an 

average head width of 3.19 ± 0.05 mm, 3.26 ± 0.04 mm, and 3.35 ± 0.03 mm, 

respectively (Fig. 6B). Similarly, we found no difference in the thorax width of mated 

queens based on the rearing location (TX vs. WI, p = 0.64) or the year (2016 vs. 2019, p 

= 0.84). There were no differences in mated queen thorax widths based on treatment 

(Full factorial ANOVA: F3,48 = 1.23, p = 0.30). Mated queens reared in pesticide-free 

beeswax had an average thorax width of 4.27 ± 0.02 mm. Mated queens reared in tau-

fluvalinate and coumaphos beeswax had an average thorax width of 4.33 ± 0.02 mm, 
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while the average thorax width of mated queens reared in amitraz- or chlorothalonil- and 

chlorpyrifos-laden wax was 4.34 ± 0.03 mm and 4.27 ± 0.02 mm, respectively (Fig. 6C).  

 

3.3.4. Ovariole counts 

After confirming that there was no difference in the number of ovarioles between a 

queen’s right and left ovary using a subsample of seven queens (p = 0.36), we opted for 

using only the cross-section of the right ovary per queen for analysis. Queens reared in 

pesticide-free wax had an average of 166.06 ± 18.75 ovarioles per ovary. Queens reared 

in either tau-fluvalinate- and coumaphos-laden wax, amitraz-laden wax, or chlorpyrifos- 

and chlorothalonil-laden wax had an average of 211.50 ± 25.00, 161.86 ± 28.34, and 

168.61 ± 25.00 ovarioles per ovary, respectively. There was no difference in the number 

of ovarioles per ovary based on treatment (ANOVA: F3,40 = 0.88, p = 0.46).  
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3.4 Discussion 

We examined the effects of honey bee queen developmental exposure to beeswax 

contaminated with field-relevant concentrations of tau-fluvalinate, coumaphos, amitraz, 

chlorpyrifos, and chlorothalonil on queen reproductive quality. We chose these 

pesticides and combinations due to their widespread prevalence in commercial 

beekeeping operations across the U.S. (Mullin et al. 2010, Traynor et al. 2016). We 
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found that contamination of the queen-rearing wax did not result in a significant 

difference in nurse feeding rates of queen larvae, or in adult external morphology. 

Despite these results, wax contamination with the pesticides we used has been shown to 

increase queen mortality, as well as lower body and ovary weights (Haarmann et al. 

2002, Pettis et al. 2004, Traynor et al. 2016, Walsh et al. 2019). Furthermore, developing 

drones exposed to wax with the same concentrations we used of tau-fluvalinate and/or 

coumaphos also lowered drone sperm viability (Fisher and Rangel 2018) and 

reproductive competitiveness (Rinderer et al. 1999, Burley 2007, Shoukry et al. 2013). 

Sublethal exposure of developing worker bees to pesticides, including tau-fluvalinate, 

coumaphos, amitraz, chlorothalonil, and chlorpyrifos during development also delays 

development and shortens longevity in workers by an average of four days (Wu et al. 

2011). Additionally, tau-fluvalinate, coumaphos, chlorothalonil, and chlorpyrifos all 

have high oral toxicities to honey bee larvae (Zhu et al. 2014). For instance, other work 

examining in vitro oral toxicity of chlorpyrifos, tau-fluvalinate, coumaphos, and amitraz 

to honey bee larvae has found that, from most toxic to least toxic pesticide the order is  

chlorpryfos > tau-fluvalinate > coumaphos> amitraz (Dai et al. 2017). While these 

pesticides have all demonstrated to be toxic to individual honey bees, initial 

contamination of wax foundation with those pesticides does not appear to slow the 

growth or overwintering survival of newly established colonies (Payne et al. 2019), 

however.  
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Furthermore, although body weight is a predictor of queen duel winners in artificial 

fighting arenas (Tarpy and Mayer 2009), external morphological features are not a 

reliable predictor of queen duel success in more realistic colony settings, as found in our 

study. This is likely in part because, in regular colonies, worker assistants tend to restrain 

losing queens in order for the winning queen to kill them, although the mechanism that 

workers use to determine which queen they will support is yet unknown (Gilley 2001, 

Tarpy et al. 2004). Interestingly, the age at which queen larvae are grafted is highly 

associated with queen size and weight, where larvae grafted earlier have increased size 

and weights (Rangel et al. 2013, De Souza et al. 2019). Therefore, it is possible that, 

during queen duels, workers chose which queen to help based on their assessment of that 

queen’s overall vigor and fitness. These decisions may, in part, depend on the genetic 

background or pheromonal signature of the queen larvae, both of which have been 

demonstrated to impact nursing behavior (Tilley and Oldroyd 1997, Metz et al. 2010, 

Walsh et al. 2019).  

 

In a survey of 75 queens produced by commercial North American apiaries, the median 

number of ovarioles per ovary was 160, with the number ranging widely from (116.5 to 

219 ovarioles per ovary (Jackson et al. 2010). This is similar to the ovariole numbers of 

the queens used in our study. In Drosophila melanogaster, multiple studies have 

documented positive relationships between ovariole number and egg production (David 

1970, Bouletreau-Merle 1978). Historically, this has also been assumed to be the case in 

honey bees, as there is a correlation between queen ovariole number and square inches 
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of sealed brood produced by a colony (Eckert 1937). In contrast, there have been no 

recent reports of correlation between honey bee queen ovariole number and other 

morphological measurements such as thoracic width (Jackson et al. 2010) or egg-laying 

rate (Walsh et al. 2019). There may be a correlation between ovariole number or ovary 

weight and body weight, but this trend has been inconsistent at best in previous studies 

(Delaney et al. 2011, De Souza et al. 2019).  

 

Walsh et al. (2019) recently found significant differences in the chemical composition of 

queen mandibular gland contents, mated queen egg-laying rate, and queen retinue size 

between queens reared in pesticide-free wax and those reared in wax contaminated in the 

same manner as done in this study. Based on the present study’s findings, it seems 

possible that the differences observed among control and treatment queens in terms of 

the chemical composition of mandibular gland contents found by Walsh et al. (2019) 

was indeed caused by pesticide exposure during queen development, rather than by 

differences in the nutritional care provided toward queen larvae by nurse bees. 

Furthermore, in this study we did not observe a significant difference in ovariole number 

based on pesticide contamination of beeswax during queen development, even though 

we previously found that pesticide exposure during development causes a significant 

drop in queen egg-laying rate (Walsh et al. 2919). This leads us to propose that queen 

egg-laying rate is not necessarily dependent on ovariole number, and instead might be 

associated with a physiological delay in the queen’s ability to oviposit. This question 

remains to be answered, however.  
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3.5 Future directions 

Every spring, over 70% of all managed honey bee colonies in the U.S. are taken to 

California and then to other states to pollinate crops, which generates over $17 billion 

annually to the nation’s agricultural economy (Calderone 2012). This extreme form of 

migratory beekeeping exposes colonies to horizontal transmission of pests and 

pathogens (Kulhanek et al. 2017), as well as in-hive contamination with agrochemicals 

like chlorpyrifos and chlorothalonil, which famers use on several crops to combat pests. 

Additionally, Varroa, the most significant single driver of managed honey bee colony 

losses in the U.S., may be easily spread between colonies as a result of overcrowding 

(Frey et al. 2014, Peck et al. 2016, Seeley and Smith 2015). Bee colonies that are left 

untreated for Varroa infestations die within two years, given that the mites parasitize 

immature and mature bees alike, depleting essential nutrients from the bees’ fat bodies 

and hemolymph (Ramsey et al. 2018, Steinhauer et al. 2018). To prevent colony losses, 

beekeepers commonly treat Varroa infestations by applying miticides, like tau-

fluvalinate, coumaphos, and amitraz, directly to their colonies. The efficiency of 

chemical Varroa control strategies was strikingly illustrated in a recent survey of 18,901 

beekeepers conducted over a four-year period (Haber et al. 2019). Haber et al. (2019) 

found that, regardless of apiary size, beekeepers who do not use miticides consistently 

have higher winter mortality. In large scale beekeepers, operations that reported using 

miticides to control Varroa had approximately half the overwintering loss of colonies of 

beekeepers who reported only using non-chemical control methods (Haber et al. 2019). 
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However, there is an opportunity cost to chemically based Varroa control. In a study 

examining commercial apiaries across the Eastern U.S., higher levels of pesticide 

residues in colony comb were significantly correlated with survival at the end of the 

sampling period and with queen mortality events (Traynor et al. 2016). This was 

particularly evident in colonies highly contaminated with octopamine receptor agonists 

such as amitraz (Traynor et al. 2016). A recent study of pesticides in honey bee colonies 

in six locations across the U.S. found that pesticide detection numbers did not correlate 

with survival while pesticide concentrations did (Ostiguy et al. 2019). Widespread 

pesticide use from both agricultural areas and beekeepers has led to nearly universal 

(98.4%) contamination of beeswax in colonies due to beeswax’s lipophilic properties 

(Mullin et al. 2010). Unfortunately, there are still no equally effective pesticide-free 

Varroa control methods to be used at this time.  

 

Our results show that nurse bees do not feed queen larvae differentially based on 

whether or not the beeswax the queens are reared in was contaminated with the 

pesticides tau-fluvalinate, coumaphos, amitraz, chlorpyrifos and chlorothalonil. We also 

found no differences in the morphological characteristics of virgin or mated queens 

based on whether or not they were reared in contaminated wax. While it is encouraging 

that we did not detect a difference in nurse feeding rates of queen larvae or queen 

biometrics after exposure to field-relevant concentrations and combinations of these 

pesticides, it would be irresponsible to conclude that the pesticides are harmless to 

queens, in light of the negative impact they cause in other aspects of queen reproductive 
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quality. Our results make it clear that we are still discovering new things about the 

impacts of pesticide contamination on queen morphology including ovariole number, 

and what these measurements imply at both the individual queen and the colony-wide 

levels. Clearly, more work needs to be done to elucidate the molecular and physiological 

mechanisms of pesticide exposure during development on honey bee queen health. 
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4. HONEY BEE (APIS MELLIFERA L.) QUEENS HAVE ELEVATED 

MATING FREQUENCIES WHEN EXPOSED TO MITICIDES, 

BUT NOT AGRICULTURAL PESTICIDES, DURING DEVELOPMENT 

4.1 Introduction 

A landmark survey of commercial beekeeping operations in North America found that 

98.4% of the 259 colonies sampled had beeswax contaminated with pesticides, some at 

alarmingly high concentrations (Mullin et al. 2010). Among the top ten pesticides found 

in highest frequency and abundance were the miticides tau-fluvalinate, coumaphos and 

amitraz, which were found in 98.1%, 98.1%, and 60.5% of sampled colonies, 

respectively (Mullin et al. 2010). These miticides are typically applied by beekeepers in 

order to manage the ectoparasitic mite, Varroa destructor, which feeds on the fat bodies 

of developing and adult honey bees (Ramsey et al. 2019). The Varroa mite is the leading 

driver of colony mortality in the U.S., causes death within two years if infested colonies 

are untreated (Kulhanek et al. 2017, Steinhauer et al. 2018). In addition, the fungicide 

chlorothalonil and the insecticide chlorpyrifos, which are agricultural pesticides widely 

applied to cultivated crops, were found in 49.2% and 63.2% of colonies sampled, 

respectively. These highly lipophilic pesticides remain and accumulate in the beeswax 

comb over long periods of time. The pesticide-contaminated beeswax delivers sub-lethal 

doses of pesticides to developing and adult bees through their consumption of 

contaminated brood food and contact exposure during development (Wu et al. 2011). In 

general, colonies that are exposed to field-relevant, sub-lethal doses of tau-fluvalinate, 

coumaphos, amitraz metabolites, chlorothalonil, chlorpyrifos, and 34 others exhibit 
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delayed larval development and adult emergence in workers, in addition to decreased 

adult longevity (Wu et al. 2011). 

 

Pesticide contamination of commercial honey bee colonies has been correlated with high 

colony losses and major queen mortality events in the Eastern U.S. (Traynor 2016). In 

particular, queens that were exposed to tau-fluvalinate and coumaphos in wax during 

development were smaller and had shortened lifespans compared to non-exposed queens 

(Haarmann et al. 2002, Pettis et al. 2004, Collins et al. 2004). However, morphometric 

data of queens reared in miticide-laden environments did not cause queens to be smaller 

in a different study (Rangel and Tarpy 2016). More recently, queens reared in wax-

coated cups contaminated with field-relevant concentrations of tau-fluvalinate, 

coumaphos and amitraz also attracted smaller worker retinues and had lower egg-laying 

rates than queens reared in pesticide-free wax (Walsh et al. 2019). Furthermore, queens 

exposed to amitraz had lower spermatozoa viability in their spermathecae than pesticide-

free queens (Burley 2007), as did queens reared in tau-fluvalinate and coumaphos-laden 

beeswax (Rangel and Tarpy 2015). Moreover, drones exposed to miticides both topically 

and orally had lower spermatozoa viability than those not exposed to miticides (Rinderer 

et al. 1999, Burley 2007, Shoukry et al. 2013, Fisher and Rangel 2018). In addition to 

their individual toxicities, fungicides have been found to act synergistically, increasing 

the lethality of other miticides such as tau-fluvalinate and coumaphos (Johnson et al. 

2010, Johnson et al. 2013a, Johnson et al. 2013b, Sanchez-Bayo and Goka 2016, 

Steinhauer et al. 2018). 
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The insecticide chlorothalonil and the fungicide chlorpyrifos, which are often applied 

together in tank mixes for control of pests and pathogens in agricultural crops, have 

combinatorial detrimental effects on honey bee health when mixed with other pesticides, 

increasing their lethality by as much as two fold (Johnson et al. 2010, Johnson et al. 13a, 

Johnson et al. 2013b, Sanchez-Bayo and Goka 2016). This may be due, at least in part, 

to the high synergistic tendencies of fungicides, which greatly impact the pesticides’ 

hazard quotients when honey bees are exposed to combinations of products (Sanchez-

Bayo and Goka 2016). For instance, a recent study found close to a 30% decrease in 

survival of honey bee larvae after oral exposure to a combination of chlorothalonil and 

coumaphos, and up to a 71% decrease in survival after oral exposure to a combination of 

tau-fluvalinate and chlorpyrifos (Zhu et al. 2014). Chlorothalonil and chlorpyrifos also 

significantly decrease spermatozoa viability in drones when they are applied together to 

the wax that drones were reared in (Fisher and Rangel 2018).  

 

The ubiquitous presence of pesticides in comb is particularly troubling for the health and 

fitness of queens, which are typically produced in special cells under two different 

circumstances: during the replacement of the mother queen with a new, more vigorous 

(i.e., supersedure), and during colony fissioning (i.e., swarming), when a colony splits 

into a swarm colony headed by the mother queen, and a remnant colony that is headed 

by a new daughter queen (Winston 1987). Queen development from egg to adult takes 

approximately 16 days, after which a new queen emerges from her pupal cell to roam 
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around the hive for several days until she begins to take orientation flights to learn the 

landmarks around her nest (Winston 1987). Five to ten days post emergence, the queen 

undertakes nuptial flights to drone congregation areas (DCAs) where thousands of 

drones gather for a chance to mate. Upon reaching a DCA, drones flock to the queen and 

mate with her in midflight. Queens typically return to their nests after mating with an 

average of 12 to 16 drones from nearby colonies (Tarpy et al. 2004, Mattila and Seeley 

2007). Polyandry, or multiple mating by queens, is advantageous to the colony as a 

whole because it confers the colony greater resistance to diseases and parasites (Tarpy 

and Seeley 2007, Tarpy 2003), as well as greater colony growth, drone production, and 

overwintering colony survival (Mattila and Seeley 2007). 

 

Successful mating provides the queen with an adequate number of spermatozoa. When 

optimally mated, a queen’s spermatheca holds between five to seven million 

spermatozoa from her drone mates, which she uses to fertilize the 1,000 to 1,500 eggs 

she lays every day throughout her one- to three-year lifespan (Winston 1987). The 

number of spermatozoa stored per mate varies based on each drone’s spermatozoa 

viability and disease status (Baer 2005, Peng et al. 2015). Although each drone’s 

ejaculate typically contains approximately one million spermatozoa, less than 10% of the 

semen queens collect on mating flights are kept inside the queen, and only about 3% 

successfully migrates and enter the queen’s spermatheca (Koeniger 1986, Oldroyd et al. 

1998, Baer 2005). A process that occurs within 40 hours after mating (Page 1986, 

Koeniger 1986). As queens age and spermatozoa are used, the spermatheca undergoes 
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visible changes (Cobey 2007). For example, the high density of spermatozoa in the 

spermatheca of a recently mated queen forces the spermatozoa to be packed very tightly 

with their tails coiled, causing them to move in circles. But as the queen ages and uses 

up the spermatozoa, the cells have more space to uncoil and move in a longitudinal 

manner, albeith with a slower velocity than those in newly mated queens (Al Lawati et 

al. 2009). If the spermatheca of a fully mated queen contains four million spermatozoa 

or fewer, that queen is considered to be poorly mated and is typically replaced by 

workers within weeks or months (Woyke 1989, Woyke et al. 1995, Cobey 2007). 

Interestingly, little is known about the effects of pesticide exposure during queen 

development on the number of drones that a queen mates with, and the viability of the 

spermatozoa she collects from those mates and stores in her spermatheca.   

 

In this study, we examined the effects of queen exposure during development to wax 

contaminated with field-relevant concentrations of tau-fluvalinate, coumaphos, amitraz, 

chlorpyrifos, and chlorothalonil (in various combinations) on the viability of 

spermatozoa in the queen’s spermatheca and the queen’s mating frequency. We found 

that spermatozoa viability remained consistently high in all queen cohorts, regardless of 

whether or not they were reared in pesticide-laden wax. Surprisingly, we found that the 

observed and effective mating frequencies of queens reared in miticide-contaminated 

wax was higher than those of queens reared in miticide-free wax. We found no 

differences in either observed or effective mating frequencies for queens reared in wax 

contaminated with a combination of chlorothalonil and chlorpyrifos, however. Our 
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results show that queen mating frequeny is affected by miticide exposure during 

development, which could have severe implications not only for queen health, but for 

colony-level productivity.  

 

4.2 Methods 

4.2.1 Queen Rearing 

The colonies used in this study were located at the Janice and John G. Thomas Honey 

Bee Facility of Texas A&M University (Bryan, Texas, U.S.) and at Windy Hills Apiary 

(Watertown, Wisconsin, U.S.) and were headed by Italian queens obtained from a 

commercial queen producer (Olivarez Honey Queens Inc., Orland, California, U.S.). The 

experiments were conducted in the summers of 2016 and 2017. Plastic queen cups used 

in standard queen-rearing operations (JZBZ Honey Co., Santa Cruz, California, U.S.) 

were previously coated with ≈200 mg of molten, certified pesticide-free beeswax pellets 

(Koster Keunen Inc., Watertown, Connecticut, U.S.), or with molten wax that was 

previously mixed with pesticides. To contaminate wax with field-relevant concentrations 

of pesticides, we separated it into groups and mixed with a) a combination of 204,000 

ppb tau-fluvalinate (>98% purity, ThermoFisher, Waltham, Massachusetts, U.S.), and 

91,900 ppb coumaphos (>98% purity, ThermoFisher, Waltham,Massachusetts, U.S.), b) 

43,000 ppb amitraz (>98% purity, Sigma-Aldrich, St. Louis, Missouri, U.S.), or c) a 

combination of 9,800 ppb chlorpyrifos and 53,700 ppb chlorothalonil (>98% purity, 

ThermoFisher, Waltham, Massachusetts, U.S.), in accordance with the highest 

concentrations of these pesticides found in wax by Mullin et al. (2010). 
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Worker larvae in the first instar were transferred from worker-destined cells to the wax-

coated queen-rearing cups in a process known as “grafting” (Laidlaw and Eckert 1962). 

Grafted cells in each treatment group were placed in a queenless unit of nurse honey 

bees, known as a “cell builder,” for continued care during development. Once the queen 

cells reached the pupal stage and were capped by nurse bees, they were caged and placed 

individually into queenless mating nucleus colonies. Each “nuc” was composed of two 

frames of brood, one frame of nectar and pollen, one frame feeder with sugar syrup, and 

one empty frame. Upon emergence, the queens were marked with paint on their thorax 

and released from their cages so they could mate naturally. After mating successfully, 

which was confirmed by the presence of worker brood, the queens were collected for 

analysis. In addition, before collecting each queen produced in 2017, a 4”x 4” piece of 

comb containing worker brood was cut from a frame and immediately frozen for 

microsatellite analysis to estimate queen mating frequency (see below). 

 

4.2.2 Spermatozoa viability analysis 

All queens used for spermatozoa viability analysis were reared in 2016 in Texas and 

Wisconsin. Upon collection, queens were anesthetized by freezing at -20°C for three to 

five minutes before being decapitated. We dissected each queen’s spermatheca, carefully 

removed the tracheal net surrounding it, and placed it into a vial containing 100 µL of 

saline solution (0.24 g HEPES, 0.88 g NaCl, and 1 g BSA in 100 mL of deionized 

water). The spermatheca was ruptured with forceps and the contents therein were mixed 
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via tube inversion. To determine the viability of the spermatozoa inside the queen 

spermatheca, we used an Invitrogen Live/Dead™ Sperm Viability Kit (catalog number 

L7011, Life Technologies, Carlsbad, California, U.S.) containing Syber-14, which dyes 

viable spermatozoa green, and propidium iodide, which dyes non-viable spermatozoa 

red, as done previously (Collins and Donoghue 1999, Fisher and Rangel 2018). Briefly, 

40 µL of the diluted spermatozoa collected from the ruptured spermathecae was placed 

into a new vial and stained with 3 µL of Syber-14 solution (4 µl of Syber-14 in 196 µl of 

0.1 M phosphate buffered saline (PBS)), and 3 µL of propidium iodide solution (derived 

from diluting 50 µL of propidium iodide in 50 µL of PBS). Vials were then gently 

vortexed for ~2 s at 2000 rpm to homogenize the samples and dyes while avoiding 

damage of the spermatozoa. The homogenization was followed by a dark incubation 

period of 8 min to ensure uptake of the dyes. We assessed viability of the spermatozoa 

by placing 20 µL of the dyed spermatozoa into a Nexcelom Cellometer® (Nexcelom 

Biosciences LLC, Lawrence, Massachusetts, U.S.) cassette. We used a Cellometer 

Vision Software® (v. 2.1.2.1) with exposure settings at 1200 ms for Syber-14 and 7000 

ms for propidium iodide to estimate the number of live and dead spermatozoa within a 

slide. Three counts were performed per sample in in different locations on the cassette, 

and the resulting viability percentages were averaged to provide a single viability 

estimate for each queen. 
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4.2.3 PCR amplification and microsatellite analysis 

All brood samples used for microsatellite analysis were taken from queens reared in 

Texas in 2017. Approximately 100 pupae were collected from each frozen 4”x 4” comb 

sample and placed into individual microtubes for genomic DNA extraction. DNA was 

extracted from the whole body with the Gentra PureGene Tissue Kit, using a modified 

PureGene protocol (Gentra Systems Inc., Minneapolis, Minnesota, U.S.). These changes 

included vortexing each sample at 2000 rpm rather than inverting the tubes, and using 

reagent volumes appropriate for 2 mg of tissue.  

 

To calculate the number of mates that each queen mated with (i.e., mating frequency), 

we carried out two multiplex polymerase chain reactions (PCR) using eight polymorphic 

microsatellite loci amplified via fragment analysis, as done previously (Rangel and 

Tarpy 2015). The 7.5 µL reaction of each multiplex included 1 µL Taq polymerase 

(Bioline Meridian Bioscience, London, U.K.), 1.5 µL of the accompanying 5 x buffer 

solution (Promega, Madison, Wisconsin, U.S.), and 130 ng of template DNA. The first 

multiplex reaction consisted of the honey bee microsatellites Am052, Am533, Am061, 

and Am010 (Estoup et al. 1994, Tarpy et al. 2012). The second multiplex reaction 

consisted of the microsatellites Am043, Am125, Am098, and Am059 (Estoup et al. 1995, 

Solignac 2013). All primers were fluorescently labeled with either 6-FAM, HEX, or 

NED (New England Biolab, Ipswich, Massachusetts, U.S.). The multiplex reactions 

were initially denatured at 95°C for 7 min before going through 30 cycles of 30 s at 
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95°C, 30 s at either 55°C (multiplex 1) or 54°C (multiplex 2), and 30 s at 72°C. The final 

extension step was 10 min at 72°C for both multiplexes.  

 

We genotyped the resulting PCR products using an ABI3500 Genetic Analyzer (Applied 

Biosystems, Life Technologies, New York, New York, U.S.) along with GeneScan 500 

LIZ dye size standard (Applied Biosystems, Life Technologies, New York, New York, 

U.S.). We scored each allele with the microsatellite plugin of GENEious v6.18 (Kearse 

et al. 2012). We then calculated the observed mating number and subfamily proportions 

for each mated queen using the software COLONY 1.2 (Wang 2004) to calculate a 

queen’s effective mating frequency (Nielson et al. 2003, Tarpy et al. 2004). The 

observed mating frequency refers to the total number of drone fathers represented in a 

queen’s worker progeny. The effective paternity frequency uses the proportion of each 

subfamily within a colony and compensates for calculating potentially skewed estimates 

of paternity (i.e., unequal subfamily proportions in sampled pupae) and intra-colony 

genetic relatedness (Nielson et al. 2003, Tarpy et al. 2004, Tarpy et al. 2015). 

 

4.2.4 Statistical analysis 

We performed a full factorial ANOVA test to compare the proportion of viable vs. non-

viable spermatozoa (i.e., % viability) of queen spermathecal contents across treatment 

groups for queens reared in Wisconsin and Texas, non-random location variables. We 

performed ANOVA tests for both the observed mating frequency yielded by the 

COLONY 1.2 analysis, as well as the effective mating frequency calculated from the 
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observed mating number and subfamily proportions, as done previously (Tarpy et al. 

2004, Tarpy et al. 2015, Rangel and Tarpy 2015). All tests were conducted using JMP v. 

13 (SAS Institute Inc. Raleigh, North Carolina, U.S.). We present all descriptive 

statistics as the mean ± S.E.M. and set the level of significance for all tests at α=0.05. 

 

4.3 Results 

4.3.1 Spermatozoa viability 

There were no significant differences in spermatozoa viability inside the spermathecae 

of mated queens regardless of the rearing location (F3,23 = 1.18, p = 0.37) or the 

treatment group (F3,23 = 2.92, p = 0.08; Fig. 8). Queens reared in pesticide-free beeswax 

had an average 99.90% ± 0.04% spermatozoa viability, while queens reared in wax 

contaminated with a combination of tau-fluvalinate and coumaphos, amitraz, or a 

combination of chlorothalonil and chlorpyrifos had an average spermatozoa viability of 

98.88 ± 0.55%, 99.91 ± 0.06% and 99.94 ± 0.03%, respectively. 
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4.3.2 Observed mating number and effective mating frequency 

All experimental queens examined for observed mating number and effective mating 

frequency were reared in Texas in 2017 (Figs. 9 and 10). We encountered a large range 

in primer amplification efficiency in the eight microsatellites we examined. For example, 

only 40% of our samples amplified sequences at the Am043 locus, while 91% of the 

samples amplified sequences at the Am052 locus. Any samples with less than six 
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amplified microsatellites were excluded from data analyses. Overall, we found a 

significant difference in queen observed mating number (ANOVA: F3,24 = 4.23, p = 

0.02). In particular, queens reared in wax contaminated with a combination of tau-

fluvalinate and coumaphos had a significantly higher observed mating number (16.00 ± 

2.42) than queens reared in either the pesticide-free control group (11.84 ± 1.05, p = 

0.05), or those reared in wax contaminated with chlorothalonil and chlorpyrifos (9.50 ± 

1.01, p = 0.0036). There were no differences in observed mating number between 

control queens and those reared in amitraz-laden wax, however (14.43 ± 0.85, p = 0.42). 

Queens reared in chlorothalonil and chlorpyrifos contaminated wax also had 

significantly lower observed mating numbers than those reared in amitraz (p = 0.02).  

 

Curiously, queens reared in the two miticide-contaminated wax groups had significantly 

higher effective mating frequencies than queens reared in either pesticide-free wax or 

chlorothalonil and chlorpyrifos wax (ANOVA: F3,24 = 3.91, p = 0.02). Queens reared in 

tau-fluvalinate and coumaphos-laden wax (13.39 ± 2.36) differed the most from queens 

reared in the pesticide-free wax (8.82 ± 0.82, p = 0.03) or the chlorothalonil and 

chlorpyrifos-laden wax (8.20 ± 0.90, p = 0.01). Queens reared in amitraz-laden wax also 

had significantly higher effective mating frequencies than queens reared in pesticide-free 

wax (12.85 ± 0.95, p = 0.04) or chlorothalonil and chlorpyrifos-laden wax (p = 0.02). 

Queens reared in pesticide-free wax did not have higher effective mating frequencies 

compared to those reared in chlorothalonil and chlorpyrifos-laden wax (p = 0.75), 

however. 
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4.4 Discussion 

We examined the effects of honey bee queen developmental exposure of wax to tau-

fluvalinate, coumaphos, amitraz, chlorothalonil, and chlorpyrifos, on mated queen 

spermatozoa viability and mating frequency. We chose these pesticides at specific 

concentrations and combinations due to their ubiquity in colonies managed by 

commercial beekeeping operations across the U.S. (Mullin et al. 2010, Traynor et al. 

2016, Ostiguy et al. 2019). We found no significant differences in viability of the 

spermatozoa inside spermathecae between queens reared in pesticide-free wax and those 

reared in any of the pesticide treatment groups. Our results did show that queens reared 

in tau-fluvalinate, coumaphos, and amitraz-contaminated beeswax mated with 

significantly more drones than queens reared in pesticide-free beeswax. We did not find 

significant differences in spermatozoa viability between the control queens and those 

reared in and chlorothalonil and chlorpyrifos-laden wax, however.  

 

The high genetic variability obtained through extreme queen polyandry has been 

considered a fitness gain for many reasons, including greater resistance to pathogens, 

(Tarpy 2003, Tarpy and Seeley 2007, Hughes et al. 2008), as well as higher colony 

productivity and overall survival (Mattila and Seeley 2007). Furthermore, polyandry 

increases queen attractiveness to caretaking workers (Tarpy 2003, Tarpy and Seeley 

2006, Richard et al. 2007, Niño et al. 2012). Curiously similar to our results, a previous 

study examining the effects of pesticide exposure on queen mating frequency also found 

that queens reared in wax contaminated with a combination of tau-fluvalinate and 
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coumaphos mated with significantly more drones than queens reared in pesticide-free 

wax (Rangel and Tarpy 2015). This suggests that pesticide exposure in the wax matrix 

affects the mating behavior of queens, regardless of the location of where the queens are 

reared, given that this study was conducted in Texas, and the previous study was 

conducted in North Carolina.  

 

In light of our findings, it is possible that queens reared in miticide-contaminated wax 

mate with more drones due to physiological flaws. Perhaps those queens are 

physiologically incapable of flying at high speeds or altitudes, which may allow more 

drones to successfully mate with those queens. Alternatively, the miticide-reared queens 

may be unable to detect that they have collected enough semen, so they take more or 

longer mating flights when other queens would have stopped due to insufficient 

physiological feedback. Although honey bee queens regulate insemination volume via 

unknown mechanisms, it has been hypothesized that queens may use stretch receptors in 

their oviducts to provide negative stimulus for further mating attempts, as in other 

insects (Ringo 1996, Richard et al. 2007). While there is no published study as of yet 

examining this possibility, it is possible that amitraz, tau-fluvalinate, and coumaphos, 

which impact the nervous system of insects, may interfere with these stretch receptors or 

stretch receptor signaling, and this could then lead to queens taking more mating flights 

of longer duration, ultimately increasing the observed and effective mating frequency of 

these queens.  
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The trend of higher mating frequency in queens reared in pesticide-laden wax could also 

be a form of compensation, in which less reproductively fit queens mate with more 

males to head healthier colonies. However, it is unclear if queens are regulating their 

mating number this by regulating their mating flight numbers or the volume of viable 

spermatozoa collected from their mates. A study by Hayworth et al. (2009) used weights 

attached to queens and found that heavier queens had lower mating flight numbers and 

lower mating frequency than queens without weights attached, suggesting that queens 

alter the number and/or duration of mating flights in response to energetic demands. 

More recent work by Simone-Finstrom and Tarpy (2018) found that weighted queens 

had neither different spermatozoa viability in their spermathecae nor different effective 

mating frequencies. The authors argued that this may be due to differences in the magnet 

placement used to weigh queens down during mating flights. Furthermore, Schluns et al. 

(2005) reported that the onset of oviposition, as opposed to taking additional mating 

flights, is likely governed by the number of drones a queen mates with rather than 

spermatozoa volume. However, there is a body of literature that suggests that queens can 

take additional mating flights based on semen volume (Woyke 1962, Kocher et al. 

2010), suggesting that spermatozoa volume can sometimes be correlated with other 

markers of queen quality (Kocher et al. 2009, Delaney et al. 2011). Previous work 

examining 29 queens found a negative correlation between mating flight duration and 

spermatozoa volume in the spermatheca, thus supporting the idea that queens 

continuously use cues about mating success during flight to adjust flight duration 

(Koeniger and Koeniger 2007). Regardless of the reason for these inconsistent results, it 
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is clear that there is still much to discover about the non-linear relationships between 

queen mating flight behavior, effective mating frequency, semen volume, spermatozoa 

viability, and oviposition rate (Simone-Finstrom and Tarpy 2018, Ruepell et al. 2008), 

all of which affect queen reproductive quality and overall colony productivity. 

 

4.5 Future directions 

In this study we found that spermatozoa viability is not noticeably affected by queen 

pesticide exposure during development, but observed and effective mating frequency w 

were significantly elevated in queens reared in miticide-contaminated wax. This suggests 

that queens reared in wax contaminated with field-relevant concentrations of miticides 

may be either compensating for reproductive inadequacies, or a physiological 

mechanism governing reproductive behavior has failed. 

 

Further research on the physiological and behavioral factors that are affected by these 

miticides is needed. Contamination with miticides might be harming the queen by 

preventing signaling pathways from working, as would be the case if she were unable to 

detect that she has adequate spermatozoa volumes in her oviducts. If this were the case,  

\other signaling pathways of the nervous system could also be blocked. Additionally, it 

is unknown if queens reared in miticide-laden wax engaged in more or longer mating 

flights to achieve the higher observed and effective mating frequency we observed. 

Ultimately, these results can be interpreted as positive for the beekeeping industry, as 

miticide-contaminated queens that have lower egg-laying rates (Walsh et al. 2019) have 
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higher observed and effective mating frequencies than their pesticide-free queens, thus 

hopefully offsetting potentially negative colony-wide effects. 
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5. CONCLUSIONS 

The decline of managed honey bees in the U.S. is caused by many interacting factors, 

including pesticide exposure and failing queen health. Both of these factors have been 

explored in this dissertation. Honey bee health is a complicated issue that urgently needs 

to be solved to sustain our growing human population in need of bee-dependent crops 

(Aizen et al. 2009). Given the queen’s importance as the head of a colony, there is an 

immediate need for studies that can help determine how agricultural pesticides affect 

queen reproductive quality, how queen quality affects colony fitness, and how the 

beekeeping community can improve the health of managed honey bees. While the 

impact of particular miticides on the reproductive health of honey bee queens has been 

examined previously, few studies to date had examined how the presence of field-

relevant concentrations of agricultural pesticides in the beeswax matrix affected queen 

quality, which is one of the biggest problems faced by beekeepers today (Rangel et al. 

2013, Kulhanek et al. 2017). 

 

Results from this dissertation have helped fill some of these gaps in knowledge: We 

examined how contamination of the queen-rearing beeswax with field-relevant 

combinations of miticides (tau-fluvalinate, coumaphos, and amitraz) and agrochemicals 

(chlorothalonil and chlorpyrifos) affects queen quality and reproduction. We did so by 

raising queens in beeswax contaminated with field-relevant concentrations and 

combinations of these pesticides, and allowed adult queens to mate naturally. We found 

that queens reared in pesticide-laden wax had lower retinue size and egg-laying rates, 
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lower worker attraction to queen mandibular gland contents, and had significant 

differences in the chemical composition of queen mandibular gland contents, compared 

to queens reared in pesticide-free wax. Our results also showed that, contrary to our 

expectations, queens reared in wax contaminated with amitraz had a significantly higher 

mating frequency than control queens. We did not find any differences in the rate at 

which nurse bees fed developing queens, or in the size or weight of adult queens due to 

pesticide exposure during development, however. These findings will help increase the 

understanding of how pesticides impact queen health and overall colony fitness. 

 

Given the queen’s role as the reproductive head of a honey bee colony, queen breeding 

is a vital niche market within the beekeeping industry. Over a million queens produced 

by a small number of large-scale commercial queen breeders are sold for $30-$35 each 

in the U.S. each year (Cobey et al. 2011, Tarpy et al. 2012). Because queens are shipped 

across the country to repopulate or initiate colonies, queen producers are under pressure 

to rear large quantities of queens during a short time period each spring. The rearing 

conditions that queens experience during development impact their health as adults, and 

thus, may be partially responsible for the recent declines in honey bee queen health. 

While pesticide exposure during development is only one facet of the rearing conditions 

experienced by commercially produced queens, our work nevertheless shows that this is 

an important variable affecting queen and colony health.  
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APPENDIX TABLE 1 

 

Table 1. Honey bee queen mandibular compounds identified using GC-MS. The relative amount (mean %) and standard error 

of mean (S.E.M.) for each compound are listed for each queen experimental group. The peak number correlates with retention 

time using an internal standard. Acronyms for common queen mandibular gland compounds are given. The relative amount of 

each identified compound, the relative amount of the QMP compounds 9-ODA, HOB, HVA, 9-had, and 10-HDAA and three 

compound ratios (10-HDA: 9-HDA, 9-ODA:10-HDA, and 9-ODA:9-ODA+10-HDA) were compared among treatments. All 

compounds that are significant on an individual basis among treatment groups are highlighted in bold and have p ≤ 0.05.  

Mean (%) S.E.M. Mean (%) S.E.M. Mean (%) S.E.M. Mean (%) S.E.M.

1 methyl 4-hydroxybenzoate HOB 3.74 0.56 4.78 0.81 3.74 0.59 4.82 0.73 0.82 0.49

2 7-hydroxyoctanoic acid 0.11 0.01 0.07 0.17 0.08 0.01 0.09 0.02 1.34 0.27

3 8--hydroxyoctanoic acid 4.88 0.37 2.91* 0.54 3.93* 0.39 3.69* 0.48 3.41 0.025

4 4--hydroxybenzoic acid 0.08 0.02 0.04 0.02 0.04 0.02 0.08 0.02 1.79 0.16

5 E- 8-hydroxy-2-octenoic acid 0.15 0.02 0.13 0.02 0.15 0.02 0.19 0.02 1.20 0.32

6 Unknown 0 4.26 2.08 9.45 3.03 9.28 2.22 5.28 2.71 1.27 0.30

7 4-hydroxy-3-methoxyphenylethanol HVA 1.22 0.41 2.53 0.50 2.07 0.40 2.67 0.53 2.02 0.12

8 E -9-oxo-2-decenoic acid 9-ODA 33.34 1.68 30.30 2.45 31.50 1.79 33.85 2.19 0.58 0.63

9 9-hydroxy-decanoic acid 1.04 0.13 0.81 0.18 0.96 0.13 1.36 0.16 1.94 0.14

10 E- 8-hydroxy-2-decenoic acid 0.46 0.04 0.40 0.40 0.40 0.04 0.48 0.47 0.97 0.41

11 E- 9-hydroxy-2-decenoic acid 9-HDA 34.22 2.83 32.24 4.13 32.27 3.01 33.04 3.69 0.09 0.96

12 Unknown 1A 4.87 1.67 3.16 2.44 4.18 1.78 2.71 2.18 0.25 0.86

13 Unknown 1B 0.03 0.01 0.02 0.01 0.02 0.01 0.03 0.01 0.26 0.85

14 10-hydroxy-decanoic acid 10-HDAA 0.92 0.37 2.02 0.54 1.62 0.40 1.70 0.49 1.19 0.32

15 E -10-hydroxy-2-decenoic acid 10-HDA 5.00 0.73 6.20 1.06 4.55 0.77 4.36 0.95 0.68 0.57

16 Decanedoic Acid 0.23 0.04 0.28 0.05 0.30 0.38 0.23 0.05 0.88 0.46

17
4-Hydroxy-3-methoxyphenylpropanoic 

acid
0.33 0.06 0.29 0.09 0.38 0.07 0.62* 0.08 3.15 0.034

18 Decenedioc Acid 0.39 0.05 0.43 0.07 0.34 0.05 0.46 0.06 0.99 0.40

19 E -10-Hydroxy-2-dodecenoic Acid 0.26 0.05 0.22 0.07 0.26 0.05 0.30 0.06 0.25 0.86

20 E -11-hydroxy-2-dodecenoic acid 0.08 0.01 0.06 0.02 0.05 0.01 0.10 0.01 2.24 0.10

21 Unknown 2 1.57 0.15 0.65* 0.22 0.91 0.16 1.26 0.20 5.10 0.004

22 9-Hexadecenoic acid 0.01 0.00 0.02 0.01 0.02 0.00 0.02 0.01 0.77 0.52

23 Unknown 3 0.34 0.18 0.30 0.20 0.41 0.15 0.38 0.18 0.09 0.97

24 Hexadecanoic Acid TMS 0.43 0.00 0.39 0.01 0.36 0.00 0.40 0.01 0.13 0.94

25 9 Octadecenoic Acid TMS 0.41 0.09 0.46 0.13 0.31 0.10 0.35 0.11 0.38 0.77

26 Octadecanoic Acid-TMS 1.25 0.26 1.45 0.38 1.35 0.28 1.21 0.34 0.10 0.96

88.54 86.03 84.69 90.03

72.52 69.85 69.58 74.38

Ratio of 10-HDA to 9-HDA 0.15 0.19 0.14 0.13 1.35 0.27

Ratio of 9-ODA to 10-HDA 6.67 4.89 6.92 7.75 0.50 0.67

Ratio of 9-ODA to 9-ODA+10-HDA 0.87 0.83 0.87 0.89 0.64 0.59

Total relative amount of identified compounds (%)

Total relative amount of QMP compounds (%)

Chlorothalonil & 

Chlorpyrifos 

(n =10)
F Ratio p value

Peak 

Number
Acronym

Control (n =17)

Fluvalinate & 

Coumaphos 

(n =8)

Amitraz (n =15)
Queen mandibular gland component


