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 Honeybees (Apis mellifera) are organisms of an utmost importance to 

scientific advancement, food security and agricultural systems. Unfortunately, 

managed honeybee colonies are dying at alarming rates in much of the Northern 

Hemisphere, particularly in the United States of America (U.S.A). Most factors 

seem to fall into one of the four categories: pesticides, pest, pathogens and poor 

management practices. To date, not one factor has been identified to explain all 

observable and recorded honeybee losses. Therefore, it is likely that many 

factors contribute to the decline in honeybee health. To further complicate a 

complex situation, recent evidence has emphasized interactions between these 

factors to influence the chances of a colony to collapse. In contrast to model 

organisms, environment-controlled studies of a single stressor are difficult to 

perform in honeybees, or any organism studied in its natural environment. By 

employing behavioral, life history, physiological and transcriptomic analyses, the 

following dissertation investigates the relationships between early developmental 

stress and its potential long-term effects on honeybee workers. Experimental 

results showed consistent, short and long-term transcriptomic differences, 

independent of the particular type of stress. Long-term effects were stress-

specific and were apparent in response to developmental heat-shock but not 

oxidative stress. Improved understanding of the relationships between early 



 

developmental stress and adult biology in honeybees has the potential to make a 

positive impact on the health of honeybees. Thus, this work has the potential to 

positively influence the honeybee’s enormous contribution to the economy and 

the environment. 
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CHAPTER I 
 

INTRODUCTION AND BACKGROUND 
 
 

Introduction 

 Ecosystem services are defined as the benefits provided by organism to 

human welfare when it interacts with the ecosystem (Klein et al., 2006). 

Pollination constitutes one of the key ecosystem services provided by wild 

animals. Animal pollination, usually via insects, birds or bats, influences the 

reproductive success of ~87% of flowering plants worldwide (Ollerton et al., 

2011). About ~1500 crops require insect pollination worldwide, (Hanley et al., 

2015), and this translates to about ~3 to 8% of global crop production (Aizen et 

al., 2009). Pollinators positively benefit the sexual reproduction of many crops, 

which in turn is important for providing the nutritional and caloric requirements for 

humans. These services translate to about 10% of total global agricultural 

economics, estimated to be €153 billion ($171 billion) (Southwick and Southwick 

Jr, 1992).  

 The European honeybee, Apis mellifera, is the most economically 

valuable pollinator of agricultural crops worldwide. In Europe, where they have 

been cultivated for several millennia (Crane, 1999), honeybees contribute to 

human diet directly via honey, royal jelly, pollen and propolis, and indirectly by 

providing pollination services to a wide range of crops and wild plants. 
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Honeybees account for more than 15 billion dollars in the United States 

agricultural economy (Morse and Calderone, 2000). Additionally, some crops 

such as almonds, are exclusively pollinated by honeybees. California’s almond 

industry requires approximately 1.4 million beehives annually, 60% of all U.S. 

bee hives, to yield 80% of the world’s almond production (Hill et al., 1985). 

Recently, honeybees have been plagued by drastic declines in their populations 

in Europe, and the United States is following a similar disturbing trend. Between 

1947 and 2005, the total number of hives in Europe has declined by 59 percent 

(Potts et al., 2010). A considerable drop in managed honeybee populations has 

also been recorded in North America since 1948-2008, with a total reported 

colony loss of 28.6% (Ellis et al., 2010). Although a “global pollination crisis” has 

been questioned (Ghazoul, 2005), the increased decline of globally managed 

honeybee hives has spurred a large conservation interest especially in 

understanding the different stressors but also how these organisms withstand 

them.  

 

Background 

 Many different fields recognized the word stress and its implications. 

Originally, “stress” originated in physics to describe pressure and deformation in 

a system. The word was adapted into the biological context through the work of 

Hans Selye, who defined stress as “non-specific response of the body to any 

demands placed upon it” (Selye, 1956). Later, the concept was refined by 
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distinguishing between ‘stressor’ and ‘stress response’. A stressor is considered 

“internal or external adverse force(s)” that threatens homeostasis and the stress 

response is the reaction of the organism to regain homeostasis (Chrousos, 

2009). The term “homeostasis” was originally coined by Cannon and is defined 

as the state of steady internal physical and chemical conditions maintained by 

living systems (Cannon, 1939). Stress is now recognized as a valid concept, 

which allows organisms to respond to environmental pressures (McEwen, 2009). 

In this thesis, as per a previous article describing general stress response in 

honeybees (Even et al., 2012a), the triggering force will be called “stressor”, 

while “stress/stress response” will be considered the response syndrome to any 

aversive or harmful treatment in a specific system. Although this understanding 

can be applied to different levels of organization (molecular, cellular, histological, 

physiological, even ecological or social), this thesis will focus on physiological 

processes involved in an integrated response at the organismal level.  

 Understanding the physiological and behavioral responses of all honeybee 

castes to harmful situations is vital for general honeybee management and timely 

considering the reported decrease of managed hives. Because honeybees are 

the most important commercial pollinator for diverse monocrops and crucial for 

honey production, it has been suggested that their health decline requires an 

urgent need to know more about their stress response mechanisms (Even et al., 

2012a).  
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Additionally, honeybees constitute the ideal model to study the evolution 

of sociality. Their high level of social organization and a well-developed system of 

division of labor in workers allow the study of differences in stress responses 

across behavioral castes. The honeybee system consists of three castes: drones 

(males), sterile workers (females) and a reproductive queen (female). Drones fly 

off once they reach maturity to mate with other queens, and have also shown to 

conduct some form of hive thermoregulation (Kovac et al., 2009). Queens mature 

and fly to get mated but then return to their hives, where they continuously 

produce young until the end of their lives. Workers execute all of the necessary 

actions required for brood and hive maintenance and can thus be considered the 

backbone of a colony.  

Many aspects of honeybees, including their genome, are under intensive 

study, and spectacular intraspecific variation in longevity exists (Dixon et al., 

2014). Queens are long-lived, living up to 5-years, while female workers and 

male drones may live up to 60 days. Males are ultimately female-dependent, as 

drone production relies on the queen, and drone egg rearing and maturation 

depends on worker bees. Queens have complete reproductive autonomy but are 

delicate and worker-reliant, requiring constant feeding and grooming (Dixon et 

al., 2014). Their lifespans rigidly revolve around egg-production. Queens are 

often considered sheltered from many of the external stressors except during 

their mating flights. Here, a queen leaves, mates and stores sperm from multiple 

males before returning to her hive. On rare occasions, a queen absconds the 
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colony depending on environmental and hive conditions. Queen behavior centers 

on egg laying while workers exhibit a greater behavioral array.  

 Haplodiploidy determines the sex of honeybees and acts as the first 

division between drones and females: unfertilized haploid eggs develop into male 

drones, while fertilized diploid eggs have the potential for the two female 

developmental pathways. Queen-destined larvae are fed exclusively royal jelly, a 

high protein substance produced by workers through glandular secretions, 

throughout their development. In contrast, worker-destined larvae receive royal 

jelly only during the initial development before being switched to other low-quality 

foods (Evans and Wheeler, 1999). These two factors result in obvious 

morphological differences, which have allowed rigorous comparative studies 

among castes. Despite these differences, the three castes share similar ontology 

but different developmental speeds. All honeybees exhibit holometabolous 

development, where eggs hatch into larvae, which then metamorphose into 

pupae, and finally emergence as adults. The developmental time differences are 

the strongest in the larval and pupal development. All three castes hatch from the 

egg after 3 days. Drones develop the longest in approximately 24 days overall, 6 

of which are as larvae and 14 in pupae. Worker development takes 21 days, with 

5 larval instars molts, one each day, and a 12-day pupation. Queens exhibit the 

shortest development, emerging in 16 days with the shortest pupae stage, 7 days 

respectively. In addition to their developmental differences, each caste exhibits 

its own unique function as adult.  
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Drones are reproductive but exhibit seasonality and rely heavily on 

favorable queen egg-laying conditions (Free and Williams, 1975). Drones do not 

contribute to hive or brood maintenance, lacking hypopharyngeal “brood food” 

glands, wax glands, and most of the structures to collect food (Hrassnigg and 

Crailsheim, 2005). They spend most of their time resting, feeding and self-

grooming, making them a potential resource sink in large numbers for 

commercial practices (Rueppell et al., 2005). Despite economical stigmatization, 

drones have been used in biodemography studies, recombination and linkage 

mapping, and were used in the construction of the honeybee genome (Beye et 

al., 2006; Hunt & Page, 1995; Rueppell et al., 2005; Weinstock et al., 2006). 

They carry a hive queen’s genetic identity, making them indispensable for 

reproduction. They convert and extend their genetic material into about 10 million 

genetically identical male sperm cells (Winston, 1991). To mate, a drone must 

find an airborne queen at a drone congregation area and then compete with 

hundreds of other drones (Hrassnigg and Crailsheim, 2005). Accordingly, drones 

exhibit anatomical and physiological adaptations for strong and forceful flying 

(Hrassnigg and Crailsheim, 2005). They possess elaborate mating organs and 

powerful sense organs, such as big eyes and long antennae with many sensilla 

for visual and olfactory orientation towards airborne queens (Seidl and Kaiser, 

1981). Opportunistically, drones provide a unique perspective to stress studies. 

Sex-related or haploid-based susceptibility have only been characterized using 

chronic pathogens but not acute honeybee stressors.  
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The queen-worker dimorphism is a pronounced form of polyphenism, 

different phenotypes arising from differential gene expression rather than genetic 

polymorphism. It constitutes the best understood example of a polyphenism at 

the physiological level among all insects (Evans and Wheeler, 1999). The queen-

worker definition stems from a considerable shift in larval food regimen, where 

queen-destined larvae are fed royal jelly (RJ) on the 3rd larval day. Despite initial 

similar weights of queen and worker larvae, queen-destined larvae seem to 

increase in feeding (Beetsma, 1979). The rate of respiratory metabolism from the 

2nd-3rd day onwards is higher in queen larvae (Melampy and Willis, 1939). 

Additionally, 3-day old queen-destined larvae, show six times as many 

mitochondria than worker larvae (Beetsma, 1979). The early nutritional difference 

manifests into distinct transcriptomic signatures during later development. 

Queen-destined larvae exhibit a higher degree of gene upregulation during the 

4th and 5th instar, suggesting that queens are more transcriptionally active than 

worker-destined larvae (Chen et al., 2012). The activity of the mTOR (a target of 

rapamycin) encoding gene and other genes in the mTOR signaling pathway is 

higher in queen-destined larvae than in workers (Chen et al., 2012). Not 

surprisingly, queen differentiation is accompanied with drastic changes in the 

epigenetic signatures (He et al., 2017, Lyko et al., 2010).  

Ultimately, these early changes result in a reproductively active individual. 

Queens acts as the sole reproductive organism of the colony, laying up to 2,000 

eggs per day to replace dying workers, expand the colony, and produce sexual 
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individuals of the next generation (Dixon et al., 2014). The queen outlives her 

progeny by a significant order of magnitude despite no systematic genetic 

difference (Dixon et al., 2014). This partitioning constitutes a reproductive 

paradox, where being reproductively active leads to longer life, in contrast to 

most other organisms that experience a longevity cost of reproduction. 

Workers are anatomically the smallest of the three castes and yet 

constitute the backbone of a colony. Worker physiology exhibits highly 

specialized structures to execute vital tasks. Workers gather pollen into 

the pollen baskets, part of the tibia on the hind legs modified with hair, to carry it 

back to the hive where it can be used as brood food (Winston, 1991). Workers 

process honey from nectar sucked up through the proboscis, then mixed 

with enzymes in the stomach, and carried back to the hive, where it is stored in 

wax cells and concentrated by evaporation (Winston, 1991). Age polyethism 

characterizes worker behavior and many different tasks are preferentially 

performed as workers age, including brood care, nectar receiving, pollen 

packing, comb building, hive ventilation, hive defense, and foraging (Winston, 

1991). Worker division of labor is not rigid but a dynamic social arrangement built 

on the modules of nursing and foraging (Münch and Amdam, 2010). Behavioral 

progression can be accelerated, delayed, or reversed by changes in the social 

context that affect the frequency or form of interactions between the workers. 

Thus, a worker’s response can be revealed by her progression or regression 

from nursing to foraging, the final behavioral state that constrains survival by 
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conferring high levels of damage and mortality risk (Münch and Amdam, 2010). 

This plasticity in lifespan models transitions in life history (Münch and Amdam, 

2010) and constitutes an additional focal point in honeybee research (see 

(Münch and Amdam, 2010) and citations therein).  

Collectively, workers constitute the most studied caste of the honeybee 

system and they are very important for colony function. Thus, any stressor 

affecting workers or worker production compromises a hive’s survival. Many 

external factors influence worker life expectancy. Among these are the social 

environment, such as the age structure (Rueppell et al., 2009) and colony size 

(Rueppell et al., 2009), the external environment influencing foraging risks, and 

individual physiology and behavior (Smedal et al., 2009). Arguably the most 

significant factor is the timing of their transition from inside tasks to outside 

foraging commonly referred as the Age of First Foraging (AFF) (Beye et al., 

2006, Huang and Robinson, 1996, Robinson, 1992). These factors make the 

workers ideal for assessing the impact of environmental stressors compared to 

drones and queens. 

Stressor importance is determined by its impact on honeybee health. 

Pathogens, pesticides, nutrition and general management constitute the most 

studied stressors (Even et al., 2012a). Pesticides are the most publicly debated, 

of which large varieties have been implicated in declining honeybee health, 

including systemic insecticides. One such example is the organophosphate 

coumaphos, the main chemical used to control Varroa, a devastating mite 



10  

affecting global honeybee hives (Mao et al., 2011). Other stressors induce subtle 

effects and result from natural variation in honeybee hive dynamics. Slight 

variation in rearing temperature (32 - 36 C°) has been shown to have long-term 

effects on worker’s waggle dance behavior (Tautz et al., 2003). Laboratory 

studies show that different rearing temperatures cause area and modality specific 

effects on synaptic complexes within the mushroom bodies (MBs), higher 

integration centers in the insect brain, which persist after the 1st week of 

emergence (Groh et al., 2004b).  

The high density, relatively homeostatic nest environment and presence of 

stored resources, makes honeybees and other social insects attractive targets for 

disease agents (Hughes, 2005). In response to continuous exposure to stressors 

that affect honeybee health in synergistic combinations and interact with local 

variables, honeybees have developed unique behavioral adaptations to survive 

and thrive indicating an inherent robustness in this system. A multitude of 

collective anti-parasite defenses have evolved such as physical allogroming to 

remove parasites from group members and even prophylactic treatments through 

intake of tree resins to combat parasitic stress (Simone-Finstrom and Spivak, 

2012). Honeybees are also capable of producing social fever, whereby many 

bees simultaneously raise their body temperature to heat-kill bacteria in their 

hive (Starks et al., 2000a). These defenses depend on cooperation of social 

group members resulting in avoidance, control or elimination of parasitic 

infections, a phenomenon termed ‘social immunity’. 
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Oxidative stress 

Like most eukaryotes, colony members also possess individual defenses, 

including immune responses toward disease agents (Evans and Lopez, 2004). In 

an initial study using the first draft of the genome, honeybees exhibited a genetic 

predisposition to stress. The honeybee genome exhibited fewer protein coding 

genes (approximately 11,000 genes) than Drosophila melanogaster 

(approximately ~13, 500) and Anopheles gambiae (approximately ~14, 000) 

(Claudianos et al., 2006a). Some of the most marked differences occurred in 

three superfamilies encoding xenobiotic detoxifying enzymes. Approximately half 

as many glutathione-S-transferases (GSTs), cytochrome P450 monooxygenases 

(P450s) and carboxyl/cholinesterases (CCEs) were seen in the honeybee 

(Claudianos et al., 2006a). This includes 10-fold or greater shortfalls in the 

numbers of Delta and Epsilon GSTs and CYP4 P450s, clades that have been 

recurrently associated with insecticide resistance in other species (Claudianos et 

al., 2006a). Since 2006, revisions have been made to the genome showing that 

the number of honeybee genes is comparable to the other insects (Elsik et al., 

2014). However, honeybees constitute a unique model organism to study the 

plasticity of stress response as their social roles predispose the different 

members of the honeybee society for different stress responses.  

Honeybees, like all aerobic metabolic organisms, generate reactive 

oxidative species. Such species are natural products from the homeostatic 

reactions occurring in all living cells, and include a diversity of molecules 
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including the superoxide anion, O2·–, the hydroperoxyl radical, HO2·, hydrogen 

peroxide, H2O2, and the hydroxyl radical. The formation of these species 

encompasses a danger as they are capable of causing oxidative damage across 

all cellular components. Fortunately, honeybees produce a variety of detoxifying 

enzymes such as superoxide dismutase, catalase, glutathione S-transferase, 

glutathione peroxidase and glutathione reductase, all of which are present in 

insects (Ahmad et al., 1988, Felton and Summers, 1995, Joanisse and Storey, 

1996, Weirich et al., 2002). Unique adaptations might also have evolved given 

worker’s selective oxidations of an egg-yolk protein  (Seehuus et al., 2006a). 

Honeybees could thus be particularly adept at dealing with oxidative stress.   

Heat stress 

 In 2007, it was reported that the global average surface temperature had 

increased by around 0.6 ºC during the past century (Menéndez, 2007). Although 

the temperature changes vary geographically, are greater at higher latitudes and 

greater during the coldest months (Houghton et al., 2001, Menéndez, 2007), 

there is a consensus that anthropogenic emissions of CO2 and other greenhouse 

gases are responsible for an overall warmer climate (Houghton et al., 2001, 

Menéndez, 2007). Furthermore, the third Intergovernmental Panel on Climate 

Change (IPCC) report predicted that temperatures will continue to rise during the 

next century, with increases of up to 5.8 ºC by the year 2100 (Houghton et al., 

2001, Menéndez, 2007). Understandingly, a vast amount of research during the 

last two decades has focused on understanding how human-induced changes in 
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climate will affect individual species and communities. Insects are thought to be a 

good indicator of how climate change is affecting biological systems, partially due 

to them comprising 54 % of all known species and their ubiquitous occupation of 

terrestrial habitat (Schowalter, 2016). Pollinators are also thought to be strongly 

affected, partially due to their dependence on synchronization with the plant 

species. A mismatch in plant-pollinator timing could result in the disruption of the 

interaction (Arrese and Soulages, 2010a, Schenk et al., 2018). Most species in 

temperate environments use temperature as a trigger for the timing of their 

seasonal activity (Schenk et al., 2018, Fründ et al., 2013, Visser et al., 2014). 

Shifts in phenology can potentially result due to the increasing global warming 

(Visser et al., 2014, Schenk et al., 2018).  

 Honeybees, like most social insects, modulate precise environmental 

conditions. Relative humidity and temperature are highly regulated in the colony 

in order to provide optimal conditions for healthy brood development. Colonies 

maintain hive temperatures at between 32°C and 36°C (Kleinhenz et al., 2003b). 

However, brood nest temperatures are kept at a much more narrow range (34°C 

to 35°C), despite the high energetic cost to workers (Jones et al., 2005a, Jones 

et al., 2004). This suggests that optimal brood development requires an 

extremely stable brood nest temperature (Jones et al., 2005a, Tautz et al., 2003).  

 The effects of chronic temperature variations have been well documented 

in honeybees. Even chronic temperature variations as slight as one degree 

during metamorphosis have been shown to affect adult short-term learning and 
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memory. Interestingly it does not seem to affect developmental stability (Jones et 

al., 2005). More recently evidence of long-term effects of a short-term heat 

exposure during development has been found: A 1hr exposure of temperatures 

as high as 45°C during early development has been shown to induce differences 

in fluctuating asymmetry and early precocious foraging (Medina et al., 2018).   

 Multiple factors stress honeybee colonies, which further complicated 

determining the reason for the collapse, abscondment or death of a hive. Despite 

the inherent complications of multiple stressors, a reductionist approach to study 

the effect of one stress have been traditionally used to understand how 

honeybees manage and potentially buffer stress. Furthermore, the long-term 

effects of short term or acute exposure remain unknown, while evidence of their 

chronic applications is known. Given honeybees’ highly thermoregulating 

behavior, exposure to short bursts of high temperatures might be rare in a natural 

context, assuming of course only mild effects of global warming. However, heat-

shock regimens, as high as 40 °C, have been suggested as a method of Varroa 

control, suggesting that long-term repercussions of acute heat shock exposure 

might become more relevant for honey bees in the near future. 
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CHAPTER II 
 

LONG TERM EFFECTS OF AN EARLY DEVELOPMENTAL OXIDATIVE  
 

STRESS 
 
 

Introduction 

The term stress refers to any factor that potentially disrupts an organism’s 

internal homeostasis. Organisms buffer stressors through intrinsic molecular 

pathways and/or by adaptive responses. However, an organism’s natural 

defense mechanisms are not always effective and later life variations might arise 

as a result of a previous exposure to stress. Exposure to stress during early 

development can reduce longevity without decreasing adult performance 

(Rueppell et al., 2017a) or induce sub-optimal adult behavioral performances 

(Tautz et al., 2003). Persistent sub-lethal effects in the form of reduced immune 

capacity could also occur in response to specific stressors, such as pesticides, 

which alter the organisms’ natural defenses by disrupting the expression 

dynamics of immune genes (Edward George and Ambrose, 2004). On the other 

hand, early stress exposure can be beneficial because adaptive developmental 

plasticity can result in adult phenotypes that are better adjusted to particular 

environmental conditions (Beldade et al., 2011). Similarly, short-term exposure to 

stress during early development can strengthen cellular homeostatic responses, 

which can promote longevity through enhanced activity of chaperons and other
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defense mechanism (Epel and Lithgow, 2014, Wang et al., 2016c). Other 

hormetic benefits have been recorded in insects, such as increased reproductive 

output and stress resistance (Cutler, 2013).  

 The life history of many organisms is separated into a discrete larval and 

an adult stage (Moran, 1994). In holometabolous insects, metamorphosis 

involves the maturation from a larval to an adult form through the pupal stage. 

During this stage, organs and motor systems are reorganized, which allow for 

more complex adult behaviors (Groh et al., 2004a). The changes during 

metamorphosis require multiple metabolic functions to be integrated via signals 

from different organs (Arrese and Soulages, 2010b). Metamorphosis itself may 

be stressful to the organism (Campero et al., 2008, Heyland and Moroz, 2006, 

Menon and Rozman, 2007) and thus may obscure the effects of other early life 

stressors (Campero et al., 2008). Alternatively, the organismal reorganization 

may be able to eradicate earlier stress effects, providing a “metamorphosis 

reset”. 

 Social organisms serve as a unique model for studying early 

developmental stress because such stress is naturally reduced by the highly 

regulated and homeostatic brood environment. In honeybees, sterile females 

(workers) actively ensure optimal nest climate (Li et al., 2016). Optimal brood 

temperature is 35 ± 0.5°C  (Kleinhenz et al., 2003a, Heinrich, 1993) and usually 

ranges only from 33 – 36°C (Seeley, 2014, Himmer, 1927). Humidity is also 

actively maintained between 30-80%, potentially due the constant 
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thermoregulation of evaporative cooling (Nicolson, 2009) and fanning (Southwick 

and Moritz, 1987). Nurse bee provisioning also maintains tight control on the food 

intake of each developing larva, even though the colony may be limited by 

external factors (Willard et al., 2011). In addition, honeybees have evolved 

collective immune defenses against parasites and disease, such as collection of 

anti-microbial resin, hygienic removal of dead or compromised brood, grooming, 

and “social fevers” (Starks et al., 2000b, Simone et al., 2009, Spivak et al., 2003).  

Perturbations of the highly regulated developmental conditions can have 

long lasting effects in honeybees. Acute or chronic fluctuations in food and 

temperature during early development affects adult neurophysiology, resulting in 

poor learning and memory, suboptimal foraging behavior, and earlier precocious 

foraging (Groh et al., 2004a, Scofield and Mattila, 2015, Tautz et al., 2003). Thus, 

early developmental stressors that surpass the social buffering and a possible 

“metamorphosis reset” exist and may contribute to the current honeybee health 

crisis (Ellis and Munn, 2005).  

In recent years, U.S beekeepers reported “acceptable losses” in managed 

hives to be between 13.2 to 17.6% but experienced from 22 to 34% within the 

same year (Spleen et al., 2013, Steinhauer et al., 2014) Colony mortality can 

result from different factors, including forage availability (Decourtye et al., 2010), 

pesticide exposure (Zhu et al., 2014), pathogens and parasites, such as the 

ectoparasitic mite Varroa destructor and associated viruses (Neumann and 

Carreck, 2010) and socioeconomic factors (Gallai et al., 2009). Interactions 



24  

between multiple factors that may be sub-lethal in isolation and occur at different 

stages in life play an important role in declining honeybee health (e.g., Pettis et al 

2012). However, little is known about the temporal dynamics of sub-lethal stress 

effects. Therefore, a better understanding of the long-term, sub-lethal effects of 

juvenile stress is urgently needed for managing the ongoing honeybee health 

crisis. Moreover, we know very little about the systemic, long-term consequences 

of stress effects, stress defenses, and potentially compensatory mechanisms in 

honeybees and other invertebrates in general. In particular, it is unclear how 

responses at the molecular and phenotype level, such as gene expression 

patterns and behavior, correspond to each other. 

 Honeybee workers perform a large variety of tasks to maintain colony 

homeostasis and ensure their colony’s survival. They exhibit a sophisticated 

division of labor dominated by a complex behavioral progression. Normally, 

young or “nurse” bees perform in-hive task such as colony and cell cleaning, 

feeding and tending brood, wax cell building and maintenance, food processing, 

and queen and male (drone) care. Older workers transition to focus exclusively 

on behavior outside the hive, collecting pollen, nectar, water, and propolis 

(Winston, 1991, Seeley, 2014, Seeley, 1995, Seeley and Morse, 1976). Some 

behaviors, such as resting, self-grooming, and grooming nest mates, do not 

change drastically with age (Peng et al., 1987, Spivak et al., 2003). Other 

behaviors that depend to some degree on the age of workers but are not as 

common are specialized behaviors, such as undertaking, guarding, and giving 
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vibration signals to adjust activity levels (Seeley et al., 1998). Few studies have 

tried to quantify the relationship of these behaviors with juvenile stress exposure 

or other aspects of life history, such as life expectancy. Most individual and 

colony-wide stress induces an acceleration of the typical behavioral ontogeny, 

most apparent in precocious foraging (Munch et al., 2013, Herb et al., 2012b) but 

individual responses to different stressors can be variable (Bordier et al., 2017). 

The onset of foraging behavior is also influenced by societal needs and thus 

regulated by numerous social and colony-external factors (Huang et al., 1994). 

The accelerated transition to foraging may be an adaptive colony level response 

to several stressors (Bordier et al., 2017), even though the transition to foraging 

shortens the individuals’ lifespan (Rueppell et al., 2007). Reversal of the typical 

behavioral ontogeny can also occur in colonies with a lot of brood and too few 

nurses: Under these circumstances some foragers respond with physiological 

and behavioral changes to revert back to in-hive nurse bees (Herb et al., 2012b). 

 Much of the worker’s behavioral plasticity is controlled by physiological 

changes in the fat bodies. Workers’ fat bodies function in energy storage and 

utilization, detoxification, and immunity and are therefore also likely to be 

involved in various stress responses (Arrese and Soulages, 2010b, 

Gätschenberger et al., 2013). Despite its heavy reduction and reconfiguration 

during metamorphosis (Oertel, 1930), the fat body regulates adult worker 

physiology by providing an adaptive response to early life starvation, increasing 

survival in food-poor environments of the adults (Wang et al., 2016c). The 
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development of fat bodies in young workers ensures resources for nurses to 

provide rich food to brood and it provides oxidative stress protection (Seehuus et 

al., 2006b). The fat body is composed of oenocytes and trophocytes. Oenocytes, 

secreting cells responsible for lipid synthesis and detoxification, shrink in 

response to paraquat-induced oxidative damage (Cousin et al., 2013b). 

Additionally, fat bodies produce and contain large reserves of Vitellogenin (VG), 

an egg yolk protein that regulates the transition from nurse to forager state 

together with Juvenile Hormone (JH) (Amdam and Omholt, 2003). Foragers that 

revert to nurse bee status (Munch et al., 2013, Herb et al., 2012b) increase VG 

levels and experience improved immune functions (Amdam et al., 2005a).  

The brain is also highly relevant for behavior and life history regulation, 

modulating changes in behavior via changes in its own structure, 

neurochemistry, and transcriptome (Robinson, 2002). In workers, these changes 

are influenced by specific life history events which form a distinct and potentially 

predictive brain transcriptomic profile (Whitfield et al., 2003). The strong 

transcriptome changes that accompany the nurse to forager transition 

presumably coordinate responses between different brain regions and multiple 

tissues (Sen Sarma et al., 2009, Even et al., 2012b). For example, the brain 

coordinates honeybee’s stress responses pathways, including the corpora 

cardiaca, and food storage structures such as the fat body and crop (Even et al., 

2012b). As a result of these coordinated responses, hormonal titers, 

neurotransmitter levels and a variety of cellular biomarkers can be used to 
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describe the general stress levels in honeybees (Even et al., 2012b). Moreover, 

the brain is also influenced by the other tissues it controls. For example, the 

brain’s associative learning performance is positively correlated with the fat 

body’s metabolic activity (Amdam et al., 2010). Few studies have assessed the 

interdependence of tissue function by studying transcriptomic profiles of multiple 

tissues simultaneously. Such studies are needed to reveal connections between 

physiological states across organs and highlight the importance of metabolic 

influences on behavior across age and behavior (Margotta et al., 2012). 

While many studies relate sublethal stressors to honeybee health, report 

behavioral consequences of developmental perturbations, and describe 

transcriptome profiles of honeybees in a variety of health and behavioral 

contexts, no study has attempted to simultaneously connect juvenile stress to 

adult behavior, life history, and the transcriptome of multiple tissues. Thus, we 

investigated the long-term effects of an acute exposure of honeybee larvae to the 

pesticide and oxidative stressor, paraquat. We focused on comparing the long-

term mortality, behavioral profiles and plasticity, and transcriptomic profiles in the 

brain and abdominal fat body of stressed and unstressed worker honeybees. 

 

Methods and Materials 

Bee collection 

 A single drone inseminated (SDI) queen was used to produce 

experimental worker cohorts in May and July 2014. This queen was caged with 
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workers in a freshly drawn out frame with empty wax cells for 24 hours to ensure 

maximal egg production. The frame was collected and placed above a queen 

excluder to prevent additional egg-laying before the queen was returned to the 

hive. Eggs were left to develop until the 5th larval instar approximately 24 hours 

before capping and treatment was applied. 

Treatment application 

 Paraquat (1,1′-dimethyl-4,4′-bipyridinium dichloride; Sigma-Aldrich) was 

dissolved in Phosphate buffered saline (PBS) to create a 10 ug/µl solution. The 

experimental frame was removed from the hive and all adults were brushed off. 

The location of appropriately aged larvae was marked on a transparent sheet 

that was temporarily placed over the cells of the brood frame. Cells were then 

randomly assigned to a treatment: Paraquat treatment or PBS control. One 

microliter of either Paraquat or PBS was topically applied in the center of the 

larvae between the 2nd and 3rd abdominal segment. The experimental frame 

was returned to the hive and observed 24 hours later to exclude any individual 

that was not capped by the nurse bees at that time from the experimental 

cohorts.  

Emergence and tagging 

 The experimental frame was placed in an incubator set at 34 °C and 50% 

relative humidity nine days after cell capping. The same transparent sheet was 

placed above the frame and emerging individuals placed according to treatment 

in glass beakers containing queen candy. Emerged worked were tagged with a 
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numbered queen tag (Beeworks) and painted on the abdomen with a drop of 

Testors© model paint. Only individuals that emerged within 24 hours were used. 

The individually marked, 1-day old workers of both treatment groups were 

simultaneously introduced to a queenright, four-frame observation colony that 

had been established one month prior to ensure a natural colony demography 

during the experiment. To keep accurate mortality records, the entrance of the 

hive was fitted with a plastic tray that collected all workers dying inside the hive. 

Behavioral observations and mortality surveys began on the 3rd day after 

introduction of the experimental cohorts to eliminate any artifactual mortality 

records due to handling. Also, on the 3rd day, a first sample of stressed and 

control workers was frozen for subsequent transcriptomic analyses. 

Social isolation experiment 

 To evaluate the effect of paraquat stress on mortality without the potential 

for social buffering by the hive environment, 40 bees were separately taken from 

each treatment group on emergence. Each of these bees was then placed alone 

in a petri-dish, filled with ~2mg of ground pollen and provided with sugar water 

(10% v/v) with a wet cotton swab that was replenished until death. Bees were 

checked for survival every 24 hours, with food and water being replaced every 

other day. Dead bees that died due to accidents, such as being stuck in the food, 

were excluded from the analysis.  

 

 



30  

Behavioral recordings 

 For the main study cohorts in the observation hives, behavioral 

observations were conducted daily from 8:00 - 17:00, following a previously 

established scan-sampling protocol (Dixon et al., 2014). All observers were 

trained in advance to classify worker behavior according to 31 unique behavioral 

definitions (Table S1), which were collapsed to 14 behavioral categories based 

on biological function in subsequent analyses (Table 1). Other hives in the UNCG 

bee yard were checked periodically for marked bees that had drifted into those 

colonies. These drifters were removed from subsequent analyses. All other 

individuals were recorded as dead one day after their last observation in the hive 

(Rueppell et al., 2007). The timing of the transition from in-hive tasks to outside 

foraging [=age of first foraging: AFF] was recorded as the day of the first record 

in the “foraging” category.  

All statistical analyses were performed in “R” (Team, 2013). Individuals 

with a lifespan of < 5 days or with only a single behavioral observation were 

excluded from the analysis. We investigated the potential bias caused by low 

numbers of observations for some individuals by repeating the analyses after 

eliminating individuals with less than 10 and in a second reanalysis with less than 

50 observations. Results did not differ significantly and therefore only the main 

analyses are shown. Log-rank tests in R’s survival package were used to test for 

differences between the stressed and control cohorts in mortality and AFF. 

Treatment effects on the overall behavioral profile were tested by MANOVA of 
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the raw behavioral counts, followed by separate ANOVAs for each behavior. 

Subsequently, the MANOVA and following ANOVAs were repeated using the 

relative frequency of each behavior, while eliminating the least significant 

behavioral variable to avoid data singularity in the MANOVA. The relative 

frequency of each behavior for every bee was calculated according to (Mixson et 

al., 2010):	 

 
 

𝑃# =
𝑛#

∑ 𝑛#'
#()

 

 
 
where Pi is the relative frequency of a task, ni is the number of times task i was 

performed by an individual is performed and K is the number of different tasks 

recorded for this individual.   

Social manipulation 

 Once >30% of individuals had turned into foragers in both treatment 

groups (on the 19th day after emergence), foragers were induced to revert back 

to nurse bee status. A second “reversal” hive was established next to the original 

hive with plentiful resources and two frames of open brood of all ages and a 

caged queen but no workers. The entrance of the original hive was modified to 

re-direct all returning foragers into the “reversal” hive. Foraging bees were 

redirected into this “reversal” hive for 24 hours, after which the remaining 

individuals inside the original hive were flash frozen and stored at -80 °C. 

Behavior observations were continued in the “reversal” hive for three days using 
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the same methods as described above. After the behavioral observation period, 

all remaining tagged bees were flash frozen and stored at -80 °C until further 

analysis. The reversal induction was only performed in the first of the two 

experimental replicates. All individuals in the “reversal” hive were classified as 

foragers or reverted nurses based on their behavior as described by Herb et al. 

(2012). A Chi-square test was used to determine whether the proportion of 

reverted nurses and foragers was different between the stressed and control 

groups.  

Sample dissection and RNA extraction 

 Frozen 3-day old (young bees), 20-day old (nurses), and 23-day old 

(foragers and reverted nurses) individuals from both experimental groups were 

dissected on dry ice: Abdomens were opened laterally, and the fat body tissue 

was quickly removed and placed into a separate, chilled vial. Head capsules 

were separated from the rest of the body and brains were dissected in ice-cold, 

pure ethanol. Total RNA was isolated from brains and fat bodies using the 

Masterpure™ kit (Epicentre), following the manufacturer’s recommendations, and 

stored at -80 °C. For control and stress treatments, brain and fat body RNA of 

sufficient quantity and quality could be extracted from 4-6 individuals from each 

of the four behavioral groups. 

Transcriptome sequencing and analysis 

 Sequencing libraries were created using the TruSeq RNA sample prep kit 

(Illumina) according to the manufacturer’s protocol. Sequencing was performed 
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at the University of North Carolina at Chapel Hill’s High Throughput Genomic 

Sequencing Facility (www.med.unc.edu/genomics). 8 samples were loaded into 

one of 12 lanes and samples were distributed randomly, with no more than 2 

samples per category sharing a lane. Resulting sequencing reads were checked 

with FastQC for quality control and were subsequently processed with Flexbar 

(Dodt et al., 2012) to remove adapters and low quality bases using the default 

settings. Remaining reads were aligned with TopHat2 for Illumina (Kim et al., 

2013) to the latest version of the honeybee genome (Apis mellifera Assembly 

Amel_4.5) available on BeeBase. Differential analysis was performed with 

Cuffdiff (Trapnell et al., 2012) and “R” scripts used the output of Cuffdiff for 

further analysis and visualizations.  

 Differentially expressed genes (DEGs) were identified with Cuffdiff at the 

FDR<0.05 level for pairwise comparisons of treatment versus control groups in 

both tissues and four behavioral groups. All statistically significant DEGs 

identified in the 8 pairwise comparisons were selected to perform a cluster 

analysis based on their FPKM values and Euclidean distances across all 

samples (D. Ward algorithm of the BioConductor package). This cluster analysis 

revealed two outliers among the 87 samples, with unusually high read numbers, 

low RNA-Seq RIN scores, and also did not seem to cluster based on tissue 

types. The two samples were excluded from subsequent analyses (Fig. S1). The 

cluster analysis was repeated and visually inspected for the clustering among 
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samples and genes. Gene clusters were examined for enriched GO terms as 

described in the next section.  

Availability of supporting data  

 Raw sequencing data is available through the NCBI Sequence Read 

Archive under Project ID PRJNA527326 

(http://trace.ncbi.nlm.nih.gov/Traces/sra/).  

Gene ontology analysis 

All GO analyses were done exclusively using the Biological Process data 

due to our interest in relating the gene expression with the phenotypic data. Very 

briefly, all honeybee GB annotations were loaded into the Ensemble Metazoan 

database. Parameters were set so that Drosophila homologues could be 

obtained. Using R’s melt package, honeybee annotations were sorted according 

to Drosophila annotations.  

Annotations were then manually checked, and one-to-one pairings were 

selected (See supplementary material, File S1). Genes that had three or more 

homologues were discarded. The DAVID Bioinformatics Resource 6.8 was used 

according to previous protocols (Galbraith et al., 2015) to obtain GO terms for 

each analysis. Three different GO ontology analyses were done:  

1) Drosophila homologues of all DEG’s lists (directionality - up or down: 2x) of 

each developmental stage (4x) and both tissue types (2x) were analyzed 

using the DAVID Bioinformatics Resource (Version 6.8) according to previous 

protocols (Galbraith et al., 2015). Very briefly, a list of all the one-to-one 
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homologues (File S1) was uploaded into DAVID as background and used to 

determine GO enrichment. In parallel, each of the 12 lists was uploaded into 

DAVID and analyzed with the “Functional Annotation Chart” option. A total of 

16 (2x4x2) DEG list were analyzed.  

2) Gene ontology analyses were done on different clusters of DEGs. Fifteen 

unique clusters were identified, and their respective genes were extracted 

and placed in DAVID. For illustrative purposes, the gene ontology term that 

encompassed the greatest number of genes of each particular list was 

chosen.  

3) A comprehensive GO analysis was performed on all expressed genes for all 8 

comparisons between treatment and control groups using Mann-Whitney U 

tests of the signed p-values to determine for each GO category whether a 

significant bias in the expression of the respective genes existed (Wright et 

al., 2015) . Briefly, this method uses a ranking of a continuous measure of 

significance (p-value) for individual genes to identify GO categories that 

contain significantly more up- or down-regulated genes than expected by 

chance. GO categories were selected based on a 10% False Discovery Rate 

(FDR) cutoff. The DAVID Bioinformatics Resource 6.8 was used according to 

previous protocols (Galbraith et al., 2015) to obtain GO terms from the 

Biological Process database.  
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Results 

Behavior and life history effects  

 During the observation period of 19 days (cohort 1) and 31 days (cohort 

2), no significant effect of treatment on the mortality of experimental workers was 

found (Figure 1A; Cohort 1: Χ2 = 1.6, df=1, p=0.2; Cohort 2: Χ2= 1.1, df =1, p= 

0.3). Likewise, no statistically significant difference between experimental groups 

was found in the Age of First Foraging in either cohort (Figure 1B; Cohort 1: Χ2 = 

1.3, df =1, p = 0.3; Cohort 2: Χ2 = 3.1, df=1, p=0.06). 

Overall, 52,445 behavioral observations were performed in the first 

replicate and 50,134 in the second. No significant differences were observed 

between treatments in the overall behavioral profiles in both replicates (Replicate 

1, MANOVA: F28,413 = 1.5, p = 0.07 Replicate 2, MANOVA: F28,240 = 1.04, p = 

0.4). Collapsed behavior analysis yielded similar results (Replicate 1, MANOVA: 

F14,427 = 1.18, p = 0.3; Replicate 2, MANOVA: F13,255 = 1.38, p = 0.2). 

Corresponding to the similarity in overall behavioral profiles between stressed 

and control groups, differences in single behavioral categories were not 

significant in either replicate (Table 2). No significant difference in the probability 

of reversing from foraging to nursing activities was found between stressed and 

control bees when measured in the first replicate (X2 = 0.157, df=1, p=0.69).  
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Social isolation results  

 Without the colony environment, no differences in survival rates between 

the two experimental groups in both replicates were found (Replicate 1: X2= 0.1, 

df = 1, p = 0.7; Replicate 2: X2 = 0.2, df = 1, p = 0.6; Figure 2).  

Gene expression profiles  

On average, 18.0 ± 9.1million reads per sample were obtained, 

corresponding to an average transcriptome coverage of 13.9 ± 7.7 fold. Of those 

reads 72.7 ± 16.5 % could be mapped to the OGS v3.2 of the honeybee genome 

(Amel_4.5). Data for a total of 12,395 genes were obtained. DEGs between 

stressed and control samples were found in each developmental stage and 

tissue. However, the effects varied. Despite their similarity in age, Nurses, 

Reverted Nurses and Foragers exhibited unique lists of DEGs. Furthermore, the 

number and identity of DEGs were different between the two tissue types. In 

brain tissue, the physiologically younger 3-day old and Nurses exhibited more 

up-regulation than down-regulation in response to stress. In the physiologically 

older Reverted Nurses and Foragers, this pattern was reversed, and down-

regulation was more prominent. In fat bodies, no clear pattern was observed 

(Figure 3). 

In pairwise comparisons between stressed and control samples at each 

life history stage, numerous DEGs were identified (See supplementary material, 

File S2). In the 3-day old, the expression of 358 genes was significantly affected 

by the stress treatment. In nurses, 81 genes were affected, in reverted nurses 
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144, and in foragers 376. We evaluated whether this overlap was due to chance 

on all of the 12 possible comparisons (6 potential pairwise comparisons, 2x 

tissue groups). We tested whether there were fewer-than-expected overlaps, 

given the low number of shared DEGs.  In the brain samples, only the Nurse vs 

Reverse Nurse groups showed a statistical significance (Fischer exact text, p-

value =0.001), and in the fat body all possible comparisons were statistically 

significant (Table 3). This is particularly evident in our brain samples (Fig. 4A), 

where no DEG was shared among more than three groups while fat body 

samples exhibited slightly more overlap (Fig 4B). 

Gene ontology analyses 

Hierarchical clustering of the samples’ overall gene expression profiles 

showed a clear clustering of brain and abdominal fat body samples, indicating 

tissue specific expression patterns (Fig. S1). When only DEGs were used, the 

cluster analysis still showed the distinct separation between tissues types (Fig. 

5). Head samples showed higher expression of genes associated with GO terms 

involved in neuronal signal transduction, genome responses to oxidative stress, 

positive regulation of growth, intracellular cAMP signaling, metabolism and cell 

homeostasis when compared to fat body samples. On the other hand, fat body 

samples showed higher expression of neuronal signaling and transmembrane 

transport, catabolic process, detoxification, ion balance and cell death. A full list 

of the significant GO terms for each of the 15 clusters is given as a 

supplementary file (See supplementary materials, File S3). Head tissue 



39  

expression profiles clustered based on life history stages in physiologically 

younger stages, 3-day old and Nurses, and by treatment in physiological older 

stages, Foragers and Reverse Nurses. This pattern was similar in the fat body 

tissue, exhibiting high expression of genes associated with molecular stress 

response to unfolded protein, wax biosynthesis process, melanization, cell 

differentiation and calcium ion transport.  

Overall there was very little overlap but greater number of unique DEGs in 

the developmental groups. Despite having DEGs in all groups, 6 groups yielded 

no statistically significant GO terms. Although not tested, the amount of GO 

terms seems to be correlated with the number of DEGs. Although all of DAVID’s 

GO terms were observed (See supplementary materials, File S4), very few 

oxidative stress related terms were found. In the 3-day old abdomens, genes 

associated with transcription, translation, adult feeding behavior and some 

developmental processes such as heart morphogenesis were up-regulated, 

meanwhile antimicrobial humoral responses, metabolism and the JNK cascade 

seem to be down-regulated. In comparison, brains of stressed 3-day olds 

exhibited up-regulation of genes associated with oxidation-reduction processes 

and chitin and lipid metabolic processes. Only the brain in Nurses was found to 

have statistically significant GO terms, which were associated with down-

regulation of histone acetylation. Carbohydrate metabolism was up-regulated in 

the brain and abdomen of stressed Reverse Nurses but showed tissue specific 

differences, indicating sucrose in the brain and glucose in the fat body. In the 
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abdomen, stressed bees showed a down-regulation of genes associated with 

central nervous system development and the central nervous system, and 

chemical synaptic transmission. The brains of stressed Foragers showed a great 

number and diversity of up-regulated GO terms, most of which seem to suggest 

a major reconfiguration in the brain. Genes associated with response to light and 

ecdysone stimulus were up-regulated, but also many genes involved with brain 

development, olfactory behavior and compound eye development.  

GO Mann-Whitney-U tests were done using 7,107 genes which had one-

to-one homologues in Drosophila. GO analyses were done on all eight 

comparisons but three yielded no significant results (Forager brains and Nurse 

fat body and brain). From the long list of GO terms (Table S6 and Figures S3-

S8), some highly significant GO terms were found in each developmental 

category. In the fat bodies of the 3-day old stressed bees RNA metabolic 

processes and mitochondrial electron transport were up-regulated, but GTP 

catabolic and homeostatic processes down-regulated. In the brains of the 3-day 

olds, up-regulation occurred in terms associated with rRNA metabolic process 

and macromolecular complex subunit organization, but down-regulated genes 

associated with response to chemical and lipid metabolic process. In the fat body 

of Reversed Nurses, stress seems to up-regulate genes associated with the 

response to biotic stimulation and regulation of biosynthetic processes, but at the 

same time down-regulated processes were associated with RNA processing and 

oxidation reduction process. 
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Discussion 

The comprehensive data allowed tests of stress effects on life-long 

behavioral profiles, age-specific mortality rates, and transcriptomes in two tissues 

at different life history stages of honeybee workers. Stressed and control bees 

did not exhibit significant differences in any phenotypic measurements: worker 

mortality, age of first foraging (AFF), any behavior measured, and socially 

induced life-history plasticity. In contrast, gene expression differences were 

observed between stressed and control workers across all life-history stages and 

tissues, suggesting systemic, long-term molecular responses to stress. These 

responses may represent mechanisms that compensate the experienced stress 

at the molecular level and prevent overt stress effects at the organismal level.  

Effects of early developmental stress on life history  

 Due to the high degree of sociality and the complex division of labor of 

honeybees, some elements of the stress response may have been adapted in 

specific ways to contribute to the evolution of division of labor (Even et al., 

2012b). Workers behavioral progression is modulated by various social signals 

(pheromones), emitted from the colony. Worker stress responses may be linked 

to the evolution of task specialization in honeybees and we had very clear 

predictions that stress would decrease the workers’ Age of First Foraging, 

lifespan, and plasticity to revert back to in-hive nurses from foraging.   

 Contrary to our prediction, the overall mortality dynamics of stressed and 

control workers were similar in both replicates, with no significant differences in 
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mortality. Because reverting nurses often exhibit an increase in protein storage 

and potentially extended longevity, mortality analysis was restricted to the first 19 

days in our first replicate. However, our second replicate confirmed the similarity 

in mortality between stressed and control workers over a longer age range. Our 

study showed an increased mortality rate in both cohorts with age as previously 

reported (Remolina et al., 2007). In both cohorts, mortality increased after day 

10, which approximately coincides with the onset of foraging and orientation 

flights. Individuals that drifted into other colonies could have been wrongly 

classified as dead. However, our inspections of neighboring hives indicated that 

drifting was rare, and we excluded the individuals that were found drifting from 

our analyses. 

 Multiple stress studies report precocious foraging after stress exposure 

(Goblirsch et al., 2013, Mayack and Naug, 2009), suggesting that early foraging 

initiation might be a stress response of compromised individuals, similar to 

altruistic suicide (Rueppell et al., 2010). Our data failed to support the claim that 

early foraging represents a general stress response of compromised individuals 

from early stress exposure (Medina et al., 2018, Perry et al., 2015) because we 

did not observe a significant difference in foraging initiation between the stressed 

and control workers, even though our transcriptome data suggested some 

physiological stress effects. Most stress responses are dose-dependent and thus 

it is conceivable that higher doses of paraquat could have induced precocious 

foraging. Additionally, while our experimental setup was capable of measuring 
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age and resource type of foraging, foraging performance, such as trip duration, 

could have been affected (Bordier et al., 2018), but we were unable to measure 

those variables due the limitations of our experimental procedures.  

Life expectancy and AFF in honeybees are closely related (Rueppell et al., 

2007). Corresponding to the lack of AFF differences, our stressed and control 

cohorts also did not differ in their life expectancy in either replicate, confirming 

this connection. We also evaluated the stress effects on the reverse process, the 

shift from the foraging state to nursing, predicting a connection between 

ontogeny of foraging behavior and its reversal. Reversed Nurses are an inducible 

phenotype with known changes in DNA methylation and transcriptome (Herb et 

al., 2012b), metabolic resource levels, and protein abundance and immune 

function (Amdam et al., 2005a, Munch et al., 2013). Thus, we predicted that the 

plasticity in this major life history stage reversal could be compromised by an 

acute early stress. However, our data show that an acute dosage of paraquat 

during larval development does not influence this later life reversibility, as there 

was no significant difference in the proportion of individuals that reverted 

between treatment and control group. Given the lack of differences in reversion 

in the first replicate, workers were not induced to reverse in the second replicate 

but observed under natural conditions for an additional 12 days. Even though we 

did not find any difference, our study was the first to investigate whether the 

reversal process is sensitive to a worker’s early life stress.  
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Effects of early developmental stress on behavior  

 Similar to the evaluation of life history, our study did not find any effects of 

brood exposure to paraquat on adult worker behavior despite very detailed 

behavioral observations. Previous reports of perturbations during brood 

development have linked developmental stress with sub-optimal worker 

performance in foraging or standard behavioral assays like the proboscis 

extensions response (Tautz et al., 2003, Wang et al., 2016c, Yang et al., 2008, 

Mayack and Naug, 2009, Edward George and Ambrose, 2004). Rather than 

focus on one aspect of adult behavior, we were interested whether life-long 

behavioral profiles could provide indicators of early stress exposure. No 

statistically significant differences between treatment groups were found, even 

though there were differences in the raw counts of recorded behavior. In contrast 

to our negative results, other long-term effects of 5th larval instar stress exposure 

are well documented, with multiple studies identifying long-term behavioral 

effects (Yang et al., 2008, Tautz et al., 2003, Bordier et al., 2018). It is unclear 

why our manipulation did not show any phenotypic effects, but the specific 

exposure might have been only mildly stressing the individuals. Even in isolation, 

without the social environment to buffer against negative stress outcomes, we did 

not observe any significant differences in adult mortality between the paraquat-

exposed and the control individuals. 

In contrast to the apparent lack of phenotypic effects of larval paraquat 

exposure in this study, the same dosage previously changed adult behavior 
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when applied to emerging adults (Rueppell et al., 2017a). Even though the 

reported effects were weak and inconsistent between replicates (Rueppell et al., 

2017a), the lack of any effects in our study is surprising because the behavioral 

observations reported here are much more comprehensive than in this previous 

study, which should have allowed us to detect even smaller effects of paraquat 

stress. The differences between the studies might be due to stage-specific 

sensitivity to stress. Larvae may be more resistant because they have increased 

levels of vitellogenin (Guidugli et al., 2005), an egg yolk protein that provides 

some protection from oxidative damage (Seehuus et al., 2006b). However, larval 

susceptibility to pesticides is generally high (Wu et al., 2011), and paraquat 

effects on larvae have been recorded at the physiological level (Cousin et al., 

2013b).  

Effects of early developmental stress on transcriptome profiles 

Most transcriptome studies of stress effects focus on short-term 

consequences or one particular time point (Whitfield et al., 2003, Sen Sarma et 

al., 2009, Herb et al., 2012b, Lutz et al., 2012, Trapnell et al., 2012). Our study 

focused on four distinct developmental stages which can be generalized into two 

principal life-history groups (Rueppell et al., 2007) physiological young, 3-day old 

and Nurses, and the physiologically old, Reverse Nurses and Foragers. Brain 

tissues showed an increased impact of treatment in the transcriptomic signatures 

and number of DEGs with time, suggesting an absence of stress recovery,  

similar to a previous study of Nosema, fibronil, and imidacloprid effects (Aufauvre 
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et al., 2014). Even though that study demonstrated mortality differences between 

stressed and control groups, the gene expression differences were smaller than 

in our study. Thus, the increased transcriptomic response in our study might be 

part of a compensatory mechanism that increases over time and/or life history 

transition. Given that workers exhibit drastic behavioral and physiological 

changes during their transition to foraging, stress effects that might be easily 

mitigated during early life might be more accentuated during later life. This 

hypothesis is compatible with our data and similarly suggests that molecular 

effects after metamorphosis and 20 days of adult life are plausible. 

 When clustering samples based on expression of DEGs, phenotypically 

young samples (Nurses and 3-day old) cluster by developmental group 

regardless of treatment, while the phenotypically old samples (Reverted Nurses 

and Foragers) cluster by treatment. Thus, treatment effect seems to be greater 

on Foragers and Reverted Nurses, which is also compatible with the above-

discussed stronger impact of the larval paraquat exposure in the physiologically 

older stages. The brain is particularly susceptible to stress (Margotta et al., 2012, 

Bowling and Beal, 1995), however it is highly unlikely that the oxidative stress still 

persists after metamorphosis and adult life. However, the consequences are still 

likely to remain and thus the strong gene expression differences in our samples 

are not unexpected. Reverted Nurses have a brain transcriptomic profile similar 

to Foragers, which could suggest that the behavioral reversal to nursing is only a 

partial transcriptomic reversion in concordance with Margotta et al., 2012. 
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Overall, the transcriptomic results support the notion that physiological conditions 

of young bees and nurses buffer early life effects on the fat body and brain 

transcriptome. In contrast, the stress effects are stronger in later life, despite the 

longer time span between stress exposure and measurement of its 

consequences.  

 In each of the four life history stages, DEGs were found, although their 

number and identity varied between the tissues and life history stages. The most 

striking example of numeric differences in DEGs among the life history stages 

occurred in the brain tissues, where the number of up-regulated genes 

continuously increased from 3-day old to Nurses to Reverted Nurses and to 

Foragers, while the opposite was true for down-regulated genes. Such a clear 

pattern was not seen in the fat bodies, which indicated overall how different 

tissues react differently to stress (Jarosch and Moritz, 2011). Nurses exhibited 

overall the lowest number of DEGs in both brain and fat body suggesting very 

little gene regulatory differences between stressed and unstressed individuals. 

Given that flight activity has been correlated with drastic changes in gene 

expression (Margotta et al., 2012), it is likely that Nurses were shielded due to 

the in-hive behavior. Interestingly, 3-day old samples showed much higher 

differences in brain and fat body expression than nurses. Despite our lack of 

behavioral data for these samples, 3-day old workers might be in the process of 

maturation, leading to elevated stress susceptibility of gene expression. Of the 

two phenotypically old stages, Foragers exhibited the highest amount of up-
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regulated DEGs in the brain, which was surprising considering no observable 

differences in AFF, lifespan or behavior were found.  

 In both tissues, the transcriptome comparisons of each life history stage 

yielded unique sets of DEGs, indicating specific long-term responses that 

depended on the physiology of the individuals. Given the honeybee genome’s 

limited inventory of detoxification enzymes (Claudianos et al., 2006b), we 

predicted constant gene regulatory responses of that inventory to our applied 

stressor paraquat that induces oxidative stress. We thus expected there to be a 

considerable overlap in gene expression, but very few common DEGs between 

life history stages were found. Similarly, (Xu et al., 2013) constructed a 

transcriptome of the detoxification response genes expressed in a western North 

American bumblebee, Bombus huntii, and found that the compensatory 

mechanisms in different life stages and castes are different. It is important to note 

that despite the similarities, Xu’s study focused on caste differences rather than 

within-worker variation. However, other independent studies (Rueppell et al., 

2017a, Wang et al., 2016c, Scofield and Mattila, 2015, Margotta et al., 2012, 

Rueppell et al., 2010, Remolina et al., 2007, Amdam et al., 2005a) have shown 

differences in immunocompetences within honey bee workers, supporting the 

claim of age and potentially behavior specific defense mechanisms.  

  We decided to interpret our transcriptome patterns in Biological Process 

GO terms to better summarize transcriptomic states. Our interest in using the 

additional Mann Whitney GO analysis (Wright et al., 2015) was primarily to due 
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to the technique’s potential use of all transcript data. However, our stringent 

“one-to-one” homologues filtering resulted in the inclusion of only about 50% of 

the total honeybee genome. The stressed abdomens of 3-day old workers 

showed an up-regulation in GO terms associated with cell cycle processes. 

Particularly, there was an up-regulation in many RNA involved processes, 

including rRNA and ncRNA. Given their behavioral stages, these young workers 

might be increasing expression of rRNA as part of maturation process to prepare 

for brood care. The juvenile stress may affect this process. Non-coding (nc) RNA 

are responsible for transcriptional gene silencing through various ways, one of 

which is chromatin reconfiguration (Humann et al., 2013) and alternative splicing, 

both GO terms that are up-regulated. Lipid transport and other metabolic 

processes were higher in stressed individuals, which could potentially be due to 

stressed bees either building more lipid storages than unstressed individuals. 

Metabolic adjustments due to larval stress are common (Wang et al., 2016c) and 

impairment could be an initial effect particular seeing as gene associated with 

Amino Sugar Metabolic Processes were down-regulated, which has been 

recorded before in larval treatment to certain neonicotinoids (Derecka et al., 

2013).  

 3-day old brain analysis showed a novel group of up-regulated GO terms 

involving tRNA metabolic processes, which based on their role in protein 

biosynthesis might mean that stressed individuals were in the process of 

physiological maturation to become nurses. However, beyond their canonical role 
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tRNAs also regulate gene expression (Raina and Ibba, 2014). In bacteria a tRNA 

gene regulatory mechanism has been found to divert resources away from 

growth and division and toward amino acid synthesis in order to promote survival 

until nutrient conditions improve or if amino acid pools are low (Raina and Ibba, 

2014). The same process also involves down-regulation of GTP catabolism, 

which was also one of the down-regulated GO terms showed in our analysis. 

Without proteomic analysis, we were unable to accurately state whether our 

stressed bees were amino acid deprived, however given the same colony 

conditions as their stressed counterpart it is highly unlikely that they were 

affected by any external factor. A previous microarray study in the brains of 3-day 

old workers showed increased expression of several proteins related to RNA 

translation and mitochondrial function compared to older worker brains 

(Kucharski and Maleszka, 2002). It is possible that this RNA processing is a 

natural part of young workers maturing. Our study did not scrutinize the potential 

effects of early stress on emergence time and given we chose individuals 

emerging within a 24 hour range, we might have overlooked delayed emergence 

due to stress. If this were the case, our results could indicate stressed bees were 

in a state of stabilizing brain transcriptomics to match levels of their control 

samples.  

 Reverted Nurses have been studied in several regards, particularly 

focusing on the brain (Herb et al., 2012b) and immunity (Amdam et al., 2005a). 

Our study however is the first, to our knowledge, to study the Reverted Nurse’s 
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transcriptomic profile in the context of stress and combining brain and fat body 

transcriptome analysis. Stressed Reverted Nurses showed up-regulation of 

genes associated with GO terms for cellular stress response due to DNA 

damage. We were unable to confirm the nature of these damages, however initial 

oxidative DNA damage may have been increased by flight activity (Margotta et 

al., 2018). At this stage, RNA metabolic processes were also up-regulated by 

stress, which overlapped with the results from the 3-day old workers. However, 

other stress, such as poor nutrition and Nosema infection, also induce this 

response, suggesting it may be a general stress response mechanism (Azzouz-

Olden et al., 2018). At this stage, more GO terms were down- than up-regulated. 

Interestingly, a lot of the processes associated with down-regulation in stressed 

Reverted Nurses’ abdomens were on neuronal neurogenesis. Thus, it is possible 

that our abdominal samples contained traces of the honey bee nervous system 

despite our dissections attempts to isolate the fat body. It is unlikely that there 

was selective contamination in our Reversed Nurses abdomens and that GO 

term analysis was representative. Our study was unable to evaluate effects on 

motor’s skill specific behavior; thus, a future study could see whether later-life 

motor skills are really hindered by early stress. In the brains of Reversed Nurses, 

expression patterns are juxtaposed with greater GO term up-regulation. Several 

clusters of GO terms were associated with positive regulation of metabolic 

process and biosynthesis process. Reversed Nurses experience reversion in 

brain transcriptomic patterns (Amdam et al., 2005a, Amdam et al., 2010, Herb et 
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al., 2012b) to more nurse like phenotypes. Given our observation of no apparent 

differences in reversal capabilities, the transcriptome differences between 

stressed and control workers either were unrelated to the behavioral reversal or 

indicate that the individuals that did revert from both groups differed in the 

physiological consequences, particularly since their differences had little in 

common with those at the Forager state.  

Foragers exhibited the largest number of DEGs in the brain. The numbers 

were comparable to other studies, which found that about 500 genes were 

affected by foraging experience exclusively in the mushroom bodies (Lutz et al., 

2012). Lutz et al.’s gene list was associated with multiple molecular processes 

that contributed directly to neuropil growth, potentially protect the brain from the 

effects of aging and physiological stress. Interestingly, our GO analysis primarily 

shows an up-regulation of RNA processing and metabolic features rather than 

dendrite morphology. A potential explanation of this could be the difference in 

experimental designs between our studies because Lutz et al. did not compare 

stressed and unstressed individuals and restricted their study to the mushroom 

bodies. It is interesting to see however, that stressed foragers experience an up-

regulation of genes associated with behavior but also with cell development and 

post-embryonic morphogenesis. Since nurse transition to foraging is associated 

with heavy reconstructing of the brain tissue (Whitfield et al., 2003, Groh et al., 

2004a, Sen Sarma et al., 2009, Margotta et al., 2012), it is not unexpected to see 

cellular reorganization terms. The treatment specific up-regulation in these genes 
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given the lack of behavioral and life history might be due to stressed individuals 

having to compensate behavioral development through higher gene expression.  

Candidate stress sesponse senes 

 Hbg2 was found to be upregulated in the brains of stressed 3day old 

workers. Although Hbg2’s primary role is to participate in the saccharide 

metabolism, it evolved other important functions. One such secondary function 

gain occurred in mosquito species where it acts as a toxin receptor (Gabriško, 

2013). Interestingly, this gene has been found to be up-regulated in overwintering 

bees, which experience prolonged lifespan (Gabriško, 2013). Given the context 

of our study, it is possible that stressed 3-day old brains were in the process of 

higher carbohydrate metabolism. Other highly affected genes, such as the up-

regulated GB47520 and GB48148, and the top three down-regulated genes 

(GB41776, GB50118, GB48875) have not yet been associated with any 

biological function or phenotype.  

In the 3-day old fat body, the highest up-regulated gene in stressed bees 

was GB49503 but no information is available for this gene. Another highly up-

regulated gene in the fat bodies of 3-day old stressed bees was PAX-1 which has 

a role in early development. Pax proteins are a group of transcription factors that 

play key roles in cell proliferation, cell differentiation, organogenesis and 

embryonic pattern formation (Liu et al., 2013). Given the extensive physiological 

maturation in young workers to nurses it is possible that some cell proliferation 

and differentiation is still occurring (Ward et al., 2008). Although no apparent 
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differences in emergence was observed in our studies, it is possible that stressed 

individuals experienced delayed development due to the stress that caused them 

to increase later development. Another potential explanation would be that 

increased cell proliferation acts as part of the long-term compensatory 

mechanism of early stress effects. Given also the down-regulation of another 

developmental gene, “even-skipped,” the stress effect on this early adult 

maturation and reconfiguration might involve an entire set of dynamic 

developmental genes (Binner and Sander, 1997). 

 A cytochrome b561-like gene was found to be up-regulated in the brains 

of stressed Nurses. Cytochromes b561 constitute a class of intrinsic membrane 

proteins that are involved in ascorbate (vitamin C) regeneration. They have been 

suggested to function as electron transporters, shuttling electrons across 

membranes to an acceptor molecule (Verelst and Asard, 2003). Thus, the gene 

up-regulation could indicate a long-term response to oxidative stress in 

antioxidant defenses. However, it has also been shown to have a brain specific 

response because cytochrome b561 in the neuroendocrine secretory vesicles 

shuttles electrons to provide reducing equivalents for the dopamine β-

monooxygenase (DβM) reaction, which in turn may also play a role in relieving 

catecholamine-induced oxidative stress in neurons (Wanduragala et al., 2003). 

Up-regulation of this particular gene in stressed Nurses might be providing a 

later-life hormetic benefit for nurse behavior. The other two most up-regulated 

genes were GB42427 and GB42310 with unknown functions. Two genes 
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belonging to the family of Major Royal Jelly Proteins (MRJP5 and MRJP4), were 

found to be among the top down-regulated genes in the brain, in addition to the 

most down-regulated, uncharacterized protein GB41776. The down-regulation of 

these two genes was unexpected considering Nurses seemed to be the life 

history stage that was least impacted transcriptomically. Although not as well 

studied as their “queen-maker” peer MRJP1, MRJP4 and 5 have nutritional 

functions in honeybee workers (Ramanathan et al., 2018) and are constitutively 

expressed at different levels across worker ages (Liu et al., 2014). However, 

given the up-regulation of the cytochrome b561-like gene and thus potentially 

oxidative protection, the down-regulation of both MJRPs supports the energy 

production/conservation strategy hypothesized by Riddell and colleges (Riddell 

and Mallon, 2006) and Tyler and colleagues (Tyler et al., 2006). Both groups 

reasoned that the immune system needs high-energy resources and thus other 

potential systems might be sacrificed. In another independent study, 

downregulation of MRJP4 was suggested to be an indicator of the gland 

secretion’s sacrifice for the energy production/conservation strategy (Scharlaken 

et al., 2008). Thus, it could be possible that the general oxidative protective 

mechanisms redirect resources from other systems. Another interesting 

possibility would be its relationship with nurse’s food, given both proteins 

constitutive composition of royal jelly (Ramanathan et al., 2018). Although our 

study showed no differences between treatments in incidence of nursing 

behavior, the quality of nursing was not evaluated. Thus, given these results, it 
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would be interesting to test whether the quality of food produced by these 

stressed individuals differed in its composition and/or quality.  

 The GO analysis was unable to be done in Nurse abdominal samples due 

to no gene passing the 10% FDR cutoff. The top three genes upregulated in 

Nurse abdomens were uncharacterized GB45782, flap endonuclease 1, and 

protein lethal (2) essential for life-like. Despite this a previous study‘s GO 

analysis which contained flap endonuclease and protein lethal(2)essential for life-

like showed that nurses seemed to invest in somatic maintenance and energy 

production. Interestingly, protein lethal(2)essential for life showed upregulation in 

the winter-foraging bees (Seehuus et al., 2013). The top three down-regulated 

genes in stressed nurses were GstS4, UGT and ciliary. All three of these genes 

seemed to be associated with a decrease of immune defense and protein 

metabolism by paraquat, which has been reported before (Seehuus et al., 2013).  

 Melittin constituted the highest up-regulated gene in the brains of stressed 

Reverse Nurses. It is a major component in bee venom but also acts as a potent 

calmodulin antagonist (Calábria et al., 2011). Melittin interacts with Calmodulin 

and therefore affects many calcium-regulated cellular functions by tightly binding 

to Calmodulin (Kataoka et al., 1989). Calmodulin itself is a Ca(+2)-binding protein 

important in a variety of cell functions interacting with various enzymes and target 

proteins, known as calmodulin-binding proteins (CaMBPs) (Kamikouchi et al., 

2000). CaMBP’s have differ between workers and foragers (Calábria et al., 

2008). Given the nurse-forager differences and that some components of Ca2+ 
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signal transduction have been shown to be involved in synaptic plasticity and 

memory in some animals (Calábria et al., 2011), it is possible that Melittin can 

affect a forager’s reversion to a nurse. Why it would be up-regulated in stressed 

individuals is unknown. Two genes of little-known function were also up-

regulated: GB45633 and pupal cuticle protein. Hymenoptaecin, Esterase A2 and 

Phospholipase B1 were all down-regulated in the brains of stressed Reverse 

Nurses. The down-regulation of Esterase A2 and Phospholipase B1 is not 

unexpected given their indirect relationship with Melittin due to that protein’s 

potential interaction with Calmodulin. Esterase A2 and Phospholipase B1 and 

Melittin are all traditionally regarded as components of bee venom, but also are 

known to have additional functions in neuronal channel activity (Calábria et al., 

2011). Calmodulin has been shown to be a key regulator in many cellular 

regulations and is known to interact directly and indirectly with phospholipases 

and esterases (Cheung, 1980). Given the up-regulation of Melittin and its 

potential interactions with Calmodulin , the down-regulation of these two genes 

might further explain Reversed Nurses neuronal remodeling to nurse tasks. 

Hymenoptaecin is an antimicrobial peptide that has shown to be inducible 

following immune challenges (Casteels et al., 1993). Hymenoptaecin down-

regulation has often been associated with immuno-compromised states but also 

as a strategy to save energy and increase overwintering survival even at the 

expense of increased risk of virus infection (Steinmann et al., 2015). It is possible 
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that Hymenoptaecin down-regulation in stressed Reverse Nurses is due to the 

apparent reconstruction in stressed brain transcriptome.  

 Interestingly, the top three up-regulated genes in stressed Forager brains 

belonged to the Major Royal Jelly Protein family MRJP7, MRJP2 like, and 

MRJP3. MJRP7 was up-regulated the most despite its apparent non-nutritional 

function in Apis cerana, but still found in its single form in Royal Jelly 

(Ramanathan et al., 2018). It is expressed in the hypopharyngeal glands of 

foragers but also detected in the brains of nurse bees in addition to the gland 

(Ramanathan et al., 2018). Little is known about the function of this protein in the 

honey bee brain, but it has been postulated that it could function as a reserve of 

amino acids for protein synthesis required during the nurse to forager transition 

(Garcia et al., 2009). In another independent study, MRJP2 and MRJP7 were the 

only genes significantly up-regulated in wild type bees relative to reproductively 

active workers or “anarchists” (Thompson et al., 2006). However, its implication 

in stress-associated responses remains unknown. On the other hand, MRJP3 

has been thoroughly studied in its relation to human health, due to its antiallergic 

and anti-inflammatory activities, and its unique size polymorphism in RJ among 

individual honeybees (Albertová et al., 2005). However, its implications on 

honeybee specific processes remain unknown.  The top three down-regulated 

genes in forager brain were GB43330, GB47541 and GB49045, all of which have 

unknown functions. 
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In the abdomens of foragers stressed bees, the most up-regulated gene 

was Apidermin 1, a member of the cuticular proteins. Apidermin 1 is highly 

expressed in the epidermis that produces pigmented cuticle. Due to its temporal 

pattern of expression restriction to late pupal and early adult development, it 

coincides with the process of sclerotization and has been suggested to play a 

role in the maturation of the adult cuticle. It has also been found to be up-

regulated in varroa susceptible colonies, which could result in a composition and 

structure of cuticles that are more attractive to the varroa mite (Jiang et al., 

2016). Our study did not evaluate whether stressed bees exhibit higher varroa 

parasitism but we didn’t notice any differences and it is unlikely, given that such 

parasitism often decreases life span (Dainat et al., 2012). Apisimin is another 

differentially expressed gene whose function has yet to be ascertained. 

Originally, it was thought to have antimicrobial properties as a component of 

Royal Jelly, but this has not been experimental shown (Dainat et al., 2012). In 

contrast, it has been shown to be a rather robust gene, as its expression levels 

remain constant even in the Nurse to Forager transition (Jefferson et al., 2013). 

Down-regulated genes in stressed versus control foragers also included 

GB43690, whose function is unknown. Down-regulation occurred in potentially 

proteolytic functions, such as the Chymotrypsin-1 gene. The most unexpected 

find was the down-regulation of cytochrome P450 6a14. In addition to their 

antioxidant role, P450 cytochromes can be activated after infection either as 

direct immune responders, producers of nitric oxide (NO) or other reactive 
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oxygen radicals or as part of the host detoxification process decreasing oxidative 

stress after an infection (Riddell et al., 2014). The fact that this gene is down-

regulated in stressed bees is troubling as it might suggest a potential risk to 

immunocompetence, which could be studied in the future. However, given that 

we didn’t see any difference in mortality in our second cohort, which examined 

bees longer, it is highly unlikely that there are any detrimental effects.  

 Developmental stress affects later life in a number of organisms (Even et 

al., 2012b) and this topic is also of practical relevance in the context of honeybee 

health. Our initial predictions that stress negatively affects adult behavior and life 

history were not confirmed. Specifically, this might be due to us not studying very 

old individuals which may be sensitive to early life stress (Alastalo et al., 2013). 

Social buffering of early life stress effects in social species has been documented 

and might explain why no phenotypic effect was visible (Campero et al., 2008) 

but our paraquat exposure did not affect survival in isolation either. In contrast to 

the phenotypic measures, our transcriptome analysis revealed treatment 

differences in the form of unique transcriptomic signatures in each life history 

stage. Thus, this study has uncovered stage-specific molecular compensatory 

mechanisms occurring weeks after stress exposure, that deserve further 

investigation.   
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Figures 
 
 

 
 
Figure 1. Life History Comparison between Paraquat and Unstressed 
Cohorts. A) In both experimental replicates, there was no treatment effect on 
worker life expectancy. B) AFF also showed similar results in both replicates, 
with no statistically significant difference.   
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Figure 2. Cumulative Survival of Paraquat Stressed and Control Workers in 
Isolation. Workers bees raised in isolation showed no differences in mortality 
rates between both experimental cohorts in both replicates. Unequal sample 
sizes between groups in both cohorts were due to eliminations of individuals 
whose death involved non-natural causes.  
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Figure 3. Gene Expression Effects of Paraquat across Caste and Tissue. 
The color of the bars indicates the direction of expression differences: The 
number of genes that was up-regulated by juvenile stress is shown in yellow and 
the number of down-regulated genes in orange. While stress-induced down-
regulation of brain genes decreased and up-regulation increased with life-history 
stage, no clear trends were apparent in the fat body.  
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                B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Overlap of Transcriptome Differences at Different Life History due 
to Paraquat Exposure. Significantly fewer overlapping DEGs than expected 
were found across all life history categories and both tissue types. Numbers in 
parentheses next to the labels represent total number of DEG for that particular 
developmental category.   
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Figure 5. Heatmap of Expression Level of Different DEGs in Stressed and 
Control Honeybee Workers Brain and Fat Body. The samples on the left 
(with red background) are brain tissue, while samples on the right (with blue 
background) are abdominal fat bodies. The top dendrogram indicates the overall 
similarity between each experimental group based on DEG expression. The left 
dendrogram indicates cluster of co-expressed DEGs. Fifteen distinct gene 
clusters emerged and are identified with unique colors. The GO term that 
described most of the genes for each cluster were as following (top to bottom): 
Purple: Detoxification, Black: Carbohydrate Polymerization, Grey: Cell 
differentiation and calcium ion transport, Brown: Melanization, Yellow: Wax 
biosynthesis process, Dark red: Molecular stress response to unfolded protein, 
Dark green: Detoxification, Red: Ion Balance and Cell death, Light green: 
Catabolic process, Cream: Neuronal signaling and transmembrane transport, 
Dark Blue: Metabolism and cell homeostasis, Orange: Intracellular cAMP 
signaling, Light blue: Positive regulation of growth, Light Pink: Genome 
Response to oxidative stress, Dark pink: Neuronal Signal Transduction .   
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Tables 
 
 
Table 1. Behavioral Categories 
 

Behavior Categories Behaviors merged 
Vibrating Receiving vibration 

Giving vibration 
  
Foraging Nectar foraging 

Pollen foraging 
  
Grooming  Self-grooming 

Allo-grooming 
Receiving allo-gromming 

  
Runway Guard duty 

Nasonov signaling 
Orientation flight 

  
Patrolling Patrolling 

Environment inspecting  
  
Ventilation Brood ventilating 

Hive ventilating 
  
Comb building Wax manipulating 
 Capping brood 
 Un-capping brood 
  
Brood care Brood patrolling 
 Brood tending 
  
Cleaning Cell Inspecting 

Mandible Manipulating 
  
Worker-Worker interaction Aggressive behavior 

Trophallaxis 
Bee inspecting 

  
Resting Resting 
Nectar processing Nectar processing 
Pollen processing Pollen processing 
Queen tending Queen tending 
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Table 2. ANOVA Results for each of the 14 Collapsed Behavioral 
Categories. 
 

Replic
ate 1 

Behavior F_Value Pr(>F) Replic
ate   2 

Behavior F_Value Pr(>F) 

 Vibrating 1.94 0.16  Vibrating 0.01 0.91 

 Foraging 0.18 0.66  Foraging 0.11 0.73 

 Grooming 1.3 0.25  Grooming 0.77 0.38 

 Runway 0.004 0.95  Runway 0.98 0.32 

 Patrolling 1.78 0.18  Patrolling 6.65 0.01 

 Ventilation 2.7 0.104  Ventilation 0.12 0.72 

 Comb 
building 1.9 0.16  Comb 

building 
1.56 0.21 

 Brood care 0.21 0.64  Brood care 0.13 0.71 

 Cleaning 0.44 0.51  Cleaning 1.04 0.31 

 Worker-
Worker 
interactions 

4.02 0.05 
 Worker-

Worker 
interactions 

0.67 0.41 

 Resting 0.65 0.42  Resting 2.05 0.15 

 Nectar 
processing 0.3 0.58  Nectar 

processing 
1.00 0.31 

 Pollen 
processing 0.006 0.94  Pollen 

processing 
1.32 0.25 

 Queen 
tending 0.08 0.78  Queen 

tending 
0.82 0.37 
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Table 3. Lower than Expected Overlap between DEGs between all Possible 
Comparisons.  

Tissue Group Comparison p-value 

Brain Nurse vs Reverse Nurse 1 

Brain Nurse vs 3-day old .35 

Brain Nurse vs Foragers 1 

Brain 
Reverse Nurse vs 3-day 
old .45 

Brain 
Reverse Nurse vs 
Foragers 0.18 

Brain Foragers vs 3-day old 0.001 

Fat Body Nurse vs Reverse Nurse 0.0061 

Fat Body Nurse vs 3-day old 2.2e-16 

Fat Body Nurse vs Foragers 6.6e-08 

Fat Body 
Reverse Nurse vs 3-day 
old 7.2e-09 

Fat Body 
Reverse Nurse vs 
Foragers 0.00099 

Fat Body Foragers vs 3-day old 0.0018 
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Table 4. Variable Gene Regulation across Different Caste and Tissues. 
Genes shown here showed the highest Log2 enrichment in the respective 
comparison. Arrows next to numbers indicate total number of up and down 
regulated genes within each group. Genes names were acquired using the 
ensemble website. 
 

 
 
  

Tissue  3-day old Nurses Reverse nurse Foragers 
 
 
 
Brain 

↑155 ↓3 ↑98 ↓18 ↑11 ↓51 ↑13 ↓687 

Hbg2 GB41776 

cytochrom
e b561-
like GB41776 Mellitin 

Hymenoptaec
in 

Mrjp7 
 

GB433
30 

GB4752
0 GB50118 GB42427 Mrjp5 

GB4563
3 Esterase A2  

Mrjp2 
like 
 

GB475
41 

GB4814
8 GB48875 GB42310 MRJP4 

pupal 
cuticle 
protein 

Phospholipas
e B1 Mrjp3 

GB490
45 

 
 
Fat 
Body 

↑155 ↓308 ↑16 ↓36 ↑169 ↓14 ↑78 ↓80 

GB4950
3 

even-
skipped 
 GB45782 GstS4 

pupal 
cuticle 
protein-
like 

Flap 
endonuclease 
1 
 

Apide
rmin 
1 

Chym
otrypsi
n-1 

TTP-like 
 

zinc finger 
512B-like  
 

flap 
endonucle
ase 1 

UGT 
 

Apd-1 
 GB47406 

Apisi
min 
 

cytoch
rome 
P450 
6a14 

Pax-1 
chymotryp
sin-1 

protein 
lethal(2)e
ssential 
for life-like ciliary 

GB4369
0 HPPD 

zinc 
finger 
CCC
H 
doma
in 

GB436
90 
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CHAPTER III 
 

LONG TERM EFFECTS OF AN EARLY DEVELOPMENTAL HEAT SHOCK 
 
 

Introduction 

 Temperature constitutes a ubiquitous factor in all organismal life. In 

ectotherms, organisms depend on external sources for body heat. Thus, the role 

of temperature is more pronounced as it directly influences many processes 

required for the organism’s life. Like many of Earth’s ectotherms, insects have 

been shown to be highly temperature dependent for metabolic, respiration, 

neuronal and endocrine homeostasis (Neven, 2000) and have been speculated 

to be very sensitive to heat (Neven, 2000, Bowler and Terblanche, 2008). 

Despite their alleged thermal-sensitivity, insects thrive in various thermal climates 

across the globe. Individually, all insects exhibit limited variability in the maximum 

temperature in which they can survive (Heinrich, 1981), suggesting common 

biological limitations across all species. In insects, the most studied molecular 

stress response is the dynamics of heat shock proteins (HSPs) and their impact 

on thermotolerance.  

 It is generally accepted that the proteome’s ability to resist thermal 

perturbations determines an organism’s upper heat limits (Bowler and 

Terblanche, 2008). Heat shock proteins constitute a classical and well-studied 

protein family in this context. Characterized in relation to their function and 
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molecular weight (Pardue, 1988), most of the insect HSPs studied fall into the 0-

80 kDa range (Neven, 2000). The canonical role of most HSPs is molecular 

chaperoning, where developing or denatured proteins are held in situ by the 

protein, for either lysosome degradation (Chiang et al., 1989) or kept until the 

protein reconfigures itself after the return of optimal temperatures (Morimoto and 

Tissières, 1994). However, whether constitutive levels of HSPs in cells contribute 

to this process is unknown (Bowler and Terblanche, 2008), particularly since it 

has been argued that HSPs expression alone cannot account for the entirety of 

increased heat-shock tolerance (Bowler and Terblanche, 2008, Neven, 2000, 

Feder and Hofmann, 1999). Although the molecular repair mechanisms to heat-

shock are extremely well studied, it is still unknown what causes an organism to 

die of heat exposure. Two models of thermal damage suggest that disruption of 

molecular homeostasis is the culprit. The first model suggest that the heat effects 

on macromolecules are responsible (Roti, 1982), the second is that damage to 

the cell membrane is the critical event (Bowler, 1987). Both models however 

disregard the effect of heat at the organismal level, which according to Denlinger 

and Yocum (1998) is the most sensitive to thermal damage (Denlinger and 

Yocum, 1998). Molecular and organismal levels are connected and molecular 

processes, such as the expression of heat-shock proteins, could explain delayed 

mortality (Neven, 2000). 

Heat exposure is known to cause systemic damage and thus it is highly 

likely that organisms die due to a combination of factors. Insects depend on 
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temperature for metabolic and cellular respiration homeostasis. Temperature-

induced effects in enzyme activity include changes in substrate-enzyme binding 

(Hochachka and Somero, 1984, Neven, 2000), rate of enzymatically catalyzed 

reactions via reduction of the necessary activation energy (Hoffmann, 1984, 

Neven, 2000), or changes in fluidity of phospholipid bilayers that potentially affect 

the activity of membrane-bound enzymes (Hochachka and Somero, 1984, 

Neven, 2000). Metabolic rates are often measured by respiration, oxygen 

consumption or carbon dioxide evolution rate (Neven, 2000). Respiration 

responses to heat are dynamic, often increasing with temperature to a critical 

upper limit, before tampering off potentially due to systemic cell death (Neven, 

1998, Neven, 2000). Heat-shock also affects the central nervous system in 

diverse ways. In Periplaneta americana, the American Cockroach, nervous 

system responses included the following changes: 1) increased firing frequency 

with increasing temperature; 2) transient changes in firing patterns;3) limited 

responses under certain temperature ranges, or they might have no effect 

(Kerkut and Taylor, 1957, Neven, 2000). The nervous system has been linked to 

changes in the endocrine system, but the particular link is unclear, and thus the 

role of the endocrine system in response to thermal change is not clear. Effects 

on temperature on the endocrine system include mostly hormonal disbalances, 

such as 1) a decrease in prothoracicotropic hormone (PTTH) levels from a 

decreased size of neurosecretory cells (Janković-Hladni et al., 1983); 2) changes 
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in Juvenile Hormone (JH), JH esterase and ecdysone titers (Rauschenbach, 

1991); 3) changes in Adipokinetic hormone (AKH) (Ivanovic, 1991).  

 Pre-conditioning of an insect can confer thermal tolerance to a subsequent 

higher treatment but often the molecular basis remains unknown. Hormesis 

constitutes a dose-response relationship characterized by low-dose stimulation of 

protective mechanisms that result in protection from a high-dose stress (Bowler 

and Terblanche, 2008, Calabrese and Baldwin, 2003, Cutler and Guedes, 2017). 

Originally a toxicological term, hormetic responses can be described in two major 

dose and response functions: U and J shape. A U-shaped response reflects an 

increase or stimulation of some biological function due to low dosages of a 

stressor (e.g. stimulated growth, fecundity). Inversely, J-shaped responses reflect 

reduced dysfunction at low doses (e.g., reduced carcinogenesis and disease 

incidence) (Cutler and Guedes, 2017, Belz and Duke, 2017) Hormesis has since 

been expanded from chemical stress and toxicology to exposure to other abiotic 

stressors, including temperature (Calabrese and Baldwin, 2003, Cutler and 

Guedes, 2017, Calabrese, 2005). Recently, hormetic benefits in pollinating 

insects such as honeybees (Apis mellifera) have been documented (Detzel and 

Wink, 1993, Thany et al., 2003, Wright et al., 2013).  

 Apis mellifera stands as the world’s most important commercial pollinator. 

Given the mounting concerns of declines of managed colonies across the globe, 

studies that describe stressors and their effects have increased rapidly (Cutler 

and Guedes, 2017). The increase of stress-specific studies in honeybees might 
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be due to the usefulness of understanding the physiological and behavioral 

responses of honeybees to harmful situations (Even et al., 2012a). Honeybee 

stress studies are numerous in part due to the number of stressors affecting 

honeybees, which include parasites, pesticides, poor nutrition, and pathogens 

(Neumann and Carreck, 2010, Even et al., 2012a, Evans et al., 2009, Ratnieks 

and Carreck, 2010). However, no one single factor has been found to cause the 

observed recent decline in colonies despite the increase lack of knowledge. 

Presumably, a colony’s decline and subsequent collapse are due to multiple 

factors and their potential synergism (Nazzi et al., 2012, Pilling and Jepson, 

1993, Grassl et al., 2018). For example, heat-challenged workers exhibit 

increase sensitivity to later-life immune challenges, which would suggest a 

potential antagonistic relationships between heat-shock and immune response 

(McKinstry et al., 2017).  

 Honeybee workers provide their colonies with a degree of thermal-

regulation. When temperatures surpass the optimal set point, workers work to 

decrease temperatures via fanning or evaporative cooling. Conversely in low 

temperatures, workers generate metabolic heat by contracting and relaxing their 

flight muscles leading to vibration (Winston, 1991). Workers strive to maintain 

colony core temperatures around 35°C (Southwick and Heldmaier, 1987), 

principally due to the brood’s stenothermic and therefore thermal-dependence 

nature. During summer seasons, while hive environment fluctuates linearly with 

the outside temperature, brood temperature is thermostatic (Fahrenholz et al., 
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1989, Wang et al., 2016a) averaging 35.5°C with brief fluctuations from 33.8°C to 

~ 37°C (Fahrenholz et al., 1989). Workers heat capped brood by pressing their 

thoraces down on the caps or move into empty cells to transfer their body heat to 

the capped pupae (Becher et al., 2009). Given the low thermal tolerance, it has 

been suggested that the evolutionary process has “spoiled” honeybee brood with 

the eusocial thermoregulation behavior (Wang et al., 2016a). Although no 

specific evidence exists to support this particular claim, extensive research has 

shown the importance of proper brood-rearing temperatures. Long-term rearing 

even in slightly varied temperatures has been shown to produce workers with 

abnormal dancing patterns (Tautz et al., 2003), potentially due to affected 

neurogenesis (Groh et al., 2004b). Even acute, 1hr heat exposure has been 

shown to have long-term effects, as short-term heat-exposed workers exhibit 

precocious foraging (Medina et al., 2018).Despite a honeybee hives’ potential 

thermal-buffer, climate change projections are thought to affect honeybees.  

Climate change can influence honeybees at different levels (Reddy et al., 

2013a). Bees being ectothermic, require elevated body temperature for flying as 

their environmental temperature determines foraging activity (Willmer and Stone, 

2004, Reddy et al., 2013a). Additionally, the high surface to volume ratio of small 

bees (Apis, Bombus, Xylocopa and Megachile) leads to rapid absorption of heat 

to the point that weight must be  above 35mg for proper thermoregulation 

(Bishop and Armbruster, 1999). Climate-induced temperature effects on 

honeybee behavior and physiology are possible. The changes can be either 
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direct or indirect as a result of the changes local/global floral environment (Le 

Conte and Navajas, 2008). Many factors influence honeybee phenology such as 

maximum daily temperature and number of degree days (number of days with a 

mean temperature above a certain threshold) and day length. Any direct climate-

dependent effect on honeybees is dependent on their inherent thermal tolerance 

and adaptability to temperature changes. Thus, there is an urgent need to 

investigate the differences in thermal tolerance in honeybees and factors that 

might influence the tolerance (Reddy et al., 2013b).  

The inherent brood sensitivity to temperature in honeybees makes an 

interesting model system to test the effects of acute temperature stress in the 

eusocial context. I was thus interested in testing a variety of thermal responses 

both short term (2-60hrs) post exposure and long-term (developmental rate and 

emerging physiological responses. To do this, an acute 1-hour sub-lethal heat 

exposure was applied during the 5th larval instar, and its effects on 

developmental rate and emerging weight were investigated. I followed up these 

studies to evaluate the potential of stage-sensitivity or stage-specific responses. 

To do this, I determined the most, an intermediate and the least susceptible 

stages based on post-thermal survivability. Emerging workers that were stressed 

at different stages were evaluated for potential hormetic effects via exposure to 

increasing temperatures until death. Transcriptomic patterns were also 

investigated 2 and 60 hours after stress exposure to evaluate potential molecular 

mechanism of recovery and hormesis.  
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Materials and Methods 

 This study involved a series of six experiments. Sublethal temperature 

regimes and stage-sensitive developmental stages were determined via mortality 

observations. Effects on developmental rate and emerging weight were 

evaluated through comparative studies of emerging rates and wet and dry 

weight. Finally, a transcriptomic study was done using RNA-SEQ to evaluate 

potential differences in transcriptomic recovery that may explain hormetic effects 

that were identified in parallel.  

Queen caging and egg collecting 

 To maximize egg-laying conditions, all experimental colonies in the UNCG 

apiary were continuously fed a 1:2 sugar-water mix. Modified frames, in the form 

of plastic super-frame that was cut into 4 equal length fragments, with fully drawn 

comb were placed in the colony in the morning for cleaning. Three unrelated, 

naturally mated queens were used in this study. Queens were caged in the 

modified frames for a period of 12-15 hours. Caging always occurred in the 

afternoon and queens were released the following morning above an excluder to 

prevent further egg-laying into the experimental frames. These frames with 

newly-laid eggs were placed in the middle of the brood nest of the hive.  

Sublethal heat exposure 

 The 3 modified brood frames were taken from their colonies, nurses 

brushed off, and transported to a temperature-controlled greenhouse kept at 

room temperature (25°C). A transparent sheet was placed on top of the brood 
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cells and each individual was labeled along with its specific developmental stage. 

To heat stress the brood, a drying oven was fitted with a temperature and relative 

humidity sensor (GSP-6, Elitech Technology, Inc). I placed a tray on the bottom 

and filled it with water which allowed the oven to range between 50-70% 

humidity, comparable to previously reported natural hive values (Nicolson, 2009). 

The incubator was pre-heated 30 minutes before brood frames were introduced, 

after consistent temperature and relative humidity values were reached.  

To determine a sublethal 1hr heat exposure temperature, frames of 5th 

instar larvae were placed at one of the following temperatures: 40°C, 45°C, 50°C 

and 55°C. After 1hr, frames were returned to their hives and each frame was 

checked a day before emergence, on day 20 after the egg was laid, according to 

the previously marked transparency sheet. A capped cell at this time point was 

interpreted as successful survival of the stress, while an empty cell was taken as 

indication for removal of the individual due to its death. All analyses were done 

using R software (Team, 2013). A logistic regression was done due to our 

dependent variable (survival) being dichotomous (alive/dead). Colony and 

Temperature were integrated as independent variables, Colony as three factors 

A, B, C and Temperature as numeric. 

Evaluating effects of heat exposure on developmental rate 

 Potential heat stress effects on developmental rate were evaluated. A 

brood frame was prepared as described above, with the exception that queens 

were caged 24 hours rather than 15 to obtain more brood. A modified frame 
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containing only two halves was used. The first half was heat stressed as 

described above and later returned to the hive while the second remained in the 

hive environment (control). Based on the results of the first experiment, a one 

hour, 45°C stress was applied here and in all subsequent experiments. Brood 

was marked in the cells as described above. Brood was left to develop naturally 

until the 20th day of development, when the frame was transferred to  a lab 

incubator set at 35°C with 55% RH to monitor emergence. The frame was 

observed hourly until the first emerging bees. Subsequently, all emerging bees 

were recorded in 30-minute intervals for the next 24 hours. To evaluate potential 

treatment differences on emergence rate, R’s survival package (Hothorn and 

Everitt, 2014) was used to run a Log-Rank test and included censored data. 

Stage-sensitivity of developing honeybees to heat stress 

A separate experiment was performed to determine how heat sensitivity 

varied with developmental stage. Queens were caged on different sections of the 

same frame until it contained 1-day-old eggs (E1), 2-day-old eggs (E2), 3-day-old 

eggs (E3), 1st instar larva (1L), 2nd instar larva (2L), 3rd instar larva (3L), 4th 

instar larva (4L), 5th instar larva (5L) and 13-day-old white-eyed pupae (WP). 

Initial brood counts were taken and then heat stress treatment applied to the 

experimental frames. A total of three frames, one per colony, were assessed to 

determine stage-sensitivity.  Brood survival of all experimental groups was 

recorded on their respective 20th day.  
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A logistic regression was done due to our dependent variable (survival) 

being dichotomous (alive/dead). Colony and developmental stage of exposure 

were included as predictor variables, Colony as three factors A, B, C and 

developmental stage of exposure as numeric (Age in days).  

Effect of early developmental heat stress on emerging wet and dry weight 

 A small subset of emerging workers (~20 individuals) was collected to 

evaluate potential effects on emergence weight. One brood frame in each of two 

experimental colonies was made to contain brood that had been stressed at the 

following developmental stages: 3L, 5L and WP and a no-treatment (Control) 

section. The head, thorax, and abdomen were separated from each emerging 

individual and placed into individual 1.7 ml Eppendorf® tubes. Wet weight was 

measured inside a chamber microscale (AX105 DeltaRange®; Mettler Toledo). 

Samples were then placed in a drying oven set at 70°C, with the lids of their 

Eppendorf tubes opened to allow complete desiccation. Samples were weighed 

in 24 hours intervals until weight constancy, indicating complete drying, when the 

dry weight was determined. Each body part was thoroughly inspected before 

weighing and if appendages (legs, antennae or wings) were lost samples were 

discarded. A total of 73 individuals were processed in the first colony with 20 

being from 3L, 17 from 5L, 17 from WP and 19 from Control treatments. 63 

individuals were processed in the second colony with 17 being from 3L, 12 from 

5L, 17 from WP and 17 Control, making it a total of 133 individuals. 
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Correlations between wet and dry weight were evaluated using the 

Pearson’s method. Parametric assumptions for wet weight, dry weight, KoT, DT 

and TIP were evaluated using the following: Kurtotsis and Skewness for 

normality, Flighner-Killeen for homogeneity of Variance and boxplot for outliers. 

After parametric assumptions were evaluated on wet weight and dry weight, 

Two-Way ANOVA tests (levels: colony and time of exposure) were done 

independently on each of the three body parts. In these particular ANOVAs, 

colony replicate was coded as a random effect and treatment as a fixed effect. 

Additionally, the random effect of colony replicate was tested using the R’s rand 

function.  

Hormesis experiment: Brood collecting 

To test for hormetic effects of an early developmental acute heat shock, 

heat tolerance of adult workers that were exposed to heat during different times 

of development was compared to control workers. A frame containing 3rd and 5th 

instars, and WP stressed, and non-stressed control workers was created as 

described above, using two unrelated colonies. Frames were heat stressed for 

1hr at 45°C and left in their hive to develop naturally. At day 20, the frame was 

introduced into a lab incubator set at 35°C with 55% RH until emergence.  

Resistance to increasing temperatures 

 Once the frame was placed in the incubator, each section was placed in 

its own cage and monitored hourly until the first worker emerged. Once the first 

worker emerged, all four sections were monitored in 8-hour intervals. The 8-hour 
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workers were collected and placed into plastic cups containing a paper indicating 

their respective treatment. To ensure double blind performance, an unrelated 

person was asked to write a random number the back of the note before giving it 

to the observer. The individuals were then tested and only after the experiment 

was completed did the observer known the treatment associated with each 

number.  

All emerging workers were subjected to increasing (0.2°C per minute) 

ambient temperatures, starting at 35°C until the last bee died. A hybridization 

oven (Model# 7930-00110 from the BellCo Glass Inc.) with manual temperature 

control was used. The machine was operated with a custom rotary speed, about 

7 full rotations per minute. Standard 50 ml centrifuge tubes were modified to fit 

into the holders of the machine: The tubes were divided into four, 2 cm long 

sections to house 4 separate workers simultaneously. Observations were made 

after each minute to evaluate effects of the gradual heating. The temperature and 

time were recorded when each bee was knocked-out (KoT), defined as laying on 

her side unable to locomote or walk but with antennae or legs still visibly moving. 

In addition, the death temperature (DT), defined as complete cessation of 

movement, and the difference between knock-out-to-death time (terminal infirmity 

period, TIP) were determined. All three variables were compared among the four 

experimental groups. 

After testing parametric assumptions on KoT, DT and TIP, data were 

separated based on colony and a One-way ANOVA was done to evaluate 
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whether replicate had a significant effect on each of the variables. Data were 

then analyzed further with either 1) a Nested-ANOVA with developmental time of 

exposure treated as fixed factor and replicate nested within colony as random 

effect, or 2) a Two-Way ANOVA (independent variables: developmental time of 

exposure, colony). 

Evaluating transcriptomic recovery to developmental stage-specific heat stress: 

Queen caging and stress treatment 

 In a separate study, control and heat stressed individuals were compared 

for their temporal dynamics of gene expression. Queens were caged as 

described above on a modified frame with 4 section. The modified frame was 

placed above a queen excluder to prevent future egg-laying. Each of the four 

sections was randomly assigned to one of the following treatments: 3rd, 5th, WP 

or Control. One section was removed and heat-stressed at one of the following 

developmental time points: 3rd instar (6-day old), 5th instar (8-day old) and white-

eyed pupae (13-day old). After treatment, heat-stressed frames were returned to 

their hive and then taken to the lab 2 hours and 60 hours post-treatment for 

sampling. Control samples of the same developmental stage as stressed 

samples were taken at the same time as stressed samples from the frame 

section assigned to Control. The Control section of the brood frame experienced 

minimum disturbances and was only removed from the hive during sampling 

periods.  
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The experimental designed was replicated using 3 colonies with 5 

samples being pooled from each of the three colonies for each experimental 

group. The 3rd and 5th instar larvae were collected using a grafting tool; white 

eyes pupae were uncapped and picked with soft-tip forceps. During each 

collection part of the brood frame was sub-sectioned and left in the hive, brood 

samples from here were Control treatment. Samples were placed in an 

Eppendorf tube and submerged in liquid nitrogen and later stored in a -80°C -

freezer. Overall, there were 6 different combinations of developmental stage and 

post-treatment period that allowed comparisons between heat-stressed and 

control individuals, although not all 3 replicates could be successfully processed 

for all 12 experimental groups:  3rd/2hrs (3 Control pools, 3 Stressed pools), 

3rd/60hrs (2 Control pools, 3 Stressed pools), 5th/2hrs (1 Control pools, 1 

Stressed pools), 5th/60hr (2 Control pools, 1 Stressed pools), WP/2hrs (3 Control 

pools, 3 Stressed pools) and WP/60hrs (3 control pools, 3 Stressed pools), 

making it a total of 28 pooled samples.  

Sample preparation, RNA extraction and sequencing 

 Samples were removed from the -80°C freezer and then homogenized 

using a mortar and pestle, liquid nitrogen was poured continuously during the 

homogenization to keep the samples cold until a fine powder (~ 2 mg) was 

removed for total RNA extraction using the Masterpure™ kit (Epicentre), 

following the manufacturer’s recommendations. RNA was stored at -80°C until 

sequencing library preparation.  
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 Sequencing libraries were created using the TruSeq RNA sample prep kit 

(Illumina) according to the manufacturer’s protocol. Paired end sequencing was 

performed by the Beijing Genomics Institute (https://www.bgi.com/us/), using 

100bp paired-end read length with an Illumina HiSeq 4000. The 28 samples were 

multiplexed and distributed over 4 lanes. Resulting sequencing reads were 

checked with FastQC for quality control and subsequently processed with 

Flexbar (Dodt et al., 2012) to remove adapters and low quality bases using the 

default settings. Remaining reads were aligned with TopHat2 for Illumina (Kim et 

al., 2013) to the latest version of the honeybee genome (Apis mellifera Amel_4.5) 

available on BeeBase. Differential analysis was performed with Cuffdiff (Trapnell 

et al., 2012). The output of Cuffdiff was used for further analysis and 

visualizations using R’s cummeRbund package (Goff et al., 2013). Venn 

diagrams were created using R’s “VennDiagram” package and bar graphs were 

prepared using Excel.  

Availability of supporting data 

 Raw sequencing data is available through the NCBI Sequence Read 

Archive under Project ID PRJNA527325 

(http://trace.ncbi.nlm.nih.gov/Traces/sra/).  

DEGs 

Differentially expressed genes (DEGs) were identified with Cuffdiff at the 

FDR<0.05 level for pairwise comparisons of treatment versus control groups at 

both time points and three developmental stages groups. DEGs were also 
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separated based on up- and down-regulation and overlap between each 

developmental stage was evaluated using Fischer Exact test. All statistically 

significant DEGs identified in the 6 pairwise comparisons were selected to 

perform a cluster analysis based on their FPKM values. R’s dist function was 

used to calculate Euclidean distance (Kent et al., 2006) between each sample 

and gene. R’s hclust (Murtagh, 1985) function was used with the Ward’s 

minimum variance method (Ward Jr, 1963). Additionally, a DEG- exclusive 

heatmap was produced using clusters of samples and genes that were 

calculated as described above.  

Gene Ontology (GO) 

 GO analyses focused exclusively on the Biological Process data due to 

our interest in relating the gene expression to our phenotypic results. All 

honeybee GB annotations were loaded into the Ensemble Metazoa’s biomart 

function (https://metazoa.ensembl.org/biomart/martview/) to find all of the 

Drosophila homologues. Using R’s melt package, honeybee annotations were 

sorted according to Drosophila annotations, which allowed us to see which 

honeybee annotations had multiple Drosophila homologues. Annotations were 

then manually checked, and only one-to-one homologs were selected. Three 

different types of gene ontology analyses were made:  

1) Drosophila homologues of all DEG (up or down: 2x) lists of each 

developmental stage (3x) and both post-exposure time points (2x) were analyzed 

using the DAVID Bioinformatics Resource (Version 6.8) according to previous 
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protocols (Galbraith et al., 2015). Enrichment clusters were manually assessed, 

and a single descriptor made by evaluating the GO term containing the most 

(most general) and the least (most specific) number of genes. A total of 12 

(2x3x2) DEG list were analyzed.  

2) Based on the cluster-analysis of DEGs, genes clusters were identified 

using the k-means methods. Gene lists from each cluster was then extracted and 

analyzed via DAVID. The GO term that described the greatest number of genes 

in each individual cluster was used.  

3) A comprehensive GO analysis was performed on all expressed genes 

for all 6 comparisons between treatment and control groups using Mann-Whitney 

U tests of the signed p-values to determine for each GO category whether a 

significant bias in the expression of the respective genes existed (Wright et al., 

2015). This method uses a ranking of a continuous measure of significance (p-

value) for individual genes to identify GO categories that contain significantly 

more up- or down-regulated genes than expected by chance regardless of 

significance threshold for DEGs. GO categories were selected based on a 10% 

FDR cutoff.  

Results 

Determining a Sublethal heat exposure at 5th instar and its effect on 

developmental rate 

Multiple temperatures were tested to determine the highest survivable 1hr 

heat exposure on 5th larval instars of three unrelated colonies. For all three 
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colonies, survival of the heat stress varied among temperatures (Colony 1: 

40°C:481/489, 45°C:408/508 , 50°C:102/409 , 55°C:0/333; Colony 2: 

40°C:360/390, 45°C:402/442 , 50°C:18/318 , 55°C:0/350; Colony 3: 

40°C:300/310, 45°C:347/431 , 50°C: 0/336, 55°C:0/408). Logistical regression 

showed significant effect of Temperature, but not Colony. Additionally, no 

interaction effects were found between Temperature and Colony (Table 5-A). A 

one hour’s exposure of 45°C was our selected stress treatment for subsequent 

experiments (Figure S1). This selected heat regimen showed no statistically 

significant effect on the time of emergence in any of the three colony replicates 

(Figure 6).  

Determining most and least heat susceptible developmental stages 

100% removal was observed in all stages younger than 2nd instar (Figure 

7). 2nd larval instars showed some survival but it was statistically lower than any 

other larval and pupal stages (Figure 7). No statistical difference in removal was 

seen on developmental stages stressed after the 3rd instar (Figure 7). Logistical 

regression showed significant effects of developmental timing of exposure and 

colony. Additionally, interaction effects were found between developmental timing 

of exposure and colony (Table 5-B). A one hour’s exposure of 45°C was our 

selected stress treatment for subsequent experiments. 

Wet weight and Dry weight 

 Overall, wet and dry weights were correlated (Pearson’s = 0.55, t=13.3, 

df=404, p-value=2.2e-16), which was also true for all body parts analyzed 
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separately (Head: Pearson’s = 0.34, t=4.1, df=134, p-value=6.02e-05; Thorax: 

Pearson’s = 0.57, t=8, df=134, p-value=5.19e-13; Abdomen: Pearson’s = 0.28, 

t=3.36, df=134, p-value=0.001) (Figures S2-S4). Parametric assumptions were 

tested and the only violation of normality was found in wet weights in both 

colonies (Table-S1). Despite this non-normality, a generalized ANOVA was 

performed, showing no potential interactions between (Table-S2) variables 

(levels: body part*colony and time of exposure* colony), and so data was pooled 

across colonies. A stage-specific reduction in wet weight by temperature was 

observed, which seemed to vary among the body parts. No difference in wet or 

dry weight was found in the heads, but in the thorax and abdomen. Wet weights 

of emerging control bees were statistically greater than any of the stressed bees, 

but only for the thorax. In the abdomen, control weights were statistically not 

different from workers stressed as 3rd and 5th instar, while WP abdominal weights 

were statistically lower from the control in all treatments but the 5th larval instars 

(Figure 8). 

Dry weight 

Dry weight parametric assumptions were met (Table-S1) and showed no 

potential interactions between any of the three variables (body part, colony, and 

time of exposure) (Table-S2) using a generalized ANOVA, and so data was 

pooled based on treatment. Heat exposure showed a systematic reduction in all 

three body parts in a stage-specific patterns. Heads, thorax and abdomens of 

both larval stressed workers showed reduction in dry weight. White-eyed pupae 
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also showed a slightly reduction compared to control samples, but it was not 

statistically different (Figure 9).  

Hormesis experiment: Stage sensitive response of KOT, DT and TIP 

Parametric assumptions for all three variables were tested as described 

above (can be seen in the supplementary material). Overall no strong violations 

were found. One-way ANOVAs showed that replicate had a statistically 

significant effect on all three variables but only in one colony (Colony 1: 

KoT:F(1,94)=48.2, p-value=4.9e-10; DT:F(1,94)=79.1, p-value=4.2e-14; 

TIP:F(1,94)=12.4, p-value=6.7e-4. Colony 2: KoT: F (1,94) = 0.11, p-value=0.74; DT: 

F(1,94)= 0.59, p-value=0.44; TIP:F(1,94)= 0.12, p-value=0.73.). These results were 

followed up with a Nested Anova with replicate being nested within colony. 

Nested ANOVA results showed similar patterns, and confirmed treatment 

effects on KOT (Nested ANOVA: F3,59=4.1, p-value=0.0073), DT (Nested 

ANOVA: F3,59=2.9, p-value=0.033), DT (Nested ANOVA: F3,59=2.9, p-

value=0.033), but not in TIP (Nested ANOVA: F3,59=0.17, p-value=0.92). Post 

hoc results showed similar results in all variables, with previously stressed 

workers, regardless of developmental stages, showing higher KT and DT than 

unstressed workers. (Figure 10A and 10B).  

Differential expression analysis 

On average, 32.0 ± 4.1million reads per sample were obtained, 

corresponding to an average genome coverage of 9.1 ± 1.9x. Of those reads, 

65.8 ± 9.2 % could be mapped to the OGS v3.2 of the honeybee genome 
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(Amel_4.5). Data for 13,116 genes out of 15,215 were obtained. The 2099 genes 

which showed absolutely no transcript data for any sample were removed from 

subsequent analyses.  

Clustering 

The first dendrogram showed three distinct clusters of samples, but 

nothing that could be considered a potential outlier (Figure 11). Thus, all samples 

were used for the subsequent analyses. Our experimental design had a total of 

12 experimental groups (2x treatments 3x developmental stages 2x time points), 

however this was not evident in our individual sample clustering (Figure 11). 

Grouping seemed to be based on developmental stage and time after exposure. 

WP samples cluster mostly together in one group, which is further split into two 

smaller clades based on Time after Exposure. 3rd larval samples seem to form 

their own clades, however 5th larval instar seems to be dispersed into both WP 

and 3rd-instar clades (Figure 11).   

A second dendrogram was made using the grouped average gene 

expression values of the 12 experimental groups (Figure 12). Samples organized 

mainly into two clades: One containing samples from the 3rd and 5th instar and all 

the WP samples, and a second that contained 5th and 3rd instar samples that are 

chronologically similar (5th instar 2 hours after exposure and 3rd instar 60 hours 

after exposure).White-eyed pupae form their own cluster, while being subdivided 

based of Time after Exposure (Figure 12).  
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A total of 2709 genes were used in the DEGs exclusive clustering (Figure 

13). Six distinct clustered were visible rather than the expected 12. 5th larval 

instar 2 hours post exposure clustered completely different from the rest of the 

samples. Interestingly, white pupae and 3rd instar cluster within the same group, 

even though they are further divided based on developmental stages and time 

after exposure.  

DEGs 

Across all comparisons, the total number of DEGs is higher 2 hrs than 60 

hrs after treatment (Figure 14). The 5th larval instar comparison had the highest 

number of DEGs of all comparisons. Additionally, in all 2hr comparisons the 

number of up-regulated DEGs is greater than of down-regulated DEGs, in 

contrast to the 60hrs comparisons (Figure 14). The amount of DEGs varies 

across developmental stage and time after exposure (Table 7). DEGs overlap 

was observed across multiple developmental stages, but only certain ones were 

statistically significant.  

Overall, up-regulated DEGs overlapped more than expected by chance 

with all 2hr pairwise comparisons being statistically significant (Up-regulation 2hr 

Fisher’s exact test: 3rd vs 5th: p-value = 1.02e-12; 3rd vs WP: p-value = 0.8e-13; 

5th vs WP: p-value = 0.6e-08). The greatest overlap in DEGs occurred between 

5th and 3rd instar larvae overall. These two developmental stages shared the 

highest amount of up-regulated (Overlapping DEGs:102) and down-regulated 

genes (Overlapping DEGs:18) at least 2hrs after exposure. No statistical 
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significance was observed in the 3rd and 5th instar pairwise comparison at 60 

hours. Only the 2 hr 3rd vs 5th (Fischer exact test: p-value = 0.00024) and 60 hrs 

5th vs WP (Fischer exact test: p-value = 2.2e-16) pairwise comparisons were 

statistically significantly down-regulated. Despite the overlap, the sum of the 

overlapping genes was never greater than the number of unique DEGs in each 

developmental stage (Figure 15 & Table 8).  

Gene Ontology (GO) analysis: 12 DEG lists 

 Only 9,284 Drosophila melanogaster homologues were obtained out of 

which only 6901 had a one-to-one homology to Apis mellifera. Full gene and 

reduced gene list can be seen in supplementary files (File S1-S2). Despite using 

the “Lowest” classification in DAVID, I only obtained results from 4 of the 12 

groups analyzed. The number of Drosophila melanogaster homologues in the 4 

groups were further reduced due to DAVID’s own algorithms: 3rd/2hr Up: 10 

enrichment clusters made from 134 of 439 terms were used; 5th/2hr Up: 3 

clusters from 270 out of 454 terms; 5th/2hr Down: 6 clusters from 167/344t and 

WP/60hr Down: 2 clusters from 53/83. All used Drosophila homologues list can 

be obtained from supplementary files (File S3). Over-enrichment in both 

upregulated terms seem to focus on genes associated with developmental 

processes such as: regulation of transcription, DNA-templated, dendrite 

morphogenesis, nervous system developmental and oogenesis. Dendrite 

morphogenesis and DNA-templated transcriptions associated genes also 

appeared to be downregulated but only in the WP/60hr.  
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GO Mann-Whitney U  

GO analysis on 3rd/2hr groups showed considerable higher number of 

upregulated GO terms compared to downregulated terms. Many down-regulated 

terms were associated with RNA processes. GO terms associated with 

transferase ribonucleic acids (TRNA) were most abundant showing particular 

down-regulation in tRNA modification, processing and metabolic processes. Non-

coding (ncRNA) and ribosomal (rRNA) metabolic processes were down-

regulated in stressed workers. GO terms associated with biosynthesis processes 

were also down-regulated, specifically those involved in lipid, organophosphate 

and carbohydrate production. Some of our broadest down-regulated GO terms 

included DNA repair and translation. The complete list of upregulated terms is 

given in the supplementary file (Supplementary File S4). Most of the terms were 

involved in either organ developmental or stress response. Responses to 

endogenous stimuli, organic substances and hormones were also upregulated. 

However, there is also evidence for GO terms specific to temperature regulation, 

such as the up-regulation of thermotaxis. All of these terms can be seen in Figure 

S5.  

GO terms of the 3rd/60hr comparison were considerably fewer than the 

3rd/2hr. More GO terms were found from up-regulated genes than from down- 

regulated genes. Up-regulated GO terms involved genes associated with primary 

amino acids compounds, adult behavior, regulation of hormone levels and adult 

behavior. Interestingly, response to ethanol was also upregulated in stressed 
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bees, which mirrored the up-regulation in stress associated responses in the 

3rd/2hrs comparison. Down-regulation was primarily found in cell cycle processes 

and neuron differentiation (Figure S6). 

In the 5th/2hr comparisons stressed bees exhibited down-regulation in 

genes with GO terms associated with memory, cuticle development, eggshell 

chorion assembly, sleep, homeostasis, regulation of body fluid levels, and open 

tracheal systems. A big cluster of GO terms focused on neuronal processes with 

stressed individuals exhibiting down-regulation of membrane potential, synaptic 

transmission and regulation and neurotransmitter secretion. Thermotaxis and 

Taxis were down-regulated rather than up-regulated at this stage. Additionally, 

response to mechanical stimulus was also down-regulated, which contrasted with 

the up-regulation in stimuli response shown in 3rd instar. A novel group of up-

regulated GO terms in the 5th instar comparison was ncRNA metabolic process 

and cellular proteins catabolic process. DNA-repair and DNA-template 

transcription were also up-regulated (Figure S7).  

The 5th/60hrs comparison showed an expected reduction in GO terms and 

significant GO terms were exclusively identified for down-regulated genes. GO 

terms related to brain function, such as associative learning, synaptic transition, 

learning and regulation of axon extension. Another small set of GO term was 

associated with cytoplasmic translation and cell-fate determination (Figure S8).  

GO Mann-Whitney analysis on both White Pupae samples showed few 

GO terms. All GO terms for 2hrs post treatment were associated with up-
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regulated genes and involved in adult tasks, such as associative learning and 

mating behavior, specifically male mating behavior (Figure S9). In comparison, 

after 60 hours genes were mostly down-regulated and associated with formation 

of organ boundaries (Figure S10).   

Discussion 

 Our study investigated potential stage-sensitive effects of early 

developmental heat exposure on transcriptomic recovery, 2- and 60-hours post 

treatment, and later life physiology and physiological response. Within our 

experimental conditions, we determined that a 1-hour exposure to 45°C 

temperature at the 5th instar is a sub-lethal dose, based pre-emergence survival 

(capping). We also report stage-sensitive effects of this particular heat 

application across all honeybee worker egg and larval development stages (1-8 

days post laid), and one pupal stage (13 days post laid). Our results showed that 

anything younger than the 2nd instar was completely removed, resulting in an 

apparent stage-specific removal pattern, with regards to brood age. Given the 

observed differences in survival, we predicted that maybe genome-wide 

transcriptomic recovery differed between each stage. Because we needed a 

substantial amount of brood to live for our experiments, we decided to select the 

3rd, 5th and White pupae stages. A generalized pattern showed an overall 

decrease of DEGs with time across, with down-regulation being more prominent. 

Interestingly, GO analysis showed that there were more developmental 

associated terms rather than stress-response related. Thus, we evaluate 
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genome-wide transcriptomic patterns 2 and 60 hours after treatment (Sørensen 

et al., 2005) in an early (3rd instar), mid (5th instar) and late developmental stage 

(White Pupae). We hypothesized that there might have also been some later-life 

effects on adult physiology and response. We evaluated worker wet and dry 

weight, which were found to be correlated with each other, measuring worker 

head, thorax and abdomen. Dry weight differences were evident across body 

parts, which was expected, but also showed a larval-specific decrease in weight 

across all body parts. Interestingly, physiological responses didn’t show stage-

specific patterns with stressed workers all showing an increase of KOT and DOT, 

regardless of developmental exposure time.  

Sub-lethal effects are defined as biological, physiological, demographic or 

behavioral effects on individuals or populations that survive exposure to a 

toxicant at lethal or sublethal dose/concentration (de França et al., 2017). 

Furthermore a sub-lethal dose/concentration is defined as inducing no apparent 

mortality in the experimental population (de França et al., 2017, Desneux et al., 

2007). Terms such as acute and chronic, while traditionally used in a 

toxicological setting have been used in regard to temperature. Based on this 

alone we call our particular dosage sub-lethal. The term acute, while traditionally 

used in toxicology settings, has been adapted to temperatures in insect studies in 

Drosophila often signifying a high or low temperature range such as 10°C (Zhu et 

al., 2016). Additionally, while no specific consensus has been reached, short-

term exposure is classified as anything holding less than 4 hours and one time 
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exposure (Even et al., 2012a). It is potentially unlikely that honeybee brood would 

ever be exposed to a 45°C temperature given their high thermoregulatory 

behavior in hive maintenance, but given its large deviation for standard brood 

temperature, we are safe to regard to it as an acute-short term exposure.  

 To our knowledge, our study is the first one to do such a systematic study 

of egg and larval sensitivity to a high temperature short-term exposure. Mortality 

has been used to determine stage-sensitive responses in honeybees but with 

regards to prepupal-and-pupal sensitivity to chronic cold exposure (Wang et al., 

2016a). Wang showed consistently greater mortality in one particular pre-pupal 

stage, but overall showed not developmental gradient of mortality, in which 

anything younger than 3rd instar showed completely mortality/removal, but a 

progressive increase in survival after 3rd instar. Increases in survivability with age 

following heat shock has been shown in the flesh fly S. crassipalpis: pharate 

adults were most tolerant of a 45°C heat shock, followed by pupae > adults > 

wandering phase third instar larvae > feeding phase third instar larvae (Chen et 

al., 1991). Given that we did not investigate the pupal-sensitivity further it would 

be interesting to see whether heat patterns follow this age apparent increase of 

thermal tolerance.  

 It is highly unlikely that honeybee brood will ever experience a heat 

exposure as severe as our regimen. However, it did give us a chance to test the 

most extreme levels of heat-tolerance and their particular repercussions. 

Additionally, our study shows rather robust effects of honeybee worker’s stage-
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sensitivity toward a high short-term exposure to heat using mortality, which was 

used in a similar study regarding cold-sensitivity (Wang et al., 2016a). Mortality 

continues to be a popular measurement for stress effect though it should be 

noted that it might be caused by a lot of stochastic effects. Dry and wet weight 

were used due to their apparent sensitivity to other stressors (Atkinson, 1994, 

Bowen-Walker and Gunn, 2001, Ray, 1960). There has yet to be a study its 

causation or correlation to later life adult phenotype, although there are apparent 

associations. Even though our results showed an increase in thermotolerance, 

they are at best associated in the context of this study. Our hormetic 

measurements as well as dry weight, also suffer from a low sample size of <30, 

which prevented us from determining more conclusive results. Despite our best 

effort, our experimental design to measure hormesis has its limitations. First was 

the apparent non-linear increment of temperature. Although there was a general 

trend, there might have been some instrument limitations that could have 

prevented the small gradual increase of temperature. Furthermore, because this 

particular data collection involved some behavioral judgement from the observer, 

there might have been some unaccounted noise.  

Our study showed a potential stage-dependent decrease in emerging dry 

and wet weight, caused by stress in both of our larval stages but not in the white-

eyed pupae. It will be important to note however, that while Control and WP were 

not statistically significant, on average WP showed lower dry weight following the 

trend. Additionally, while dry and wet weight are highly correlated in the literature 
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(Scanlon, 1982) and our results, they show massive treatment effects with wet 

weight showing weaker differences across tissues. Traditionally, dry weight is 

often favored potentially due to its lack of water or moisture content, which may 

vary depending upon environmental or physiological conditions and thus give an 

inaccurate measurement. The dry weight results seem to support the 

temperature-size rule. The rule describes a general phenomenon between an 

organism’s body size plasticity response to temperature, an increase in 

developmental temperature leads to a decrease in final adult size (Ray, 1960, 

Atkinson, 1994), although there are exemptions (Atkinson, 1995, Kammenga et 

al., 2007). Our study did not measure body size but rather weight, and although 

both are positively associated. Emerging weight in workers has been found to 

exhibit a plastic response to stress, such as varroa mite parasitism (Bowen-

Walker and Gunn, 2001).  Furthermore, emergence weight (dry and wet) of 

workers is important, as it influences their ability to contribute to the normal 

functioning of the colony (Bowen-Walker and Gunn, 2001). However, the 

relationship between emerging dry weight and later life has yet to be understood 

and although we show further phenotypic results their potential relationship with 

dry weight is only correlative.  

Hormesis is characterized by a high-dose inhibition and low-dose 

stimulation of biological function during or following exposure to a substance, 

traditionally a toxicant (Calabrese and Baldwin, 2003). Such effects are not 

limited to chemicals and have been reported in other low amounts of temperature 
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(Calabrese and Baldwin, 2003). Responses are typically depicted in either a U-

shape reflecting increase normal function at certain low dosages, or J-shape 

depicting reduce dysfunction at low dosages (Cutler and Guedes, 2017). Our 

results do not show such a pattern, primarily due to its focus on one particular 

temperature rather than a gradient, and thus it would be interesting to model 

whether lower or shorter dosages of heat could produce such effect. Our study 

does however show a potential beneficial or hormetic effect of being exposed to 

such a high short-term temperature. In a stage-independent manner, 8-hour old 

workers were knocked out and died at higher temperatures when they were pre-

exposed to heat than non-exposed workers. A potential strategy for survival is to 

let early developmental experience tailor adult phenotypes that are better 

adapted to that particular condition (Wang et al., 2016b), which was found to be 

the case after a 10 hours larval starvation, which leads to molecularly equipped 

starvation-resistant workers. Such seems to be the case with our short-term heat 

exposure, but it also seems to act in a stage-independent fashion which 

contrasted heavily from cold-tolerance related mortality (Wang et al., 2016a). 

Results also showed that brood were not entirely stenothermic, due to being 

“spoiled” by eusociality strict thermoregulatory behavior (Wang et al., 2016a, 

Jones et al., 2005b). It is important to note that negative responses to 

temperature are well documented (Jones et al., 2005b, Tautz et al., 2003, Groh 

et al., 2004b), and that there might be long-term effects that might develop 

because of this, such as the potential heat-resistance becoming maladaptive due 
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to the hive’s condition not matching the developmental environment (Gluckman, 

2005, Gluckman et al., 2007).  

 In the molecular responses, I decided to focus on several of the general 

patterns observed in the gene expression data set. First is the overall decrease 

of DEGs from 2 hour pairwise comparisons to 60 hours, which would suggest a 

return to homeostasis in the larval samples. Another general pattern in the larval 

stages was the consistent higher number of up-regulation of DEGs after 2hrs, but 

a reversed shift of higher number of down-regulated DEGs after 60 hours. In 

initial responses to fungal infection, up-regulation of genes seems predominant in 

the initial stages of infection, but at some point it has been noticed that down-

regulation eventually occurs (Chen et al., 2017). Our stressor did not require a 

build-up in its effects as brood were directly to exposed to it. The pattern was 

reversed in the white pupae, with the number of DEGs higher after 60hrs. Given 

the relatively small effect on mortality, WP seem to be the least effected by our 

heat treatment, which would correlate with the low DEGs in the 2hrs treatment. 

The sudden increase of regulation could have been due to a potential shift in 

developmental processes due to the early heat stress. Stressed bees could have 

thus been trying to compensate and reached their controlled counter parts.  

 We clustered all individual samples using all available genomic data. 

Results showed wide individual variation among all groups, which was to be 

expected. Samples clustered based on developmental time and sometimes on 

Time after Exposure (TaE), rather than treatment. Differences in the 5th larval 
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instar seem to be more pronounces as samples were grouped further away 

depending on the time of exposure. However, we see what Control 5th 2hr 

samples group completely independently, and that Stressed 5th 2hr samples 

were more similar to their 3rd 60 hours instar. 5th instar 60 hr. samples were 

more similar to WP, which is to be expected, but that 3rd 2 hours samples were 

more closely similar to WP and 5th. The lack of treatment effect, while 

unexpected, does seem justifiable given the recovery context. Microarray studies 

on C. elegans have seen that most of the transcriptomic shifts occur within the 

first 4 hours, although it seems to be dependent on the heat-dose (Jovic et al., 

2017). Given the eusocial context honeybees, it is possible that such stress 

differences could have been mitigated faster due to the colony environment, 

which is known to provide major care, rather than individual recovery. 

Furthermore, larval worker development has been very well characterized in their 

transcriptome, mostly in their relationship with queen divergence (Chen et al., 

2012, Vleurinck et al., 2016). In any case, worker development is shown to be 

very transcriptionally active due to development. Transcriptomic signatures due 

to stress effects might thus be indicative of delayed development (Jovic et al., 

2017) or simply overwritten/overshadowed in what is known as the 

metamorphosis reset (Campero et al., 2008). To our knowledge, whole genome-

wide studies focusing on stress-recovery are scarce. There is definitely an 

abundance in recovery studies regarding single gene sets (Colinet et al., 2010, 

Colinet et al., 2013, Elekonich, 2009, Koo et al., 2015), particularly heat shock 
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proteins. However, genome wide transcriptomic recovery studies are still rare 

(Swindell et al., 2007, Smith et al., 2013), and to our knowledge our study is the 

first one to do so in the context of honeybees and short-term heat stress. 

Developmental stage exerted the most prominent criteria in the grouping, with 

white pupae samples creating two distinct monophyletic groups. It is interesting 

to note that the 5th larval instar showed what could be described potentially as an 

intermediate stage, since they were found in clades together with the white 

pupae (WP).   
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Figures 
 
 

 
 
Figure 6. No Difference in Emergence Rate was Observed in Stressed Bees. 
No differences in emergence rate were observed between stressed and control 
cohorts in any of the three colonies A, B and C.   
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Figure 7. Stage Sensitivity to Early Development Heat-Shock. Stage 
sensitivity to early developmental high but short-term thermal stress showed an 
age-dependent pattern with mortality decreasing for older brood stages. Mortality 
was estimated using brood removed at day 20, the pre-emergence day. Bars 
represent standard error and squares the mean of three colony replicates.   
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Figure 8. Thermal Stress Effects on Body Weight. Stress seems to decrease 
wet weight but only in certain parts of the body and when exposed at certain 
times. Letters indicate Post hoc tests Tukey Kramer results from One-way 
ANOVAs (Head: F3,132= 1.3, p-value= 0.29; Thorax: F3,132=6.5, p-value=0.00037; 
Abdomen: F1,3=8.2, p-value=4.5e-05). Numbers above the x-axis indicate 
sample sizes.  
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Figure 9. Larval Stress Results in Workers with Lower Dry Weight across 
all Body Parts. Letters indicate Post hoc tests Tukey Kramer results from One-
way ANOVAs (Head: F1,3= 5.4, p-value= 0.0014; Thorax: F1,3= 26.2, p-value= 
2.2e-13; Abdomen: F1,3= 20.3, p-value= 6.6e-11) Numbers above the x-axis 
indicate sample sizes.  
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Figure 10. Previous Exposure to Stress seems to lead to a Potential 
Hormetic Effect . Developmentally heat-exposed workers (treatments) display 
more thermal resistance than controls when heat-stressed eight hours after 
emergence, regardless of the stage of exposure. Each graph shows the average 
mean and bars show standard deviation of knock-out temperature (KoT) and 
death temperature (DT). White pupae, 5th and 3rd instar stressed individuals were 
knock out (A) later and died (B) later in both colony replicates. 
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Figure 11. Clustering of Samples using all Gene Expression FPKM Values 
using Individual Samples. Each individual line shows a particular sample sent 
for sequencing. Dendrogram was made using the Jensen-Shannon distances 
between each sample. Three color coding keys were made for the following: 
Treatment (T), Time after Exposure (TaE), and Developmental Stages (DS). 
Used treatments were Heat stressed (Dark Blue) and Control (Light Blue). We 
had two Time after Exposure 2hrs (Dark Green) and 60hrs (Light Green), and 
three Developmental Stages: 3rd instar (Light Orange, 5th instar (Medium 
Orange) and White Pupae (Dark Orange).  
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Figure 12. Clustering of Samples using all Gene Expression FPKM values  
using Clustered Groups. Each individual line shows a particular sample sent for 
sequencing. Dendrogram was made using the Jensen-Shannon distances 
between each sample. Three color coding keys were made for the following: 
Treatment (T), Time after Exposure (TaE), and Developmental Stages (DS). 
Used treatments were Heat stressed (Dark Blue) and Control (Light Blue). We 
had two Time after Exposure 2hrs (Dark Green) and 60hrs (Light Green), and 
three Developmental Stages: 3rd instar (Light Orange, 5th instar (Medium 
Orange) and White Pupae (Dark Orange).  
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Figure 13. DEG Clustering shows Similar Pattern to Clustering using all 
Available Data. 2hr 5th larval samples form their own cluster, but no treatment 
specific patterns can be seen. DEGs fall into three principal clusters of very 
unequal size.  
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Figure 14. Variable Gene Expression (DEG’s) based on Developmental 
Stage and Time After Exposure. Overall lowest number of DEGs were found in 
the samples stressed as white-eye pupae. Additionally, DEGs seem to decrease 
for each DS from 2hrs to 60hrs TaE, suggesting that gene expression effects 
decrease after treatment.  
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Figure 15. Overlap of Gene Expression Effects of Heat Exposure between 
Developmental Stages. Even 2hrs after heat exposure 5th and 3rd instar 
stressed bees show a large overlap of up-regulated but not down-regulated 
DEGs.       
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Tables 
 
 
Table 5. Logistical Regression shows only Temperature as a Statistically 
Significant Factor among the Probability of Dying. Two-factorial logistic 
regression showed only A) Temperature as the statistically significant factor 
influencing the probability of dying. B) Three-factorial logistic regression across 
all the stages showed multiple interactions suggesting differences in mortality 
rations across the different colonies. 
 

A) Independent variable Estimate se Z ratio p-value 
 Intercept -25.6 1.25 -20.4 2e-16 
 Colony B 2.70 1.68 1.61 0.107 
 Colony C -1.41 1.82 -0.775 0.438 
 Temperature 0.502 0.0249 20.1 2e-16 
 Colony B*Temperature -0.046 0.033 -1.39 0.162 
 Colony C*Temperature 0.0510 0.0368 1.38 0.166 
B)      
 Intercept -2.62 0.18 -14.2 2e-16 
 Colony B -3.55 0.32 -11.0 2e-16 
 Colony C -1.95 0.42 -4.59 4.35e-06 
 Developmental stage 0.477 0.03 15.7 2e-16 
 Colony B* Developmental stage 0.640 0.056 11.4 2e-16 
 Colony C* Developmental stage 0.208 0.068 3.03 0.0024 
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Table 6. Three-way ANOVA Results for all Three Variables from the 
Hormesis  Experiment. 
 

Variable Condition Df 

Su
m 
Sq. 

Mean 
Sq. 

F 
value Pr(>F) 

Knock-Out 
Temperature 
(KoT) #Treatment 3 5.5 1.84 7.3 

0.0001
1 

 #Colony 1 29 29. 119 < 2e-16 

 #Replicate 1 2.8 2.8 11 0.0008 

 #Treatment: Colony 3 0.53 0.17 0.71 0.55 

 #Treatment: Replicate 3 2.5 0.82 3.3 0.022 

 #Colony: Replicate 1 4 3.9 15 9.7e-05 

 
#Treatment: Colony: 
Replicate 3 0.46 0.15 0.61 0.62 

 #Residuals 176  0.25   
Death 
Temperature (DT)       
 #Treatment 3 3.6 1.2 5.0 0.0025 

 #Colony 1 21.9 21.9 91.1 < 2e-16 

 #Replicate 1 1.98 1.98 8.2 0.0046 

 #Treatment: Colony 3 0.48 0.16 0.67 0.57 

 #Treatment: Replicate 3 3.18 1.1 4.4 0.0051 

 #Colony: Replicate 1 4.61 4.6 19.2 2.1e-05 

 
#Treatment: Colony: 
Replicate 3 1.24 0.412 1.714 0.16 

 #Residuals 176 42.3 0.24   
Terminal-infirmity-
period (TIP)       
 Treatment 3 0.13 0.044 0.23 0.87 

 Colony 1 11 11. 58 1.2e-12 

 Replicate 1 0.98 0.98 5.1 0.02 

 Treatment: Colony 3 0.59 0.19 1.01 0.38 

 Treatment: Replicate 3 0 0.001 0.004 0.99 

 Colony: Replicate 1 1.45 1.45 7.55 0.0066 

 
Treatment: Colony: 
Replicate 3 1.36 0.45 2.38 0.071 

 Residuals 176 33.6 0.191   
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Table 7. Top Three Up and Down Regulated Genes for each Pairwise 
Comparison. Numbers in parenthesis show log2fold differences between 
stressed vs control. 
 

3rd instar Up Down Down Up 
 713 174 138 234 
 GB45912

(7.4) 
GB40447
(-3.4) 

GB4569
2(-3.0) 

GB48020
(7.6) 

 
GB45912
(5.5) 

GB56000
(-2.6) 

 
GB5138
5(-2.7) 

GB51373
(5.8) 

 
GB41096
(6.2) 

GB42798
(-2.5) 

 
GB4839
6(-2.7) 

GB46223
(3.7) 

5th instar 848 579 35 218 
 GB45910

(8.0) 
GB50829
(-5.3) 

GB5600
0(-7.4) 

GB40268
(3.7) 

 GB45907
(7.8) 

GB40565
(-5.2) 

GB4140
7(-7.0) 

GB46726
(3.2) 

 GB45909
(7.0) 

GB40693
(-5.2) 

GB4351
6(-6.1) 

GB41722
(3.2) 

White Pupae 113 61 75 162 
 GB50563

(7.9) 
 

GB56000
(-3.1) 
 

GB4000
7(-5.0) 
 

GB45910
(7.6) 
 

 GB50569
(7.2) 
 

GB42146
(-2.9) 
 

GB5300
6(-4.8) 
 

GB45906
(7.3) 
 

 GB45910
(6.7) 

GB41097
(-2.7) 

GB4754
1(-4.4) 

GB47415
(5.5) 
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Table 8. Overlap among DEG’s Differs Between Time Points. P-values of 1 in 
Table 3 are based on categories with zero overlap in Fig. 4A.  
 

Regulation  Hours Pairwise comparison Test p-value 
Up-regulation 2hrs 3rd instar vs 5th instar Fischer’s exact 

test 
1.02e-
12* 

  3rd instar vs White 
pupae 

Fischer’s exact 
test 

1.8e-
13* 

  5th instar vs White 
pupae 

Fischer’s exact 
test 

1.6e-
08* 

     
 60hrs 3rd instar vs 5th instar Fischer’s exact 

test 
0.47 

  3rd instar vs White 
pupae 

Fischer’s exact 
test 

5.5e-
05* 

  5th instar vs White 
pupae 

Fischer’s exact 
test 

0.017 

     
Down-
regulation 

2hrs 3rd instar vs 5th instar Fischer’s exact 
test 

0.00024
* 

  3rd instar vs White 
pupae 

Fischer’s exact 
test 

0.19 

  5th instar vs White 
pupae 

Fischer’s exact 
test 

0.35 

     
 60hrs 3rd instar vs 5th instar Fischer’s exact 

test 
1 

  3rd instar vs White 
pupae 

Fischer’s exact 
test 

0.69 

  5th instar vs White 
pupae 

Fischer’s exact 
test 

2.2e-
16* 
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CHAPTER IV 
 

GENERAL DISCUSISON 
 
 

This dissertation addresses the fundamental hypothesis that early 

developmental stress in honeybees has lasting molecular and phenotypic effects. 

The experimental designs in each of these two chapters were geared to evaluate 

potential effects of early developmental exposure on honeybee adult life. In 

Chapter II, the long-term effects of an acute exposure to paraquat, an oxidative 

stressor, was evaluated at the phenotypic level through detailed observations on  

worker behaviors, longevity, Age of First Foraging (AFF), and social reversal 

capabilities, while also studying molecular consequences via genome-wide 

transcriptomic analysis using RNA-Seq. Overall, there was a very weak effect on 

worker behavior, while in life history traits such as longevity and AFF no effect of 

treatment was found. Longevity in isolated conditions also did not seem to be 

affected by the stress treatment. The strongest evidence of a treatment effect 

was found in the transcriptomics results, where all pairwise comparisons yielded 

DEGs. The experimental paradigm in Chapter III was changed to temperature 

stress after a set of preliminary experiments using the following four stressors: 

paraquat, heat, coumaphos and wounding (data not shown). Heat stress was 

chosen due to its consistent effect on brood mortality and practical 

considerations. The goal for this chapter was then specified to understanding the
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long-term effects of a short-term heat shock on worker phenotypes during the 

adult stage. Additionally, Chapter III included the specific hypotheses that 

developmental heat stress leads to hormesis and that it displays stage sensitivity. 

Overall, the hypothesis of Chapter III was as followed “The impact and potentially 

the long-term effects of a short-term but high heat-shock during early 

development is influenced by the worker’s developmental time of exposure”. 

Results partially supported this claim, most strongly in terms of removal/mortality 

measured on day 20, showing an age-dependent decrease in mortality. 

Developmental rate, namely in time of emergence, was unaffected by treatment. 

A potential hormetic benefit was found in response to the heat-shock, but it was 

stage-independent. Molecularly, we found that the short- and long-term 

consequences for the transcriptome were dependent on the developmental stage 

of exposure and recovery time. White-eyed pupae seemed the most resistance 

to heat-shock, showing little transcriptional activity after 2 and 60 hours after 

exposure.  

 Even though the concept for my thesis was consistent, the stress regimen 

was different in both chapters. This is important because honeybees are 

subjected to numerous stressors, including pests such as hive beetles (Hood, 

2004), wax moths (Shimanuki et al., 1980) and Varroa destructor (Rosenkranz et 

al., 2010), multiple pesticides (Johnson, 2015), poor management (López-Uribe 

and Simone-Finstrom, 2019) and poor nutrition due to monoculture (Huang, 

2012). Paraquat and heat stress are not typically considered stressors for 



140  

apiculture but constitute commonly used stressors to study fundamentally 

relevant questions. Claiming that Paraquat is completely irrelevant to honeybee 

health is also unjustifiable, considering that it is one of the most widely 

used herbicides, and despite its classification as "restricted use”, has not been 

banned in the United States of America (Bus and Gibson, 1984) . Additionally, 

Paraquat constitutes a very well characterized oxidative-stressor whose mode of 

action is known, and it has been well studied in humans, mouse (Bus and 

Gibson, 1984) and to a lesser degree in honeybees (Cousin et al., 2013a, 

Seehuus et al., 2006a, Corona et al., 2007). Heat stress can equally not be 

overlooked, and it might have practical applications, such as a potential way to 

control for Varroa. The use of heat for treating Varroa is based on the mites’ 

inability to remain on the body of the adult bee at temperatures of 46° to 48°C 

(Ritter, 1981). Heat treatment is expensive and potentially hazardous for the 

bees because adults die at 49° to 50°C (Ritter, 1981) and effects on brood are 

understudied. Ways to temperature-control Varroa are still being examined, 

(Tabor and Ambrose, 2001, Bičík et al., 2016), which often involve exposure 

brood to 2+ hours of high heat. Varroa-control techniques maybe have 

unintended side effects, potentially in long-lasting sublethal effects in the adult 

life. Heat shock in a natural context can also arise naturally in the perspective of 

global warming, although given honeybees’ high thermoregulatory capacities, the 

precise effects are unknown. Thus, both stressors were chosen due to their 

molecular specificity, potential long-term effects, and applicability to honeybee 



141  

health. Heat-shock response is the most well studied stress response in biology, 

and much is known about the antioxidant, but also of oxidative-induced damage 

and repair in lipids, proteins and DNA. I predicted, perhaps naively, that any 

observed differences due to these stressors with a specific mode of action would 

be specific and thus easily interpretable. This ended up not to be the case, 

particularly in the GO transcriptomics analysis, where many of the up-regulated 

processes were not stress-specific.  

 The definition of long-term effects and also the stress applications also 

differed between the two chapters. In Chapter II, “long-term” effects were defined 

based on stress specific differences found in emerging adults of various ages, 

meanwhile in Chapter III, effects were evaluated as early as 2 hours after 

exposure, with the “longest” effects being studied 60 hours after exposure and 

8hrs after emergence as adults. In the honeybee literature, no clear criteria exist 

regarding the time intervals of “short” and “long” term effects. Based on a review 

of general stress responses in honeybees, Even and colleagues determined that 

less than 4 hours was often classified as “acute” and/or “short” (Even et al., 

2012a). General stress terminology is well-defined in toxicology, potentially due 

to global and nation-wide regulation regarding chemical exposure (Chalk and 

McEwen, 2017), but the concepts have been loosely adapted to non-chemical 

stress studies. In Chapter II, “Acute exposure” was used to describe the paraquat 

stress regimen due to the chemical nature of the stress, its one-time exposure, 

and low dosage. Meanwhile, the 1hr at 45° C temperature regimen used in 
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Chapter III was classified as “short”. In both chapters however, the stress 

regimen consisted of a single exposure, which in the context of this dissertation 

and its findings were the most novel and pertinent.  

 An organism’s stress response is complicated, partially due to its 

dependence on the stressors’ duration, type, dose and of the organism’s own 

inherent characteristics. Traditionally, three stages are observed in an organism’s 

acute stress response: first, sensory organs detect the stressor, second the 

organism responds either via defense or escape, and finally if the stressor cannot 

be avoided and is sustained, the organism enters a state of exhaustion (Selye, 

1956). Exhaustion might be more relevant for chronic stressors and/or stress, 

because immune, metabolic pathway and cognitive functions gradually fail under 

those conditions (Selye, 1956, McEwen, 2000). The hypothalamo-pituitary-

adrenal (HPA) axis system models the classical “stress response” of vertebrates 

and constitutes a systemic chain-of-events starting from a stimulus and ending in 

an organismal response. Individual and coordinated cellular responses contribute 

to many of these responses and have been described in various models 

(bacteria, yeast, worms and flies). Although often stressor specific, general stress 

response signatures include the increased production or activation of antioxidant 

proteins and heat shock proteins (HSP) (Santoro, 2000, Takeda et al., 2008). 

Such proteins may be called “stress proteins” (Feder and Hofmann, 1999) and 

used as cellular stress biomarkers (Gibney et al., 2001). Rather than study one 

particular genes, I used genome-wide techniques to study both short and long-
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term effects on the transcriptome, which ended up yielded wildly different results 

that indicate specific stress responses but could also partly be due to differences 

in experimental design. In Chapter II, transcriptomic differences suggested 

unique compensatory mechanism, and therefore the idea that long-term stress 

effects are mediated differently across multiple stages and certain genes. Even 

non-stress genes can contritube to mediate the stress effects.  

 In Chapter II, exposure to an acute-low dosage of paraquat was not found 

to cause long-term differences in adult phenotype. The observed phenotypes 

included worker behavior, life history traits or in its social-reversible capabilities. 

Behavior and the two life history traits of mortality and AFF have both been used 

as common indicators to determine the impact of stressors (Doublet et al., 2015, 

Rueppell et al., 2005, Scofield and Mattila, 2015). Social-reversibility, reversion of 

foragers to nurses, has never been studied in the context of individual stress. 

Colony wide shortage or removal of nurses has been used to artificially create 

this response (Bloch and Robinson, 2001, Amdam et al., 2005b, Herb et al., 

2012a, Münch et al., 2013). Reverted nurses show increase 

immunocompetence, vitellogenin, partially due to a reconfiguration of their 

methylogenome, particularly in the brain (Amdam et al., 2005b, Herb et al., 

2012a). Age also influences the reversion, with older foragers being less likely to 

revert (Vance et al., 2009). In my study, stressed and non-stressed workers were 

age-controlled to increase the chances of seeing treatment specific effects. 

Despite the implemented age-control, exposure to the selected paraquat dose 
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showed no long-lasting effects. The finding is not totally unexpected, considering 

a similar study used the same dose on emerging adults and also found few 

effects on life history traits (Rueppell et al., 2017b). The lack of long-term effects 

should not be interpreted as lack of stressor effects, but rather indicative of the 

ability of 5th larvae instar to buffer such oxidative challenges (Beaulieu et al., 

2015). The buffering had long-lasting molecular consequences that were specific 

to the different life history stages studied. The inherent limitations of scan 

samplings could have potentially led to behavioral effects being overlooked due 

to the overall low behavioral counts per individuals  

 Exposure to a high heat-shock during development induced a long-term 

hormetic benefit in honeybee workers as seen in Chapter III. Hormesis is thought 

to explain the higher knock out (KO) and death (DoT) temperatures observed in 

worker stressed during their development. Hormesis, although novel in the 

context of heat-stress, was an expected outcome. For example, prolonged larval 

starvation has been showed to enable workers to survive starvation periods later 

life (Wang et al., 2016b). It would be important to note that Wang refers to this 

prolonged longevity as “adaptive response”, and in this thesis such effects were 

termed as “hormesis”. The discrepancy of what to call an observable “benefit” in 

an organism that experiences a previous exposure seems to be subjective and 

can be overlooked by some authors. For example Moffat et al, found that chronic 

exposure to field-relevant concentration of the neonicotinoid clothianidin induced 

an increase of queen-rearing in bumble bee colonies (Moffat et al., 2016, Cutler 
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and Guedes, 2017).  Additionally, according to the American Chemical Society, 

the experiment supports “preconditioning hormesis”,  which “occurs when 

hormetic doses of a stressor stimulate adaptive responses that condition and 

subsequently protect the organism (or specific tissues) against a second, higher 

dose of the same or different agents” (Cutler and Guedes, 2017, Calabrese, 

2016). Despite the potential hormetic effect, the mechanistic reasons of the heat-

induced hormesis remains unknown as the tested bees were discarded due to 

their extensive deterioration. Previous studies of mechanism of preconditioning 

hormesis found elevated constitutive levels of heat shock protein (Rix et al., 

2016) and/or better induction of heat-shock response (Rix et al., 2016). Despite 

testing the long-term effects of heat-shock at three developmental times of 

exposures, effects were seen across workers of all treatments.  

Interestingly, mortality showed an age-dependent drop: the younger stages 

experienced higher mortality. Therefore, a stage-specific sensitivity to heat was 

found. Stage-sensitive responses have been studied in honeybee development 

but only in context of cold tolerance. Data from Wang et al. showed two stage-

dependent patterns of cold mortality: 1) a trend that looks like a mortality bell-

shaped curve that peaks at the last-stage of prepupae larvae and progressively 

widens in short-term exposures to cold stress; 2) another trend that looks like a 

bimodal distribution, that peaks in the last-stage of prepupae larvae and the pre-

worker pupae (Wang et al., 2016a). Wang et al.’s experimental design contrast 

heavily with mine due to the stressor and also the tested developmental stages. 
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Wang et al. cold-tested all pupae and one larval stage. In contrast, all larval 

stages and one pupal stage was tested in Chapter III with heat. Despite 

methodological difference, mortality dynamics 5th and 13-day old pupae were 

among the lowest when compared to other developmental stages in both studies.  

 Given the interesting and novel findings of Chapter III, additional studies 

should be conducted to solidify and potentially further explore the effects of the 

heat-shock regimen. The most pertinent studies would be to evaluate the 

potential molecular mechanism such as differences in constitutive gene 

expression or induction differences in hormetic responses. Naturally mated 

queens were used in Chapter III, while the single-drone inseminated (SDI) 

queens were used in Chapter II, partially due to the strong evidence of patrilines 

effect on various variables (Frumhoff and Schneider, 1987). Additionally, certain 

patrilines of drones have been shown to exhibit tolerance to oxidative damage, 

meaning the weak phenotypic effects of chapter II, might have been due to an 

unintentionally selected, highly oxidative stress-resistant drone (Li-Byarlay et al., 

2016).  

 Inversely, patrilines differences could have potentially overshadowed 

transcriptomic signals in Chapter III, given the use of naturally mated queens. 

Chapter III’s result thus warrants further examination of potential 

overrepresentation of patrilines. As with any potential finding, independent 

replicates of the exact experimental design are warranted. Given the apparent 

inducible phenotype of heat hormesis, many novel questions can be addressed. 
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Effects of other general stressors can be evaluated, which is pertinent given 

evidence of an antagonistic relationship between heat-shock and immune 

response (McKinstry et al., 2017).   

 Honeybees are complex, intriguing, and a valuable entity important to 

science, agriculture and natural ecosystems alike. The lessons learned from this 

dissertation’s exploration of honeybee stressors and their long-term effects have 

the potential to improve honeybee health. Directly, Chapter III’s results could be 

indicative of the potential long-term effects of heat exposure of heat-based varroa 

mite management techniques. As of 2019, Varroa-control heat shock treatments 

exist but are rare. By warming brood to temperatures as high as 42 C°, some 

products have claimed to have removed about 85% of Varroa. Although varied, 

heat-shock length seemed to be greater than the one hour wused in this work, 

which given the context of my results could lead to hormetic resistance to future 

heat-shock in workers. Lack of any phenotypic results from Chapter II, would 

suggest that perhaps honeybee worker larvae are resistant to low level exposure 

of oxidative stressors. The knowledge gained from this research may lead to 

important insights regarding fundamental knowledge of the long-term effects in a 

highly eusocial system. Namely, my thesis provides avenues for future research 

on the long-term consequences of stress and most importantly how it can be 

improved. Perhaps, the most important practical aspect of this thesis revolves 

around the open-ended questions regarding heat-shock induced hormesis and 

whether it can be used to strengthen emerging worker cohorts.  
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