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Abstract 

 

Division of labor is a central facet of complex societies. Task specialization by individual 

members of the society (theoretically) increases the overall productivity and the fitness 

of the group. The work presented in this dissertation extends existing knowledge about 

the regulation of task-related behavioral states at the level of the individual and social 

group by using the honeybee as a model organism. Chapter 1 reviews the extensive 

literature regarding the contribution of endocrine signaling (including endocrine-mediated 

transcriptional cascades) to division of labor in the social Hymenoptera. It also presents 

a theoretical framework for the evolution of division of labor via the cooption and 

neofunctionalization of endocrine-mediated signaling and transcription and suggests 

future lines of research to investigate these phenomena. Chapter 2 investigates the 

transcriptomic architecture underlying two of the tasks associated with division of labor 

(broodcare and foraging) using a novel combination of RNA sequencing and informatic 

analyses. In addition to identifying a key set of transcription factors (TFs) as putative 

regulators of broodcare or foraging behavior, it presents findings that suggest that 

coherent modules of coregulated genes are critical for task-related behavioral states. It 

thereby extends our understanding of how division of labor might be regulated at the 

transcriptomic level. Chapter 3 probes the regulatory logic underlying this architecture by 

investigating whether connections between TFs and their targets are labile. Using both 

bioinformatic analyses and RNAi coupled to behavioral assays and endocrine 

treatments, it presents significant evidence that the TF-target connectivity can be rewired 

as a function of behavioral state, social context and neuroendocrine state. This 

demonstrates how behavioral plasticity related to division of labor can arise at the 

transcriptomic level. Finally, Chapter 4 links division of labor to social networks involving 

trophallaxis (exchange of oral secretions and food). It shows that not only are task-related 

behaviors associated with differences in social interactivity, but that group-level social 

properties can be altered by hormone treatments that shift division of labor. Chapter 4 

also demonstrates that certain emergent properties (such as information flow) are 

unaffected by such treatments and may represent core features of trophallactic 

communication in bees. Therefore, the findings presented in this chapter represent an 

important first step toward deciphering the role of direct communication in mediating 

division of labor.  
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Chapter 1: Endocrine Influences on Insect Societies* 

Abstract 

Insect societies are defined by an intricate division of labor among individuals. There is a 

reproductive division of labor between queens and workers, and a division of labor among workers 

for all activities related to colony growth and development. The different castes in an insect society 

and the diverse roles they play are extreme manifestations of phenotypic plasticity. This chapter 

reviews the roles that various hormones play in governing different forms of division of labor in 

the insect societies, including juvenile hormone (JH), the ecdysteroids, insulin, biogenic amines, 

and neuropeptides. We discuss how these endocrine systems regulate diverse physiological and 

molecular processes during development and adulthood by serving as key signal transducers to 

combine information about internal and external state. We also draw on the results of a 

burgeoning literature on transcriptomic studies to propose a theoretical framework for how 

hormones modulate brain transcriptomic architecture underlying social behavior to generate 

phenotypic plasticity. A key feature of this framework is the notion that there has been 

neofunctionalization of certain endocrine systems via the rewiring of ancestral transcriptional 

regulatory networks. We end this chapter by presenting a mechanistic model for the evolution of 

insect sociality based on the co-option of endocrine pathways to respond to and regulate social 

behavior, using JH as a model system. In particular, we explore the relationship between the 

degree of neofunctionalization in JH-related pathways, the life stage at which JH modulates social 

stimuli, and the degree of phenotypic plasticity exhibited by various species. 

 

 

 

 

 

 

 

 

 

 

 

*This work was originally published as (Hamilton et al. 2017); copyright ©Elsevier 2017. Headings, 

figures and tables have been renumbered. 
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1.0.0 Introduction 

Sociality is one of the most successful animal lifestyles. Many of the most dominant 

animal species on the Earth, as deýned by biomass and impact on their environment, 

are social (Hölldobler and Wilson, 1990; Wilson and Southwood, 1990). In the most 

extreme manifestations of sociality, a colony or society emerges from the collective 

properties of a group of individuals and their interactions. Insect societies in particular 

have long been an object of study and inspiration for biologists, because their collective 

behaviors provide an excellent example of how relatively simple organisms can interact 

to produce complex patterns of behavior. As a result, much research during the past 

century has been devoted to analyzing the collective behavior of social insects and the 

organization of their colonies (Wilson, 1971; Camazine et al., 2001; Hoelldobler and 

Wilson, 2008; Gadau and Fewell, 2009). 

 

The apparently altruistic nature of these societies presents an additional enigma, as 

individuals sacriýce their own reproductive ýtness to maximize the reproduction of one 

or more nestmates. At ýrst glance this appears to be a contradiction of Darwinian theory, 

and efforts to solve this puzzle have had strong impact on the scientiýc community, 

inþuencing issues in the ýelds of developmental biology (Buss, 1987), sociobiology 

(Wilson, 1975), and evolutionary psychology (Wilson, 1998), as well as leading to the 

development of widely accepted theories of social evolution, including kin selection 

and the action of natural selection at multiple levels of biological organization (Crozier 

and Pamilo, 1996; Keller, 1999; Wilson and Holldobler, 2005; Hoelldobler and 

Wilson, 2008; Nowak et al., 2010). 

 

Insects and vertebrates differ in many aspects of physiology, anatomy, and morphology, 

yet despite this disparity our understanding of social evolution has long suggested 

(Wilson, 1975) that the principles governing social behavior in these diverse taxa are 

strikingly similar. Since the last common ancestors of social insects and social 

vertebrates were solitary, it is therefore reasonable to expect that the evolution of 

sociality in both lineages involved at least some convergent selection on social behavior. 

If so, social evolution probably acted on conserved pathways, such as those that control 

how individuals respond to their environment and mechanisms related to nutrition (Toth 

and Robinson, 2007; Rittschof and Robinson, 2014, 2016) or the modulation of neural 

and behavioral plasticity by key (and sometimes conserved) neurochemical and 
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hormonal pathways (Ewards and Kravitz, 1997). Rittschof et al. (2014) have provided 

the ýrst support for this idea at the transcriptomic level by showing that the transcriptomic 

response to aggression-related contexts exhibits striking similarities in insects and 

vertebrates. Studying the evolution of mechanisms of social behavior beneýts from a 

comparative analysis within the social insects by taking advantage of the striking diversity 

of social systems they display across multiple independent origins of eusociality (Smith 

et al., 2008). 

 

Many of the primary inþuences of hormonal signaling on cell physiology are mediated by 

the induction of transcriptional cascades either by the hormoneôs receptor(s) or by 

intracellular signaling initiated by its receptor(s). The inþuence of these cascades on 

behavior can be divided into two general categories: organizational effects that guide the 

formation of the nervous system and activational effects that modulate the likelihood of 

speciýc behavioral outputs based on the organismôs internal state (Elekonich and 

Robinson, 2000). Elucidating these transcriptional cascades, and understanding how 

they interact, is critical to form a comprehensive picture of the dynamics of 

neuroendocrine function throughout the life span. The fact that the behavior of social 

insects involves the development of distinct morphological characteristics and behavioral 

programs makes them a uniquely suitable system for dissociating between the impact of 

endocrine cascades on developmental and proximal correlates of behavior. 

 

As the ýrst social insect with a sequenced genome (Weinstock et al., 2006), the 

honeybee has provided the foundation for molecular inquiries into reproductive and 

worker division of labor. However, the recent publication of numerous additional social 

insect genomes has greatly expanded the utility of comparative molecular analyses at 

the genomic and transcriptomic levels. This chapter provides a review of the 

endocrinological, physiological, and molecular determinants underlying social behavior 

within the Hymenoptera, the insect order that contains the greatest number of species 

with colonial lifestyles. For a review of endocrine inþuences on the development and 

social behavior of termites, the other major group of social insects, see Watanabe et al. 

(2014). 

 

1.0.1 Overview of Division of Labor in Insect Societies 

Insects display a range of social structures, from simple gregariousness to eusociality, 
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the most derived form of social organization. Eusociality is deýned by three traits: (1) 

cooperative care of the young by members of the same colony; (2) reproductive division 

of labor, with sterile individuals working on behalf of fecund relatives; and (3) an overlap 

of at least two generations of adults in the same colony (Michener, 1969; Wilson, 1971). 

The discovery of eusociality among several insect orders (Crozier and Pamilo, 1996; 

Choe and Crespi, 1997), as well as crustaceans (Duffy, 1996) and mammals (Jarvis, 

1981), has led to the idea that eusociality represents an extreme version of the interplay 

between cooperation and competition that marks life in all animal societies, both 

invertebrate and vertebrate. 

 

1.0.2 Division of Labor for Reproduction 

Division of labor for reproduction (whereby some society members reproduce much 

more than others) lies at the heart of eusociality. Hymenoptera display the 

haplodiploid mode of sex determination; fertilized, diploid eggs develop into females 

and unfertilized, haploid eggs develop into males. Complementary sex determination 

(csd) encodes a protein that serves as a master regulator of sexual development in the 

honeybee (Beye et al., 2003), and similar genes (all independently derived paralogs 

of the feminizer gene) are thought to govern sexual development in other 

hymenopteran species (Koch et al., 2014). The presence of two different csd alleles 

induces fertilized embryos to develop female sexual characteristics, whereas a single 

csd locus in haploid eggs (or homozygosity in diploid eggs) results in the development 

of a male. Although hormones are a primary factor in determining sexual development 

in vertebrates, it is not yet known whether csd or other genes involved in sexual 

development interact directly with endocrine factors. Since male hymenopteran social 

insects are involved only peripherally in the growth and maintenance of their colony 

(their only known role is to mate with virgin queens), this chapter deals primarily with 

the female colony members. 

 

Female social Hymenoptera can develop into either queens (individuals with high 

reproductive potential) or workers (individuals with low reproductive potential). 

Depending on the species, these castes can arise as a consequence of endocrine-

mediated alternative developmental processes during the larval period or emerge from 

þuid dominance hierarchies established among individuals during adulthood. A queen 

has enlarged ovaries and a sperm-storing organ that can maintain viable sperm for the 
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duration of the individualôs life, while workers (which may number from tens up to millions 

in a colony) tend to be either completely or partially sterile, and perform most, if not all, 

tasks related to colony maintenance and growth (Wilson, 1971). 

 

A queen may lay up to several thousand worker eggs per day, but ýtness in an insect 

society is determined by the production of new colonies via reproductive females and 

males. In some species, new queens leave their natal nest and attempt to found colonies 

solitarily, while in others, the entire colony splits into two and a fragment of the colony 

leaves to engage in group colony founding (Hölldobler and Wilson, 1990). Colony-level 

reproduction thus depends both on the reproductive activities of the queen and the 

activities of the workers that contribute to colony maintenance and growth, and only 

prosperous colonies can dedicate the resources to this process. 

 

1.0.3 Division of Labor Among Workers 

In most insect societies the activities of the workers are also organized by a division of 

labor, with age-related division of labor being one of the most common forms (Robinson, 

2002). In this system, workers follow a relatively predictable developmental trajectory 

that governs the order in which they specialize in particular tasks. They typically work 

inside the nest when they are young and shift to defending the nest and foraging outside 

as they age. In the more elaborate forms of age-related division of labor, such as in 

honeybee colonies, workers perform a sequence of jobs in the nest before they mature 

into foragers. Although this trajectory is relatively stable, diverse factors ranging from 

genotype to nutritional physiology to life history and social demography can modulate 

the speed of the transition or even reverse transitions that have already been made 

(Robinson, 1992; Ament et al., 2012a). 

 

It is now well established that the stable but plastic behavioral states exhibited by social 

insects are associated with similarly stable changes in brain transcriptomic state (Zayed 

and Robinson, 2012). These changes are strong and reliable enough to allow for the 

accurate prediction of behavior based on the expression of only a subset of genes 

(Whitýeld et al., 2003; Toth et al., 2007; Alaux et al., 2009b; Liang et al., 2014), indicating 

that a direct and probably causal relationship exists between the brain transcriptome and 

worker division of labor. Moreover, cross-fostering studies between subspecies of bees 

with different behavioral proýles have revealed both inherited and environmental 
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inþuences on brain gene expression (Whitýeld et al., 2003; Alaux et al., 2009b). 

Therefore, a reciprocal relationship probably exists between the brain transcriptome and 

worker behavior, whereby genetically determined biases in gene expression are 

reinforced or attenuated based on the individualôs life history, leading to shifts in (or the 

stabilization of) behavioral state. Given that similar relationships have been found in 

vertebrates (Oliveira, 2009; Cardoso et al., 2015), it appears that social behavior more 

generally is governed by a four-part axis consisting of reciprocal interactions between 

neural circuitry, neurotranscriptomic state, endocrine signaling, and life history. 

 

A more extreme form of division of labor among workers is based on differences in 

worker morphology that result from developmental processes during pre-adulthood, 

similar to workerïqueen determination (Hölldobler and Wilson, 1990). There are 

clear examples of such morphologically distinct worker castes in many species of 

ants. Small ant workers typically labor in the nest while bigger individuals defend and 

forage. In many cases, this form of division of labor also involves elaborate 

morphological adaptations beyond simple differences in relative size, such as 

allometric growth of powerful jaws in castes specialized for defense. In all of the 

social hymenoptera, male and female pre-adults are relatively helpless and must rely 

on their older sisters for sustenance and protection. 

 

1.0.4 Primitive and Advanced Eusociality 

Division of labor systems in the social Hymenoptera show great variation, but can broadly 

be grouped into one of three categories based on the level of þexibility exhibited within 

their division of labor: facultative eusociality, primitive (or ósimpleô) eusociality, and 

advanced (ócomplexô) eusociality (Wilson, 1971; Michener, 1974; Fletcher and Ross, 

1985; Bourke, 2011; Hunt, 2012). Facultatively, eusocial insects can create nests either 

solitarily or in small groups of two to a few dozen adults depending on species-speciýc 

ecological and possibly genetic factors. These colonies tend to be seasonal, and division 

of labor is maintained by direct behavioral interactions between the queen and the 

workers. Moreover, unlike most primitive and advanced eusocial species, the workers 

are capable of exhibiting levels of fertility on par with the queen if removed from her 

inþuence and can even mate to produce fertilized eggs. Since the molecular and 

neuroendocrinological basis of facultative eusociality is not well studied, these species 

will mostly be discussed in an evolutionary or speculative context. Fortunately, the 
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availability of newly sequenced genomes (Kocher et al., 2013; Kapheim et al., 2015) and 

transcriptomic studies (Jones et al., 2015) has laid the groundwork for future mechanistic 

analyses of behavior in these species. 

 

Primitively eusocial insects share a number of key aspects with facultatively eusocial 

species, although these characteristics are generally more exaggerated or pronounced 

in the former (Wilson, 1971; Michener, 1974; Fletcher and Ross, 1985; Bourke, 2011; 

Hunt, 2012). Primitively eusocial insects establish small, temporary colonies with a few 

dozen to several hundred nestmates. Although there are few morphological differences 

between queens and workers, there are often substantial differences in physiology, size, 

and fertility. As in facultatively eusocial insects, division of labor for reproduction is 

achieved by a dominance hierarchy (with the queen as the alpha individual) that is 

established and maintained with direct behavioral mechanisms, including pushing, biting, 

and the physical prevention of egg laying. The inhibitory inþuence of the queen on worker 

reproduction is best illustrated by increased oogenesis and oviposition behavior by 

workers following her removal or death. Behavioral domination is an ongoing process, 

because adult females are generally capable of producing offspring (at least male 

progeny), albeit at a lower rate than the queen. As a consequence, life in primitively 

eusocial colonies is by necessity characterized by a relatively high degree of aggression 

to maintain the queenôs reproductive rights. 

 

Division of labor among workers in primitively eusocial species also appears to be less 

structured than in advanced eusocial species, although there is evidence for weak age-

related division of labor in some species (Naug and Gadagkar, 1998; Cuvillier-Hot et al., 

2001; Giray et al., 2005; Lengyel  et al., 2007). In many species there is a strong 

relationship between position in a reproductive dominance hierarchy and labor proýle. 

Higher-ranked individuals tend to work inside the nest, where it is safer and less 

physically demanding, while lower-ranked individuals perform the riskier foraging tasks 

(e.g., West-Eberhard, 1975; Gadagkar, 1991; Jeanne, 1991a; and Powell and 

Tschinkel, 1999). 

 

In advanced eusocial species, colonies are typically perennial and populations number 

in the thousands to millions of individuals. Queens and workers are distinguished by 

striking morphological differences due to preadult processes of caste determination. This 



8 
 

is itself a fundamental form of reproductive division of labor, as it results in castes that 

are physically incapable of fully performing one anotherôs tasks. For instance, honeybee 

workers have highly deýcient ovary development and lack the ability to mate and store 

sperm, while queens have a proboscis that is poorly suited to nectar gathering and lack 

corbicula (the structures used by foragers to transport pollen). 

 

In advanced eusocial species, queen inhibition of worker reproduction is achieved largely 

by chemical communication rather than by direct physical aggression (Slessor et al., 

1998; Le Conte and Hefetz, 2008; Holman et al., 2010; Oliveira et al., 2015). Since the 

discovery and characterization of the ýrst queen pheromone in the honeybee (Slessor et 

al., 1998), inhibitory primer pheromones have been identiýed in other advanced eusocial 

insects, including ants (Holman et al., 2010), wasps (Van Oystaeyen et al., 2014), and 

other corbiculate bees (Oliveira et al., 2015). Although these systems appear to mainly 

use cuticular hydrocarbons rather than pheromones produced by mandibular glands (as 

in the bee), the similarities in pheromone composition across species have led to the 

hypothesis that queen pheromones may be derived from deeply conserved fertility 

signals that predate the evolution of eusociality (Oi et al., 2015), an idea that has found 

some support in phylogenetic analyses (Oliveira et al., 2015).  

 

The adaptive signiýcance of these pheromones can be argued based on the rationale 

that in larger societies, it is inconceivable that the queen can regularly interact with all 

workers in the colony. These diffuse signals therefore allow her to communicate with or 

control individuals that she would not otherwise have physical contact with. Although 

queen pheromones traditionally have been thought to exert direct inhibitory effects on 

worker reproductive physiology and behavior, Keller and Nonacs (1993) suggested 

instead that queen pheromones signal the presence of a reproductively dominant queen 

to workers, which then leads to autoinhibition. Decisive evidence in favor of either 

perspective is lacking, in part, because experiments distinguishing between these two 

hypotheses are difýcult to design (Slessor et al., 1998; Le Conte and Hefetz, 2008). 

 

Workerïworker interactions also play a vital role in maintaining reproductive division of 

labor in advanced eusocial species. During larval and pupal development, differential 

provisioning of the brood by nurses results in caste determination in many advanced 

eusocial species. During adulthood, workers will also ópoliceô one another by selectively 
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removing worker-laid eggs (Ratnieks and Visscher, 1989) and exhibiting aggression 

toward workers with activated ovaries (Visscher and Dukas, 1995). Moreover, the 

presence of brood itself can inþuence the reproductive development of both workers and 

queens (e.g., Kropacova and Haslbachova, 1971; Jay and Jay, 1976; and Tschinkel, 

1995). The endocrine basis of worker-mediated inhibition of reproduction is not well 

understood, so our discussion will not address this particular aspect of reproductive 

division of labor. 

 

1.1.0 Insect Hormones that Influence Division of Labor 

A number of hormones have been implicated in the control of division of labor in insect 

societies: juvenile hormone (JH), the ecdysteroids, insulin-like peptides (Ilp), and 

neuromodulators such as the biogenic amines and various neuropeptides. Vitellogenin 

(Vg), best known as a yolk protein, also appears to act as a peptide hormone in the 

regulation of division of labor in at least some species (Page et al., 2012). Together, 

these molecules control diverse physiological and behavioral phenomena in insects, 

including metamorphosis, reproduction, pheromone production, diapause termination, 

and behavior (Nijhout, 1994; Gilbert, 2012). 

 

The JHs are a family of sesquiterpenes (with JH-III being the active form in Hymenoptera) 

that are structurally most similar to retinoic acid, a morphogenic molecule in vertebrates. 

As is the case for hormones in the pituitary/hypothalamus axis in vertebrates, production 

of JH by the corpora allata is regulated both by circulating factors and by direct 

innervation via neurosecretory cells located in the pars interecerebralis (PI) (Tobe and 

Stay, 1985; Goodman et al., 2005). In adult insects, JH generally functions as a 

gonadotropin (Nijhout, 1994; Wyatt and Davey, 1996; Gilbert, 2012), either directly 

causing or hastening the onset of reproductive maturation. In this respect, JH regulates 

Vg synthesis by the fat body (Seehuus et al., 2007) and its uptake by developing oocytes, 

as well as the synthesis of sex pheromones and accessory gland products (Tillman et 

al., 1999). Vg has also been recently identiýed in the brain of adult honeybees (Munch 

et al., 2015), but the role that JH plays in this phenomenon is unknown. 

 

JH has been implicated in the control of reproductive behaviors, such as female 

receptivity (Ringo et al., 2002), pheromone release (Cusson and McNeil, 1989), and 

oviposition (Strambi et al., 1997), as well as maternal behaviors (Trumbo et al., 2002), 
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þight activity (de Oliveira Tozetto et al., 1997), and feeding (Schal et al., 1997). JH may 

inþuence behavior, at least in part, by its effects on response thresholds, as its presence 

can increase the excitability of sensory interneurons in at least some species (Anton and 

Gadenne, 1999; Stout et al., 2002). Much of this chapter revolves around the roles of JH 

in reproductive and worker division of labor, as well as in the evolution of eusociality in a 

general sense. In part, this is because JH has been shown to play a pivotal role in so 

many processes central to division of labor. However, it is also by far the best-studied 

hormone in the social insects, leading to the potential for overemphasizing its importance. 

Our perspective is that JH is not necessarily the primary endocrine factor governing 

division of labor, but operates as part of a constellation of hormones that interact to 

produce the various forms of phenotypic plasticity that characterize the insect societies. 

 

Ecdysteroids are a family of steroid hormones; the most common form in insects is 20-

hydroxyecdysone (henceforth referred to as óecdysoneô), which is converted from 

ecdysone in the fat body or epidermis (Nijhout, 1994). Ecdysteroids are produced by the 

prothoracic glands in immature insects and by the gonads in adults. Like other steroids, 

ecdysteroids can pass through the cell membrane, enter the nucleus, and bind to nuclear 

receptor proteins; the receptorïhormone complex then binds to speciýc sequences of 

the DNA to regulate gene transcription. In adult insects, ecdysteroids are involved in the 

regulation of oogenesis, vitellogenesis, and sex pheromone production (Hagedorn, 

1985) and have been implicated in the control of reproductive behavior (Nijhout, 1994; 

Ringo et al., 2002). Ecdysteroids, such as vertebrate steroid hormones (Wehling, 1994), 

may have rapid, nongenomic actions on cell membrane properties (Ruffner et al., 1999), 

which might be particularly relevant for understanding the role of ecdysteroids as 

behavior modulators. 

 

As in vertebrates, nutritional and metabolic states are communicated in large part by 

the release of peptide hormones. Ilp, the invertebrate ortholog of insulin, is produced 

in cells throughout the insect body, particularly in the fat bodies (the insect analog of 

the liver) and the PI region of the brain. Insulin and insulin-related signaling has been 

linked to division of labor in numerous contexts and species, indicating that nutritional 

state plays a central role in regulating division of labor. 

 

The biogenic amines, particularly dopamine, serotonin, and octopamine (the insect 
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analog of norepinephrine), inþuence diverse physiological and behavioral processes in 

both vertebrates and invertebrates by acting as neurotransmitters, neuromodulators, and 

neurohormones (e.g., Kravitz, 1988, Menzel and Muller, 1996; and Roeder, 1999). 

Although biogenic amines are generally produced in the brain, other organs (including 

the ovaries) are thought to produce biogenic amines as well. In social insects, biogenic 

amines often interact with other endocrine systems, modulating their inþuence on 

nervous system function and behavior in different castes and subcastes. 

 

1.1.1 Endocrine Signaling in Reproductive Division of Labor 

Endocrine pathways appear to play a vital role in nearly every aspect of division of labor 

in the social insects. This section details the importance of endocrine signaling and 

endocrinemediated gene expression in establishing and maintaining caste-speciýc 

differences in reproduction. As will be discussed below, these effects can be established 

either during preadult development or as a function of life history and the colony 

environment. The relative importance of such organizational or activational effects 

depends largely on the degree of þexibility in reproductive division of labor exhibited by 

the society (that is, whether they exhibit primitive or advanced eusociality). 

 

Molecular and endocrine studies of caste determination have relied primarily on whole 

larvae analyses, rather than analyses of nervous tissue. However, the presence of 

striking differences in genes related to neurotransmitter signaling and nervous system 

development between castes (Barchuk et al., 2007) implies that systemic changes in 

transcription and physiology (most likely induced in large part by endocrine signaling) 

play critical roles in organizing nervous system function during caste development. This 

parallels what has been found in other holometabolous insects, where diverse endocrine 

signals are involved in remodeling the nervous system during metamorphosis (Williams 

and Truman, 2005; Boulanger and Dura, 2015). These results point to as yet unidentiýed 

interactions between hormones and the developing nervous system to govern the 

dramatic differences in caste-speciýc behaviors observed in adult queens and workers. 

In addition to the endocrine and social factors described below, abiotic factors (such as 

temperature or seasonality) can play a vital role in caste determination in ants (Hölldobler 

and Wilson, 1990) and halictid bees (Choe and Crespi, 1997). However, the connection 

between these factors and endocrine signaling in the context of division of labor is not 

well studied, so we will not discuss them further. 
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1.1.2 JH, Vg, and Reproductive Division of Labor 

The link between JH and reproductive behavior in primitively eusocial insects has been 

best studied in the bumblebee, Bombus terrestris (unless otherwise speciýed, all further 

references to bumblebees in this section relate to this species). Bombus terrestris is a 

temperate species with an annual colony life cycle that exhibits three phases of 

organization: (1) the founding phase, when the queen initiates nest construction and 

brood rearing; (2) the ergonomic phase, a time of rapid increase in colony size via the 

production of sterile workers; and (3) the competition phase, when reproductive females 

(gynes) and males are produced. This last phase is characterized by aggression between 

the workers and the queen and the subsequent establishment of dominance hierarchies 

based largely on size (Duchateau and Velthuis, 1988). 

 

Fecundity is controlled, at least in part, by JH, which functions as a gonadotropin 

(Figure 1.1). A strong, positive correlation exists between oocyte length and JH titers, 

independent of age and social conditions (Bloch et al., 2000a). Egg-laying individuals 

have the highest hormone titers, and JH treatment of workers causes a dose-

dependent increase in oocyte length even in the presence of the queen (Röseler, 

1977; van Doorn, 1987, 1989; Röseler and Röseler, 1988). Further, surgical removal 

of the corpora allata (allatectomy) (Shpigler et al., 2014) or the pharmacological 

inhibition of JH production (Amsalem et al., 2014b) induces drastic decreases in wax 

production, Vg synthesis, ovary development, and egg-laying behavior in queenless 

workers. These deýcits can be rescued by JH-III administration, indicating that JH 

coordinates multiple processes associated with female reproduction in bumblebees 

(Shpigler et al., 2014). 

 

Bumblebees also provide a clear demonstration of the sensitivity of JH titer to social 

context. Changes in JH biosynthesis rates occur rapidly in response to the presence or 

absence of social stimuli and can be detected within 1 day of queen removal (Röseler and 

Röseler, 1978), inducing concomitant changes in JH titer as soon as 3 days postremoval 

(Bloch et al., 2000a; Figure 1.1). This endocrine sensitivity has been exploited to uncover 

the previously overlooked role of inhibitory workerï worker interactions (Bloch and 

Hefetz, 1999a; Bloch et al., 2000a), whereby older workers inhibit the reproductive 

development of younger workers, particularly after the onset of the colonyôs reproductive 
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phase. Although JH appears to generally serve as a gonadotropin in primitively eusocial 

paper wasps such as Polistes as well, exceptions do exist (Table 1.1). 

 

In addition to serving directly as a gonadotropin, JH may also inþuence reproductive 

division of labor by increasing the frequency of aggressive behaviors that establish and 

maintain an individualôs position within the dominance hierarchy. This idea is consistent 

with the general association between high JH levels, developed ovaries, aggression, and 

high social rank in paper wasp and bumblebee societies. This link between reproductive 

rights, social dominance, and endocrine signaling corresponds with basic themes in 

vertebrate behavioral endocrinology (e.g., Monaghan and Glickman, 1992), and it has 

been suggested that JH may mediate aggression in response to social challenge in a 

manner similar to testosterone in vertebrates (Tibbetts and Huang, 2010). 

 

However, the extent and generality of JHôs inþuence on social insect aggression is not 

clear. For example, although dominant queenless bumblebee workers have higher rates 

of JH biosynthesis than do subordinates (Larrere and Couillaud, 1993; Bloch et al., 

2000a), it is unclear whether JH directly inþuences dominance given that JH peaks after 

a dominance hierarchy has already been established (Röseler and Röseler, 1978; Bloch 

et al., 1996, 2000a). Moreover, JH treatment does not increase worker dominance in 

either queenless or queenright conditions (van Doorn, 1987, 1989). However, the 

recent ýnding that administration of precocene I, which inhibits JH synthesis, can 

reduce aggression in queenless bumblebees (Amsalem et al., 2014b) implies that 

there may be some link between JH and dominance behavior, even if exogenous 

treatments of JH cannot enhance aggression. 

 

Many species in the Polistes genus also exhibit a strong, positive relationship between 

JH biosynthesis and position within the dominance hierarchy (Roseler, 1991). 

However, although JH administration increases dominance behaviors in some 

species (Table 1.1), it appears that the precise behavioral effects are heavily 

dependent on physiological and nutritional state (Tibbetts and Izzo, 2009; Tibbetts 

and Huang, 2010; Tibbetts et al., 2011), as well as social interactions with nestmates 

(Tibbetts and Sheehan, 2012). In fact, some Polistes species do not exhibit a link 

between JH and dominance at all (Table 1.1). 
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The endocrine basis of reproductive division of labor in advanced eusocial societies has 

been best studied in the European honeybee, Apis mellifera. Honeybees live in perennial 

colonies containing tens of thousands of individuals headed by a single queen (Winston, 

1987), and colony reproduction occurs via ýssioning. Like other advanced social insects, 

reproduction is strongly biased toward the queen, with the workers developing their 

ovaries only rarely. Under normal conditions, there is no aggression between the queen 

and the workers Factors known to inhibit worker reproduction include a complex blend 

of queen pheromones produced by different exocrine organs (mandibular glands, tergal 

glands, and Dufourôs gland) as well as by pheromones emitted from the brood (Slessor 

et al., 1998; Le Conte and Hefetz, 2008). 

 

JH does not appear to be a gonadotropin in honeybees, as it has no known role in 

oogenesis or in the onset or maintenance of vitellogenesis in adult bees. JH titers are 

generally very low in adult queens, much lower than those in worker bees that act as 

foragers (see Figure 1.2). Allatectomized queens show almost normal patterns of Vg 

incorporation and egg-laying behavior (Engels and Ramamurty, 1976; Ramamurty and 

Engels, 1977; Daerr, 1978). In addition, JH treatment fails to stimulate Vg production in 

vitro (Engels et al., 1990). However, JH does affect vitellogenesis and ovarian 

development during the 5th larval instar and pupal stages (Capella and Hartfelder, 1998; 

Barchuk et al., 2002), as well as during the ýrst few days of adulthood prior to 

vitellogenesis and mating (Fahrbach et al., 1995), suggesting that JH inþuences the 

ontogeny of the reproductive system, but not its maintenance. 

 

This disconnect between JH and fertility extends to worker honeybees. Worker 

honeybees from typical colonies with a queen and brood show very little, if any, 

reproductive development (e.g., Visscher, 1989), despite JH titers that increase 

drastically during the onset of foraging behavior (Robinson and Vargo, 1997). Further, 

increases in JH titers are not positively related to oogenesis during adulthood (Hartfelder 

and Engels, 1998). Studies conducted with colonies where both queen and brood have 

been removed, resulting in the development of workers with active ovaries, similarly 

revealed that egg-laying workers have low JH titers (Engels et al., 1990; Robinson et al., 

1991; Hartfelder and Engels, 1998). 

 

Not only does JH fail to act as a gonadotropin in honeybees, but the canonical 
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relationship between Vg and JH, in which JH positively regulates Vg production and 

accumulation into developing oocytes, is altered in adults. Although Imboden and 

Luescher (1975) and Imboden et al. (1976) ýrst reported that Vg synthesis was 

abolished in allatectomized honeybee workers, later studies indicate that the 

relationship between Vg and JH is not so simple: low doses stimulate Vg synthesis, 

but high doses substantially inhibit it (Imboden et al., 1976; Rutz et al., 1976; Pinto et 

al., 2000). Similarly, JH analog treatment causes a downregulation of vg RNA, in both 

workers and queens (Corona et al., 2007). vgRNAi treatment leads to a corresponding 

increase in JH, suggesting that Vg, in turn, downregulates JH (Amdam and Omholt, 

2003; Amdam et al., 2007). Since JH and Vg titers do follow the expected trend during 

larval development (Barchuk et al., 2002; Guidugli et al., 2005), this inhibitory 

feedback loop between JH and Vg (Amdam and Omholt, 2003; Amdam et al., 2007) 

may represent an evolutionary novelty that allows for the decoupling of each 

moleculeôs classic role in the regulation of reproduction, allowing them to modulate 

worker division of labor instead (see Section 1.2.1). 

 

Unlike JH, it is thought that the traditional relationship of Vg to oogenesis exists in 

honeybees (although Vg also has functions independent of oogenesis and reproduction 

in worker bees; see Section 1.2.1). Comparisons between bee strains selected for pollen 

or nectar foraging preferences suggest a correlation between high Vg and reproductive 

potential. Workers from strains selected for high pollen foraging have higher Vg titers, 

higher JH titers at 1 day of age, and increased reproductive potential (more ovarioles) 

and are more likely to lay eggs under queenless conditions, relative to low pollen foraging 

strains (Amdam et al., 2006a, 2007). However, strains of honeybees selected for high 

levels of worker reproduction and ovary development failed to show the expected 

preference for pollen (Oldroyd and Beekman, 2008). These ýndings suggest that the 

links between ovariole number and foraging behavior are not obligate and that more 

research is needed to determine how general this relationship is in honeybees. 

 

As expected based on previously ascertained differences in hormonal titers between 

queen and worker preadults (Hartfelder and Engels, 1998), the expression of enzymes 

related to JH synthesis is upregulated in queens and peaks around the 3rd larval 

instar, shortly before caste is determined. Caste-speciýc differences in the expression 

of the JH receptor Methoprene Tolerant (met) and the JH-responsive transcription factor 
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Kruppel Homolog 1 (kr-h1) are not detectable until after the 4th larval instar, at which 

point queen-destined larvae show a large increase in expression that persists until the 

beginning of pupation (Hartfelder et al., 2015). This points to the existence of a threshold 

effect for JHôs inþuence on downstream gene expression. Presumably, once a critical 

level of JH is reached, it results in the propagation of transcriptomic cascades, through 

endocrine-responsive transcription factors such as met and kr-h1, that results in the 

development of queen morphology and the prevention of ovary apoptosis. This model 

is supported by the fact that manipulation of JH-responsive genes downstream of these 

signaling factors (such as the storage protein hexamerin 70b) can induce queenlike 

morphology in worker-destined bees (Cameron et al., 2013). In almost all primitively 

eusocial bumblebees and paper wasps studied thus far, JH acts as a gonadotropin, 

while, in the advanced eusocial honeybee, it apparently does not. Might this be the 

beginning of a heuristic dichotomy?  

 

Studies of ýre ants suggest that the situation is not so simple. Fire ants are also an 

advanced eusocial species, with large, perennial colonies, one or more fully reproductive 

queens, and intricate systems of division of labor (Fletcher and Ross, 1985; Hölldobler 

and Wilson, 1990). Division of labor for reproduction in this species is particularly rigid, as 

workers lack functional ovaries and are completely sterile (Hölldobler and Wilson, 1990). 

Colony reproduction involves the production of hundreds of winged virgin queens that 

leave the colony en masse, mate, shed their wings, and attempt to ýnd colonies solitarily. 

Fletcher and Blum (1981) fortuitously discovered that virgin queens are reproductively 

inhibited by the mated queen (or queens) in their colony, causing them to retain their 

wings and show no ovary development in the presence of a queen. The social inhibition 

of wing shedding and reproduction allowed for a detailed dissection of the endocrine 

correlates of reproductive behavior and the ýnding that JH plays a key role in the 

regulation of wing shedding and oogenesis in ýre ants. 

 

JH biosynthesis rates and whole body content are signiýcantly higher in egg-laying 

queens compared with workers or virgin queens. Following isolation, virgin queens show 

a rapid increase in both JH content and in vitro biosynthetic rates, with a ýrst peak at 

about 3 days in isolation that coincides with the time of wing shedding (Brent and Vargo, 

2003). Treatment with JH or a JH analog induces both wing shedding and egg laying 

(Kearney et al., 1977; Vargo and Laurel, 1994; Burns et al., 2002). Removal of the 
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corpora allata (Barker, 1978, 1979) or treatment with precocene (Burns et al., 2002) 

blocks these effects even in individuals isolated from their queen, and hormone 

replacement reversed them. The JH analog methoprene also upregulates a Vg receptor 

that is expressed speciýcally in the ovaries of reproductive female virgin alates and 

queens (Chen et al., 2004). Although these ýndings are consistent with the hypothesis 

that JH modulates reproduction in ýre ants, the relationship between JH and ovary 

activation in isolated virgin queens is complex, with several peaks in JH despite an 

almost continuous temporal increase in the number of vitellogenic oocytes (Brent and 

Vargo, 2003). 

 

As expected in an advanced eusocial species, the proximate mechanism that normally 

prevents virgin queen ýre ants from initiating reproductive maturation is a primer 

pheromone produced by the reigning queen (Fletcher and Blum, 1981; Vargo and Laurel, 

1994; Vargo and Hulsey, 2000). The putative ýre ant queen pheromone acts by 

suppressing JH titers, thus preventing ovary development by blocking Vg uptake by the 

ovaries. Vg synthesis does not seem to be directly affected, however, as high levels of 

Vg are present even though the ovaries remain undeveloped. One hypothesis to explain 

these effects is that the putative pheromone regulates JH production so that JH titers are 

below the threshold needed to stimulate Vg uptake by the ovaries, but still above the level 

required to induce Vg synthesis by the fat body (Robinson and Vargo, 1997). 

Alternatively, different hormones may control Vg synthesis and vitellogenesis (Nijhout, 

1994). The mechanism linking JH with wing shedding is also unknown, but Vargo and 

Laurel (1994) proposed that JH may act directly on the nervous system to elicit this 

behavior. 

 

Similar pheromone and endocrine processes may explain how mated queens inhibit 

each other in colonies with more than one queen (Vargo, 1992), a well-documented 

phenomenon in the social insect literature (Vargo and Fletcher, 1989; Jeanne, 1991b; 

Passera et al., 1991; Ross and Keller, 1995). However, the endocrine basis of 

interactions among mated queens has not received much attention (Martinez and 

Wheeler, 1991). 

 

In summary, there is substantial information to implicate JH in the regulation of division 

of labor for reproduction, but the involvement of this hormone appears to be limited to 
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only some, not all, species of social insects studied to date (Table 1.1). The fact that this 

variability occurs within individual clades strongly suggests that the loss of JH regulation 

of oogenesis has occurred several times during the evolution of hymenopteran societies. 

 

1.1.3 Ecdysone and Reproductive Division of Labor 

JH interacts with ecdysteroids in a variety of contexts in insect biology, including 

metamorphosis (Nijhout, 1994), ovarian development (Hagedorn, 1985), and, 

potentially, behavior (Pandey and Bloch, 2015). It is therefore reasonable to expect the 

possible involvement of these hormones in the regulation of division of labor for 

reproduction in social insects. However, the function of ecdysteroids in the reproductive 

physiology of social insects is still not well understood, possibly because ecdysteroids 

regulate multiple physiological and developmental processes that are not always 

identical in all species (De Loof et al., 2001; Raikhel et al., 2005). In general, 

understanding the role of a hormone in social insect reproduction is difýcult because it 

also is inþuenced by complex socially mediated processes such as caste development 

and dominance hierarchies. Unfortunately, only a few studies have been conducted on 

ecdysteroids in the context of social insect reproduction. The main source for 

ecdysteroids in workers and queens appears to be the ovaries (Hagedorn, 1983, 1985; 

Nijhout, 1994). Ovariectomy reduced the ecdysteroid titer to basal levels in paper wasp 

nest foundresses (Röseler et al., 1985), and activated ovaries possess the highest 

levels of ecdysteroids in honeybees (Feldlaufer et al., 1986), bumblebees (Geva et al., 

2005), and paper wasps (Strambi et al., 1977). However, there is only  a weak correlation 

between oocyte stage and hemolymph ecdysteroid titer in most of the species studied thus 

far (Strambi et al., 1977; Röseler et al., 1985; Kaatz, 1987; Robinson et al., 1991; Bloch 

et al., 2000b; Hartfelder et al., 2002; Geva et al., 2005). This may reþect the dynamics of 

ecdysteroid secretion from the ovary to hemolymph or variation in ecdysteroid 

degradation during the period of ovarian development. 

 

The relationships between ecdysteroids, social organization, and reproductive 

physiology in social insects are complex. In paper wasps, ecdysteroids and JH are 

associated with reproductive dominance and oogenesis (Strambi et al., 1977; Röseler et 

al., 1984, 1985; Röseler, 1985). Ecdysteroid titers are also correlated with ovarian state 

and dominance rank in the queenless ant Streblognathus peetersi, a species in which JH 

does not appear to function as a gonadotropin. In this species, the most dominant worker 
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has the highest ecdysteroid titer but the lowest rates of JH biosynthesis in vitro. Moreover, 

ecdysteroid titer decreases (and JH biosynthesis rate increases) along a linear 

dominance hierarchy (Brent et al., 2006). In bumblebees, egg-laying queens heading 

colonies and dominant queenless workers have the highest levels of ecdysteroid in both 

the hemolymph and ovaries, though there is not necessarily a direct connection between 

ecdysone titer and the number of eggs laid (Bloch et al., 2000b; Geva et al., 2005). 

Therefore, the emerging picture for primitively eusocial bees and wasps, and for 

queenless ants, is that ecdysteroids are closely associated with the ovarian state, as in 

many nonsocial insects (Hagedorn, 1983, 1985; Nijhout, 1994). 

 

The situation in advanced eusocial hymenopterans is less clear. Robinson et al. (1991) 

reported that ecdysteroid titers in honeybees were undetectably low in queenright 

workers performing nursing or foraging activities. Ecdysteroid levels were higher in 

queenless egg-laying workers and higher still in laying queens. These results suggest 

that ecdysteroids play a role in the regulation of reproduction in honeybees, as they do in 

bumblebees. By contrast, Hartfelder et al. (2002) found that queenright honeybee 

workers did have detectable levels that were typically as high as in queenless workers, 

but at an earlier age than sampled in Robinson et al. (1991). Hartfelder et al. (2002) also 

found no differences between virgin and laying queens. In the stingless bee Melipona 

quadrifasciata, however, ecdysteroid titers were undetectably low in both mated and 

unmated queens, higher in queenless workers, and highest in queenright workers 

(Hartfelder et al., 2002). 

 

Treatment studies have thus far failed to clarify the situation. Ecdysteroid treatment 

stimulated Vg production in an in vitro preparation of fat bodies from queen honeybees 

(Engels et al., 1990), but ecdysteroid treatment in vivo delayed the onset of Vg synthesis 

during pupal development in both queens and workers (Barchuk et al., 2002). This ýnding 

is consistent with a decline in ecdysteroid titers during this stage in pupal development 

(Feldlaufer et al., 1985; Hartfelder and Engels, 1998). One possible interpretation for 

these apparently contradicting results is that the inþuence of ecdysteroids on 

vitellogenesis and reproductive physiology changes during bee development, as 

suggested earlier for JH. Hartfelder et al. (2002) further suggested that ecdysteroids, 

such as JH, have lost their gonadotropic role during the evolution of advanced eusocial 

bees, an interesting hypothesis that needs to be tested further (but see below for 
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evidence linking ecdysone-responsive genes to fertility). 

 

The social environment appears to have diverse and complex inþuences on ecdysteroid 

levels, best exempliýed in studies with bumblebees. The presence of a reproductively 

active queen appears to be the most signiýcant social factor. Workers from colonies with 

an egg-laying queen had the least developed ovaries and the lowest ovarian ecdysteroid 

content, low hemolymph ecdysteroid titers, and rarely showed aggressive behavior. 

Ecdysteroid levels were also low in subordinate workers in queenless groups or colonies 

(Bloch et al., 2000b; Geva et al., 2005). 

 

There is little empirical work on the physiological functions of ecdysteroids in social 

hymenopterans. It has been suggested that ecdysteroids are involved in the control of 

dominance behavior, but again the pattern is not consistent across all social insect 

species. In bumblebees, high ecdysteroid titers are correlated with dominance rank 

among workers in small queenless groups, as well as in orphan colonies (Bloch et al., 

2000b; Geva et al., 2005). However, in spite of this association, high ecdysteroid titers 

are probably not a prerequisite for the expression of aggressive and dominant behavior, 

because ovariectomy has no effect on dominance, even though egg laying and eggcup 

construction are eliminated (van Doorn, 1987, 1989). One possibility is that levels of 

ecdysteroids are sensitive to social rank, but not vice versa. In paper wasps, ecdysteroid 

treatment, alone or with JH, increased the likelihood of displaying dominance behavior 

in assays involving pairs of foundress queens (Röseler et al., 1984). However, 

ovariectomized foundresses were still able to become dominant females (Röseler et al., 

1985; Roseler, 1991), indicating that ecdysone is probably not required to induce 

dominance or aggressive behavior. Another interesting possibility is that ecdysteroids 

inþuence egg laying rather than fertility per se, which may account for the association of 

high ecdysteroid titers with developed ovaries in paper wasps, bumblebees, and 

queenless ants. 

 

Whole-body transcriptomic analyses of sterile and laying honeybee workers collected 

from a queenless colony in a natural setting (Cardoen et al., 2011) revealed large 

differences in the expression of ecdysone and JH-responsive transcription factor genes, 

such as E74, E93, broad, and ftz-f1. These results suggest that JH and ecdysone may 

play some role in the transition from sterility to reproduction. Genes encoding enzymes 
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required for the synthesis of Vg and ecdysone were also found to be upregulated in laying 

workers, and strong signatures of ecdysone-related gene expression (including ftz-f1) 

were observed in strains of bees that have more developed ovaries (Wang et al., 2012b). 

Similarly, genes in the ecdysone/JH axis (including HR46) have also been implicated by 

genetic screens of variation in worker ovary development (Page and Amdam, 2007) and 

were later conýrmed to exhibit changes in expression that closely track ovary 

development (Wang et al., 2009; Ronai et al., 2015). 

 

1.1.4 Nutrition and Metabolic Factors Influencing Reproductive Division of Labor 

Although it is possible to modulate the fertility and reproductive behavior of adult workers 

in at least some species of social insects by altering their diet (Matsuyama et al., 2015), 

the vast majority of the literature examining the role of nutrition in reproductive division 

of labor centers on caste determination during larval development. The endocrine 

systems of insect larvae integrate information about both nutritional status and external 

environment (Nijhout and Wheeler, 1982). Nutrition plays a central role in caste 

determination in many social Hymenoptera (Wheeler, 1986), where it is transduced into 

an endocrine signal to inþuence developmental plasticity. Worker honeybees produce 

two blends of brood food from glands located in their heads, one type (royal jelly) richer 

in glandular secretions than the other (Winston, 1987). All larvae receive royal jelly for 

the ýrst 2 days of their lives, but queendestined larvae continue to receive royal jelly 

throughout larval development, while worker-destined larvae receive less nutritious food 

(Laidlaw and Page, 1997). It has been known for some time that this dietary difference 

plays an important role in caste determination in honeybees, but establishing which 

features of the diet induce larvae to follow one developmental pathway or the other has 

proven difýcult (Hartfelder and Engels, 1998). However, the recent detection of 

pharmacologically active compounds in worker and royal jelly that can alter growth, 

epigenetic factors, and caste-related gene expression, such as royalactin (Kamakura, 

2011), 10-HDA (Spannhoff et al., 2011), and p-coumaric acid (Mao et al., 2015), has 

begun to provide insight into the molecular basis for nutritional effects on caste 

determination. 

 

Gene expression differences related to metabolism and metabolic signaling (Cristino et 

al., 2006) also appear to play an especially crucial role in queen development. This 

includes the cytochrome P450 (CYP) gene family, with numerous members differentially 
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expressed or alternatively spliced in queenor worker-destined larva, depending on the 

stage of development being assayed (Evans and Wheeler, 2001; Cameron et al., 2013). 

CYP genes are known to be involved in hormone synthesis (Bernhardt and Waterman, 

2007) and energy metabolism, which is upregulated in queens throughout development 

and adulthood (Begna et al., 2011; Cameron et al., 2013). Although it is not yet known 

what regulates CYP genes during caste determination, the strong association between 

caste determination and endocrine-related genes that characteristically regulate 

mitochondrial function is very suggestive of a hormonal inþuence (see below). 

 

Insulin-IGF signaling (IIS) and the related insulin receptor substrate (IRS) signaling and 

target of rapamycin (TOR) pathways have been strongly implicated in caste 

determination via transcriptomic studies (Barchuk et al., 2007; Chen et al., 2012). As 

noted previously, the nutritional content of the food given to workerand queen-destined 

larvae differs substantially in honeybees and plays an important role in caste 

determination. Therefore, it is not surprising that there are caste-speciýc differences in 

the expression of ilp-1 and ilp-2 (Wheeler et al., 2006) and insulin receptors 1 and 2 (InR-

1 and InR-2) (de Azevedo and Hartfelder, 2008) during caste determination. Molecular 

dissections of the IIS and INR pathways, mostly via RNAi, suggest complex modular 

effects on various caste-related traits. For example, ilp-1 and ilp-2 inþuence JH and 

ovarian development, respectively, but neither has a substantial impact on the 

development of caste-speciýc morphology (Wang et al., 2013a). Similarly, perturbing the 

expression of an InR gene does not alter adult size or ovary development (Kamakura, 

2011). Tor (Patel et al., 2007) and Egfr (Kamakura, 2011) are, however, involved in the 

regulation of various workerlike traits. These results have led to a model whereby IRS, 

Tor, and Egfr serve as the primary nutrition and metabolic sensors inþuencing caste 

determination, while IIS plays a modulatory role (Hartfelder et al., 2015). 

 

The importance of such modulatory interactions is exempliýed by the molecular changes 

that occur during larval growth prior to caste determination. Experimentally switching 

larvae between cells used to rear either workers or queens revealed that all larvae are 

totipotent until about 3 days after hatching (Weaver, 1957), when a JH peak in queen-

destined larvae induces caste speciýcation immediately prior to the 4th larval instar 

(Figure 1.2; Wirtz, 1973; Rachinsky et al., 1990). However, drastic differences in gene 

expression between queenand worker-destined larvae can be detected in as few as 6 h 
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after hatching and persist throughout larval and pupal development (Cameron et al., 

2013). This suggests that gene expression is biased toward queenor workerlike patterns 

long before a decision point is actually reached. It has been hypothesized that these 

biases are the direct consequence of nutritional signaling cascades and serve to promote 

a particular developmental pathway until canalization is achieved, i.e., when the larva 

commits to becoming a worker or a queen (Wheeler and Robinson, 2014). This 

hypothesis  is consistent with ýndings that IRS and Tor RNAi knockdowns lower JH levels 

(Mutti et al., 2011) and experimental switches from a queen diet to a worker diet alter 

gene expression proýles of numerous IRS and TOR pathway constituents (Wheeler and 

Robinson, 2014). 

 

Much less is known about the inþuences and interactions of nutritional and endocrine 

factors on caste determination in other species. Intriguingly, reproduction in the harvester 

ant Pogonomyrmex rugosus also appears to involve a complex interaction of insulin 

signaling, JH, and Vg signaling (Libbrecht et al., 2013). Together with the correlation 

between IIS and body size and reproduction in Solenopsis invicta (Lu and Pietrantonio, 

2011), these ýndings suggest that co-option of nutrient signaling is a common theme in 

the evolution of reproductive division of labor in the social Hymenoptera. In bumblebees, 

however, differences in the quality of nutrition do not appear to be a factor in caste 

determination (Pereboom, 2000), and the larger size of queen bumblebees is mostly due 

to a longer larval feeding period as larvae had heavier weight at the time of molting 

(Cnaani et al., 1997). The basis for the lengthening of the feeding period involves direct 

interactions between the queen and developing larvae (Shpigler et al., 2013). 

 

Although substandard nutrition can prevent queen fate speciýcation in the Meliponini 

(stingless bees), the genetic background of the larvae is thought to be the key factor in 

caste determination (Kerr, 1969). However, the recent discovery that geraniol in the 

labial gland secretions of nurses can increase the rate of queen development 

suggests that socially mediated (and potentially nutrition-related) factors may still 

play a role in caste determination in this group of bees as well (Jarau et al., 2010). 

The fact that fecundity and body size in queens also is inþuenced by genotype in 

honeybees (Linksvayer et al., 2011) suggests that caste determination in all social 

insects involves an interaction of heritable, social, and nutritional factors, but that the 

relative importance of each factor varies from one species to another. 
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The study of reproductive division of labor in social insects has recently expanded to 

include epigenetic analyses. Social insects have emerged as important models in 

epigenetic research for two reasons. First, they provide compelling model systems to 

address the grand challenge of how environmental factors óget under the skinô to 

inþuence the physiological and molecular basis of complex social behavior. Second, 

unlike Drosophila melanogaster, all but one (Patalano et al., 2015) of the social 

Hymenoptera studied to date have all of the canonical enzymes for DNA methylation 

(Wang et al., 2006), and all have the enzymes responsible for hydroxymethylation 

(Cingolani et al., 2013; Wojciechowski et al., 2014; Patalano et al., 2015). Social 

Hymenoptera also possess fully functional histone modiýcation systems, which have 

also been implicated in the regulation of division of labor (Spannhoff et al., 2011; 

Dickman et al., 2013; Simola et al., 2013b, 2016). 

 

Most of the work in this new line of study concerns the role of DNA methylation in the 

regulation of caste determination in honeybees. There are global decreases in DNA 

methylation during larval development and the speciýcation of queen and worker 

morphology in the honeybee (Elango et al., 2009; Lyko et al., 2010; Foret et al., 2012; 

Herb et al., 2012). Moreover, RNAi knockdown of the expression of DNMT3, involved in 

de novo DNA methylation, caused an increase in the frequency of queen development 

(Kucharski et al., 2008). Within the hive, these methylation patterns appear to be 

controlled directly by the diet fed to the larva (Foret et al., 2012), and the presence of 

phytochemicals that upregulate DNMT3 (Mao et al., 2015) in worker jelly appears to be, 

in part, responsible for the inþuence of diet on caste determination. There also is 

evidence from other advanced eusocial species (including the ants S. invicta (Wurm et 

al., 2011; Glastad et al., 2014), Harpegnathos saltator, and Camponotus þoridanus 

(Bonasio et al., 2012) and the termites Reticulitermes þavipes, Coptotermes formosanus 

(Glastad et al., 2013), and Zootermopsis nevadensis (Terrapon et al., 2014) to support 

the idea that methylation systems are involved in the regulation of caste determination. 

Genes involved in JH and insulin signal transduction are differentially methylated 

between queenand worker-destined larvae (Foret et al., 2012), and RNAi targeted to IRS 

and Tor can reduce global methylation while preventing queen speciýcation (Mutti et al., 

2011). These results strongly suggest that the central role that epigenetic factors play in 

honeybee caste determination is mediated by endocrine pathways. Moreover, differential 
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DNA methylation of the EGFR gene induces continuous variation in body size in C. 

þoridanus (Alvarado et al., 2015), indicating that epigenetic and nutrient signaling 

pathways likely intersect in many social insects to regulate physiology, morphology, and 

allometry. 

 

The importance of DNA methylation in primitively eusocial species is less clear. There are 

differing reports of the presence of low to moderate levels of caste-speciýc methylation in 

vespid wasps (Weiner et al., 2013; Patalano et al., 2015; Standage  et al., 2016), and at 

least one species, Polistes canadensis, appears to lack a functional DNMT3 gene 

(Patalano et al., 2015; Standage et al., 2016). In addition, the primitively eusocial ant 

Dinoponera quadriceps does not exhibit caste-speciýc methylation patterns (Patalano et 

al., 2015), nor does the clonal raider ant Cerapachys biroi (Libbrecht et al., 2016). 

However, in the bumblebee, speciýc methylation patterns are associated with 

reproductive state, and decreasing the global levels of methylation via pharmacological 

manipulation is sufýcient to increase the likelihood of egg-laying behavior (Amarasinghe 

et al., 2014; Sadd et al., 2015). 

 

Epigenetic analyses in social insects are in their infancy, but hold great promise for 

further elucidating the regulation of all forms of division of labor, including our 

understanding of endocrine effects at the molecular level. In addition to the wealth of 

information about the organizational effects of nutrition-related endocrine signaling on 

reproductive division of labor in honeybees, there have also been a few studies linking 

these pathways to the physiological and transcriptomic changes associated with the 

activation of reproductive behavior in previously sterile bees that hint at endocrine 

inþuences still to be discovered. Early comparisons of brain transcriptomic state in 

honeybee queens, sterile workers, and workers with activated ovaries revealed dramatic 

differences between workers and queens (including genes associated with IIS and TOR 

signaling), but relatively few differences between sterile and fertile workers (Thompson 

et al., 2006, 2008; Grozinger et al., 2007). However, more recent studies have 

discovered much more robust gene expression changes between sterile and fertile 

workers and highlighted a potential role for metabolic, insulin, and TOR signaling in ovary 

activation in laying workers (Cardoen et al., 2011; Galbraith et al., 2016). Moreover, brain 

gene expression in reproductive workers shifts to become more queenlike (Grozinger et 

al., 2007), suggesting that they may, to some extent, reþect an ancestral state of 



26 
 

eusociality. This is supported by the ýnding that reproductive workers, rather than being 

purely selýsh, engage in both brood care and foraging behavior for the whole colony, as 

they typically do in a queenright colony (Naeger et al., 2013). The notion that reproductive 

workers are a kind of intermediate state between the queen and sterile workers also is 

supported by evidence from B. terrestris, where the shift toward queenlike gene 

expression in reproductive workers is even more profound (Harrison et al., 2015). 

 

1.1.5 The Role Biogenic Amines and Neuropeptides in Reproductive Division of Labor 

The biogenic amines (in particular, dopamine) have repeatedly been implicated in 

studies of the transition from sterility to fertility in reproductive workers. In worker 

bumblebees, honeybees, and paper wasps (Polistes chinensis), high levels of dopamine 

are found in the brain during the last stage of oocyte development (Harris and Woodring, 

1995; Bloch et al., 2000c; Sasaki et al., 2007). A study of queenless honeybee workers 

further suggests that oral treatment with dopamine leads to  a higher frequency of 

activated ovarioles (Dombroski et al., 2003). In addition, dopamine synthesis may 

account for enhanced ovarian development in queenless honeybee workers treated with 

tyramine (Sasaki and Harano, 2007), though a direct effect of tyramine on oogenesis 

cannot be excluded (Sasaki and Nagao, 2002). Evidence linking dopamine to fertility and 

dominance hierarchies in the ants H. saltator (Penick et al., 2014) and of the genus 

Diacamma (Okada et al., 2015) also exists, indicating it may play a role in regulating 

reproductive division of labor in multiple taxa. There may also be substantial variation 

in the importance of dopamine across species, however, because the gonadotropic 

effect of dopamine has been demonstrated in some queenless ants (Diacamma sp. 

(Okada et al., 2015)), but not other, closely related, species (S. peetersi (Cuvillier-Hot 

and Lenoir, 2006)), where octopamine appears to govern fertility instead (see below). 

 

Despite the strong relationship between dopamine and worker ovary development, 

the association between reproduction, caste determination, and elevated brain 

dopamine levels is less clear in bumblebee and honeybee queens. In honeybees, 

virgin queens have higher brain and hemolymph levels of dopamine, dopamine 

metabolites, and enzymes involved in dopamine synthesis (Sasaki et al., 2012), yet 

dopamine is lower in mated queens with activated ovaries than in virgin queens 

(Harano et al., 2005). Similarly, in bumblebees, dopamine levels are associated with 

oocyte development in workers but not in queens (Bloch et al., 2000c). Although 
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these observations may point to caste-related variability in the involvement of 

dopamine in oogenesis, it is notable that in both bee species dopamine levels were 

signiýcantly higher in queens than in workers, even those with activated ovaries. 

Thus, it is possible that dopamine has similar roles in queen and worker ovarian 

development, but other functions mask the association between ovary state and 

brain dopamine levels. 

 

Brain octopamine levels are highest in dominant queenright worker bumblebees (Bloch 

et al., 2000c) and S. peetersi workers (Cuvillier-Hot and Lenoir, 2006). This is particularly 

intriguing, as increased octopamine levels (in both the hemolymph and brain) lead to 

enhanced arousal in several different nonsocial insect species and have also been 

implicated in the regulation of dominance behavior in crustaceans (Kravitz, 1988, 2000). 

However, the fact that dominant bumblebees with high levels of octopamine also engage 

in egg laying indicates that octopamine may be associated with this behavior in addition 

to, or independent, of, aggression. Octopaminedeýcient fruit þies show an inhibition of 

egg-laying behavior that is eliminated by octopamine treatment (Monastirioti et al., 1996), 

hinting at a deeply conserved role for octopamine in insect egg laying behavior. This role 

is not universal, however, as octopamine is not associated with egg-laying behavior and 

ovarian development in workers of the wasp P. chinensis (Sasaki et al., 2007). 

 

Quantitative trait loci (QTL) analyses of reproductive workers have also revealed 

heritable genetic components to this behavior and have implicated genes involved in 

biogenic amine signaling in ovary activation (Oxley et al., 2008). Studies examining the 

expression of some of the genes encompassed by these QTLs, including the dopamine 

receptor dop3 and octopamine receptor OA1, showed a negative correlation with both 

queenôs presence and ovary activation, although the serotonin receptor HT7R has the 

opposite relationship with ovary activation (Vergoz et al., 2012). In addition, inhibiting the 

expression of a tyramine receptor gene affected ovary size (Wang et al., 2012b). Since 

brain and ovary biogenic amines and their receptors are responsive to the presence or 

absence of the queen (Beggs et al., 2007; Vergoz et al., 2012), these results suggest 

that there may be a hitherto undetected direct connection between the nervous and 

reproductive systems that governs fertility. This is hinted at by transcriptomic analyses 

of sterile and reproductive honeybee workers (Cardoen et al., 2011) that revealed large 

differences in neuropeptide expression, including the upregulation of Allatostatin A 
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(which inhibits JH production in the corpora allata). Therefore, peptidomic analyses of 

reproductive behavior might be a fruitful avenue for future research to link neural and 

endocrine analyses of reproductive division of labor. 

 

1.2.0 Endocrine Influences on Division of Labor Among Workers: Behavioral Maturation 

The evolution of a highly structured worker force in a social insect colony is generally 

seen as an evolutionary consequence of the developmental divergence between queens 

and workers. According to this scenario, once workers were limited to serve as helpers, 

their characteristics could be shaped further by natural selection acting at the level of the 

society to increase colony ýtness (West-Eberhard, 1975, 1978; Oster and Wilson, 1978; 

Hunt, 2012). Because division of labor increases the efýciency and reliability with which 

multiple tasks are accomplished (Oster and Wilson, 1978), some of the key colonylevel 

adaptations in insect societies have involved the evolution of systems of division of labor 

among workers. 

 

Most studies of how hormones inþuence age-related division of labor among workers 

have been conducted with honeybees. Worker honeybees typically work inside the nest 

in a sequence of tasks for approximately the ýrst 2ï3 weeks of adulthood and then shift 

to defending the nest and foraging outside for the remainder of their 6to 8-week adult life 

span (Winston, 1987; Robinson, 2002). Because the most prominent activity performed 

by older bees is foraging, the age at onset of foraging has been used as a key 

developmental milestone in studies of age-related division of labor and its endocrine 

inþuence. 

 

1.2.1 JH, Vg, and Behavioral Maturation 

Treatment with JH, JH analogs, or JH mimics leads to accelerated behavioral 

development (Robinson et al., 1989; Huang and Robinson, 1992) and an early onset of 

foraging behavior. These results are consistent with measurements of circulating JH 

titers, which are typically low in honeybees that work in the hive performing brood care 

(nursing) and other activities, but are high in foragers (Rutz et al., 1976; Fluri et al., 1982; 

Robinson, 1987b; Robinson et al., 1989; Huang et al., 1994). However, JH is not the sole 

regulator of foraging behavior, since actively foraging bees sampled in the late winter or 

early spring had low titers of JH (Huang and Robinson, 1995). Although the JH 

hemolymph titers of active winter foragers were higher than in bees that were not 
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foraging, they were substantially lower than foragers collected in the summer and early 

fall. This seasonal variation in forager JH titers suggested that an elevated JH titer may 

not be required for a bee to mature into a forager, an idea that was later conýrmed by 

allatectomy (Sullivan et al., 2000). Allatectomized bees could still forage, but they did so 

several days later than sham-operated bees, and this delay was eliminated with hormone 

replacement. Although few hormone replacement therapy studies have been performed 

in other species, JH and JH analog treatments offer remarkably consistent evidence for 

a similar role of JH in the regulation of behavioral maturation across the Hymenoptera, 

though some exceptions do exist (Table 1.1). 

 

Age-related division of labor, while highly structured, is also quite þexible (Robinson, 

1992). Worker honeybees are able to respond to changing colony needs by altering or 

even reversing their typical patterns of behavioral maturation based on environmental 

and social cues such as weather, season, colony nutritional status, contact with the brood 

and queen, and colony demography (Huang and Robinson, 1992, 1996; Robinson, 1992; 

Schulz et al., 1998). For instance, foragers inhibit the maturation of younger bees in a 

manner reminiscent of social inhibition of reproduction in bumblebees (discussed above) 

and social regulation of puberty in mice (Huang and Robinson, 1999). This social 

inhibition is mediated by a worker-produced pheromone (Leoncini et al., 2004). Other 

pheromones, produced by the queen (Pankiw et al., 1998a) and brood (Ledoux et al., 

2001), also inhibit JH biosynthesis and thereby delay the onset of foraging behavior (Le 

Conte and Hefetz, 2008). Since higher levels of brood or queen pheromones reþect 

increased colony broodrearing activity, it would be advantageous for workers to 

compensate by delaying the onset of foraging and increasing the duration of the brood-

rearing phase. There are undoubtedly more inhibitory factors that remain to be 

discovered in the beehive, and likely other factors that promote behavioral development 

as well (Pankiw, 2004). 

 

The responsiveness of honeybees to the various environmental and social cues that 

inþuence age-related division of labor is mediated by the endocrine system. Young bees 

show precocious foraging in age-matched colonies that lack a normal complement of 

foragers and have JH titers that are comparable to those of normal-age foragers despite 

their youth (Robinson et al., 1989; Huang and Robinson, 1992). Similarly, young bees in 

colonies deýcient in nurses will continue to tend brood despite advancing chronological 
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age; these overage nurses continue to have low JH titers corresponding to levels in 

normal-age nurses (Robinson et al., 1989). Behavioral reversion, from foraging to 

nursing, may also occur if there are no other nurses in the colony (Page et al., 1992; 

Robinson et al., 1992a), and reverted nurses show correspondingly lower JH titers 

(Robinson, 1992; Huang and Robinson, 1996). Bee pheromones that inhibit rates of 

behavioral development also depress JH titers (Kaatz et al., 1992; Pankiw et al., 1998a;  

Le Conte et al., 2001). 

 

Another classic role of the endocrine system is to coordinate changes in physiological and 

behavioral development, as in the pleiotropic effects of vertebrate steroid hormones 

(e.g., Pfaff, 1999; Ketterson and Nolan, 2000). JH appears to play this role in honeybee 

division of labor, inþuencing some of the striking age-related changes in the activity of 

exocrine glands whose secretions are vital to division of labor and colony functioning in 

general (Winston, 1987). For example, when workers are young and in the nursing phase 

of life, their hypopharyngeal glands are largest and produce some of the material that 

they feed to the brood; these glands shrink in size in foragers and, instead, produce a 

glucosidase involved in the conversion of nectar to honey. Low titers of JH or rates of JH 

biosynthesis are typically associated with well-developed hypopharyngeal glands, while 

JH treatment induces premature hypopharyngeal gland shrinkage (Huang et al., 

1994).  

 

Similarly, production of the alarm pheromones 2-heptanone and isoamyl acetate 

increases with age, as older bees are more defensive than younger bees (Winston, 

1987), and JH analog treatment induces premature production of alarm pheromones 

(Robinson, 1985). Muller and Hepburn (1994) reported that JH manipulations did not 

affect the timing of activity for another important exocrine gland, the wax glands, that 

produce material used to build the honeycombs. However, wax gland activity does not 

change as sharply with age as do the other glands mentioned above (Muller and 

Hepburn, 1992, 1994). JH therefore appears to be a major factor in the connection 

between behavior and exocrine gland development in honeybees.  

 

Although the proximal molecular mechanisms by which JH inþuences central nervous 

system function in adult social insects are unclear (Pandey and Bloch, 2015), it has been 

hypothesized that JH modulates response thresholds to stimuli (likely olfactory, tactile, 
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or auditory) that elicit the performance of speciýc tasks within the colony (Robinson, 

1987a,b). This idea has received substantial support over time (Beshers et al., 1999; 

Barron and Robinson, 2008; Gove et al., 2009). Behavioral analyses have shown that 

honeybee workers became more responsive to alarm pheromone and less responsive 

to queen pheromone as they age, effects that were not mediated by changes in 

peripheral (antennal) chemoreceptors (Allan et al., 1987; Robinson, 1987a; 

Phamdelegue et al., 1993), suggesting a positive trend between JH and sensitivity to 

social cues in the central nervous system. Moreover, treatment with JH analog caused a 

premature sensitivity to alarm pheromones (Robinson, 1987a). These results are 

consistent with ýndings indicating that JH results in changes in responsiveness to 

behaviorally relevant stimuli in other species as well (Anton and Gadenne, 1999; Stout 

et al., 2002). There also is an age-related increase in responsiveness to sucrose in 

honeybees linked to the performance of foraging tasks (Pankiw and Page, 1999; Page 

and Amdam, 2007), and JH has been implicated in this process as well (Pankiw and 

Page, 2003). Hormonal modulation of the responsiveness to task-related stimuli thus 

provides a plausible explanation for how JH might inþuence division of labor. 

 

JH has substantial effects on brain gene expression in the context of worker division of 

labor (Pandey and Bloch, 2015). Treatment with the JH analog methoprene causes 

marked changes in brain gene expression, inducing a transcriptomic state that closely 

resembles that of foragers (Whitýeld et al., 2006). Since JH is involved in regulating the 

transition to foraging behavior, this not only emphasizes the strong relationship between 

the brain transcriptome and neuroendocrine state but indicates that endocrine signaling 

likely plays a critical role in organizing gene expression across the brain, linking it directly 

to worker division of labor in the social insects. 

 

Additionally, JH demonstrates extensive crosstalk with other hormonal systems to 

modulate gene expression related to worker division of labor (see Sections1.2.2 and 

1.2.3). Perhaps the best studied of these relationships is the mutually inhibitory 

relationship that exists between JH and Vg (Amdam et al., 2003; Page et.al., 2012). The 

fact that this regulatory relationship is inverted in adults, but not in larvae, suggests that 

it may have been co-opted and rewired to regulate differences in adult behavior, as 

suggested by the reproductive ground plan hypothesis (Amdam et al., 2003). Vg levels 

reach their nadir in foraging bees (Amdam and Omholt, 2003) and vgRNAi administration 
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accelerates the age at onset of foraging (Nelson et al., 2007) in a manner similar to JH 

treatments and also results in forager-like responsiveness to þoral stimuli (Scheiner et 

al., 2003; Amdam et al., 2006b; Nelson et al., 2007). A double knockdown of vg and the 

transcription factor ultraspiracle (usp, a nuclear receptor linked to JH and ecdysone 

signaling that itself inþuences behavioral maturation (Ament et al., 2012a)) had 

synergistic effects on gustatory responsiveness, JH titer, and foragingrelated gene 

expression (Wang et al., 2012a). 

 

Selective breeding for the tendency to collect pollen over nectar has resulted in strains 

that are characterized by distinct behavioral traits (including precocious foraging and 

enhanced gustatory sensation in high pollen hoarding bees), known as pollen hoarding 

syndrome (Page et al., 2012). These studies have revealed that the interaction between 

JH, Vg, and foraging behavior is dependent on genotype, with JH levels in low pollen 

hoarding bees being unresponsive to vgRNAi (Nelson et al., 2007). Subsequent 

analyses mapping the genetic architecture underlying this differential responsiveness 

implicated it in ovary size, behaviors associated with the pollen hoarding syndrome, and 

insulin signaling, although the precise genetic variants mediating these effects have not 

yet been identiýed (Ihle et al., 2015). 

 

1.2.2 Ecdyson and Behavioral Maturation 

Differential brain expression of numerous ecdysone-responsive genes in contexts related 

to behavioral maturation and aggression (Pandey and Bloch, 2015) is highly suggestive 

of a link to division of labor in honeybees. Changes in ecdysone receptor (EcR) 

expression and ecdysone titers are strongly coupled to downstream gene expression in 

pupal (Mello et al., 2014) and newly eclosed (Velarde et al., 2009) adult bees. However, 

there is as yet no known causal connection between ecdysteroids and worker division of 

labor (Hartfelder et al., 2002), and there have been relatively few studies that attempt to 

directly assay the behavioral and transcriptomic consequences of direct ecdysone 

administration. Moreover, because many of the genes downstream of EcR are 

associated with other hormonal pathways, particularly JH, it is possible that their 

expression is linked to activity in these systems instead. These factors make ecdysoneôs 

role in worker division of labor (if any) an open question and one that deserves additional 

study (Pandey and Bloch, 2015). 
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1.2.3 Nutrition and Metabolic Factors Influencing Behavioral Maturation 

Nutrition is another factor with strong effects on workerï worker division of labor. Extreme 

nutrient deprivation has been linked to an accelerated onset of foraging behavior (Schulz 

et al., 1998). Moreover, bees lose lipid and protein reserves prior to the onset of foraging 

(Toth et al., 2005; Toth and Robinson, 2005), and treatments that cause lipid loss also 

lead to accelerated onset of foraging. However, it appears that this lipid loss is in fact 

more responsive to socially mediated factors such as pheromones rather than 

changes in nutrition (Ament et al., 2011a; Wheeler et al., 2015). It is therefore not 

surprising that insulin signaling has been implicated in behavioral maturation; IIS-

related gene expression is higher in the brains and fat bodies of forager bees than in 

nurses (Whitýeld et al., 2003; Alaux et al., 2009b; Ament et al., 2011a), and direct 

manipulation of the TOR signaling pathway can modulate the onset of foraging 

behavior (Ament et al., 2008). IIS signaling may also play a central role in the stable 

lipid loss observed during the transition from in-hive to foraging tasks (Ament et al., 

2011a). However, the fact that nurses have higher nutrient stores than foragers 

indicates that the classic relationship between IIS and metabolism has been reversed 

in the adult honeybee (Ament et al., 2011a), although not in larvae (Wheeler et al., 

2006). 

 

Changes in the expression of other genes connected to insulin/TOR pathways are also 

known to mediate the aggressive behavior that honeybees display when defending their 

colony against nest attack. This relates to age-related division of labor because it is 

the older, foraging-age bees that generally engage in nest defense. Both 

transcriptomic and metabolomic analyses indicate that decreased brain oxidative 

phosphorylation and increased glycolysis are strongly associated with increased 

aggression (Alaux et al., 2009d; Rittschof et al., 2014; Chandrasekaran et al., 2015). 

Moreover, pharmacological and genetic manipulations to decrease brain oxidative 

phosphorylation, in honeybees and D. melanogaster, respectively, increased aggression 

(Li-Byarlay et al., 2014), suggesting that reduced brain oxidative phosphorylation 

may be a key feature in regulating aggression across both insects and vertebrates 

(Rittschof et al., 2014). Given the central and conserved role of insulin and TOR 

signaling in regulating oxidative phosphorylation (Cheng et al., 2010), changes in IRS 

or IIS pathway expression may be at least partially mediating these changes. 
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The prominent role of nutrition and insulin/TOR pathways in the regulation of various 

components of age-related division of labor in honeybees led Wheeler et al. (2015) to 

perform a transcriptomic study of the pars intercerebralis (PI), the insect analog of the 

hypothalamus. The PI serves as one of the major neurosecretory centers of the brain as 

well as controls JH production in the corpora allata and prothoracicotrophic hormone in 

the corpora cardiaca. The PI is also the site of ILP production within the brain and 

appears to be responsive to insulin produced by the fat bodies (Geminard et al., 2009; 

Nassel et al., 2013). Since the PI is the interface between the brain and the JH and insulin 

axes, understanding how it incorporates these disparate signals beginning at the 

transcriptomic level is crucial for comprehending the role of socially and nutritionally 

mediated endocrine factors on division of labor. 

 

Dissecting the inþuence of diet and JH on gene expression changes within the PI led to 

the surprising discovery that diet manipulations induced only relatively minor differences 

in gene expression that did not track behavioral maturation (Wheeler et al., 2015). By 

contrast, JH analog administration led to large-scale transcriptomic changes that closely 

resembled a forager-like transcriptome (Wheeler et al., 2015), as was the case for whole-

brain analyses (Whitýeld et al., 2006). This has been interpreted as evidence that the 

PIôs traditional role in nutrient sensation and the regulation of appetitive state has been 

co-opted in honeybees to respond more strongly to socially mediated endocrine cues 

(Wheeler et al., 2015). 

 

Nutritional effects are also reþected in transcriptomic analyses of the fat bodies, 

implicating this tissue in the regulation of age-related division of labor. Abdominal RNAi 

administration targeted to vg and the nuclear receptor usp accelerated behavioral 

maturation (Nelson et al., 2007; Ament et al., 2012b) and induced dramatic changes in 

fat body gene expression.  A dual knockdown of vg and usp in the fat body has also 

permitted a dissection of their contributions to metabolicand insulin-related gene 

expression (Wang et al., 2012a). Reductions in the levels of vg and usp were found to 

have synergistic effects on gene expression, decreasing the levels of Ilp-1 and the 

foraging gene, yet increasing levels of adipokinetic hormone receptor (which mobilizes 

lipid stores and thus may play a role in lipid loss in foragers (Ament et al., 2011a)). This 

study also revealed a synergistic relationship between vg and usp and carbohydrate 

mobilization and starvation resistance (which were increased and decreased, 
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respectively, in bees treated with RNAi), further emphasizing the potential role of JHï

insulin crosstalk in behavioral maturation. 

 

1.2.4 The Role of Biogenic Amines and Neuropeptides in Behavioral Maturation 

Honeybee foragers have higher brain levels of dopamine, serotonin, and octopamine 

than nurses (Taylor et al., 1992; Wagener-Hulme et al., 1999). Octopamine in particular 

plays a causal role in regulating honeybee division of labor, as pharmacological 

treatments increased the likelihood of initiating foraging precociously (Schulz and 

Robinson, 2001). However, these effects were short-lived, suggesting that octopamine 

may be acting as a neuromodulator in this context. Since JH analog treatment induces 

high, forager-like levels of octopamine in the antennal lobes of 6and 12-day-old bees, it 

may be that JH inþuences foraging onset, in part, through its action on the 

octopaminergic system (Schulz et al., 2002). Additional evidence that octopamine is 

downstream of JH is provided by the ability of allatectomized bees to respond to 

octopamine treatment and initiate foraging precociously. Such a hierarchical relationship 

is also consistent with the differences in the timing of octopamine and JH analog 

treatment effects, since octopamine inþuences foraging much more rapidly and 

transiently than does JH (Robinson, 1987b; Sullivan et al., 2000; Schulz and Robinson, 

2001). 

 

This association between octopamine levels and division of labor is particularly strong in 

the antennal lobes, which are crucial for processing olfactory, gustatory, and tactile 

stimuli from the antennae (Sandoz, 2013). Using social manipulations to obtain nurse 

bees and foragers that are the same age, Schulz and Robinson (1999) showed that 

foragers had higher antennal lobe levels of octopamine than nurses (regardless of age), 

whereas octopamine levels in the mushroom bodies varied with bee age rather than 

nurse/forager status. Octopamine-based modulation of sensitivity to olfactory stimuli has 

been shown in laboratory assays of honeybee learning (Mercer and Menzel, 1982; 

Menzel and Muller, 1996) and nestmate recognition (Robinson et al., 1999). These 

results have led to the idea (Barron et al., 2002) that octopamine may alter behavioral 

state in honeybees by adjusting response thresholds to some behaviorally related stimuli 

in  a manner similar to JH (Barron and Robinson, 2005). Moreover, since octopamine 

appears to be downstream of JH, it may be at least partially responsible for the changes 

in sensitivity induced by JH (see Section 1.2.1). 
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In support of this idea, Barron et al. (2002) showed that a dose of brood pheromone that 

elicited a minor response in untreated bees evoked a strong, positive response from 

octopamine-treated bees. Since brood pheromone is known to regulate foraging 

behavior (Pankiw et al., 1998b), this experiment effectively demonstrated that 

octopamine does modulate responsiveness to foraging-related stimuli. Moreover, the 

inþuence of octopamine on perception is not limited to olfactory stimuli. Octopamine 

increases the sensitivity of individual bees toward sucrose rewards, correspondingly 

enhancing the learning capabilities of young bees (Behrends and Scheiner, 2012). 

Levels of octopamine in the optic lobe are also connected to differences in phototactic 

behavior (Scheiner et al., 2014b). Since increases in gustatory responsiveness and 

phototaxis immediately precede the onset of foraging, these results suggest that 

octopamine modulates the transition to foraging by altering responsiveness in multiple 

sensory modalities. Tyramine (Scheiner et al., 2014a) and serotonin (Thamm et al., 2010) 

have also been implicated in the modulation of sensory response thresholds in the 

context of division of labor, indicating that this may be a common function of biogenic 

amines in the nervous systems of social insects. 

 

Honeybees use a symbolic dance language to communicate the distance, direction, and 

quality of food sources (Von Frisch, 1967). Therefore, increases in sensitivity to foraging 

stimuli can also explain why octopamine treatment (and cocaine, an octopamine uptake 

inhibitor) causes bees to increase their assessment of the quality of food sources when 

communicating with nestmates (Barron and Robinson, 2005; Lehman et al., 2006; 

Barron et al., 2007). 

 

Changes in the expression of neuromodulator signaling pathways have also been linked 

to responses to pheromones (Grozinger and Robinson, 2002; Alaux et al., 2009b) and 

the communication of information via a variety of behaviors (Alaux et al., 2009c). 

Consistent with the results presented above, brain expression of dopamine and 

octopamine related genes appears to play a role in behavioral maturation, especially the 

transition to foraging (Whitýeld et al., 2003; Alaux et al., 2009b).  

 

More recent molecular results implicate these signaling pathways in determining the 

various specialized behaviors of individual foragers. Whereas most foragers will return 
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to the same þoral source repeatedly and even persist for some time after the resource is 

depleted (Townsend- Mehler et al., 2010), a subset of foragers (known as scout bees) 

will instead constantly patrol for novel food sources and then report these back to the 

colony by means of the dance language. That these scouts do not return to a proýtable 

food source has been viewed as a tendency to seek out novel stimuli. Brain transcriptomic 

proýling of scout bees revealed expression differences in dopamineand octopamine-

related gene expression (Liang et al., 2012, 2014), paralleling ýndings for noveltyseeking 

behavior in vertebrates (Bardo et al., 1996), and pharmacological manipulation of these 

pathways led to increased or decreased scouting behavior in a manner predicted by the 

gene expression results (Liang et al., 2012). Similar ýndings also were obtained for 

another group of scouts that seek out new nest sites. Together with the fact that many of 

the same bees scouted in both contexts, these results indicate that biogenic amines 

serve to establish reliable differences in novelty-seeking behavior across different 

contexts and therefore underlie animal personality in honeybees. 

 

Although their role in division of labor is not as well studied as the biogenic amines, 

neuropeptides have been linked to worker division of labor by several experiments 

(Brockmann et al., 2009; Han et al., 2015). Because many neuropeptidergic cells are 

found in and adjacent to higher-order processing centers of hymenopteran nervous 

systems and have extensive functional or structural similarities with known vertebrate 

peptides (Galizia and Kreissl, 2012), neuropeptides are likely an important but 

understudied factor in worker division of labor. For instance, neuropeptide Y and its 

insect orthologs neuropeptide F and short neuropeptide F (sNPF) regulate feeding 

behavior across taxa (Wu et al., 2003; Lee et al., 2004; Morton et al., 2006). However, 

in honeybees some (but not all) genes related to NPY-like signaling appear to have been 

co-opted to function in the context of behavioral maturation, possibly losing their 

ancestral functions in nutrient sensation in the process (Ament et al., 2011b). How other 

neuropeptides contribute to worker division of labor is an important topic for future study. 

 

1.3.0 Endocrine Influences on Division of Labor among Workers: Morphologically 

Distinct Castes 

Among social Hymenoptera, only ants have evolved morphologically diverse workers. 

In most of these species, age-related division of labor and division of labor based on 

worker size and/or shape combine to create a diverse blend of behavioral biases 
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(Hölldobler and Wilson, 1990). In general, older and bigger individuals defend the 

colony and forage while younger and smaller individuals work in the nest. As in queen 

and worker caste determination, physical differences among adult workers must have 

their origin in pathways of development that diverge during the larval stage. Genetic 

variation (Hughes et al., 2003; Huang et al., 2013) can also bias the response of 

developing individuals to environmental factors. Extrinsic cues, including those from 

the social environment, must be integrated by endocrine systems to activate the 

appropriate developmental pathway. The endocrine basis of this type of polyphenism 

has been studied only in the ant genus Pheidole, which is characterized by distinctly 

dimorphic worker castes: soldiers and minor workers (Figure 1.3). As their name 

suggests, soldiers tend to be more specialized in colony defense while minor workers 

perform other tasks such as brood rearing. Pheidole soldiers are not simply larger 

minor workers; they follow different growth rules in addition to developing to a larger 

size (Wheeler, 1991; Holley et al., 2016). 

 

1.3.1 JH and Worker Caste Differentiation 

Endocrine inþuences on the development of physically distinct worker castes appear 

similar to those for workerïqueen caste determination, as described in Section 1.1.1. 

Current evidence is limited to treatment studies with JH analogs (Wheeler and Nijhout, 

1981; Ono, 1982), which indicate that treating Pheidole larvae during the last larval instar 

initiates soldier development. As described earlier, queen determination in Pheidole 

occurs much earlier, during embryonic or early larval periods. Unfortunately, additional 

types of evidence for JH mediation of soldier determination, such as measurements of 

circulating titers and corpora allata activity and gland removal experiments, are lacking. 

Progress has been impeded by the small size of larvae, the lack of developmental 

synchronicity among larvae, and the inability to predict which larvae will develop as 

soldiers. Molecular tools will help make this a more tractable system. 

 

Treatment studies have given two interesting insights into the architecture of endocrine-

mediated soldier development. First, it is clear that the response to JH involves a 

threshold effect; treatment with a near-threshold dose produces either large minor 

workers or small soldiers, but never minor soldier intermediates (Wheeler and Nijhout, 

1983). In contrast to the complete dimorphism that characterizes Pheidole, the most 

common type of polymorphic worker caste in ants features a continuous range of worker 
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sizes. In the model insects D. melanogaster and Manduca sexta, the IIS pathway, 

ecdysteroids, JH, and tissue-speciýc responses orchestrate growth rates and size 

thresholds for imaginal disc and overall body sizes. As a result, they are likely to underlie 

the speciýc features and evolution of the static allometries that characterize size and 

shape variation in all insects, including the often extreme variation seen in social 

Hymenoptera (Shingleton et al., 2007). 

 

The second insight involves the interaction between JH and the putative inhibitory 

pheromone produced by adult soldiers. Virtually no larvae initiated soldier development 

when adult soldiers were experimentally induced to rear brood (Gregg, 1942; Wheeler 

and Nijhout, 1983). But when hormonetreated larvae were reared by soldiers, some of 

the larvae developed into soldiers, although the number reared by soldiers was still lower 

than the number that minor workers reared under the same conditions. These results led 

to the hypothesis that contact with soldiers causes the larvae to become less sensitive 

to the soldier-inducing effects of JH, which is consistent with two other lines of evidence 

(Wheeler and Nijhout, 1984). First, untreated minor workers reared by soldiers are 

slightly smaller than those reared by minor workers. In larvae of at least some 

holometabolous insects, the initiation of metamorphosis is inhibited if JH is present 

(Nijhout, 1975). If a soldier pheromone decreased the sensitivity of larvae to JH, then 

affected larvae would initiate metamorphosis slightly sooner and at a smaller size 

than those not exposed to soldiers. Second, both soldier and minor workers reared 

from JH-analogtreated larvae by soldiers were larger than those reared by minor 

workers. This can be explained by a heightened sensitivity to JH that persists after 

determination of either minor or soldier fate. Based on data from nonsocial insects, 

this heightened sensitivity is thought to lead to an extended larval period, with 

continued growth (Wheeler and Nijhout, 1984; Shingleton et al., 2007). Although little 

is known about how these systemic signals induce tissue-speciýc patterns of 

development in morphologically distinct worker castes, they have been observed to 

induce very speciýc patterns of growth and gene expression in the forewings of 

Pheidole soldiers but not minors (Wheeler and Nijhout, 1984; Abouheif and Wray, 

2002). 

 

Moreover, it is possible to decouple caste-speciýc phenotypes in different tissues by 

manipulating gene expression during critical periods, resulting in workers that exhibit 
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traits associated with more than one caste. By administering a histone deacetylase 

inhibitor (HDACi) or RNAi targeted to HDACs during a critical period in nervous system 

development, Simola et al. (2016) were able to alter the behavior of C. þoridanus workers 

without changing their morphology. The authors were able to induce major workers to 

forage and scout, behaviors they would generally perform only rarely, without inþuencing 

their physical characteristics. Furthermore, inhibiting Creb binding protein (a histone 

acyltransferase) activity could rescue this effect or cause minor workers to drastically 

reduce the amount of time they spent foraging and scouting. Manipulating chromatin 

dynamics in these ways also resulted in the differential expression of numerous genes 

associated with endocrine signaling pathways, suggesting that these striking effects were 

due, in part, to the inþuence of hormones. Therefore, itis possible that endocrine 

signaling interacts with the chromatin landscape during caste determination to create a 

critical period for neural development and behavioral speciýcation that is at least partially 

distinct from morphological development. 

 

1.4 The Transcriptomic Architecture Linking Endocrine Signaling and Behavioral State 

Recent evidence from honeybees indicates that the transcriptomic architecture 

governing the inþuence of endocrine signals on age-related division of labor probably 

resembles pathways that drive insect development and metamorphosis. Therefore, this 

architecture likely consists of a series of transcriptional cascades initiated by hormoneï

receptor interactions and propagated by speciýc suites of endocrine-responsive 

transcription factors (TFs) depending on the physiological and behavioral state of the 

individual. Moreover, evidence of interactions between endocrine systems at the 

physiological level indicates that these transcriptional cascades are characterized by 

extensive ócrosstalk,ô with certain TFs probably serving as signal integrators for multiple 

endocrine pathways. These TFs may then transduce context-speciýc signals to 

downstream TFs, resulting in the propagation of a signal that reþects the endocrine state 

of the organism. These conclusions are based on several systems biology analyses of 

honeybee brain transcriptomic data, reviewed below. 

 

Chandrasekaran et al. (2011) developed a model of a honeybee brain transcriptional 

regulatory network (TRN) using TF and target gene coexpression data from 953 

individuals over 48 distinct behavioral phenotypes. This study predicted that a small 

subset of TFs govern the vast majority of the observed behaviorally related differences 
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in brain gene expression. Several of these TFs, including broad and ftz-f1, are known to 

be critical components of endocrine signaling cascades. Moreover, by examining the 

individual states in which a TFôs target genes were differentially expressed, it was 

possible to infer whether a TF is likely to regulate a given type of behavior or response 

to social environment. broad was one of only four TFs predicted to regulate stable 

networks across all three general categories of behavior that comprise the TRN, foraging, 

behavioral maturation, and aggression. Since broad is known to integrate signals from 

multiple different endocrine systems in other insects (including JH, ecdysone, Ilp 

(indirectly, via deep orange), and Vg (Zhu et al., 2007; Gilbert, 2012)), it is possible that 

it serves to alter neurotranscriptomic proýles in response to changes in endocrine state 

to shift or reinforce behavioral state in response to the social environment. In doing so, it 

could selectively alter the expression of downstream TFs such as ftz-f1, which is 

controlled by broad during ecdysis (Gilbert, 2012) to induce contextually dependent 

modules of gene expression. 

 

Bioinformatic detection of enriched cis-regulatory motifs in a geneôs upstream promoter 

region combined with knowledge about TF and target gene differential expression has 

also proven to be a useful method for inferring the regulatory circuitry underlying 

behavioral state (Sinha et al., 2006; Ament et al., 2012a; Rittschof et al., 2014; Khamis 

et al., 2015; Wheeler et al., 2015). For instance, Ament et al. (2012a) conducted  a meta-

analysis examining the combinatorial cis-regulatory logic underlying brain gene 

expression changes due to 10 different determinants of behavioral maturation (including 

nutritional, pheromonal, endocrine, and intracellular signaling pathways). They 

implicated several sets of endocrineresponsive TFs in the regulation of behavioral 

maturation, including several previously identiýed TFs, such as broad, ftz-f1, and usp. 

Some TFs appeared to have consistent effects on their targets across all or nearly all of 

these determinants, suggesting they transduce signals related to either accelerating or 

slowing down behavioral maturation in a context invariant manner.  

 

Other TFs, however, were much more speciýc in their activity and were putatively 

involved in transducing information related to only a single determinant or seemed to 

regulate their targets differentially (i.e., activated or repressed expression) depending on 

the determinant being assessed. These results are broadly similar to the ýndings of the 

TRN detailed above, indicating that common themes exist in the regulation of behavioral 
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state regardless of whether transcriptomic differences are being assessed across distinct 

behaviors or across individual determinants of a single behavioral transition. Together, 

these analyses imply that some TFs are highly selective and invariant in the manner that 

they transduce information related to behavioral state, whereas others are much more 

labile and capable of inþuencing their targets in a context-dependent manner. However, 

further functional experiments are needed to validate the role of these TFs in worker 

division of labor, as has been done previously for usp (Ament et al., 2012b). 

 

Given the causal connections between neuroendocrine state and worker division of labor, 

as well as the capacity of endocrine factors to regulate gene expression in distant and 

otherwise unrelated organs, it is possible that endocrine signals regulate division of labor 

by generating concordant patterns of expression throughout the insect. If this is the case, 

one would expect significant changes in the expression of downstream effector 

molecules associated with these hormones in response to shifts in behavioral state or 

discrete socially relevant experiences. As detailed previously, numerous transcriptomic 

studies have implicated a wide array of endocrine-responsive TFs in division of labor, 

including behavioral maturation (Whitýeld et al., 2003; Alaux et al., 2009a; Ament et al., 

2012b; Khamis et al., 2015), aggression (Alaux et al., 2009d), and various foraging 

specializations (Naeger et al., 2011; Liang et al., 2012, 2014; Lutz et al., 2012). 

Moreover, genes that were differentially expressed in both the whole brain and the PI of 

nurses and foragers demonstrated a high level of concordance across behavioral states 

and hormonal manipulations, implying that coordination in gene expression proýles 

occurs across distinct regions within the brain. Additionally, RNAi manipulations have 

revealed strong similarities between brain and fat body transcriptomic proýles (Ament et 

al., 2012b; Wheeler et al., 2013). This suggests that endocrine signals are activating very 

similar molecular pathways in the brainïfat body axis and thereby inducing systemic 

transcriptomic states to regulate division of labor.  

 

This interpretation is further supported by transcriptomic analyses of glands that are 

associated with worker division of labor, such as the various glands involved in producing 

brood food (Ueno et al., 2015; Johnson and Jasper, 2016). Numerous endocrine-related 

genes (including kr-h1, kruppel-like factor 10, E75, and juvenile hormone esterase) exhibited 

concordant expression changes across eight tissue types when comparing nurse bees 

and foragers (i.e., each was upregulated in the same behavioral state across all tissues). 
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This contrasted with the proýles of most other regulatory genes, less involved in 

endocrine signaling. Together, these studies suggest that endocrine-related 

transcriptional cascades may result in coordinated expression changes across the 

organism to regulate the distinct behavioral states associated with worker division of 

labor. 

 

1.5.0 Evolutionary Perspectives 

1.5.1 Endocrine-Related Signatures of Selection 

Eusociality is thought to have evolved about a dozen times in the Hymenoptera (Bourke, 

2011; Johnson et al., 2013) and at least ýve times in the bees alone (Bourke, 2011; 

Rehan and Toth, 2015). Molecular signatures of selection derived from comparative 

analyses of bee species exhibiting different levels of eusociality suggest that changes in 

aspects of endocrine signaling have featured prominently in the evolution of eusociality 

(Woodard et al., 2011; Hunt, 2012; Kapheim et al., 2015). Depending on the genes, 

species, caste (Feldmeyer et al., 2014), and behavior (Mikheyev and Linksvayer, 2015) 

in question, these signatures can reþect positive selection, purifying selection, or neutral 

evolution with increasing social complexity. Moreover, these signatures of selection do 

not always involve the same genes across all independent origins of eusociality, 

emphasizing the potential uniqueness of each origin (Kapheim et al., 2015). Indeed 

evolutionary pressures even within closely related species can result in rapid divergence 

in gene composition (Simola et al., 2013a). However, common themes (many of them 

related to endocrine regulation) have emerged that shed light on the basic processes 

governing the evolution of sociality. 

 

A growing body of evidence suggests that evolutionary changes associated with the 

evolution of eusociality have involved rewiring of ancestral gene regulatory networks 

rather than evolutionary changes in protein-coding regions (Simola  et al., 2013a; 

Kapheim et al., 2015). Kapheim et al. (2015) reported a strong increase in regulatory 

complexity, measured by the occurrence and diversity of cis-regulatory modules, with 

increased social complexity in 10 species of bees. Prominent in these results were TFs 

associated with endocrine signaling, including broad, Met, taiman, and tramtrack, which 

themselves were under negative selection. These results indicate that even though the 

protein-coding regions of endocrine-related genes may themselves not be subject to 

molecular evolution, their regulatory regions (and thereby functional outputs) are. An 
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increase in the frequency of potential DNA methylation sites in the genome also was 

positively correlated with increased social complexity in these species. Given the 

important role that methylation appears to play in caste determination and worker division 

of labor in many social insects, such increases in methylation could prove to be an 

important evolutionary route to increased phenotypic plasticity in the social insects.  

 

This suggestion is consistent with the discovery of a parent of origin bias in the 

expression of numerous insulin and ecdysone-responsive genes in the honeybee (with 

paternal alleles being more highly expressed in both laying and sterile workers (Galbraith 

et al., 2016)). It is theorized that the expression of paternally-biased genes would likely 

enhance fecundity in workers (in opposition to genes with maternally-biased allelic 

expression), thereby facilitating the spread of the paternal alleles by inducing worker egg-

laying. This implicates those genes with paternally biased expression in driving the 

transition to fertility in worker bees. Such intragenomic conþict is predicted by kin 

selection given the polyandrous nature of the honeybee (Haig, 2000; Dobata and Tsuji, 

2012), again suggesting that endocrine-related gene expression is a driving force behind 

evolution in social insects. 

 

Comparative studies in ants also have revealed evidence for rewiring of regulatory 

networks associated with increased social complexity (Simola et al., 2013a). One 

intriguing observation is that once regulatory networks associated with eusociality 

evolve, it appears they can remain in a latent state even when the species in question 

does not naturally exhibit the phenotype these networks are linked to (Rajakumar et al., 

2012). In the Pheidole genus, some species of ants can develop an especially large, 

distinct soldier subcaste known as ósupersoldiersô that guard nest entrances. This 

transition is mediated by nutrition and JH, and JH can induce supersoldier development 

in both basal and derived Pheidole species that do not naturally form this subcaste 

(Rajakumar et al., 2012). This has been taken as evidence that supersoldier subcastes 

were present in the common ancestor of the Pheidole (and have since reappeared in 

different lineages independently) and that the regulatory networks underlying its 

manifestation were conserved during the evolution of the genus over millions of years 

(Rajakumar et al., 2012). 

 

Comparative transcriptomic analyses associated with reproductive division of labor in 
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advanced eusocial wasps, ants, and bees have revealed evidence of convergent 

evolution, involving the concordant expression of some of the same pathways (if not 

speciýc genes) mentioned previously across different taxa to regulate caste 

differentiation (Berens et al., 2015). These results suggest that common ancestral 

systems, particularly those involved with metabolic signaling, were repeatedly co-opted 

to regulate reproductive division of labor across different taxa. The fact that similar sets 

of endocrine regulatory pathways are involved in the regulation of both reproductive and 

worker division of labor across a wide array of species further highlights their importance 

and suggests that endocrine-responsive regulatory systems may be particularly 

amenable to rewiring in the evolution of social behavior. 

 

1.5.2 Speculation on the Evolution of Division of Labor: A Neuroendocrine Perspective 

The central role of hormones such as JH and insulin in division of labor across the social 

insects permits detailed examinations of how the neofunctionalization of ancestral 

endocrine pathways can lead to the evolution of complex sociality and social evolution 

in the Hymenoptera. This type of analysis beneýts from the fact that there are distinct 

levels of social complexity within the social insects, from solitary to advanced eusociality, 

with many species at each level. Although it is unclear whether or not there is an 

evolutionary trajectory that links all levels of sociality in the social insects, their existence 

permits heuristic speculation, as follows. 

 

Hormones play a key role in transducing environmental stimuli to act as an interface 

between the organismôs internal state and its environment. Functioning in this capacity 

for behavior, the endocrine system interacts extensively with the nervous system. As 

such, hormones are pleiotropic regulators of diverse processes and may therefore be 

particularly amenable to selective pressures that alter their relationships with speciýc 

targets. In other words, even when the hormones themselves are not directly altered, 

their relationships with particular effectors can be changed in ways that give rise to novel 

modules of functional connectivity. As discussed in Section 1.5.1, this can be the 

consequence of evolutionary lability at the level of cis-regulation, resulting in the rewiring 

of transcriptional regulatory networks. When reversible epigenetic modiýcations are 

layered on top of these changes, this can result in novel context-speciýc expression 

patterns in response to endocrine signals. Such contextually dependent regulation can 

then result in the canalization of divergent phenotypes by utilizing the same endocrine 
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system. 

 

Evolutionary analyses of endocrine regulation have illuminated our understanding of 

diverse biological systems, including social behavior in vertebrate societies and 

morphogenesis in insects (Zera et al., 2007). For instance, the ovarian ground plan 

hypothesis (West-Eberhard and Turillazzi, 1996) is a compelling theory for the evolution 

of division of labor. This hypothesis, originally articulated for wasps, posits that an 

ancestral hormonal axis (involving JH) governing ovarian function in solitary ancestors 

has been co-opted in social insects to modulate fertility and reproductive behavior in a 

contextdependent manner, allowing for the dramatic phenotypic plasticity observed in 

advanced eusocial insects. Since solitary insects cycle through speciýc behaviors such 

as nest construction, oviposition, foraging, and provisioning, West-Eberhard 

hypothesized that during the evolution from solitary to group living, natural variation in 

the behavior of some groups of individuals led to different proclivities in task performance 

(i.e., division of labor). Over generations, enhanced efýciency due to division of labor 

probably resulted in the exaggeration of these proclivities (whether by abiotic, social, or 

genetic factors) and subsequently led to the decoupling of reproductive and 

nonreproductive behaviors, and the formation of castes in the eusocial lineages (Hunt et 

al., 2007). 

 

This framework has since been extended to create the reproductive ground plan 

hypothesis to explain certain aspects of worker division of labor in the honeybee 

(Amdam et al., 2004). According to this hypothesis, context-speciýc rewiring of 

reproductive gene regulatory networks that are involved in reproductive division of labor, 

especially the interplay between JH and Vg, also resulted in the evolution of worker 

division of labor. This view has subsequently received substantial support from both 

genetic and transcriptomic studies (Graham et al., 2011; Page et al., 2012; Ihle et al., 

2015; but see Oldroyd and Beekman, 2008). Moreover, ýndings that regulatory network 

rewiring and increases in regulatory complexity in endocrinerelated pathways feature 

prominently across independently evolved eusocial lineages (Simola et al., 2013a; 

Kapheim et al., 2015; see Section 1.5.1) lend additional credence to the idea that 

ancestral reproductive gene networks may be decoupled in social insect workers to 

regulate division of labor. We therefore propose that a mechanistic theoretical framework 

of how endocrine systems might be co-opted to regulate speciýc social behaviors is a 
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worthwhile extension of classical evolutionary analyses.  

 

To that end, in the following paragraphs we outline a verbal model for the evolution of 

division of labor based on modiýcations to JH signaling. The key perspective of this model 

is to view JH as part of a behaviorally relevant neuroendocrine system that is sensitive to 

social inhibition and able to orchestrate major effects on the development and behavior 

of both larval and adult social insects (Bloch and Grozinger, 2011). We envision this 

system to involve four components: (1) perception of relevant social cues; (2) a 

neuroendocrine response that involves differential regulation of JH production, JH 

degradation, or differential sensitivity to JH; (3) the speciýc regulatory pathways 

(de)activated by JH that result in phenotypic plasticity; and (4) JH-mediated effects on 

the development of important systems within larvae and adults, such as the timing or 

nature of metamorphosis, and the development of the adult reproductive and nervous 

systems. For purposes of brevity, we henceforth refer to this multicomponent system as 

the JH system. 

 

We hypothesize that the evolution of division of labor has in many insect societies 

exploited (sensu Gould and Vrba (1982)) the basic insect JH system. We further 

hypothesize that variation in the timing of social inhibition can give rise to the many 

manifestations of division of labor in insect societies. This second aspect of our model 

is very similar to the model of Wheeler (1986), but emphasizes the importance of the 

social inhibition of JH during both preadult and adult stages. Endocrine mediated 

inhibition of conspeciýcs is a well-known theme in vertebrate societies (Wilson, 1975), 

and much is known about the endocrine correlates of such processes. Here it is 

important to note that social inhibition can refer to either direct communication between 

adult nestmates or differences in resource allocation involving trophallaxis, brood care, 

and other behaviors. Communication between adults and preadults via tactile stimuli or 

pheromone exchange appears to occur during alloparenting (Suryanarayanan et al., 

2011) and maternal care (Shpigler et al., 2013) in some species, with consequences 

for adult size, behavior, and physiology, but the inþuence of communication on 

endocrine signaling is not well understood. 

 

Our focus on social inhibition is inþuenced by the results of both treatment studies and 

hormone measurements in a variety of species, but with a special emphasis on 
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bumblebees and honeybees. Both species belong to the same family, the Apidae, yet 

(as discussed previously) differ in their social organization and the role JH plays in 

mediating their division of labor. The relatively close phylogenetic relationship between 

bumblebees and honeybees makes it easier to consider differences in endocrine 

regulation to be related to differences in social evolution. It has recently been suggested 

that honeybees and bumblebees have a common origin of eusociality (Romiguier et al., 

2016), so comparative analyses of these two species could be particularly informative in 

determining what particular aspects of the JH system may contribute to social 

complexity. 

 

Studies of many different species of insects, including those that do not live in true 

societies, have demonstrated that JH is part of a neuroendocrine system that is sensitive 

to diverse environmental factors, including social factors. Our hypothesis, that the 

evolution of division of labor in the insect societies relied heavily on changes in the JH 

system, involves ýve levels of social organization (Table 1.2). These ýve levels have 

been described in many theoretical accounts (e.g., Wilson, 1971; Michener, 1974; and 

West Eberhard, 1975) and are summarized here. Although these levels correspond to 

increasingly stratiýed and derived forms of division of labor, we do not expect that any 

given speciesô ancestors passed through each various stage in a stepwise manner. 

Indeed, the sheer diversity of eusocial societies makes assigning some species to any 

one stage problematic, so they should not be taken as a deýnitive categorization, but 

rather as a general framework for the interactions between societal characteristics and 

division of labor. 

 

1.5.2.1 Level One: Incipient Societies and Endocrine-Mediated Social Inhibition among Adults 

There are two scenarios for the incipient stage in the evolution of hymenopteran 

eusociality: unrelated adults joining together to establish a nest (West-Eberhard, 1978; 

Nowak et al., 2010; Bourke, 2011) or offspring remaining as adults with their mother 

rather than dispersing and attempting to ýnd a nest solitarily (Michener, 1974). In both 

scenarios reproductively competent adults are present together in a nest, and the likely 

result is socially mediated inhibition of reproduction by some individuals, leading to 

asymmetries in reproductive been studied in detail, the Halictid bee Megalopta genalis 

appears to utilize JH as both a gonadotropin (regulating fertility in queens and solitary 

bees) and as an indicator of social dominance (Smith et al., 2013). This þexibility may 
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represent a ýrst step in the neofunctionalization of the JH system to mediate division of 

labor in reproduction. However, future studies will be needed to demonstrate a causal 

role of JH in M. genalis behavior and to provide a comparative framework detailing the 

potential role of JH in other facultatively eusocial species. The publication of a 

transcriptome for this species (Jones et al., 2015) should facilitate future analyses of this 

type. 

 

1.5.2.2 Level Two: Preadult Endocrine-Mediated Social Inhibition 

In the second level, social inhibition occurs not only in the adult stage but also in the 

preadult stage, leading to dramatic distinctions in not only queen and worker 

fecundity, but in size and physiology as well. As Wheeler (1986) points out, JH-

sensitive periods during the preadult stage allows for physical differences between 

queens and workers to develop before the adult body size is reached. Importantly, JH 

measurements and treatments during caste determination support the notion capacity 

(Michener, 1974; West-Eberhard, 1978; Sakagami and Maeta, 1987; Fewell and Page, 

1999), i.e., the ovarian ground plan hypothesis. In other words, with the formation of the 

social group comes the potential for social inhibition of reproduction and the appearance 

of dominant and subordinate individuals. Perhaps the very ýrst proximate mechanism for 

this asymmetry was physical domination involving aggressive behavior and oophagy, as 

is still seen in extant primitively eusocial societies (Wilson, 1971). However, just as the 

ritualization of some forms of social behavior is thought to be adaptive (Wilson, 1975), it 

might have been evolutionarily advantageous for both parties, the dominant and the 

subordinate, to evolve a system to minimize expenditures associated with physical 

domination and cannibalized eggs, respectively. We hypothesize that this involved adultï

adult, social inhibition of the JH system. This would stabilize an incipient division of labor 

and limit the reproductive activities of subordinate individuals. Based on the results 

reviewed above from primitively eusocial species such as sweat bees, bumblebees, and 

paper wasps, this may have involved the effects of endocrine inhibition on oogenesis 

(the relationship between JH and dominance behavior is less clear). 

 

Facultatively eusocial insects (which exhibit þexible shifts between solitary and social 

lifestyles) provide an ideal window into the endocrine mechanisms underlying this 

incipient stage of sociality. Not only do they represent some of the least derived lineages 

in terms of social complexity, the ability to directly compare solitary and social bees from 
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the same species allows for novel insights into the evolutionary and ecological factors 

that give rise to eusociality. Although few species have  

 

hat this process is a consequence of social inhibition. For instance, JH titers of worker-

destined larvae are lower than queen-destined larvae in bumblebees, and the presence 

of a queen inhibits JH titers, an effect that can be abolished by JH analog administration 

(Bloch et al., 2000a; Cnaani et al., 2000a,b; Bortolotti et al., 2001). We therefore 

hypothesize that the social inhibition of larval JH, as seen in bumblebees, is a 

prerequisite for the evolution of more extensive forms of caste differentiation that are 

seen in advanced eusocial species. As such, the uninhibited state (that is, the queen) is 

the default in this species, with workers representing a derived deviation from the 

ancestral state. Comparisons of larval growth patterns in B. terrestris (Cnaani and Hefetz, 

2001) and the ýnding that worker-speciýc genes are more derived than queen-speciýc 

ones (Feldmeyer et al., 2014) are consistent with this assertion. 

 

1.5.2.3 Level Three: Preadult, Endocrine-Mediated Social Inhibition Enhanced by Disruptive 

Selection 

In the third level, disruptive selection leads to more elaborate mechanisms of preadult 

caste determination, resulting in morphologically distinct castes. With selection 

potentially acting on workerand queen-related traits quasiindependently, it is no longer 

possible to assert that the queen represents the ancestral stage. Queen inhibition of adult 

reproduction (generally through the release of pheromones) is still a vital component of 

reproductive division of labor at this stage, but the role of workerïworker inhibition 

through the allocation of resources during alloparenting becomes even more critical. 

Honeybees and other advanced eusocial species are exemplars of this stage of social 

elaboration. Comparing bumblebees and honeybees, it is apparent that the process of 

caste determination is much more extensive in the latter. In bumblebees, the differences 

between workers and queens are predominately in size and physiology, while in 

honeybees there are numerous morphological differences, such as a striking disparity in 

ovary development. Queen honeybee have an order of magnitude more ovarioles than 

workers (Winston, 1987), and this discrepancy appears to be a direct consequence of 

JH-mediated apoptosis during development (Capella and Hartfelder, 2002). Despite 

these differences, bumblebees and honeybees exhibit similar critical periods when JH 

can induce queen speciýcation (Figure 1.2). This observation suggests that factors other 
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than the timing of a JH-sensitivity are involved in the evolution of caste determination in 

advanced eusocial species. This is contrary to the model in Wheeler (1986), which was 

developed before information on caste determination in bumblebees was available 

(Cnaani et al., 1997, 2000a,b). 

 

1.5.2.4 Level Four: Division of Labor among Adult Workers and Its Regulation by Endocrine-

Mediated Social Inhibition 

The fourth level in the evolution of colony social organization is characterized by a 

division of labor among workers for colony maintenance and growth. The evolution of a 

highly structured worker force is generally seen as an evolutionary consequence of 

preadult mechanisms of caste determination that result in workers with dramatically 

curtailed reproductive options (West Eberhard, 1975; Oster and Wilson, 1978). With the 

reproductive potential of individuals determined primarily during preadult (JH-mediated) 

development in advanced eusocial species such as the honeybee, we speculate that the 

JH system in adults was free to become co-opted to regulate subcaste-speciýc 

properties, namely division of labor. This is consistent with the idea that once workers 

were limited to serve as helpers, their characteristics were shaped further by natural 

selection to increase colony ýtness (West Eberhard, 1975; Oster and Wilson, 1978). 

 

As reviewed above, JH is known to inþuence worker age-related division of labor in 

honeybee colonies, and evidence for similar relationships exists for a number of other 

eusocial species including the wasps Polybia occidentalis (Odonnell and Jeanne, 1993) 

and Polistes dominulus (Shorter and Tibbetts, 2009), and ants Acromyrmex octospinosus 

(Norman and Hughes, 2016), H. saltator (Penick et al., 2011), and Pogonomyrmex 

californicus (Dolezal et al., 2012). Factors that slow the pace of behavioral development 

in adult worker honeybees, such as a high proportion of older individuals (Huang and 

Robinson, 1992) or pheromones produced by the queen or brood (Pankiw et al., 1998a; 

Le Conte et al., 2001) act to inhibit JH levels. In other words, the ability of adult worker 

honeybees to alter the pace of their behavioral maturation in response to changing colony 

conditions appears to be based on a process of social inhibition that involves JH. 

Similarly, Bloch and Hefetz (1999b) showed that the reproductive maturation of 

bumblebee workers is inhibited by the presence of older workers who also exert their 

effects, at least in part, on the JH system. Results from bumblebees and honeybees 

therefore suggest an ancient connection between the JH systemôs responsiveness to 
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social environment and its role in worker and reproductive division of labor. 

 

Due to the fact that JH acts as a gonadotropin but does not inþuence worker division of 

labor in bumblebees (and vice versa in honeybees), Cameron and Robinson (1990) 

proposed that JH is unlikely to function as both a gonadotropin and mediator of worker 

division of labor in the same species. 

 

Moreover, since behavioral maturation is a more derived aspect of colony organization, 

it must represent a novel function for JH. West-Eberhard and Turillazzi (1996) countered 

that, because these functions are derived from a more ancestral role, arising from 

disruptive selection acting on reproductive and nonreproductive individuals, it is perfectly 

plausible that the JH system could simultaneously regulate more than one state. 

Evidence supporting this ósplit functionô hypothesis was found by Giray et al. (2005); in 

the primitively eusocial wasp P. canadensis, JH titer is correlated with both the reproductive 

development of queens and age-related guarding behavior in workers. 

 

The model we present here is also more consistent with the split function hypothesis, but 

adds a different perspective. According to our model, the role of JH in the control of worker 

behavior is not a novel function at all; rather, social inhibition of JH is involved in all major 

stages of division of labor. Further, it appears that the reproductive ground plan of solitary 

bees was modiýed in the course of social evolution such that JH inhibits rather than 

stimulates vitellogenesis in accordance with the reproductive ground plan hypothesis 

(see Section 1.5.1). Recent evidence indicates that this inverted relationship is not 

unique to honeybees, but arose (presumably independently) in other advanced eusocial 

insects as well, such as the ants Ectatomma tuberculatum (Azevedo et al., 2016), 

 

H. saltator (Penick et al., 2011), S. peetersi (Cuvillier-Hot  et al., 2004), and L. Niger 

(Pamminger et al., 2016). It has further been hypothesized that this inverted relationship 

may be partially responsible for the dramatic differences in longevity and fecundity 

between workers and queens in advanced eusocial species (Corona et al., 2007; Amdam 

et al., 2012; Pamminger et al., 2016). However, in formicid ants, Vg has undergone one 

or more duplication events. The resulting paralogs, now released from selective 

pressures associated with Vgôs role in reproduction, have undergone 

neofunctionalization to develop novel inþuences on caste and behavior (Wurm et al., 
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2011; Bonasio et al., 2012; Corona et al., 2013; Oxley et al., 2014). These studies 

suggest that rewiring of the JH-Vg axis is a common (but not universal) feature in the 

evolution of advanced eusociality. 

 

1.5.2.5 Level Five: Division of Labor among Morphologically Distinct Adult Workers and Its 

Regulation by Preadult, Endocrine-Mediated Social Inhibition 

The ýfth level in the evolution of colony social organization is characterized by preadult 

forms of worker differentiation that result in physically distinct worker castes (Oster and 

Wilson, 1978). The relationship of Level Five to Level Four is very similar to the 

relationship of Level Two to Level One. As Wheeler (1986) points out, with queenïworker 

endocrine-mediated caste determination occurring earlier and earlier in preadult 

development, the stage is set for similar endocrine mechanisms to act later in 

development to give rise to diverse worker castes, such as the soldier caste in Pheidole 

bicarinata ants discussed in Section 1.3). This is parallel to the situation in bees, where 

endocrine-mediated caste determination during the preadult stage is thought to have 

allowed for the evolution of endocrine-mediated division of labor among workers. Of 

special importance to our model, the process of soldier determination in Pheidole again 

appears to involve social inhibition of the JH system, with the presence of soldiers 

inhibiting the JH-mediated differentiation process that results in soldier development 

(Wheeler and Nijhout, 1984). The occurrence of caste determination early in preadult 

development, such as in the egg stage (Suzzoni  et al., 1980), can result in even greater 

workerïqueen differences (Wheeler, 1986). For example, ýre ant workers have 

completely lost all reproductive capacity (Hölldobler and Wilson, 1990). 

 

1.6 Concluding Remarks 

Our model shows how social evolution can exploit endocrine systems that are sensitive 

to social environment to regulate division of labor, providing a comprehensive framework 

for the evolution of eusociality. This model relies on the fact that JH is a pleiotropic 

regulator of division of labor and assumes that certain properties of the JH system (such 

as its sensitivity to social inhibition and connectivity to other endocrine systems) make it 

evolutionarily labile and readily co-opted to regulate social behavior. However, most 

endocrine studies of division of labor have analyzed just this hormone, and not others; is 

it premature to suggest that JH plays a special role in this process? As discussed 

previously, it is becoming increasingly apparent that other endocrine systems, such as 
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IIS/IRS and Vg, also play integral roles in reproductive and worker division of labor across 

social insect species. However, as detailed in previous sections, signaling in these 

pathways is inextricably tied to JH (Corona et al., 2007; Mutti et al., 2011; Amdam et al., 

2012; Wang et al., 2012a,b; Libbrecht et al., 2013; Hartfelder et al., 2015).  

 

Therefore, we believe that the general functions of JH, its well-known sensitivity to 

environmental stimuli, and its high level of interconnectedness with other endocrine 

systems make it an ideal candidate for a central role in the evolution of division of labor 

in the social Hymenoptera. Moreover, caste determination in the termites is also 

dependent on JH signaling, particularly for the speciýcation of the soldier caste (Miura 

and Scharf, 2011; Masuoka et al., 2015). The fact that JH has been utilized so 

extensively to organize division of labor in both Hymenoptera and insects in another 

order (Isoptera) suggests that some aspects of the JH system make it particularly labile 

and prone to modiýcation during social evolution, despite its crucial importance in many 

basal processes. 

 

An important challenge for the future is to determine why the JH system is evolutionary 

labile. Newly available resources and techniques from genomic and systems biology 

should help. For instance, since JH has been co-opted to regulate division of labor in 

numerous lineages, a comparative analysis of intraspecies and interspecies differences 

in JH-mediated gene regulation will be an essential component for understanding how 

this system (and perhaps endocrine systems in general) mediates different forms of 

phenotypic plasticity. There are three probable sources for such plasticity: (1) context-

speciýc rewiring of existing JH-responsive gene regulatory networks, including the JH-

Vg axis; (2) the genesis of novel regulatory modules connecting JH to genes previously 

unregulated by this hormone; and (3) the regulation of taxon-speciýc genes that 

represent evolutionary novelties within each lineage. Understanding the identity of these 

effectors and the causes and consequences of their activation/expression will give 

important new insights into the evolution of endocrine control of social behavior. 

 

Additionally, further attempts must be made to trace the interface between division of 

labor and the JH system back to its origin at the root of complex sociality. The publication 

of genomes and transcriptomes for the facultatively eusocial bees Eufriesia mexicana, 

Lasioglossum albipes, and M. genalis (Kocher et al., 2013; Jones et al., 2015; Kapheim et 
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al., 2015), and future efforts of this type, will be of great value because they will facilitate 

molecular interrogations of social behavior in the most þexible and least derived of the 

social insects. The further integration of mechanistic and evolutionary analyses, coupled 

with the increased power of genomics and system biology, will help advance our 

understanding of how hormones regulate behavior in the insect societies. 
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1.7 Figures 
 

 
 

Figure 1.1. Juvenile hormone (JH) acts as a gonadotropin in the bumblebee Bombus terrestris. 
Upper panel: measurements of rates of JH biosynthesis by the corpora allata in vitro. Middle 
panel: measurements of circulating titers of JH. Lower panel: measurements of ovary 
development. Bees were either maintained under queenless conditions in small groups in the 
laboratory (dashed line) or in queenright colonies (solid line) *p < 0.05. MannïWhitney test. 
Reproduced from Bloch, G., Hefetz, A., Hartfelder, K., 2000b. Ecdysteroid titer, ovary status, and 

dominance in adult worker and queen bumblebees (Bombus terrestris). J. Insect Physiol. 46, 
1033ï1040, with permission from Elsevier. 
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¼ 

 
 

Figure 1.2. Juvenile hormone (JH) titers in queens and workers of bumblebees and honeybees. 
Caste determination in bumblebees and honeybees is induced by the JH spike during the 3rd 
larval instar (L3). Whereas adult bumblebees exhibit a strong, positive relationship between JH 
and fertility, egg-laying honeybee queens and workers exhibit far lower levels of JH than sterile 
foragers, indicating that JH and fertility have become decoupled in adult honeybees (see Section 

1.5) L = larval stage; dashed lines are hypothetical. Based on (Strambi, et al, 1984; Hartfelder et 
al. 1998; Jassim et al., 2000; Bloch, et al., 2000; and Cnaani, et al, 2000).  
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Figure 1.3. Two periods of hormonal integration during development mediate the development 
of three different castes of Pheidole bicaranata ants from one totipotent genome.
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1.8 Tables 

 
 
  

Table 1.1 ς The Role of Juvenile Hormone in Reproductive and Worker Division of Labor Across Taxa 

  Social 
Organization 

Gonadotropin Dominance 
Behavior 

Worker 
Division 
of Labor 

Citations 

Wasps Polistes 
canadensis 

Primitive Yes Yes Yes (Giray, Giovanetti and 
West-Eberhard 2005) 

Polistes 
dominulus 

Primitive Yes Yes Yes (Röseler, Röseler and 
Strambi 1986, Roseler 
1991, Shorter and 
Tibbetts 2009) 

Polistes gallicus Primitive Yes Yes ? (Bohm 1972, Barth et 
al. 1975, Reeve 1991, 
Roseler 1991) 

Polistes metricus Primitive Yes Yes No (Tibbetts and Sheehan 
2012) 

Polistes smithii Primitive No No ? (Kelstrup, Hartfelder 
and Wossler 2015) 

Synoeca surinama Primitive Yes ? No (Kelstrup et al. 2014b) 

Polybia micans Advanced No Maybe ? (Kelstrup et al. 2014a) 

Polybia 
occidentalis 

Advanced No ? Yes (Odonnell and Jeanne 
1993) 

Halictid Bees Megalopta 
genalis 

Facultative Yes Yes N/A (Smith et al. 2013) 

Bumblebees Bombus 
impatiens 

Primitive ? ? No (Cameron and 
Robinson 1990) 

Bombus terrestris Primitive Yes Maybe No (Bloch et al. 2000, 
Amsalem et al. 2014, 
Shpigler et al. 2014) 

Honeybees Apis mellifera Advanced No NA Yes (Robinson 1987, 
Robinson et al. 1992) 

Ants Lasius niger Queenless No No ? (Sommer and 
Holldobler 1995) 

Solenopsis invicta Advanced Yes NA ? (Barker 1978) 

Acromyrmex 
octospinosus 

Advanced No NA Yes (Norman and Hughes 
2016) 

Pogonomyrmex 
californicus 

Advanced No NA Yes (Dolezal et al. 2009, 
Dolezal et al. 2012) 
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Table 1.2: Schematic of an endocrine-based verbal model for the evolution of social organization in 
hymenopteran insect societies (ants, bees, and wasps) 

Social complexity JH integration 

Solitary Environmental regulation of metamorphosis, 
life history, and reproduction 

Level 1. Simple society; similar reproductive potential 
for all adults; division of labor linked to social rank 
 

Social regulation of reproduction ς adult stage 
 

Level 2. Simple caste system; queens and workers differ 
in size and physiology; greater reproductive potential 
for queen 
 

Social regulation of reproduction ς adult and 
pre-adult 
 

Level 3. Advanced caste system; queens and workers 
differ in morphology; much greater reproductive 
potential for queen 
 

Social regulation of reproduction ς pre-adult 
caste differentiation 
 

Level 4. Age-related division of labor among workers  Worker behavioral development (mediated by 
social regulation) 
 

Level 5. Morphologically related division of labor among 
workers  

Worker caste differentiation (mediated by 
social regulation) 
 

*This model proposes that the evolution of increased complexity in division of labor relates to changes in 
the timing of processes of social regulation that involve juvenile hormone. The model is based on 
knowledge that juvenile hormone systems in many solitary species of insects are sensitive to extrinsic 
factors. It does not imply that species or lineages of species that correspond to an advanced level of social 
complexity necessarily passed through the lower levels of this scheme. 
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Chapter 2: Insights into the Transcriptional Architecture of Behavioral Plasticity in the 

Honey Bee Apis mellifera* 

 

 

Abstract 

Honey bee colonies exhibit an age-related division of labor, with worker bees performing discrete 

sets of behaviors throughout their lifespan. These behavioral states are associated with distinct 

brain transcriptomic states, yet little is known about the regulatory mechanisms governing them. 

We used CAGEscan (a variant of the Cap Analysis of Gene Expression technique) for the first 

time to characterize the promoter regions of differentially expressed brain genes during two 

behavioral states (brood care (aka ñnursingò) and foraging) and identified transcription factors 

(TFs) that may govern their expression. More than half of the differentially expressed TFs were 

associated with motifs enriched in the promoter regions of differentially expressed genes (DEGs), 

suggesting they are regulators of behavioral state.  Strikingly, five TFs (NF-əB, egr, pax6, hairy, 

and clockwork orange) were predicted to co-regulate nearly half of the genes that were 

upregulated in foragers. Finally, differences in alternative TSS usage between nurses and 

foragers were detected upstream of 646 genes, whose functional analysis revealed enrichment 

for Gene Ontology terms associated with neural function and plasticity. This demonstrates for the 

first time that alternative TSSs are associated with stable differences in behavior, suggesting they 

may play a role in organizing behavioral state. 

 

 

 

 

 

 

 

 

 

 

 

*This work was originally published as (Khamis & Hamilton et al., 2015). It has been edited from 

its original format to adjust section headings and figure/table numbering. 
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2.1 INTRODUCTION 

Due to its extensive behavioral repertoire and highly social lifestyle, the European honey bee 

(Apis mellifera) has been utilized as an ethological model for decades.  More recently, the 

publication of the honey bee genome (Weinstock et al., 2006), quantitative trait locus analyses 

(Page, Rueppell, & Amdam, 2012), and transcriptomic studies (Zayed & Robinson, 2012) have 

positioned the honey bee at the forefront of efforts to understand the relationship between genes, 

the environment, and complex behavior. Adult worker honey bees exhibit behavioral maturation 

and transition between discrete sets of tasks as they age (G. E. Robinson, 1992).  Bees perform 

tasks in the hive for the first 2-3 weeks of their 6-7 week adult life, such as cleaning or building 

new honeycomb and tending to (ñnursingò) the brood. They then transition to working outside the 

hive, guarding its entrance or foraging for food and other resources. While this behavioral 

maturation has a strong age-related foundation, bees are also able to respond to changing colony 

conditions by accelerating, delaying or even reversing their trajectory. This behavioral plasticity is 

influenced by a complex of factors including genotypic background, colony demography, nutrition, 

and the availability of colony resources (G. E. Robinson, 1992). It is also mediated by specific 

endocrine factors and neuromodulators, and associated with changes in the expression of 

thousands of genes in the brain, some of which have causal effects on behavior (Zayed & 

Robinson, 2012). As a result, transcriptomic analyses of behavioral maturation in honey bees 

have led to fundamental insights about how genotype and the environment act on the brain 

transcriptome to regulate behavior (Zayed & Robinson, 2012). 

 

Two particular behavioral states in honey bees, nursing and foraging, are often used to 

characterize the relationship between behavioral maturation and the transcriptome due to the 

well-characterized and distinct suites of behaviors that each entails. While the social, 

neuroendocrine, physiological, molecular, and genetic influences mediating these states have 

been elucidated in numerous studies, (Zayed & Robinson, 2012) the transcriptional regulatory 

architecture in the brain underlying and connecting these maturational determinants remains 

largely unknown. A brain transcriptional regulatory network (TRN) derived from co-expression 

data collected in a large set of microarray studies revealed that a small number of TFs were 

predicted to reliably regulate the vast majority of differentially expressed genes (DEGs) in the 

brain (Chandrasekaran et al., 2011). Similarly, examining the cis-regulatory logic underlying 

motifs present in the promoters and enhancers of DEGs revealed that specific combinations of 

motifs (many of which are binding sites for TFs identified in the above-mentioned brain TRN 

(Chandrasekaran et al., 2011)) were reliably associated with the differential expression of 
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maturation-related genes in the brain (S. A. Ament, Blatti, et al., 2012). Together, these results 

strongly suggest that a set of key TFs are responsive to maturational determinants and regulate 

definable gene modules to govern patterns of behavior. A comprehensive understanding of the 

manner in which these TFs contribute to behavioral state is thus essential to furthering our 

understanding of how behavior is organized.  

 

As can be seen, there is great interest in elucidating the genome-scale TRNs underlying behavior 

(S. A. Ament, Blatti, et al., 2012; Chandrasekaran et al., 2011; Harris & Hofmann, 2014; O'Connell 

& Hofmann, 2011; Sanogo, Band, Blatti, Sinha, & Bell, 2012). However, because bioinformatics 

and experimental methods for identifying potential cis-regulatory sites upstream of the 

transcriptional start site (TSS) can be unreliable or difficult, respectively (Hardison & Taylor, 2012; 

Jeziorska, Jordan, & Vance, 2009), an ideal approach is to use a combination of methods to 

increase the robustness of inferences made about  a networkôs regulatory architecture. Since 

recent studies have highlighted the fact that a surprising proportion of potential binding sites in 

the promoterôs immediate vicinity exert functional influences on gene expression (T. W. Whitfield 

et al., 2012), the region surrounding the TSS may provide particularly valuable insights about the 

identity of the TFs regulating a gene.  Indeed, it appears that TF binding at the promoter is so vital 

that regulator-target interactions during development can be conserved over vast evolutionary 

distances (Boyle et al., 2014). 

 

Transcriptomic techniques based on cap analysis of gene expression (CAGE) allow for high-

throughput deep sequencing of the 5ô-ends of mRNA transcripts to identify a geneôs TSS as well 

as promoter features downstream of the start site by selectively enriching and sequencing the 

region immediately downstream of the 5ô methylguanosine cap (Harbers & Carninci, 2005). This 

allows one to spatially restrict motif finding to cis-regulatory modules that are actively co-

transcribed with the target gene, and thus likely to be biologically relevant (Consortium, the, & 

Clst, 2014). These modules can then be used to create a high resolution map of the transcriptional 

start sites upstream of actively transcribed genes (Haberle et al., 2014).  

 

In order to determine how TFs (as well as promoter and TSS characteristics) might contribute to 

behavior, we used CAGEscan (Plessy et al., 2010) to examine the transcriptional regulatory 

architecture in the brain underlying behavioral maturation. The large quantities of RNA required 

to perform traditional CAGE and SAGE techniques preclude the analysis of individual bee brains, 

a critical factor in accurately characterizing nuanced transcriptomic changes associated with 
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behavioral state. CAGEscan, however, is a variant of the nanoCAGE technique and is designed 

expressly for promoter characterization from small quantities of input RNA (Plessy et al., 2010). 

Mapping CAGEscan reads to a reference genome allows for accurate identification of TSS and 

the related promoter and 3ô region of the expressed gene. CAGEscan thus permits one to detect 

subtle changes in gene expression and link them to promoter characteristics such as motif 

composition of the promoter and TSS. With CAGEscan it is also possible to utilize paired-end-

reads to provide additional information on the 3ôend of the DNA fragments within the library. The 

additional 3ô-end reads are used to improve mapping to the reference genome and to more 

accurately associate 5ô-end reads to genes, and allowing for the discovery of novel promoter 

regions and TSSs. Here we report on the first comprehensive use of CAGEscan and mapping of 

TSS followed by promoter analysis of honey bee behavioral maturation. 

 

Alternative TSSs are a pervasive feature in eukaryotic genomes, and a growing body of evidence 

indicates that they may play a vital role in gene regulation (de Hoon & Hayashizaki, 2008).  While 

they can arise from distinct promoter regions clearly separated by long stretches of sequence, 

alternative TSSs can also occur close to each other within the same promoter region; even subtle 

alterations in a geneôs TSS have been associated with changes in the expression of downstream 

genes in Drosophila melanogaster (Brown et al., 2014; Hoskins et al., 2011) and mammals 

(Kawaji et al., 2006). CAGE-based techniques have already made valuable contributions to our 

understanding of transcription in model organisms such as, the fruit fly (Brown et al., 2014; 

Hoskins et al., 2011), zebrafish (Nepal et al., 2013), and human and mouse (Carninci, 2006; 

Consortium et al., 2014; Gustincich et al., 2006), and specifically in the nervous system, where 

alternative TSSs appear to play a role in establishing developmental (Pal et al., 2011) and region-

specific (Pardo et al., 2013) gene expression patterns.  However, the potential relevance of 

alternative TSSs in organizing behavior has, to our knowledge, not been addressed in any 

organism.  A previous characterization of promoter usage at the transcriptome level using 5ô 

LongSAGE and expressed sequence tags found that there was evidence for TSS variability in 

nearly half of the genes transcribed in the head of male bees (Zheng et al., 2011), suggesting that 

promoter and TSS usage may also play a vital role in the regulatory systems underlying behavioral 

maturation.  

 

Using CAGEscan to associate differentially expressed TFs with motif enrichment in the promoter 

region of DEGs, we were able to infer the identity of putative regulators of DEGs in specific 

behavioral contexts. Moreover, the identification of many of these TFs in previous analyses 
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(Chandrasekaran et al., 2011) suggests that they may play a role as regulators of not only 

individual genes, but of the behavioral state itself. If so, they would represent crucial links between 

the transcriptomic architecture and behavior. Finally, we used CAGEscan to accurately detect 

TSSs for every expressed gene, which enabled us to discover differences in TSS usage in 

different behavioral contexts. For the first time, this implicates alternative TSS usage as a potential 

mechanism regulating the transcriptomic changes underlying behavioral maturation. 

 

2.2 Results and Discussion 

2.2.1 Read Mapping and Gene Expression 

To elucidate the regulatory networks and TFs underlying behavioral plasticity in honey bees, we 

prepared CAGEscan libraries from the brains of individual nurses and foragers. Libraries were 

pooled into two groups of eight (corresponding to nurses and foragers) for sequencing on an 

Illumina platform (Figure 2.1), and sample-specific barcodes were used to differentiate between 

individuals. Initial sequencing of the forager samples revealed a low number of reads relative to 

standard RNAseq protocols. Since this deficiency in reads was likely due to the sequencing 

protocol rather than the quality of the RNA (Appendix Table B.1), the input cDNA of the nurse 

samples was increased to compensate.  A total of 102,568,069 and 67,921,806 paired-reads 

were obtained from the sequencing of the nurse and forager samples, respectively; after filtering 

for read quality, 92,603,096 and 39,946,689 paired-reads were retained (Figure 2.1, Appendix 

Table B.2).   63% and 59% of nurse and forager reads, respectively, could be mapped to v4.5 of 

the honey bee reference genome (Appendix Table B.3), and were then processed for mapping 

quality (Appendix Table B.4). 83% to 90% of the CAGE tags from each sample could be mapped 

to genes in the honey bee genome (Appendix Table B.5), and we were able to associate CAGE 

tags with 13,111 genes.  After normalizing and filtering the genes (see Methods), 12,453 of the 

15,314 genes in OGSv3.2 (81.3%) had measurable levels of expression (Table 2.1). Despite the 

low quantity of read counts in our samples relative to traditional RNAseq studies, plotting 

saturation curves indicated that the degree of coverage was adequate to capture genes with a 

low level of expression, even in the forager samples (Appendix Figure A.1).  For additional 

measures of read quality and distribution, see Appendix Tables B.1-B.5.  

 

Comparing the per sample biological coefficient of variation (Appendix Figure A.2) and per gene 

squared coefficient of variation (Figure 2.2) revealed that there was a substantially higher degree 

of within-group variation in gene expression among foragers than nurses (p-value < 1.0e-300, 

Wilcoxon Rank Sum Test). Although this increase in variance could theoretically be due to the 
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lack of read coverage in forager samples relative to nurses (Appendix Table B.2), we minimized 

the impact of coverage-related biases by normalizing gene expression (see Methods). Moreover, 

if the variance was a result of low coverage, one would expect genes with a low level of expression 

to be the most adversely affected, and thus have the highest variance.  However, this does not 

appear to be the case (Figure 2.2), indicating that read count did not contribute significantly to 

variation in gene expression or, by extension, differential gene analyses.  It is possible, then, that 

the discrepancy in variation is a biologically relevant phenomenon and may reflect the fact that 

the foragers have to respond to a far more diverse set of stimuli (samples were collected on their 

return trip) and adapt to more variable conditions (i.e., outside environment and varying floral 

conditions) than do the hive-bound nurses.  Although no prior study has explicitly compared nurse 

and forager variability in gene expression, forager variability has itself been the focus of other 

studies, which found that differences in experience, motivational state and environmental 

exposure can lead to distinct neurotranscriptomic states (Claudia C. Lutz, Rodriguez-Zas, 

Fahrbach, & Robinson, 2012; Zayed & Robinson, 2012). 

 

Despite the disparity in within-group variance between nurses and foragers, unsupervised 

hierarchical clustering (Figures 2.3A and 2.3B, Appendix Figures A.3 and A.4) was able to 

generate two distinct groups of gene expression profiles that correspond directly to the behavioral 

state of the sampled bee. Hierarchical clustering also revealed discrete within-group clustering of 

the samples, which may reflect differences in within-group genetic relatedness (despite an 

average degree of relatedness of 75%), age, or time spent performing a particular activity (Claudia 

C. Lutz et al., 2012). A single outlier (sample F41) was identified during this analysis.  However, 

subsequently removing the outlier had little impact on downstream analyses (Appendix Table 

B.6), and the sample was retained.  Overall, these results indicate that CAGEscan was able to 

recapitulate the strong relationship between neurotranscriptomic and behavioral state observed 

in previous honey bee microarray studies (Alaux et al., 2009; C. W. Whitfield et al., 2006; C. W. 

Whitfield, Cziko, & Robinson, 2003).  

 

2.2.2 Differentially Expressed Genes 

There were 1,058 differentially expressed genes (DEGs) between nurses and foragers (FDR < 

0.05, Appendix Dataset C.1, Appendix Figure A.5). Although the number of DEGs upregulated in 

both groups is almost identical (534/524 genes in foragers and nurses, respectively), K-Means 

clustering revealed 29 clusters of upregulated genes in foragers and 21 clusters in nurses (Figure 

2.4). This suggests that foragers may have greater variation in regulatory patterns, which is 
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consistent with our previous observations on the distribution of variance within the two behavioral 

groups. 

 

The honey bee brain is surrounded by the hypopharyngeal glands (HPG), making it difficult to 

dissect the brain without the risk of contamination. Further, because the development of the HPG 

is intrinsically linked to the maturational state of the bee, contamination can result in systematic 

biases in gene expression when behavioral maturation is being assessed.  Therefore, in order to 

determine the extent of potential contamination we used RNAseq to obtain an expression profile 

of nurse and forager HPGs relative to brain tissue. We then compared genes that were 

upregulated in the HPG to our dataset (Appendix Table B.7).  Only 36 of the 1125 genes that 

were strongly (log2 fold-change > 3) upregulated in the HPG were identified as differentially 

expressed between nurses and foragers, implying that HPG contamination most likely had a 

minimal impact on the identification of DEGs.  Since the potential influence of this contamination 

appeared to be negligible, no DEGs were removed from subsequent analyses.   

 

2.2.3 Comparisons with Previous Studies 

To explore the concordance of these results with previous studies, we compared our data to prior 

microarray assessments of nurse and forager brain transcriptomes.  For consistency, we 

remapped the microarray datasets to the current official honey bee gene set, OGSv3.2 using 

BLAT and Bowtie (Figure 2.5a).  The present CAGEscan and previously published microarray 

datasets (Alaux et al., 2009; C. W. Whitfield et al., 2003) show strong similarities in the number 

of DEGs detected in the brain, with circa 800-900 DEGs for each study (Figure 2.5b, Appendix 

Dataset C.2). Moreover, the DEGs identified in the CAGEscan dataset exhibits a significant 

degree of overlap with prior microarray assessments of nurse and forager transcriptomes, sharing 

approximately 150 genes with each previous study (Figure 2.5b). Hypergeometric tests indicated 

that the degree of overlap between the three datasets was modest, but significant (p < 1e-08 for 

all pairwise comparisons, Bonferroni adjusted). The directional concordance of gene expression 

changes in the overlapping DEGs was highly consistent, however, with a minimum of 84% 

concordance (Figures 2.5c and 2.5d). Moreover, we calculated the Spearman Rank Correlation 

(r) of the log2  fold change of our data and the aforementioned studies, and found robust and 

reliable correlations in gene expression values between the three studies (r=0.39, p < 1e-100, 

comparison of (Alaux et al., 2009; C. W. Whitfield et al., 2003); r=0.39, p < 1e-120, comparison 

of our results and (Alaux et al., 2009); r=0.25, p < 1e-125, comparison of our results and (C. W. 

Whitfield et al., 2003)).  
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These results are noteworthy given the differences in sample genetic background, collection 

protocol, analytical platforms and gene models used in these studies. In particular, models of 

alternative splicing are not as complete in the honey bee as they are in genetic model organisms, 

and have shifted considerably with the advent of newer annotations(Elsik et al., 2014).  This could 

cause isoform specific probes to be misconstrued as indicating a change in overall gene 

expression when none actually exist.  Finally, it should be noted that the degree of concordance 

between our study and the two array studies was not substantially different from the level of 

similarity between the two microarray studies themselves, suggesting that discrepancies between 

these studies may be the result of genetic background or biological noise rather than platform-

related differences. 

 

2.2.4 Gene Ontology Analyses of Differentially Expressed Genes 

A Gene Ontology (GO) analysis was performed to explore the functional implications of nurse and 

forager upregulated genes. Genes upregulated in nurses were found to be enriched for GO terms 

associated with nucleic acid, lipid and protein metabolism (Appendix Dataset C.3), a result 

consistent with previous transcriptomic analyses of behavioral maturation (Alaux et al., 2009). For 

instance, energy metabolism (S. A. Ament et al., 2011), oxidoreductase activity (C. W. Whitfield 

et al., 2006), oxidation reduction (S. A. Ament, Blatti, et al., 2012), glycolysis (S. A. Ament, Blatti, 

et al., 2012), and various mitochondrial and ribosomal (Naeger et al., 2011) components are all 

GO categories that were identified in both our study and previous studies on maturational 

determinants (Appendix Dataset C.4).  These annotations are particularly relevant, since it is now 

well established that nutritional physiology has a causal influence on the behavioral state of the 

honey bee (Page et al., 2012; Zayed & Robinson, 2012).  Manipulating factors that influence 

metabolic state such as diet (S. A. Ament et al., 2011), insulin signaling (Seth A. Ament, Corona, 

Pollock, & Robinson, 2008) and the yolk-protein Vitellogenin affect not only brain gene expression 

but the rate of behavioral maturation (Zayed & Robinson, 2012). Indeed, there is evidence of 

coordinated TRNs in honey bee brain and fat tissues during behavioral maturation, suggesting 

that brain function and body-wide metabolic changes are intrinsically linked at the level of the 

transcriptome (S. A. Ament, Wang, et al., 2012).   

 

Genes upregulated in foragers were also enriched for some metabolic processes, but there was 

also far greater diversity in the types of GO terms that characterize forager up-regulated genes, 

including numerous terms associated with organ development and growth (Appendix Dataset 
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C.3). A closer inspection of these categories reveals that they are composed of genes known to 

play roles in nervous system development, neuronal function and neural plasticity in Drosophila 

melanogaster (Appendix Dataset C.4). As with nurses, the GO categories linked to foraging are 

also consistent with previous transcriptomic and informatics based analyses, especially for 

nervous system development (S. A. Ament, Blatti, et al., 2012; Sinha, Ling, Whitfield, Zhai, & 

Robinson, 2006), synaptic/neurotransmission (Chandrasekaran et al., 2011), receptor signaling 

pathways (C. W. Whitfield et al., 2006), protein kinase activity (Claudia C. Lutz et al., 2012; C. W. 

Whitfield et al., 2006), G-protein coupled receptor signaling (Grozinger, Sharabash, Whitfield, & 

Robinson, 2003; Claudia C. Lutz et al., 2012),  insulin receptor signaling (Naeger et al., 2011), 

protein folding (S. A. Ament, Blatti, et al., 2012; Claudia C. Lutz et al., 2012; C. W. Whitfield et al., 

2006), and response to heat (S. A. Ament, Blatti, et al., 2012; Claudia C. Lutz et al., 2012).  These 

results may reflect the highly demanding cognitive tasks that foraging honey bees must perform 

relative to nurses related to navigation, manipulating flowers, and forming spatiotemporal 

memories of different foraging sites (Naeger et al., 2011), though experiments that directly 

manipulate the effects of these factors on the performance of foraging activities are still limited. 

 

2.2.5 Transcription Factors Identified as Key Regulators of Behavioral Maturation 

In total, 250 orthologous TFs were identified by sequence similarity. 26 of these TFs were 

differentially expressed, with 4 upregulated in nurses and 22 upregulated in foragers (Appendix 

Dataset C.5, Appendix Figures A.6 and A.7).  Additionally, more than half of the differentially 

expressed TFs had DNA binding motifs that were statistically enriched in the promoter regions of 

differentially expressed genes (Table 2.2), strongly suggesting they are part of the regulatory 

architecture underlying behavioral state.   

 

Previous studies have indicated that the G/C content of promoter regions can have a dramatic 

impact on motif identification (Sinha et al., 2006). To ascertain whether our analysis was 

influenced by this bias, we compared the relative G/C content of promoters associated with 

forager and nurse upregulated genes.  We found that the promoters of forager upregulated genes 

were indeed significantly enriched for G/C nucleotides compared to those of nurse upregulated 

genes (p-value < 1.0e-50, Wilcoxon Rank Sum Test, Appendix Dataset C.6, Figure 2.6). Since 

our initial analysis used nurse and forager promoters as background sets when assessing 

enrichment, a difference in C/G content between these groups could adversely affect these 

findings.  In order to verify that our motif enrichment data were not compromised, we performed 

two additional analyses using alternative backgrounds consisting of 1) all predicted promoters in 
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OGS v3.2 or 2) randomized portions of the bee genome.  Since the motifs of only two TFs were 

altered in these new analyses (Table 2.3), we conclude that C/G bias we detected exerted a 

minimal influence on our analysis. 

 

To determine whether each of the 15 putative regulators of behavioral state might serve as 

activators or repressors of their target genes, we compared the expression patterns of the TFs 

themselves with the patterns of the genes they were predicted to regulate. Eight putative 

regulators had motifs that were enriched in the promoters of genes upregulated in the same 

behavioral context (Table 2.3) suggesting that they have an activating influence on their targets. 

Conversely, five putative regulators have a reciprocal relationship with their predicted targets, 

suggesting that they are serving as repressors of these genes. Finally, the last two TFs had motifs 

that were enriched in the promoters of both forager and nurse upregulated genes relative to all 

annotated promoters in the genome, suggesting they may have bivalent regulatory functions.  

Remarkably, these predictions are largely consistent with the known functions of orthologous 

genes in other organisms and contexts (Table 2.3).  That being said, it should be noted that these 

functions may not correspond with canonical descriptions of the TF in question, as some of these 

TFs have been documented to possess dual activator and repressors functions in different 

contexts. 

 

Two of these putative regulators, Creb1 and NF-əB, have previously been identified as potential 

regulators of behavioral maturation in both a reconstruction of the honey bee brain TRN 

(Chandrasekaran et al., 2011) and in motif distribution analyses of the regulatory regions of genes 

associated with behavioral maturation (S. A. Ament, Blatti, et al., 2012). Both Creb1 and NF-əB 

have also been experimentally shown to play vital roles in regulating neural plasticity (Barco & 

Marie, 2011; Benito & Barco, 2010; Meffert & Baltimore, 2005; Meffert, Chang, Wiltgen, Fanselow, 

& Baltimore, 2003), in addition to their involvement in other biological processes. Intriguingly, the 

genes of several TFs that interact with Creb1 were found to be differentially expressed, including 

atf3 and usf1.  Like Creb1, Atf3 is a critical component of protein kinase A signaling (Chu, Tan, 

Kobierski, Balsam, & Comb, 1994), heterodimerizing with Creb1 to modulate gene expression in 

vertebrates. Indeed, according to our data, both Atf3 and Creb1 appear to be involved in instituting 

or maintaining the foraging state (Table 2.3), suggesting that they might be acting in a cooperative 

manner in bees as well.  Usf1, by contrast, is known to work in opposition to Creb1 signaling 

(Steiger, Bandyopadhyay, Farb, & Russek, 2004) and is similarly predicted by our data to repress 

forager-related transcripts, potentially countering Creb1ôs predicted role as an activator of foraging 
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related genes.  Several modulators of NF-əB activity, including egr (Parra, Ferreira, & Ortega, 

2011) (another putative regulator detailed below) and nr4a2 (which interacts with NF-əB in the 

nervous system (Saijo et al., 2009)) were also found to be differentially expressed in foragers.  

Together, these groups of genes may represent coherent regulatory modules governing 

behavioral state.  At the very least, the fact that so many TFs known to interact with one another 

are predicted to regulate the same behavioral state reinforces the idea that the cellular functions 

regulated by Creb1 and NF-əB are particularly vital for the onset or maintenance of foraging 

behavior. 

 

EGR, a TF that has previously been characterized as a canonical immediate early gene (IEG) 

linked to induction of neural plasticity in a variety of organisms (Knapska & Kaczmarek, 2004), 

was also upregulated in foragers.  egr expression in the honey bee mushroom bodies (a region 

of the insect brain involved in learning and memory) is responsive to stimuli that trigger spatial 

learning (namely orientation flight) in conjunction with exposure to a novel environment (C. C. 

Lutz & Robinson, 2013).  Quantitative PCR analyses additionally indicate that mushroom body 

egr expression increases in association with behavioral maturation independent of environmental 

stimuli (C. C. Lutz & Robinson, 2013).  Our results concerning egr are therefore consistent with 

previous findings. Moreover, since the egr motif is enriched in the promoters of forager up-

regulated genes, these data suggest that egr functions not only as an IEG that governs 

transcriptomic responses to experiential stimuli, but also helps orchestrate the 

neurotranscriptomic changes that precede and maintain the foraging state as well. 

 

The gene rxra1 (ultraspiracle/usp) is a highly conserved nuclear receptor with affinity for both 

juvenile hormone (Jones & Sharp, 1997) and ecdysone. Its identification as a putative regulator 

of foraging behavior is fitting, since endocrine signals (including juvenile hormone) are known to 

play a critical role in regulating behavioral maturation in honey bees (Corona et al., 2007). 

Moreover, experimental usp knockdown was previously shown to delay the transition to the 

foraging state (S. A. Ament, Wang, et al., 2012). This indicates that CAGEscan can ñreproduceò 

known causal effects of genes on behavioral state, something that approaches based purely on 

informatics-derived inferences have sometimes failed to capture (Chandrasekaran et al., 2011).  

Intriguingly, the gene for Ecdysone Receptor (EcR), a binding partner of USP (Bitra & Palli, 2009), 

was also upregulated in foragers.  While ecdysone has no known role in honey bee behavioral 

maturation, the co-expression of ecdysone receptor with its binding partner usp provides a 

suggestive hint that such a relationship exists, but has hitherto gone undetected. 
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The identification of clockwork orange (cwo), a critical component of the circadian regulatory 

circuit in Drosophila melanogaster (Kadener, Stoleru, McDonald, Nawathean, & Rosbash, 2007), 

as a putative regulator of behavioral maturation is also noteworthy. Although adult honey bees 

appear to possess endogenous biological rhythmicity from the moment they emerge from their 

cells, their locomotor behavior and metabolism are largely arrhythmic until shortly before the onset 

of foraging (Moore, 2001).  Correspondingly, circadian related gene expression begins at a low 

and relatively invariant level, gradually increasing and becoming rhythmic as the bee approaches 

the foraging state.  Additionally, the ability to form time-dependent memory is critical for honey 

bees, since they forage on resources that are both spatially and temporally restricted.  Not only 

must a forager remember where a previously visited floral patch is, it must know when a floral 

patch is producing nectar and pollen.  A previous study assaying brain gene expression changes 

in foragers found that the expression of genes associated with circadian rhythmicity not only cycle 

as a result of the time of day, but can also be modulated by training a bee to forage at a particular 

time point, suggesting they play a critical, perhaps even causal, role in organizing the temporal 

aspects of a beeôs foraging behavior (Naeger et al., 2011).  Since all nurse and forager samples 

were collected within a very short time window (less than 1.5 hours), variation in cwo levels due 

to time of day should be minimal, suggesting that this gene may instead be serving a crucial 

function in the onset of spatiotemporal learning in honey bee foragers. 

 

Finally, several TFs associated with nervous system development in Drosophila were also 

identified as putative regulators of the foraging state, namely: hes1 (in flies known as hairy or 

deadpan), dri (retained), pax6 (eyeless), hoxA6 (deformed), and hoxA1 (labial). Additionally, 

motifs associated with two of these TFs (dri and hairy) have previously been identified as enriched 

in the promoter regions of genes that are associated with behavioral maturation (Sinha et al., 

2006).  Neural plasticity associated with behavioral maturation in honey bees is known to involve 

large increases in dendritic arborization in specific brain regions (Farris, Robinson, & Fahrbach, 

2001), and the cooption of developmental transcriptional programs may be one way this plasticity 

is mediated.  

 

Remarkably, motifs associated with five differentially expressed transcription factors (hes1 (hairy), 

pax6, NF-əB, egr and clockwork orange) were combinatorially enriched in the promoters of nearly 

50% of the genes that were upregulated in foragers (Appendix Figures A.8 and A.9, Appendix 

Dataset C.7).  This suggests that a large proportion of the brain transcriptomic differences 
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between nurses and foragers may be influenced by a small number of TFs, a pattern that also 

has been predicted by previous bioinformatic analyses (Chandrasekaran et al., 2011).  Moreover, 

the fact that such a large number of motifs were enriched in the same set of promoters implies 

that these five genes may co-regulate a coherent module of the regulatory architecture underlying 

behavioral state.  It should be noted that the motif associated with one of these TFs (pax6) did 

not have the same level of enrichment when all OGS v3.2 promoters were used as the set of 

background sequences, suggesting that G/C bias may have had an influence in the detection of 

this particular motif (Table 2.3).  Regardless, even if only the other four TFs are considered as 

putative co-regulators of such a significant proportion of the forager transcriptome, this is still a 

remarkable finding. 

 

By contrast, only a single differentially expressed transcription factor, MyoD (nautilus), was 

associated with a motif enriched in more than 50% of the nurse upregulated genes.  Traditionally 

known as a master regulator of cell fate in muscle cells (Tapscott, 2005), MyoD has only recently 

been characterized in the nervous system, where its only known function is as a tumor suppressor 

in the cerebellum of vertebrates (Dey et al., 2013).  As such, this is the first discovery of the 

potential involvement of a MyoD ortholog as a key regulator of behavioral state, and elucidating 

its role in the insect nervous system will require additional study.    

 

2.2.6 Alternative Transcriptional Start Sites and Behavioral Maturation 

In order to determine whether alternative TSSs were associated with behavioral state, we 

analyzed their occurrence in nurse and forager upregulated genes.  For our purpose, TSSs are 

defined as the CAGE cluster with the highest degree of coverage (i.e., the most transcribed) that 

is common to all samples within a group (Figure 2.7).  We first identified genes with multiple CAGE 

clusters across samples (Appendix Figure A.10), and then compared the results of our TSS 

analysis at each of these loci to determine whether there were systematic differences in TSS 

usage between foragers and nurses. Differential TSS usage was defined as the existence of 

distinct common TSSs in nurse and forager samples separated by a mutual distance of at least 

100bp (Figure 2.7).   

 

Our data indicate that 646 out of the 12,453 expressed genes possessed alternative TSSs that 

were utilized differentially between nurses and foragers (Appendix Dataset C.8). However, only 

14.9% (96/646) of these genes were also found to be differentially expressed between nurses 

and foragers (Appendix Dataset C.8). One potential interpretation of this small proportion is that, 
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if alternative TSS selection plays a substantial role in regulating behavioral maturation in the 

honey bee, it does so by mediating splicing or post-transcriptional regulation of the resulting 

transcripts rather than directly influencing the levels of transcript produced.  Alternative TSSs 

have been shown to have a significant effect on isoform expression (through differential 

recruitment of splicing factors or the exclusion of 5ô exons) (Carninci et al., 2006), mRNA turnover, 

and the efficiency of translation (Davuluri, Suzuki, Sugano, Plass, & Huang, 2008) in other 

species, so it is reasonable to speculate that they serve a variety of similar functions in the honey 

bee as well.  Still, although the overlap between DEGs and alternative TSSs is small, the 

prevalence of genes with alternative TSSs is significantly higher in DEGs than in the whole 

transcriptome (Fisher's right-hand exact test using hypergeometric distribution. p-value < 3e-08). 

As such, itôs still possible that alternate TSSs play at least some role in regulating the rate of 

transcription during behavioral maturation. 

 

Additionally, the small number of identified alternative TSSs relative to previous studies is related, 

in part, to our use of highly stringent criteria for the identification of TSSs.  While the beginning of 

each CAGE tag can be considered as a discrete TSS, clustering CAGE tags is necessary to avoid 

false TSSs (Shiraki et al., 2003). Moreover, since we were interested in delineating the systematic 

differences in TSS between nurses and foragers, we clustered all CAGE tags within a 50bp 

window to determine a consensus start site for each group of bees.  This provided a much more 

coherent picture of the distinct trends in start site selection between these two groups.  In order 

to prevent tags from overlapping consensus sites, we further required that each alternative start 

site be separated by a mutual distance of at least 100bp.  Relaxing either of these constraints 

dramatically increases the number of genes exhibiting alternative TSSs (Appendix Figure A.11).  

One should therefore consider the 646 genes with alternative TSSs to be a very conservative 

estimate of the link between behavioral state and TSS selection in the bee.  Regardless, these 

results provide the first evidence that alternative TSSs reflect transcriptomic changes that are 

associated with sustained differences in behavior. 

 

Gene Ontology (GO) analysis of the 646 genes with alternative TSSs show enrichment for a set 

of GO terms associated with nervous system development, neuronal development, axon 

guidance, wing development, oxidoreductase activity, lipid biosynthesis process and respiratory 

system development (Appendix Dataset C.9).  These terms are strikingly similar to those obtained 

by GO analyses of DEGs (despite the low prevalence of DEGs exhibiting differential TSS usage) 
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and are strongly suggestive of a role for alternative TSS usage in establishing and/or maintaining 

differences in nervous system function between nurses and foragers.  

 

2.3 Conclusions 

For the first time, we experimentally determined the TSSs and transcribed promoter regions 

associated with the regulation of behavioral plasticity in bees.  We showed that the promoters of 

DEGs are enriched for motifs associated with many of the TFs we found to be differentially 

expressed, highlighting the potential importance of these TFs in regulating behavior. The coherent 

picture presented by our data and previous experimental and bioinformatics results reveals that 

CAGEscan provided us with highly detailed and convincing evidence about the functional 

architecture underlying the transcriptome during behavioral maturation. For instance, a number 

of these TFs were previously predicted to regulate behavioral maturation, and nearly all of them 

are associated with functions that correspond to known aspects of behavioral maturation.  

 

Additionally, we found that a small subset of these putative regulators of behavioral state might 

be responsible for organizing the majority of transcriptomic differences in nurses and foragers, a 

result that corresponds with previous regulatory network analyses (Chandrasekaran et al., 2011).  

These results contribute to a growing appreciation of the fact that many behavioral states are 

associated with (and presumably regulated by) extensive and distinct transcriptional signatures 

in the brain (Drnevich et al., 2012; Zayed & Robinson, 2012). However, how such changes in 

RNA abundance lead to changes in neuronal function and, subsequently, behavior is a challenge 

that remains to be solved.  

 

The fact that motif enrichment was assessed in actively transcribed promoter regions makes it all 

the more likely that the enriched motifs serve a functionally relevant role (T. W. Whitfield et al., 

2012) in the transcriptional regulation of behavioral state. This is supported by the number of 

putative regulators that have previously been implicated in controlling behavioral maturation 

(Table 2.4).  Still, we must stress that our results are purely correlative.  Future studies should 

attempt to assess the veracity of these predictions by making targeted manipulations of these TFs 

and ascertaining their effect on behavioral state and the expression of predicted target genes. 

 

Additionally, while the ability to associate differential TF and target gene expression with motif 

enrichment in actively transcribed regions is strongly suggestive of regulatory function, one should 

not expect all of a transcription factorôs potential targets to be regulated in every context, 
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particularly since genes are not commonly under the control of a single TF. Therefore, additional 

experiments are required to study how the combinatorial interactions between these TFs affect 

the expression of each target gene and give rise to contextually specific patterns of gene 

expression.  Our findings implicate five TFs as putative co-regulators in nearly half the genes that 

were upregulated in foragers, which implies that TF co-association at the promoter may play a 

vital role in instituting or maintaining behavioral state.  Because such combinatorial interactions 

have previously been predicted to play important roles in governing behavioral maturation (S. A. 

Ament, Blatti, et al., 2012) and TF co-association at the promoter appears to drive evolutionarily 

conserved differences in contextually dependent gene expression during development (Boyle et 

al., 2014), dissecting these patterns of co-regulation using targeted manipulations of the putative 

regulators is a logical next step in elucidating how the brain transcriptome organizes behavior. 

 

Similarly, the lack of motif enrichment for differentially expressed TFs should not be construed as 

evidence that they are not involved in the regulation of behavioral maturation, particularly since 

the assay used here cannot account for the potential presence of TF binding sites at enhancers 

distal to the gene promoter. Similarly, this limitation makes it likely that a significant number of 

real targets were not characterized by CAGEscan. Therefore, the analyses presented here should 

be used to motivate and inform future experiments to study physical occupancy of potential 

binding sites by the most promising TFs, as has been done previously for Ultraspiracle Protein 

(S. A. Ament, Wang, et al., 2012).  

 

It should be noted that, unlike previous studies (Alaux et al., 2009; C. W. Whitfield et al., 2006), 

we did not control for the effect of age on gene expression.  Since the transition from hive-bound 

to foraging tasks involves a developmental trajectory, this presents a potential confound for our 

findings.  However, previous studies assessing the contribution of chronological age relative to 

other maturational determinants have found that age plays a relatively minor role in determining 

differences between nurse and forager brain transcriptomes (C. W. Whitfield et al., 2006).  

Moreover, age-related differences in brain gene expression are most apparent in early adult life, 

generally long prior to onset of nursing and foraging behavior (C. W. Whitfield et al., 2006). Our 

results also exhibit high concordance with the predictions of a meta-analysis that assessed the 

link between maturational determinants (other than age) and transcriptomic architecture (S. A. 

Ament, Wang, et al., 2012).  As such, we feel that while the potential age differential between 

nurses and foragers is doubtless responsible for some alterations in gene expression, it is unlikely 

to affect our overall conclusions. 
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Finally, applying CAGEscan we were able to identify reliable differences in TSS selection related 

to behavioral state for the first time.  The transcripts for a substantial number of genes exhibit start 

sites unique to nursing or foraging behavior, and GO analysis indicates that these are relevant to 

nervous system function.  While alternative TSSs may be regulating transcriptional rates in a 

comparatively small proportion of these genes, itôs also possible that they are contributing to the 

expression of alternative isoforms or other post-transcriptional regulatory processes that may 

contribute to the regulation of behavioral plasticity. 

 

 

2.4 Methods 

2.4.1 Sample Collection 

All samples were collected from a single colony at the University of Illinois Bee Research Facility, 

Urbana, Illinois. Samples were the offspring of a queen inseminated with semen from a single 

drone, which (due to the haplodiploid genetics of the honey bee) results in worker offspring with 

75% average genetic relatedness. Behavioral identification was according to standard methods 

(S. A. Ament, Wang, et al., 2012). Bees that were observed entering honeycomb cells containing 

larvae were identified as nurses, immediately collected using forceps, and frozen in liquid 

nitrogen. Bees returning to the colony with loads of pollen on their hind legs were identified as 

foragers, captured using soft forceps and immediately frozen in liquid nitrogen.  All collections (N 

= 25 nurses and foragers) were performed within a 1.5 hour timespan (from 10:00 to 11:30 a.m.) 

on the same day (July 29th, 2011). After collection, bee heads were freeze dried and brains were 

dissected in 80% ethanol chilled using dry ice (Schulz & Robinson, 1999).   

 

2.4.2 RNA extraction 

Total RNA from individual bee heads was prepared by homogenizing the brain tissue using a 

motorized pestle and extracting the RNA using TRIzol (Life Technologies, Carlsbad, California, 

USA) and RNeasy Mini spin columns (Qiaqen, Venlo, Limberg, Netherlands), as per manufacturer 

specifications.  All samples were treated with DNase (Qiagen).  Sample quality was confirmed 

using a Nanodrop (Thermo Scientific, Walthan, Massachusettes, USA) and Bioanalyzer (Agilent 

Technologies, Santa Clara, California, USA). 

 

2.4.3 CAGEscan Library Construction 
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CAGEscan libraries were generated from total RNA preparations of individual bee brains (16 

samples including 8 nurses and 8 foragers), and the barcoded cDNAs were pooled into two 

libraries for sequencing using established protocol (Salimullah, Sakai, Mizuho, Plessy, & Carninci, 

2011) (Figure 2.1). This protocol was modified slightly to reduce the rRNA content of CAGEscan 

libraries and to improve the selection of true 5' ends by incubating the RNA in 5´-Phosphate-

Dependent Exonuclease (Terminator, Epicentre, Madison, USA) to remove rRNA and truncated 

mRNAs. During cDNA synthesis a reverse-transcription primer and ñtemplate-switchingò 

oligonucleotide with individual barcodes (Appendix Table B.8) plus specific sequences for 

template switching at the 5ô cap of mRNA were incorporated into the first strand cDNA by a 

reverse transcriptase. Since the primer and template-switching oligonucleotide added known 

sequences to the 5ô and 3ô ends of the cDNA, they could be used as templates for semi-

suppressive PCR. Using this process, long strands of cDNA were selectively amplified to generate 

the second cDNA strand (molecules that were short or possessed the same adaptor sequences 

at their 5ô and 3ô ends self-hybridized prior to the PCR, precluding amplification). The length of 

cDNA fragments within the CAGEscan library preparations ranged from 200-700 bps. 

 

2.4.4 Sequencing of CAGEscan Libraries 

Sequencing of CAGEscan libraries was performed by the W.M. Keck Center for Comparative and 

Functional Genomics (University of Illinois at Urbana-Champaign, Urbana, Illinois, USA).  Nurse 

and forager samples were combined into separate pools, and sequenced in different lanes and 

sequencing runs.  Upon sequencing the forager samples, the quantity of reads obtained was 

judged to be lower than desired, and additional input cDNA was used for the nurse samples.  

CAGEscan tags used in this study were paired-end reads of length 100 bp. Low quality and outlier 

reads were filtered out of the data sets using FASTQC 

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc), and CAGE tags with missing or incorrect 

adapters were omitted. In the sequence trimming process we removed the adapter sequence (21 

bp, Appendix Table B.8) from the first mate of the paired-end sequences, and correspondingly 

pruned part the second mate, such that both mates had equal lengths (79 bps).  

 

2.4.5 Mapping and Filtering CAGE Tags 

The 79 bp paired-end reads obtained after trimming were aligned to the honey bee reference 

genome (version 4.5) using Bowtie2 v2.1.0 (Langmead & Salzberg, 2012) in order to calculate 

the estimated mean (588 bp) and standard deviation (767 bp) of the inner distance between 

mapped paired-end reads. These parameters were then used with the Tophat v2.0.8 (Kim et al., 

http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc
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2013) splice junction mapper to improve our ability to align the reads to the reference genome, 

allowing for up to 2 mismatches and 2 gaps per read.  For the CAGE tag filtering process, we 

filtered out mapped reads that had a relatively high probability (p > 0.01/ MAPQ < 20) of being 

mapped incorrectly.  Paired reads also were excluded from further analyses when: 1) both mates 

mapped to alternate strands, 2) one mate was unmapped, 3) the mates mapped to different 

scaffolds or 4) there was an inner distance greater than (mean + standard deviation) of the 

estimated inner distance between paired reads.   

 

2.4.6 Gene Expression 

The CAGE tags were mapped to the official honey bee gene set, OGSv3.2 (Elsik et al., 2014). A 

typical CAGE tag was considered to be associated with a gene if it intersected with the region 

that covers [-2000 bp, end of the gene], but may be restricted by the end of the upstream gene 

on the same strand. In these cases the tag was considered to be associated if it maps to the 

region [end of the upstream gene+1, end of the gene].  As such, it is possible for multiple CAGE 

tags to be associated with one gene, or one CAGE tag to span two adjacent genes. To insure 

that the mapped reads provided sufficient coverage for differential expression analyses, their 

distribution was plotted using RSeQC (Wang, Wang, & Li, 2012). We generated a gene 

expression data matrix using the association of tags and genes, where each row represents the 

expression levels for a gene and each column represents a nurse or forager samples. Only those 

genes that had non-zero expression level in at least two samples of any of the nurse/forager 

groups were used for downstream analyses. Using this matrix, we normalized gene expression 

by rescaling the number of tags from each sample to the minimum number of tags from across 

all samples to remove sequencing bias. 

 

2.4.7 Gene Clustering Based on Expression 

To determine the differences in brain gene expression levels between nurses and foragers, we 

performed two-way unsupervised hierarchical clustering using MATLAB to cluster genes and 

samples using an inner squared distance (minimum variance) algorithm. The Euclidean distance 

metric was used to measure the distances between gene profiles (rows) and Pearsonôs correlation 

coefficient was used to measure the distance between sample profiles (columns).  To obtain a 

statistical measure of how the clustering preserves the actual dissimilarities between samples, an 

unsupervised evaluation of hierarchical clustering using cophenetic correlation coefficient (CPCC) 

was performed. The CPCC is defined as: 
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where ὼ  is the Euclidean distance between ith and jth observation and Ὠ  is the cophenetic 

distance, which is the height of the link that joins the two observations in the obtained clustering 

dendrogram; x and d are the averages of ὼ  and Ὠ , respectively. CPCC is the linear 

correlation coefficient between the observed distances (dissimilarities) in the samples and the 

cophenetic distances obtained from the clustering. In our case the CPCC was 0.78, suggesting 

that the clustering was not a technical artifact but represents actual biological differences 

between samples. 

 

2.4.8 Variability of Gene Expression 

We evaluated differences in brain gene expression between individual bees within the nurse 

and forager groups by calculating the per-gene variance in expression levels between the 

individuals within each group. The variance was calculated on scaled expression data using the 

Z-score, such that the expression values of each gene had a mean equal to zero and standard 

deviation equal to 1. To examine if the variation in gene expression between forager samples 

was significantly different from the variation between nurse samples, we used the Wilcoxon 

Rank-Sum test between the two vectors of variances. Finally, we compared the samples using 

the per sample biological coefficient of variation (the square root of the dispersion parameter for 

the 500 most variable genes) and the per gene squared coefficient of variation (CV2) (the 

squared ratio of the standard deviation of gene expression across all group samples to the 

group average gene expression). 

 

2.4.9 TSS Identification, Differential TSS Usage and Promoter Extraction 

To define TSS positions, CAGE tags belonging to each sample were clustered using an iterative 

hierarchical clustering approach with Paraclu v9 (Frith et al., 2008) to form clusters covering 

regions of less than 50 bp (Figure 2.7). Clusters that were more than 50 bp in length or were 

represented by fewer than 5 tags after rescaling were removed.  Clusters with a maximum 

density/baseline density ratio of less than 2 also were excluded (since the signal strength was 

likely insufficient to represent a real TSS), as were clusters that were merely components of a 

larger cluster. We used these CAGE clusters to identify potential gene TSSs for the nurse and 

the forager groups independently of one another. Because more than one CAGE cluster could 
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potentially be associated to a particular gene, we defined a geneôs TSS to be the starting 

position of the CAGE cluster that has the greatest overall number of CAGE tags and is present 

in all of the samples in a group. These sites therefore represent a set of common TSSs for the 

expressed genes in each of the groups. To determine whether there was differential TSS usage 

between nurses and foragers, we compared the common TSS for each group.  Those genes 

with distinct TSSs for each group were judged to use alternative start sites as a consequence of 

behavioral state.  Due to the potential overlap of paired end reads in adjacent CAGE clusters, 

only TSSs with a mutual distance >100bp were considered for this analysis. 

 

Promoters were defined as regions covering [-2000 bp, 200 bp] relative to TSSs common within 

a group. The final promoter region was further constrained so that it did not overlap an upstream 

gene or exceed the stop codon of the downstream gene to which the promoter was associated. 

Despite this restriction on promoter length, 65% of all OGSv3.2 genes (and 75% of differentially 

expressed genes) still use the full promoter region. Only 19% of OGSv3.2 genes (and 13% of 

differentially expressed genes) have promoters of <1000 bp length, and 9% of OGSv3.2 genes 

(and 5% of differentially expressed genes) have promoters of <500 bp length.   

 

2.4.10 Differentially Expressed Genes (DEGs) 

The brain gene expression profiles of eight nurses and eight foragers were determined from the 

raw count of the CAGE tags associated with the respective genes.  We filtered genes with a low 

level of expression, keeping only those that had at least 1 tag per million reads in at least 2 

samples.  To remove sequencing bias due to coverage depth, gene expression data were 

normalized using the Trimmed Mean of M-values (TMM) method (M. D. Robinson & Oshlack, 

2010).  Differentially expressed genes were determined on a per gene basis. We always 

compared genes of the same length to find differences in expression between the samples of 

each group, and gene length had no influence on the results. This allowed us to normalize 

based purely on the distribution of reads across the genes using the TMM in edgeR (M. D. 

Robinson, McCarthy, & Smyth, 2010). Statistical analyses of gene expression data to identify 

DEGs were performed in edgeR using tagwise dispersion to estimate the variance within each 

gene.  EdgeRôs implementation of Fisherôs Exact Test (which corrects for overdispersion and 

uses a negative binomial distribution) was then performed to evaluate differential expression, 

and the resulting p-values were adjusted for multiple comparison testing using the Benjamini-

Hochberg false discovery rate (FDR < 0.05). 
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The honey bee brain is surrounded by a large exocrine organ called the hypopharyngeal gland 

(HPG), which presents a potential source of contamination.  Moreover, the HPGôs size and level 

of activity varies substantially in nurses and foragers, making it possible for contamination to 

bias gene expression assays and increase Type I error.  Since it is impossible to quantify 

potential contamination directly, previous studies of nurse-forager gene expression have 

excluded genes with a high level of expression in the HPG (Alaux et al., 2009).  To determine 

whether this would be necessary for our data, we used RNAseq to quantify the expression of 

genes in the HPGs (relative to brain tissue) of nurses and foragers.  The top 1%, 5%, 10%, and 

20% (by log fold change) of genes upregulated in the HPG of each group were then compared 

to their respective CAGEscan DEGs to determine the level of overlap.  Since contamination is 

far more likely in nurse samples, genes that were upregulated in forager HPGs but also in the 

top 10% of nurse HPG upregulated genes were excluded from the forager overlap analysis (if 

contamination had occurred, it would have resulted in the false identification of nurse, rather 

than forager, upregulated genes). 

 

2.4.11 DEG Overlap with Previous Studies 

To demonstrate the validity of data derived from CAGEscan and to provide a coherent picture of 

the genes that are most consistently differentially expressed in the brain as a function of 

behavioral maturation, we compared our results with those reported in two previous studies 

(Alaux et al., 2009; C. W. Whitfield et al., 2003). Previous studies were performed using two 

independently designed microarrays: one (C. W. Whitfield et al., 2003) containing ~9,000 

probes based on honey bee expressed sequence tag data that predated the sequencing of the 

honey bee genome (Array Express Accession #A-MEXP-36), and a second (Alaux et al., 2009) 

with ~13,000 probes derived from gene annotations (OGS 2.0) for Assembly 2.0 of the 

sequenced genome (Array Express Accession #A-MEXP-755). For consistency, these datasets 

were reanalyzed by mapping the microarray probes to the current official honey bee gene set, 

OGSv3.2 (Elsik et al., 2014) using BLAT and Bowtie.  Probes that could not be mapped to a 

unique gene were not used for further analyses.  The microarray data were then corrected for 

multiple comparisons using a FDR cutoff of 0.05.  In instances where multiple differentially 

expressed probes mapped to the same gene, the probes invariably exhibited the same direction 

of expression change across experimental groups. Therefore, duplicate probes were ignored. 

The significance of the overlap between each gene list was calculated using hypergeometric 

tests in SAS v9.4 and adjusted for multiple comparisons using a Bonferroni post hoc correction. 
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2.4.12 Functional Annotation of DEGs 

Gene Ontology (GO) (Ashburner et al., 2000) terms for the DEGs were determined using 

orthology to the Drosophila melanogaster genome, resulting in a total of 4,999 GO terms. GO 

enrichment analysis was performed based on the frequency of terms associated with the 

forager/nurse DEG list relative to the genomic background (all genes that had detectable levels 

of expression) using Fisherôs exact test, followed by FDR correction for multiple testing (FDR < 

0.05).  Analyses were performed using DAVID (Huang da, Sherman, & Lempicki, 2009) and the 

category-frequency of enriched GOs was analyzed using CateGOrizer (Hu, Bao, & Reecy, 

2008). 

 

2.4.13 Identification of TFs and Motif Finding around TSSs 

After analyzing differential expression, we identified TFs with Position Weight Matrix (PWM) 

models available in other organisms. To do so, we composed a list of 1,402 TFs (and their 

isoforms) associated with 676 PWMs from three different sources. We used 1,000 Human TFs 

from HOCOMOCO v9 database (Kulakovskiy et al., 2013) associated with 426 PWMs, 217 

Drosophila TFs from Flybase (Marygold et al., 2013) associated with 73 PWMs, and 185 insect 

TFs from TRANSFAC Professional ver. 2012.2 (Matys et al., 2006) associated with 177 PWMs 

(Table 2.5). Then we compared the protein sequences of these TFs to the 15,314 protein 

sequences of A. mellifera OGS3.2 using OrthoMCL (Li, Stoeckert, & Roos, 2003) to find 

orthologous TFs. To identify TFs that might be key regulators of the nursing and foraging 

behavioral states, we used Clover (Frith et al., 2004) to assess whether associated motifs were 

overrepresented in the promoters of genes that were upregulated in nurses and foragers; motifs 

with similarity scores greater than 6 and a significance level of p-value < 0.05 were considered 

to be enriched.  TFs that were differentially expressed and were associated with motifs enriched 

in genes upregulated in nurses or foragers were considered to be putative regulators of those 

respective behavioral states. 

 

A previous informatics analysis uncovered a systematic bias toward high Guanine/Cytosine 

(G/C) content in the promoters of genes upregulated in foragers (relative to nurse associated 

promoters)that led to an overestimate of the number of overrepresented TF motifs associated 

with behavioral state (Sinha et al., 2006). To ascertain whether a similar bias exists in the CAGE 

tags that comprise our dataset, we compared the ratio of G/C to A/T nucleotides in the 

reconstructed promoters of forager and nurse upregulated genes using the Wilcoxon Rank-Sum 

Test.  We then accounted for differences in G/C content by performing our cis-motif enrichment 
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analysis using three different backgrounds.  For the first test, the background consisted of 

promoters from genes upregulated in the behavioral state that was not being assessed (i.e., the 

promoters of forager upregulated genes used the promoters of nurse upregulated genes as a 

background) in order to emphasize the distinctions in motif distribution between these sets of 

promoters.  We then performed two additional analyses to confirm the validity of these findings, 

using either:  1) all predicted promoters in OGS v3.2 or 2) randomized portions of the bee 

genome as the background for each set of promoters.  
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2.5 Figures 

 

 

Figure 2.1. Overview of library preparation and sequencing. CAGEscan libraries were 
generated from total RNA extracted from individual brains of 8 nurses and 8 foragers. Barcoded 
cDNAs were pooled into two lanes and sequenced on an Illumina HiSeq2000. The resulting reads 
can be viewed in the table on the right. 
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Figure 2.2. The squared coefficient of variation (CV2) in per-gene expression for foragers 
and nurses. The x-axis is the log10 normalized per-gene expression level and the y-axis is the 
squared coefficient of variance (CV2). It is apparent that variability in gene expression within 
foragers is higher than nurses for most genes, yet not for genes with a low level of expression 
(which should be the most prone to variation arising from technical artifacts). 

 

  


