ABSTRACT
AYROLES, SARAH DELEIGH. Molecular and Physiological Mechanisms Underlying
Chemical Communication in the Honey Bee, Apis mellifera. (Under the direction of Christina
M. Grozinger and Trudy F.C. Mackay).

From prokaryotes to vertebrates, the use of chemical signals is widespread. However, the
underlying mechanisms that have led to the diversification of chemical communication are
poorly understood. Here, I focus on the pheromonal communication system of the honey
bee, Apis mellifera, and describe some of the molecular and physiological mechanisms that
underlie pheromone production and response in this species. The mandibular glands of queen
honey bees produce a pheromone (QMP) which modulates many aspects of worker behavior
and physiology, and is critical for colony social organization. Chapters 1 and 2 examine how
the mating process in queens can produce changes in queen behavior, physiology, and
pheromone production. Chapter 3 demonstrates that these changes in pheromone production
appear to be linked to differences in ovary development, and that workers are most attracted
to the pheromonal blend of queens with the most activated ovaries. Chapters 4 and 5 explore
how variation in pheromone response can mediate queen-worker interactions. In chapter 4, I
document extensive variation in worker attraction to QMP, show that this variation is linked
to individual reproductive potential, and describe some of the molecular processes that are
associated with this variation. Finally, in chapter 5, I test whether variation in a pheromone
receptor for the main QMP component can explain the observed variation in worker
attraction to the queen, and then take a molecular evolution approach to begin to elucidate the
selection pressures acting on this receptor. In addition to the work presented in this
dissertation, linkage mapping studies are currently underway to identify the genetic
components underlying worker attraction to QMP as well as a set of behavioral and

physiological manipulations to identify the epigenetic and environmental factors that can also
contribute to this variation. The results of these studies demonstrate that the chemical
communication system between honey bee queens and workers acts a dialog, rather than a
simple, static signal-response system, and that variation in pheromone production and
response both play a critical role in modulating queen-worker interactions within the hive.
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INTRODUCTION

Chemical communication is perhaps one of the oldest types of communication in
evolutionary history, and is even used in single-celled organisms as a mating pheromone in
yeast (Bardwell 2004) and for quorum sensing in bacteria (Miller & Bassler 2001).
Throughout the tree of life, the use of chemical signals is widespread. Arthropods, and
insects in particular, encapsulate some of the most diverse chemical signals in the animal
kingdom (Symonds & Elgar 2008). Chemical signals can mediate interactions within or
between species. Within a species, chemical signals that elicit behavioral or physiological
responses in the receiver are known as pheromones. Pheromones are often used for mate
attraction, but within a social group, they can help regulate complex traits such as the
division of labor in social insects (Wilson 1971). Pheromones can serve many functions,
including: defense, aggregation, trail marking, deception, communication of physical status,
kin or individual recognition, or even activity inhibitors (reviewed in Blum 1996). The
pheromones of the social insects are some of the best-studied models for chemical
communication, and have evolved as highly complex signals that are used to organize social
structure and maintain caste differences, as well as to carry out complex behavioral tasks that
require the coordination of an entire colony (Wilson 1971).
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Chemical communication in the social insects
The evolution of social behavior is critical for the formation of societies, and is considered to
be one of the five major transitions in evolutionary history (Maynard Smith & Szathmary
1995). A properly functioning society requires cooperation and coordination of tasks among
individuals, and for this reason nearly all activities in a eusocial system are influenced by
interactions with other society members (Wilson 1971).

This complexity relies on a

communication system to coordinate the activities of the individual members of the group,
and in extreme cases, to coordinate reproduction and caste differences among individuals.
Social insects represent some of the most complex examples of social structure; some of the
best-studied models of social behavior are found within the order Hymenoptera, where
sociality has arisen independently in bees, ants, and wasps, and multiple times within the
bees and wasps (Brady et al. 2006; Hines et al. 2007; Ross & Matthews 1991; Wilson 1971).

How do complex social signals evolve?
Understanding how pheromones evolve can be challenging. We often think of pheromones
as stereotyped blends that elicit stereotyped responses in the receiving individual (Cardé &
Baker 1984), and so we may expect to find little variation in pheromone production and
response within a species but large differences in pheromonal signals between species. But if
these blends and responses are so highly stereotyped, then how do pheromones evolve new
functions and signals?
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One possible mechanism for pheromonal evolution is that it occurs in saltational shifts, such
that a large change in signal production and response could lead to population differentiation
(and perhaps speciation) without requiring a great deal of pheromonal variation within a
population.

This mode of pheromone evolution would result in large differences in

pheromone composition between sister taxa, and indeed there are several examples that
support this mode of evolution. For example, in bark beetles, the species that are most
closely related often show the greatest number of differences in aggregation pheromone
components (Symonds & Elgar 2004). Similar patterns are observed in Drosophila sex
pheromones - there are large cuticular hydrocarbon differences that contribute to
reproductive isolation between sympatric species (Higgie et al. 2000; Mas & Jallon 2005).

An alternative evolutionary mechanism is that novel pheromonal signals could evolve by
gradual shifts in pheromone composition that arise from the standing variation within a
population. Intraspecific variation in pheromone production has been described in many
different species, including nematodes (Hong et al. 2008), moths (Groot et al. 2009), bark
beetles (Pureswaran et al. 2008), honey bees (Hoover et al. 2005; Pankiw et al. 2000; Pankiw
et al. 1994), and several species of ants. For example, alarm pheromone composition can
vary among different castes and colonies in ants, though the reason for this variation remains
unclear (Bradshaw et al. 1979; Hernandez et al. 1999; Hughes et al. 2001; Nascimento et al.
1993). This type of evolutionary mechanism would presumably result in similar pheromone
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composition conserved throughout sister species. Furthermore, these gradual changes could
occur through the gain or loss of individual pheromonal components at a time. Within the
harvester ants, all species utilize the same three main chemical compounds to lay a
recruitment trail to a food source in addition to several species-specific compounds
(Holldobler et al. 2001), suggesting that gradual changes in specific pheromonal components
have occurred in the evolution of recruitment trails within the Pogonomyrmex genus.
Another mechanism that could give rise to complex communication systems is through the
evolution of novel functions for the same pheromonal cues. For example, in honey bees, the
queen produces a pheromonal signal that is important in mediating colony function and
productivity. The main component of this pheromone has a dual function as a mate attractant
and sex pheromone that is highly conserved throughout much of the Apis genus (Plettner et
al. 1997), suggesting that this compound may be one of the oldest compounds present in the
pheromonal blend. Thus, it is possible that the evolution of novel functions for the same
signal can and does occur.

Little information is currently available on the evolutionary history of pheromonal
communication in social insects, but it does appear that these complex communication
systems evolved several times within Hymentopera and thus, are an example of convergent
evolution in both major eusocial lineages. The use of pheromones as mating signals is fairly
common in the solitary wasps, and the use of alarm pheromones is also quite old (Blum
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1969). Clearly, the underlying physiology required to produce the complex pheromonal
blends observed in the social insects were already in place; the glands required to produce
these chemicals have already evolved for other purposes in their ancestors. The cooption of
these organs to produce complex chemical signals may simply have been the easiest means to
develop a communication system (reviewed in Blum 1996), so it is not necessarily surprising
to observe the convergent evolution of these traits in multiple social lineages.

The evolutionary origins of eusociality are poorly understood - ants, termites, and corbiculate
bees all appear to have arisen in the Cretaceous age (Emerson 1968; Holldobler & Wilson
1990; Michener & Grimaldi 1988), but closely related solitary taxa have long since gone
extinct. There are only 12 known independent origins of eusociality in arthropods, making
this a relatively rare trait (Wilson & Holldobler 2005).

Social behavior has been studied extensively in Hymenoptera, where group structure can
range from solitary individuals progressively provisioning their offspring to a group of
individuals living in a communal space, to a social group where the offspring help care for
their younger brothers and sisters (Michener 1974). The maintenance of this social structure
requires overlapping adult generations and cooperative brood care, where the social hierarchy
is controlled by one or a few reproductive individuals, and is often sustained by (mostly)
sterile worker castes (Michener 1974; Wilson 1971).
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Within each of these systems, communication systems are employed to establish social
structure.

In primitively social societies where group size is relatively small, these

hierarchies can be established through dominance interactions or food restriction (which
prevents full development of other individuals). However, as social behaviors become more
complex and morphological differences begin to become fixed between castes, colony sizes
tend to increase, and it becomes very difficult to maintain reproductive dominance through
interactions among individual group members. In this case, sterile castes can be more
effectively maintained through the use of pheromones that both inhibit ovarian development
and prevent the rearing of new reproductive individuals (Heinze et al. 1994).

Chemical coordination of social activities
A variety of pheromonal signals exist in social insects that help to coordinate the tasks in the
hive, including trail pheromones and alarm pheromones. These traits are common in several
species of honey bees, ants, and wasps, and in some taxa, the main components of the trail
pheromones or alarm pheromones appear to be highly conserved (Holldobler et al. 2001;
Wilson & Reginer 1971).

The use of pheromones as an alarm signal appears to be one of the most widely-used
applications of chemical communication. Many species use the same chemicals to both deter
invaders as well as to warn nestmates of danger (Wilson & Reginer 1971). In contrast to
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other types of pheromones, alarm pheromones appear to be synthesized in fairly large
amounts and are the least specific of all pheromones (Blum 1969; Wilson & Reginer 1971).
Some alarm pheromones can even induce interspecific responses, though the behaviors
induced can be highly variable between species (Blum 1969).

Trail pheromones are also widely used by social insects to coordinate foraging, to mark trails
to a good food source or to mark sources that have already been previously visited (Attygalle
& Morgan 1985). These pheromones are common amongst ant species, and seem to have a
somewhat conserved chemical composition (Holldobler & Wilson 1990). These pheromones
tend to be volatile, and are almost always present in very small quantities (reviewed in
Vander Meer & Alonso 1998). Trail pheromones are also found in termites, and appear to be
conserved across several different species (McDowell & Oloo 1984; Moore 1966). Trail
pheromones in bees have not been studied that well. Marking behaviors have been observed
in male bumblebees (though thought to be used for attracting female mates), stingless bees,
and honey bees. The glandular sources and chemical components remain to be identified in
many instances (Vander Meer & Alonso 1998).

Social recognition cues
Cuticular hydrocarbons (CHCs) are a mixture of lipids that cover the insect body to prevent
water loss (Hadley 1984). In most species of insects, CHCs have been identified that appear
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to be associated with differences in individual genotype and behavior, as well as
physiological and environmental differences. These chemicals are highly variable, and seem
to change rapidly with changes in the environment or physiological status of an individual
(reviewed in Howard & Bloomquist 2005; Singer 1998). In solitary insects, these cues may
be important for recognizing conspecifics and potential mating partners (Howard 1993;
Smith & Breed 1995). In social insects, these chemical cues are used as nestmate and kin
recognition cues, and are also correlated with caste or reproductive differences (reviewed in
Howard & Bloomquist 2005; Singer 1998).

There is evidence that in some wasps (Polistes dominulus, Sledge et al. 2001, queenless and
ponerine ants (Dinoponera quadriceps, Monnin & Peeters 1998; Peeters et al. 1999;
Diacamma ceylonense, Cuvillier-Hot et al. 2001; Harpegnathos saltator, Liebig et al. 2000,
Gnamtogens menadensis and Diacamma sp., Gobin et al. 1999; Kikuta & Tsuji 1999),
differences in cuticular hydrocarbon profiles are linked to differences in ovary development
among individuals within a colony, suggesting that chemical signals associated with
reproductive dominance may be fairly common even in primitively social insects that
initially rely on dominance interactions to establish the reproductive division of labor.
Furthermore, work on the lower termites has also demonstrated that differences in CHCs are
associated with reproduction, and the CHC signatures of reproduction in lower termites are
similar to the reproductive signatures found in Hymenopteran CHCs, suggesting that these
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mechanisms may represent another example of convergent evolution in chemical
communication in the insects (Weil et al. 2009). While the evidence indicates that the CHCs
may serve as an honest signal of fecundity in reproductively-active females, it still remains to
be determined whether these chemical signals elicit specific behavioral and/or physiological
responses in the receiving individuals, and so their role as contact pheromones in the social
insect colony remains elusive.

Caste and division of labor pheromones
In many primitively eusocial wasps and bees, there are no morphological differences
between castes, and reproductive dominance tends to be established by one or a few
individuals through behavioral dominance or food restriction (which prevents full
development of other individuals). In Polistes wasps and in permanently queenless ants,
aggressive interactions between the dominant reproductive individual and the remaining
individuals in the nest regulate both mating opportunities as well as individual reproduction
(Monnin & Peeters 1998; Peeters 1993; Reeve 1991; Roseler 1991). However, after
reproductive dominance is established, a reduction in aggression levels is often observed, and
there is some evidence (at least in Polistes dominulus) to indicate that after the establishment
of dominance through aggressive interactions, the reproductive female may switch to
pheromonal cues to identify and maintain her reproductive status (Sledge et al. 2001).
Similarly, in the bumble bees (Bombus terrestris), direct contact with the queen is necessary
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for the inhibition of worker reproduction, however, these interactions do not appear to be
aggressive in nature (Alaux 2006; Alaux et al. 2004; Bloch & Hefetz 1999a, b; LopezVaamonde et al. 2007), suggesting that a contact pheromone may be present that inhibits
ovary development in workers.

It has long been recognized that worker sterility results from queen pheromone production in
honey bees, vespine wasps, and several species of ants (Fletcher & Ross 1985). Despite the
fact that there are almost no aggressive interactions between queens and workers in these
colonies, workers often initiate egg-laying upon removal of the queen (Bourke 1988).
However, detailed studies of these pheromones have been relatively rare, and have primarily
focused on two species: the fire ant, Solenopsis invicta (reviewed in Vargo 1998) and the
honey bee, Apis mellifera (reviewed in Le Conte & Hefetz 2008). In both species, the queen
pheromones induce a variety of effects that include the inhibition of worker ovary
development, worker attraction to the queen, regulation of swarming in the honey bee, and
regulation of dealation in the fire ant. These pheromones are known to originate from several
glandular sources.

For the remainder of this review, I will focus on the chemical

communication system of the honey bee, Apis mellifera.
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Honey bees as a model of pheromonal communication
Honey bee colonies are composed of three types of members: queens, drones, and workers.
There is a high degree of caste-polymorphism in honey bees that establishes the reproductive
division of labor; caste-determination is set during larval development and depends on the
diet provided to the larvae by the nurses in the colony. Larvae reared on a high-nutrition diet
develop into queens, while those reared on low-nutrition diet develop into workers. The
queen is the dominant individual, laying thousands of eggs per day, and producing a
powerful pheromonal signal that maintains the social structure of the colony, regulates
worker tasks, and maintains her reproductive dominance. There is a second age-related
division of labor among the workers. As workers emerge into the colony, they begin their
lives as nurses, and are primarily responsible for brood care and queen attendance. As the
workers age, they transition from nursing behaviors into foraging, and spend the remainder
of their lives supplying the colony with the nectar and pollen used as their food source.
Middle-aged workers act as comb-builders, food storers, undertakers, and guards. Honey bee
workers are facultatively sterile, so they no longer retain the ability to mate and store sperm,
but are still capable of activating their ovaries to lay haploid eggs that will develop into
males. However, in normal, queenright conditions, most workers refrain from developing
their ovaries and laying eggs. Finally, the males, or drones, are the only haploid individuals
within the colony. The drones do not engage in any colony-related tasks; their sole purpose
is to mate with virgin queens.
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Pheromonal communication is central to honey bee colony function and performance.
Within the colony, there are many different types of pheromones. Worker pheromone is
produced by the adult workers, and helps to regulate foraging behavior in the colony; hexane
extracts from foragers inhibits the onset of foraging age in the colony (Leoncini et al. 2004;
Pankiw 2004b). Nasonov pheromone is also produced by adult workers, and it‘s production
is localized to the Nasonov glands in the worker abdomens. This pheromone is used by scout
bees to mark potential nest sites during swarming, helps bees to find the entrance to their nest
hive, and is used by foragers to mark flowers that have already been visited (Winston 1991).
Finally, alarm pheromone is produced in the sting apparatus of the adult workers, and is
released when a worker is alerted to a predator. This pheromone can be released without a
stinging response, but it is strongest after a worker has stung an intruder. This pheromone
recruits other workers in the colony to aid in colony defense and increases stinging behavior
and recruitment of colony guards (Winston 1991).

Several honey bee pheromones are important in maintaining the reproductive division of
labor. For example, brood pheromone (BP) elicits a set of primer and releaser responses in
honey bee workers. BP is produced by the brood within a colony, and has been shown to
inhibit worker ovarian development, lower sucrose response thresholds, increase the number
and activity of pollen foragers within a colony, slow the transition from nursing to foraging,
enhance protein biosynthesis in the worker hypopharyngeal glands, decrease juvenile
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hormone titers in workers, as well as trigger cell capping and increase the acceptance of
queen cells within a colony (reviewed in Pankiw 2004a).

Perhaps one of the best-studied pheromones that establishes the reproductive division of
labor is the pheromone produced by the queen (queen pheromone, QP). This pheromonal
signal acts as both a primer and a releaser pheromone. As a primer response, QP establishes
the reproductive division of labor by inhibiting worker ovary development (Hoover et al.
2003), inhibits the rearing of new queens by workers (Melathopoulos et al. 1996; Pettis et al.
1997), delays the transition from nursing to foraging (Pankiw et al. 1998), inhibits juvenile
hormone synthesis in workers (Pankiw et al. 1998), influences comb building within the
colony (Ledoux et al. 2001), and also has effects on worker brain gene expression (Grozinger
et al. 2003). As a releaser pheromone, some components of QP are used to attract drones
during mating flights in virgin queens (Brockmann et al. 2006), and also to attract workers in
the colony to the queen and elicits queen attendance in the form of a retinue response, where
workers surround, lick, and antennate her (Keeling et al. 2003), and QP also helps to
coordinate swarming (Winston et al. 1989). A subset of this pheromone, a 5-component
blend known as queen mandibular pheromone (QMP), has been shown to be as effective as
whole-queen extracts in inhibiting queen rearing and worker ovary development (Hoover et
al. 2003; Pankiw 1997).

QMP is synthesized primarily in the mandibular glands, and

consists of five chemicals: (E)-9-keto-2-decenoic acid (9-ODA), (R,E)-(-)- and (S,E)-(+)-9-
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hydroxy-2-decenoic acid (9-HDA), methyl p-hydroxybenzoate (HOB), and 4-hydroxy-3methyoxyphenylethanol (HVA), and is synthesized primarily in the mandibular glands
(Slessor et al. 1988).

Evolutionary mechanisms of sociality and the role of queen pheromones
The evolution of social behavior represents a conundrum in evolutionary biology because the
evolution of altruistic behaviors that benefit a group but not an individual appear to be
evolutionarily unstable (Keller & Nonacs 1993). In advanced eusocial societies (such as
those of honey bees, ants and termites), workers are facultatively sterile. In these instances,
workers have lost the ability to mate and store sperm, but still retain ovaries and are capable
only of producing haploid males.

Several proposed theories attempt to explain how these types of behaviors might have
evolved. The most famous theory was posited by (Hamilton 1964), which demonstrates that
kin selection could aid in the evolution of these behaviors. According to this inclusive fitness
theory, if workers can produce a large number of offspring with some relatedness, then it is
still in their benefit to work rather than to rear haploid drones.

The haplodiploid sex

determination system in Hymenoptera also bolsters the feasibility of this argument because
kin-selection theory and evidence of reproductive skew in Hymenoptera (Trivers & Hare
1976) seems to support the idea of relatedness playing a role in the evolution of social traits.
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A difficulty arises, however, with the revelation that some social insect queens (including
honey bees) are polyandrous (though recent work indicates that this is a highly-derived state;
Hughes et al. 2008). This disrupts the simplicity of the kin-selection argument because, in
these instances, brothers and sisters are only related by 0.25 on average, and are thus more
related to their own sons (0.5) than to their brothers or their nephews (0.125) (Ratnieks &
Visscher 1989). Because of this, there is a source of queen-worker reproductive conflict over
male production, and worker-worker conflict over male production.

Historically, it was thought that dominance interactions and queen pheromones evolved as a
way to resolve these conflicts by forcibly preventing workers from developing their ovaries
and producing their own sons in the presence of a queen. If QP acts as a control mechanism
that prevents workers from developing their ovaries, then both the queen and the group
benefit because the resources produced by the colony are used to support the reproductive
output of the highly fecund queen.

However, this ‗control‘ scenario operates on the

assumption that while queen control may benefit the queen and the group, it does so at the
cost of the individual fitness of the workers (Gadagkar 1997a).

A ‗control‘ scenario that creates such inherent conflict between queens and workers is
evolutionarily unstable and is therefore unlikely to be maintained through time (Keller &
Nonacs 1993). An alternative theory posits that queen pheromone does not have to be a
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forcible control that leads to the loss of individual-fitness of the worker caste, but rather that
QP could serve as an honest signal to the workers of the queen‘s fecundity to encourage
worker ‗cooperation.‘ If we consider that workers are only related to their nephews by 0.125
on average, and that workers are related to their brothers by 0.25, then workers are more
related to their own brothers than to their nephews. Therefore, worker-worker conflict
should also be resolved when workers are prevented from developing their ovaries and laying
eggs, and indeed workers engage in a behavior known as ‗worker policing‘ to enforce this
scenario; workers prevent their sisters from rearing their own sons instead of rearing sisters
and brothers through aggressive interactions and consumption of worker-laid eggs (Ratnieks
& Visscher 1989).

In this instance, queen interests and worker interests are aligned.

Furthermore, workers may also be increasing their inclusive fitness in this situation because
queens can produce both males and females, while workers are only capable of laying
haploid males, and also because queens are much more successful egg-layers than workers
(Gadagkar 1997b). In addition, a queen signal linked to fecundity would allow workers to
detect failing or absent queens and initiate egg-laying only in conditions most favorable to
their inclusive fitness (Keller & Nonacs 1993). This situation would reflect an evolutionarily
stable strategy (e.g. a strategy that is resistant to cheating or invasion over time), because the
interests of queens and workers are aligned.
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Recent advances in mathematics and computational biology have led to the recent
resurrection of multilevel selection theory (Wilson & Wilson 2007).

This theoretical

framework demonstrates that relatedness components are not required for social behaviors to
evolve, but rather that selection can act at simultaneously at the level at the group and the
individual (Wilson & Wilson 2007). While this logic is inherently part of both the ‗control‘
and the ‗cooperation‘ models of QP evolution, this framework posits that social behaviors
evolve without requiring that ‗queen control‘ and ‗worker cooperation‘ are independent
phenomena.

This situation represents a ‗truce‘ between queens and workers that is

maintained in the presence of a dominant, reproductive queen. Colony-level selection would
presumably drive the evolution of traits that maximize colony productivity and success (as
described under the ‗queen control‘ model).

Social insects have only reproduced

successfully when new colonies are founded, and the most productive colonies presumably
give rise to the greatest number of successful colonies. If colony productivity is decreased by
intra-colonial conflict, then natural selection should favor colonies that have minimized this
conflict. However, in the presence of a failing queen, multilevel selection could encourage
individual worker reproduction as well as new queen rearing. Thus, under a multilevel
selection scenario, QP could evolve both as a means of queen control and as an honest signal
to workers of queen fecundity, and could still represent an evolutionarily stable strategy that
minimizes conflict within the hive.
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Modulation of queen pheromone production
The mandibular glands are the main source of QMP in honey bees (Slessor et al. 1988). The
chemical composition of these glands changes after natural mating and instrumental
insemination (Al-Quarni et al. 2005; Plettner et al. 1993; Richard et al. 2007), and recent
work has demonstrated that QP composition is linked to ovary development in queens
(Chapter 1, Kocher et al. 2008; Chapter 2, Kocher et al. 2009). Furthermore, insemination
quantity affects QP composition as well as its attractiveness to workers (Richard et al. in
prep; Richard et al. 2007). Finally, bumble bee and honey bee workers who have developed
their ovaries in the absence of a queen will revert back to sterility when a queen is
reintroduced to the colony (Alaux et al. 2007; Malka et al. 2007). These examples bolster
the idea that QP serves as an honest social signal, indicating to workers that a dominant
reproductive individual is present, and that they should work instead of devoting energy to
ovary development and producing sons.

Modulation of worker responses to queen pheromone
There are also several examples of modified worker response to QMP. This implies that
some workers may be attempting to ‗escape‘ queen control. For example, in some selected
honey bee strains (the ‗anarchistic‘ bees), some workers activate their ovaries despite the
presence of a queen and her pheromonal blend. This appears to be a modification of
pheromone perception in the workers rather than queen pheromone production (Hoover et al.
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2005). In a second strain of bees, Apis mellifera capensis, workers with high reproductive
potential are less attracted to the queen, potentially reducing their exposure to the queen
pheromone (Moritz et al. 2002). Finally, recent work has demonstrated that there is
substantial variation in individual worker responses to queen pheromone within a colony, and
that workers within a colony that have the highest reproductive potential are the least
attracted to QMP (Chapter 4).

The debate continues…
Whether the queen-worker communication system functions as a means of queen control, as
an honest signal for queen fecundity, or more of a ‗truce‘ that has resulted from a queenworker evolutionary arms race and multilevel selection represents a long-standing debate
among sociobiologists (Gadagkar 1997b; Keller & Nonacs 1993; Le Conte & Hefetz 2008;
Seeley 1989).

It is important to note that several key experiments still remain to determine whether QP
appears to act primarily as a control or an honest signal (though these two scenarios are not
mutually exclusive). Production of an honest signal should be costly, so that the healthiest
individuals should be able to produce the best signal. There is some evidence for this in
honey bee queens, where the output of QP is thought to decrease in failing queens, though
this still needs to be proven conclusively (Winston 1991). Perhaps one critical question to
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answer is whether or not individual conflict within the hive reduces colony fitness. While no
studies have conclusively demonstrated this effect (reviewed in Oldroyd & Fewell 2008),
honey bee colonies composed of all dominant individuals have lower levels of colony
performance than colonies composed entirely of subordinate workers, suggesting that
individual conflict within the hive does indeed decrease colony fitness (Hillesheim et al.
1989). In addition, Gadagkar (1997b) outlines several simple experiments that would also
lend insight into the evolution of QP as a control or a signal. First, does QP always prevent
worker ovary development, or do its effects change with queen reproductive status? Current
evidence indicates that workers are less responsive to QP produced by virgin queens or
queens with less ovary development (Richard et al. 2007, Chapter 3), indicating that QP is
less effective in less fecund queens. Furthermore, in honey bee colonies with low-quality
queens, honey bee workers increase the production of queen-like esters in their Dufour‘s
gland, suggesting that they may be becoming reproductively active (Niño et.al. submitted).
Second, does inhibition of worker reproduction increase as the number of queens increases?
Some studies in S. invicta indicate that in polygynous colonies, workers are smaller and less
aggressive towards non-nestmate conspecifics, suggesting that the presence of multiple
queens may have greater inhibitory effects on the workers (Greenberg et al. 1985; Morel et
al. 1990; Porter 1992). And finally, in the case of queen-worker conflict, does the queen
prevail? Taken together, the current evidence indicates that QP may be acting as both an
honest signal as well as a control mechanism, and that this queen-worker interaction has not
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evolved as a simple, static signal-response model, but rather appears to represent an intricate
dialog between queens and workers.

Future directions for evolutionary studies of chemical communication
We still do not understand the molecular and physiological mechanisms underlying variation
in pheromone production and response, and much more work is required to begin to elucidate
these mechanisms. Within honey bees, there is substantial variation in attraction to queen
pheromone among different populations (Pankiw et al. 1994); Chapter 4), but this variation is
not correlated with variation in the main olfactory receptor for queen pheromone, indicating
that changes in central brain processing might be involved in regulating this variation
(Chapter 5). Furthermore, variation in worker attraction to queen pheromone varies with age
or tasks being performed by the workers; younger, nurse bees engage in queen attendance
while older, foraging bees do not (Pham-Delegue et al. 1993). While nurses exhibit changes
in the expression levels of some genes in the brain, foragers do not (Grozinger & Robinson
2007). However, studies using electroantennograms have demonstrated foragers are capable
of detecting QMP, and that this age-related variation in queen attraction does not seem to be
mediated by differences in the workers ability to detect queen pheromone (Pham-Delegue et
al. 1993). Finally, physiological factors associated with the transition to foraging behavior
also modulate behavioral and physiological responses to QMP, but do not affect expression
of pheromone-responsive olfactory receptors (Fussnecker et. al. unpublished data). Taken
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together, these results indicate that variation in pheromone response is a complex process that
probably is regulated by changes in central processing of the signal rather than changes in
peripheral detection.

This dissertation examines the factors that contribute to modulation in production of and
response to queen pheromone in honey bees. Chapters 1, 2, and 3 describe how behavioral,
physiological and molecular factors associated with the mating process in honey bee queens
can modulate queen pheromone production, and discuss the potential role of queen
pheromone as an honest signal of fecundity.

Chapter 4 describes the molecular and

physiological factors underlying natural individual variation in worker attraction to QMP,
and discusses how and why this variation may be maintained.

Finally, chapter 5

characterizes transcriptional and sequence variation in the 9-ODA pheromone receptor,
AmOr11, and describes the selective pressures that may be acting on this dual-function
olfactory receptor. In addition to the work presented in this dissertation, linkage mapping
studies are currently underway to identify the genetic components underlying worker
attraction to QMP as well as a set of behavioral and physiological manipulations to identify
the epigenetic and environmental factors that can also contribute to this variation.
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Conclusions
In order to truly understand how chemical communication systems can evolve in social
insects, a truly evolutionary approach needs to be taken, and each type of pheromone or
pheromonal component will need to be placed in a phylogenetic context. This approach,
however, is a difficult one given the methodology and intensive behavioral studies required
to confirm that a pheromone is present and to identify the chemical components.

There are some resources being developed that can aid these types of studies (including
databases such as pherobase.org), and coupled with genomic tools that are now readily
available to non-model organisms, we can finally begin to identify and characterize the genes
that are involved in pheromone production and response. With the identification of these
genes, we can then begin to describe the extent of genotypic and environmental variation that
plays a role in chemical communication. Furthermore, we can use genetics to help identify
some of the selective pressures that have shaped these highly complex signals, and perhaps
illuminate some of the proximate evolutionary mechanisms that were employed to create
such endless chemical complexity.
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ABSTRACT

Mating is fundamental to most organisms, although the physiological and transcriptional
changes associated with this process have been largely characterized only in Drosophila. In
this study, we use honey bees as a model system since their queens undergo massive and
permanent physiological and behavioral changes following mating. Previous studies have
identified changes associated with the transition from a virgin queen to a fully-mated, egglaying queen. Here, we further uncouple the mating process to examine the effects of natural
mating vs. instrumental insemination and saline vs. semen insemination.

We observed

effects on flight behavior, vitellogenin expression, and significant overlap in transcriptional
profiles between our study and analogous studies in Drosophila, suggesting that some postmating mechanisms are conserved across insect orders.
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INTRODUCTION

Mating is fundamental to the success and reproduction of any sexual species. In animals
ranging from invertebrates to mammals, this process results in massive behavioral and
physiological changes in females. Among insects, these changes have been studied in most
detail in Drosophila melanogaster, and include production of mature eggs, a rise in
oviposition rates, increased feeding, a reduction in receptivity to additional mating (McGraw
et al. 2008; 2004; Wolfner 1997; 2002), and activation of the immune system (Lawniczak et
al. 2007). Mating may occur only once or several times throughout the course of a female‘s
life, and as such, the changes induced by mating may be some of the most dramatic and
plastic physiological processes observed in animals. Several studies have been conducted in
Drosophila to identify the transcriptional and physiological changes associated with the
mating process in female flies (Lawniczak and Begun 2004; Mack et al. 2006; McGraw et al.
2008; 2004). However, in order to truly understand how general these changes might be, it is
important to conduct similar studies in a variety of organisms across multiple insect orders.
Here, we use the honey bee (Apis mellifera) as a model system to study post-mating changes
in females.

A honey bee queen mates during a brief period early in her lifetime, and following this
process she undergoes massive and permanent physiological and behavioral changes
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(Haydak 1949; Keeling et al. 2003; Plettner et al. 1997; Tanaka and Hartfelder 2004; Tarpy
and Page 2000). A young virgin queen emerges into a colony of sterile workers and usually
initiates several orientation flights prior to her first mating flight, which occurs when she is
approximately one week old (Winston 1991). Throughout the process, the queen will mate
with a large number of males or ‗drones‘ (12 on average; Tarpy et al. 2004). Once mating is
completed, the queens‘ ovaries become fully activated and she initiates egg-laying, at a rate
upwards of 1500 eggs per day. The queen will store the sperm in her spermathecae for the
remainder of her life (on average 1-3 years), and will only fly again if the colony swarms.
Her pheromone profiles also change, signaling her reproductive state to the workers (Keeling
et al. 2003; Kocher et al. 2009; Plettner et al. 1993).

Previous research has demonstrated that there are large-scale transcriptional changes in the
brain and ovaries that are associated with the mating process in honey bee queens (Kocher et
al. 2008). It appears that physiological changes in the ovaries and pheromone production in
the mandibular glands may be initiated immediately as the mating process is initiated, but
that changes in flight and egg-laying behavior seem to require the completion of the entire
mating process or operate on a slower timescale. Consistent with these physiological and
behavioral changes, transcriptional changes in the brains and the ovaries appear to be
uncoupled as well.
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There are still several important questions related to honey bee reproductive biology that
remain to be elucidated. First, queens mate with several males before they stop taking
mating flights and initiate egg-laying (Roberts 1944; Schluns 2005; Tarpy and Page 2001).
However, we still do not fully understand what cues a queen uses to determine that she has
successfully completed the mating process. In Drosophila females, seminal proteins trigger
specific behavioral and physiological changes (Wolfner 2002).

In some polyandrous

butterflies and in Dipetalogaster maximus, insemination volume appears to trigger stretch
receptors in the abdomens of the females that influence post-mating behavioral changes
(Nijhout 1984; Sugawara 1979). In honey bees, both sperm/seminal fluid and the volume
transferred are critical for causing post-mating changes in mating-flight behavior (Tarpy
2000) and pheromone production (Richard et.al. unpublished data).

Furthermore,

instrumental insemination (II) techniques are commonly employed in breeding programs in
honey bees (Laidlaw and Page 1997). It is often the case that queens undergoing II (as
opposed to natural mating) have an increased latency to egg-laying and differences in
pheromone profiles (Kaftanoglu and Peng 1982; Lodesani and Vecchi 1996). Exposure to
carbon dioxide before and during this II process appears to improve these disadvantages, but
it does not fully correct the discrepancy (Engels et al. 1976; Mackensen 1947). It remains
unclear exactly why the II process has these effects on queens.
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Here, we approach these questions by monitoring behavioral, physiological, and brain
transcriptional changes in queens collected 2 days after mating or II in order to capture
changes that are occurring early in the post-mating transition. We used four groups of
queens: virgins, queens allowed to take a single mating flight (naturally mated), and queens
instrumentally inseminated with either saline or semen.

We then used a comparative

genomics approach to search for common transcriptional changes associated with the mating
process in insects. This approach will help us to understand 1) how quickly post-mating
changes occur in the brain, and whether we can detect transcriptional changes in the brain
even if the mating process has not been completed, 2) what transcriptional differences are
associated with different aspects of the mating process, and 3) how conserved these pathways
are with Drosophila post-mating transcriptional responses.
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RESULTS

Flight Behavior. The cues a queen uses to determine when she has completed mating are not
well characterized. In order to address this question, we monitored the flight attempts for all
queens in each of our treatment groups before and after mating or II.

As expected,

reproductive status had a significant effect on flight attempts (Figure 1; Chi-square,
p<0.0001). Virgin queens and queens limited to a single mating flight both continued to
attempt to take mating flights, though the naturally mated queens attempted less frequently
(Student‘s t-test, p=0.01). None of the inseminated queens attempted to fly following II.

Vitellogenin transcript abundance. Vitellogenin (Vg) is a protein that is produced in the fat
bodies and sequestered in developing oocytes, and it plays a humoral role in ovary
development in most insects (Valle 1993).

In honey bees, this protein also plays an

important role in behavior and division of labor, and several theories have been proposed
suggesting that this protein has been co-opted to function in task-specialization among
worker bees (Amdam et al. 2006). However, the role of Vg in the mating process still
remains to be elucidated in the honey bee. In this study, we used quantitative, real-time PCR
to monitor the expression levels of Vg transcripts in the abdominal fat bodies of our queens.
We found that mated queens had the highest levels of Vg transcript, virgin and salineinseminated queens were intermediate, and semen-inseminated queens had the least amount
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of Vg expressed in the fat bodies (Figure 2, one-way ANOVA, p=0.04, Tukey LSD).

Brain transcriptional profiling.

We used whole-genome microarrays to identify

transcriptional changes in the brain that were associated with post-mating behavioral and
physiological changes. 9,850/13,439 transcripts on the whole-genome microarrays were
expressed in our samples and included in the data analysis. There were 631 transcripts
(corresponding to 434 predicted genes with fly orthologs) that were differentially expressed
among groups (FDR<0.001). The top 10 Gene Ontology (GO) biological processes are
summarized in Table 1. 364 of these 631 transcripts were significantly different between
naturally mated and saline-/semen-inseminated queens (F-test, p<0.05); genes associated
with ‗macromolecule biosynthesis‘ were overrepresented in mated queens relative to the
inseminated groups (p<0.0001), and genes associated with ‗organic acid metabolism‘ were
up in the inseminated groups relative to the naturally mated queens (Fisher‘s exact test,
p<0.02) There were 361/631 transcripts that were significantly different between naturally
mated and semen-inseminated queens (F-test, p<0.05), with genes associated with ‗response
to stimulus‘ overrepresented in mated- relative to inseminated queens (Fisher‘s exact test,
p<0.04), and genes associated with ‗amine metabolism‘ up in semen-inseminated queens
relative to mated queens (Fisher‘s exact test, p<0.04). 308/631 transcripts were differentially
expressed between saline- and semen-inseminated queens (F-test, p<0.05); genes associated
with ‗cell communication‘ were up in saline relative to semen-inseminated groups (p=0.04),
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and genes associated with ‗regulation of cell shape‘ were overrepresented in semen relative
to saline-inseminated queens (p<0.04). Finally, there were 529/631 transcripts differentially
expressed between virgins relative and all of the other groups (F-test, p<0.05); genes
expressed at higher levels in virgins were associated with the GO biological process
‗response to heat‘ (Fisher‘s exact test, p<0.0001), and genes expressed at higher levels in the
mated or inseminated groups were associated with ‗protein biosynthesis‘ (Fisher‘s exact test,
p<0.0001). A complete list of genes and GO terms associated with the differences between
each group is provided in Table S1.

Hierarchical clustering (Figure 3) suggests that the major factor influencing brain gene
expression among our groups is the effect of II.

This clustering pattern matches the

behavioral pattern we observed for flight attempts. K-means clustering generated 4 clusters
of genes (Figure 3). The first cluster represents transcripts upregulated by the II process and
contains an overrepresentation of genes associated with exonuclease activity (Fisher‘s exact
test, p<0.0005) and peptidase activity (Fisher‘s exact test, p<0.02). The second cluster
depicts transcripts downregulated by the II process and includes an overrepresentation of
genes associated with phagocytosis (Fisher‘s exact test, p<0.0001), cellular biosynthetic
processes (Fisher‘s exact test, p<0.001), vesicle-mediated transport (Fisher‘s exact test,
p<0.008), and oxidative phosphorylation (Fisher‘s exact test, p=0.03). Clusters 3 and 4
represent transcripts associated with exposure to semen. In cluster 3, these transcripts are
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down-regulated by semen exposure and include genes associated with translation (Fisher‘s
exact test, p<0.0001), ion transport (Fisher‘s exact test, p<0.006), cell redox homeostasis
(Fisher‘s exact test, p<0.03), carboxylic acid transport (Fisher‘s exact test, p=0.03), and eyeantennal disc development (Fisher‘s exact test, p<0.04).

Cluster 4 contains transcripts

upregulated by semen exposure and includes genes involved in regulation of transport
(Fisher‘s exact test, p<0.001), establishment of protein localization (Fisher‘s exact test,
p=0.04), and response to abiotic stimulus (Fisher‘s exact test, p<0.05). A complete list of the
GO terms associated with each of these clusters is provided in Table S2.

A principal component analysis on the significant transcripts revealed transcriptional
differences associated with II effects and the effects of semen exposure on brain gene
expression (Figure 4).

The first principal component demonstrates that 44.7% of the

variation in gene expression is associated with the effects of II. Principal component 2
encapsulates 34.7% of the variation in gene expression and appears to be associated with the
effects of semen on brain gene expression. Principal component 3 probably represents the
interaction between the II procedure and the effects of semen-exposure, with inseminated
groups showing opposite patterns of variation associated with semen-exposure compared to
the mated and virgin groups.
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Comparative studies. We compared our list of 631 transcripts associated with 2-day postmating changes to previous studies that identified candidate genes associated with mating in
Drosophila (Lawniczak and Begun 2004; Mack et al. 2006; McGraw et al. 2008; 2004),
Anopheles (Rogers et al. 2008), and Apis mellifera (Kocher et al. 2008). Significant over- or
under-representation was determined using a two-tailed Fisher‘s Exact Test, and the results
are summarized in Figure 5. The genes associated with 2 day post-mating changes
overlapped significantly with the genes associated with 5-day post-mating changes in a study
comparing virgin queens, mated and laying queens. Furthermore, there was a significant
overlap with multiple studies in Drosophila which characterized post-mating changes in this
species, but we observed no significant overlap between our results and the Anopheles
gambiae study.

Table 2 lists the Gene Ontology terms associated with the genes overlapping between honey
bees and Drosophila. Notably, this list includes several genes associated with defense
response (heat shock protein cognate 5, defensin, superoxide dismutase, transferrin 1, lethal
(2) essential for life, and glutathione s transferase d1), antioxidant activity (superoxide
dismutase, glutathione s-transferase 27, and peroxiredoxin 2540), and oxidoreductase
activity (cg8665-pa, cg3560-pa, superoxide dismutase, glutathione s-transferase 27,
gh21316p, cg3523-pa, cypixf2, and peroxiredoxin 2540).
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We also compared our gene list to previously published transcriptional studies in honey bees,
including: QMP exposure (Grozinger et al. 2003b), nursing/foraging behavior (Whitfield et
al. 2003), methoprene treatment (Whitfield et al. 2006), and worker ovary activation
(Grozinger et al. 2007), as well as genes associated with pollen hoarding identified from
quantitative trait loci mapping studies (Hunt et al. 2007). We found a significant overlap
between genes associated with retinue response behavior and exposure to methoprene (a
juvenile hormone analog). We found no significant positive associations between postmating changes and division of labor, and in fact there was less overlap than expected by
chance. There was also significantly less overlap than expected by chance with genes
associated with queen pheromone exposure. These comparisons are summarized in Figure 5.
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DISCUSSION

This study uncouples the mating process to examine the effects of natural mating vs.
instrumental insemination (II) and saline vs. semen insemination in honey bee queens. The
results of this study overlapped well with our previous study that examined behavioral,
physiological, and transcriptional changes associated with the full mating transition (from
virgin to egg-laying queens; Kocher et al. 2008), suggesting that some of these genes are
consistently regulated throughout the entire mating process. Furthermore, we found similar
results to studies in Drosophila melanogaster, suggesting that these post-mating changes may
be conserved across insect orders.

In general, we found that the II process has large-scale effects on brain gene expression and
flight behavior, and that our brain gene expression patterns match the behavioral patterns that
we observed in the field. One possible reason that the II groups may have exhibited the
strongest behavioral and transcriptional changes is that both the saline- and semeninseminated groups received the same volume (10 μL) during the II procedure. This may
indicate that honey bee queens use volume as a cue for flight attempts (perhaps by receiving
input from stretch receptors in the lateral oviducts; see Tarpy 2000). Alternatively, both
groups were also exposed to carbon dioxide (CO2) treatment and physical manipulation with
the II device, and it is also possible that this exposure inhibits further flight attempts by
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honey bee queens and causes dramatic transcriptional changes. Previous studies found that
exposure of virgin queens to CO2 accelerates ovarian development and initiation of egglaying (Engels et al. 1976; Engels and Imperatriz-Fonseca 1990; Mackensen 1947).
However, CO2 does not appear to affect the levels of biogenic amines in their brains (Harris
et al. 1996). Additional studies have shown that CO2 treatment alone will inhibit flight
attempts, and CO2 treatment with physical manipulation has a greater effect on brain gene
expression than CO2 treatment alone (Niño et al, unpublished data). Again, these results
suggest that the mating process is quite complex and regulated by a number of factors.

Interestingly, while II appears to trigger immediate and complete behavioral changes (e.g.,
the cessation of mating flight attempts) and large-scale brain transcriptional changes, it does
not have the same effects on ovary development or pheromone production (Kocher et al.
2009). In the case of these physiological post-mating changes, the naturally mated queens
are significantly different from virgins, while the instrumentally inseminated queens are
intermediate. These results reaffirm the results from Kocher et al. (2008) and suggest that
changes associated with flight behavior and brain gene expression are uncoupled—or at least
operating at a different timescale—from changes associated with ovary development and
pheromone production. Combined with our previous studies, it appears that honey bee
queens may use volume (and/or carbon dioxide exposure) as the primary cue to cease mating

66

flights, and that exposure to semen and/or seminal proteins may be less critical to this
process.

In the present study, Vg transcripts were the greatest in mated queens (which matches ovary
development; Kocher et al 2009), but levels were the lowest in semen-inseminated queens,
with virgins and saline-inseminated queens intermediate and not significantly different from
either mated or semen-inseminated queens. These results are surprising, since mating and
ovary development are expected to be correlated with an increase in Vg expression. It is
possible that there are negative effects of II that inhibit this process, or that Vg RNA and
protein levels in the hemolymph are not tightly linked in this system.

We identified 631 transcripts that are associated with flight behavior and II. There were
significant expression differences between virgins and inseminated or mated queens,
inseminated queens and naturally mated queens, and queens inseminated with semen vs
saline, suggesting that the transcriptional changes associated with post-mating changes are
quite complex and regulated by a number of different factors. We found that eye receptor
genes are up-regulated in virgins relative to all other groups. These results are interesting
because virgins are still attempting to take flights while mated queens have decreased their
number of attempts and instrumentally inseminated queens have ceased trying to fly. Once
queens have completed the mating process, they remain in the hive to lay eggs and never fly
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again (except possibly to swarm the following year). It is possible that following mating, the
expression levels of these genes decrease because they are no longer required for a queen to
function properly within the colony. Furthermore, oxidoreductases were expressed at higher
levels in the naturally mated group relative to all other groups (Table S2). Oxidoreductases
are known to be important in increasing lifespan and immunity (Lai et al. 2007; McGraw et
al. 2004).

These results suggest that perhaps something about the II process is not

recapitulating some aspects of natural mating that triggers an increase in oxidoreductases,
which could help to explain why inseminated queens are often less fecund and have a shorter
lifespan that naturally mated queens (but see Cobey 2007).

In addition to the effect of II, there was also an effect of exposure to semen on brain
expression patterns. 308 genes were differentially expressed between saline- and semeninseminated queens (p<0.05), and principal components and clustering analyses also revealed
an effect of semen-exposure on brain gene expression. The PCA revealed that about 35% of
the variation in brain gene expression was associated with the effects of semen exposure. Kmeans clustering also identified two clusters of transcripts associated with semen exposure.
However, results from another study indicate that there is no significant effect of semen
exposure on ovary development or pheromone production (Kocher et al. 2009), at least in the
early stages, again suggesting that brain transcriptional changes are uncoupled, or at least
operating at a different timescale, from post-mating physiological changes.
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Overall, we found a significant degree of overlap between this study and previous studies of
transcriptional changes associated with mating in Drosophila melanogaster, but not in
Anopheles gambiae (Kocher et al. 2008; Lawniczak and Begun 2004; Mack et al. 2006;
McGraw et al. 2008; 2004; Rogers et al. 2008). Notably, there was a significant overlap
between the early (2-day) post-mating changes and late (5-day, egg-laying) post-mating
changes in honey bees, suggesting that many of the transcriptional changes that we observe
can remain stable throughout the transition from flight-related behavior to egg-laying
behavior. Furthermore, our results overlapped significantly with results from several studies
conducted in Drosophila (Lawniczak and Begun 2004; Mack et al. 2006; McGraw et al.

2008; 2004), suggesting that some of the post-mating transcriptional machinery may be
conserved across species. Finally, we have identified several genes that are associated with
post-mating changes in females in both Apis mellifera and Drosophila melanogaster. These
genes are associated with defense response, antioxidant activity, and oxidoreductase activity.
Expression levels of these genes were characterized in the brains of honey bee queens, but in
the whole-bodies of Drosophila. While the magnitude, direction, and location of these
transcriptional changes are not necessarily the same, we have nevertheless identified a set of
genes that are associated with post-mating changes in females that appear to be conserved
across insect orders. These results suggest that some aspects of mating appear to be
conserved across multiple insect orders, and they are consistent with the ideas that there is a
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tradeoff between fecundity and lifespan (Stearns 1992) and that mating induces changes in
the immune system (Lawniczak et al. 2007).

We also compared our results from this study to previously published gene expression and
linkage mapping data for various traits in honey bees, including: QMP exposure (Grozinger
et al. 2003b), nursing/foraging behavior (Whitfield et al. 2003), methoprene treatment
(Whitfield et al. 2006), worker ovary activation (Grozinger et al. 2007), and pollen hoarding
(Hunt et al. 2007). Genes associated with the early post-mating transition also appear to be
associated with low retinue response in workers (Kocher et al. in review). The functional
basis for this overlap is unclear. We captured transcriptional variation in the brains of queens
that were in the very early stages of ovary development. It could be that low-responding
workers may share similar expression profiles because these individuals are also primed for
ovary development in the absence of a queen. Furthermore, there was significantly less
overlap than expected between genes associated with mating and genes associated with
worker division of labor (especially nursing behavior) and genes regulated by queen
pheromone, which also regulates worker division of labor. This suggests that the genes
associated with early post-mating changes in queens may be quite distinct from those
associated with worker division of labor.

Interestingly, genes that are down-regulated by

methoprene in workers also appear to be regulated by the mating process in queens.
Methoprene is a juvenile hormone (JH) analog, and JH is known to play a very important
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role in ovarian development and mating in insects, though its role in honey bee reproduction
is unclear (Robinson and Vargo 1997).

In summary, mating in honey bee queens induces rapid and permanent changes in behavior,
physiology, and gene expression. In these early post-mating stages, there are no significant
differences in flight behavior, pheromone production or ovary activation between saline and
semen inseminated queens (Kocher et al. 2009), suggesting that insemination volume, not
substance, is the main factor that triggers these post-mating changes. However, we did find
that 308 genes were expressed at significantly different levels in the brains of semen and
saline inseminated queens, suggesting that the insemination substance does effect brain gene
expression, and may also have subtle effects on behavior and physiology. Furthermore, there
are dramatic differences between instrumentally inseminated and naturally mated queens in
terms of behavior, physiology (including ovary activation, pheromone profiles and Vg
levels), and brain gene expression, suggesting that improvements can be made to the
instrumental insemination procedure to more closely mimic natural mating. Finally, some of
these transcriptional changes we observed appear to be consistent across insect orders, and
suggest that mating induces changes in genes associated with immune response, antioxidant
activity, and oxidoreductase activity.
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MATERIALS AND METHODS

Field Methods. The queens (Apis mellifera carnica) were reared at the NCSU Bee Research
Facility in Raleigh, NC as detailed in Kocher et.al. (2008). Prior to emergence as adults,
queen cells were placed into colonies with approximately 1,000 workers per colony 2 days
before expected emergence. 2 days following emergence, surviving queens were randomly
assigned to a group (virgin, saline-inseminated, semen-inseminated, or naturally mated),
marked with paint, and returned to their respective colonies.

Colony entrances were

modified with a plexiglas-covered runway, and queen excluders were placed at the entrance
so that individuals attempting to fly could be observed (see Tarpy and Page 2000). On the 4th
day following emergence, queens in the II groups were anesthetized with carbon dioxide for
5.0 minutes during the II procedure. All queens were inseminated with either 10 µl of saline
or 10 µl of semen collected from multiple drones prior to insemination. For queens > 4 days
after emergence, the colony entrances were monitored from 2-6pm daily and any attempts to
fly were recorded. Queens in the naturally mated group were allowed to take multiple
orientation flights, but only one mating flight: once a queen returned to the colony with the
mating sign, she was no longer allowed to fly and was confined to the colony. Two days
following mating or instrumental insemination, queens were collected on dry ice and stored
at -80°C for processing. Virgin queens were collected on the same day as instrumentally
inseminated queens. Since there was variability in the timing the queens naturally mated,
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there was a 1-2 day variation in the collection of these queens compared to the other three
groups. Prior to dissection, queen heads were removed and partially lyophilized to facilitate
dissection (Grozinger et al. 2003a), after which their brains were dissected out on dry ice and
stored for future processing. In total, there were 18 virgin queens, 12 saline-inseminated
queens, 16 semen-inseminated queens, and 14 naturally mated queens.

Quantification of Vitellogenin RNA levels by quantitative real-time-PCR (qRT-PCR). Fat
body samples from individual queens were extracted using an RNeasy RNA extraction kit
(Qiagen, Valencia, CA). cDNA was synthesized from 200ng RNA using the SYBRGreen
Master Mix (Applied Biosystems, Foster City, CA). qRT-PCR was performed with an ABI
Prism 7900 sequence detector and the SYBR green detection method (Applied Biosystems).
The housekeeping gene, eIFS-8 was used as a control (Grozinger 2003; Whitfield 2003). 6
queens from each group were used for this analysis. For each sample, triplicate qRT-PCR
reactions were performed and averaged. Quantification was performed using a standard curve
generated using genomic DNA. A negative control (cDNA reaction without RT-enzyme) and
dissociation curve was used as well. Groups were normalized to one sample for ease of
graphical representation, and a nonparametric Wilcoxon rank sums was used in JMP 7.0
(SAS, Cary, NC) to determine significance. The primer sequences were developed in
PrimerExpress (Applied Biosystems) as follows.
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Vitellogenin:
Forward 5‘TTGACCAAGACAAGCGGAACT 3‘
Reverse - 5‘ AAGGTTCGAATTAACGATGAAAGC 3‘

eIF-S8:
Forward - 5‘TGAGTGTCTGCTATGGATTGCAA3‘
Reverse: 5‘CGTGGAGTGTTATCGTAAGTAGCAA 3‘

Microarray extractions and hybridizations. RNA was extracted from brains using PicoPure
RNA Isolation kits (Arcturus, CA). 200 ng RNA was amplified using MessageAmp II aRNA
Amplification kits (Ambion, Austin, TX). 2µg of amplified RNA was labeled with Cy3 or
Cy5 dye using Kreatech labeling kits (Applied Biosystems, Salt Lake City, UT). 60pmol
each of two sets of labeled probe were then hybridized to the whole-genome oligonucleotide
arrays supplied from the laboratory of Dr. Gene Robinson (University of Illinois, UrbanaChampaign). Brains were hybridized using a repeated loop design with dye-swaps
incorporated. Arrays were then scanned using the Axon Genepix 4000B scanner (Molecular
Devices, Sunnyvale, CA) using GENEPIX software (Agilent Technologies, Santa Clara,
CA).
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Microarray Data Analysis.

Spots with intensity less than 300 (the mean background

intensity of these arrays) in two or more arrays were removed from the analysis, and spots
with less than 10 observations remaining were also excluded from the data set. Expression
data was log-transformed and normalized using a mixed-model ANOVA (proc MIXED,
SAS, Cary, NC) with the following model: Y = µ + dye + array + block + dye*array +
array*block + , where Y is expression, dye is a fixed effect, and array, block, and their
interactions are random effects. Detection of significance for differential expression on
residuals was performed using a mixed-model ANOVA with the model: Y = µ + behavior +
dye + array + dye*array + , where y is the residual from the previous model, behavior and
dye are fixed effects, and array and dye*array are random effects. P-values were corrected
for multiple testing using a false discovery rate < 0.001 (proc MULTTEST, SAS).
Hierarchical and k-means clustering was performed in Genesis (Sturn et al. 2002).
Approximate-unbiased p-values and bootstrap values were obtained for sample clustering
using the pvclust package (Suzuki and Shimodaira 2006) in R version 2.5.0 (method=‖cor‖,
hclust=‖ward‖, n=1000). Principal components analysis was performed in JMP 7.0 (SAS,
Cary, NC). Gene ontology analysis was conducted in DAVID (Dennis et al. 2003; Huang da
et al. 2009), and the GO pie chart for molecular functions was generated using Onto-tools
(Khatri et al. 2004). Microarray data is available through ArrayExpress with accession
number E-MEXP-2205.
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Comparative Analysis. The significant genes from the brain expression dataset were
compared to several published transcriptional datasets (Grozinger et al. 2007; Grozinger et al.
2003b; Kocher et al. 2008; Lawniczak and Begun 2004; Mack et al. 2006; McGraw et al.
2008; 2004; Rogers et al. 2008; Whitfield et al. 2006; 2003). For previously published honey
bee studies, all comparisons were conducted using the honey bee predicted gene set. For
comparisons to Drosophila and Anopheles, overlap was based on orthologous genes. The
significance of overlap was determined using a two-tailed Fisher Exact test. For graphical
purposes, the deviation of observed overlap from expected overlap was converted into a zscore.
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Figure 1. Flight behavior. Reproductive state significantly affected flight attempts (Chisquare, p<0.0001). None of the inseminated queens attempted to fly two days following
instrumental insemination, and fewer mated queens attempted to fly than virgin queens (ttest, p=0.01).
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Figure 2. Abdominal Vitellogenin transcript abundance. Using quantitative, real-time PCR,
we identified significant variation in abdominal transcript abundance of Vg mRNA
(ANOVA, p=0.04, Tukey LSD). Mated queens had the highest level of Vg transcripts, while
semen-inseminated queens had the lowest level. Virgin and saline-inseminated queens were
intermediate.
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Figure 3. Hierarchical and k-means clustering. Clustering analysis of the 631 transcripts
significantly associated with mating demonstrates that instrumental insemination has a strong
effect on brain gene expression.

These results match the behavioral patterns that we

observed for flight attempts. K-means clustering revealed 4 main clusters of genes. Cluster
1 identifies transcripts that are upregulated by the instrumental insemination process, while
Cluster 2 depicts transcripts downregulated by the instrumental insemination process.
Clusters 3 and 4 identify transcripts associated with the effects of semen exposure. Cluster 3
seems to contain a set of transcripts that are downregulated by semen exposure in mated
queens relative to virgins, and in semen- relative to saline-inseminated queens. Cluster 4
depicts transcripts upregulated by exposure to semen and seminal proteins, with these
transcripts upregulated in mated and semen-inseminated queens relative to the other groups.
Values are zero-centered transcriptional data in the log2 scale; a value of 1 indicates a 2-fold
change in expression levels for a given transcript.
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Figure 4. Principal components analysis. PCA based on the 631 significant transcripts
identified 3 principal components. PC1 demonstrates that 44.7% of the variation in gene
expression is associated with the effects of instrumental insemination. Principal component
2 encapsulates 34.7% of the variation in gene expression, and appears to be associated with
the effects of semen on brain gene expression. Principal component 3, and it probably
represents the interaction between the instrumental insemination procedure and the effects of
semen-exposure, with inseminated groups showing opposite patterns of variation associated
with semen-exposure compared to the mated and virgin groups.
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Figure 5. Comparison of our results to previous transcriptional studies. We compared the
results from this study to a set of transcriptional studies in Drosophila, Anopheles, and Apis
mellifera. To facilitate comparisons, the deviation of observed overlap from the expected
number of overlapping genes observed was converted to a z-score. The x-axis represents the
standardized value of these deviations, with 0 representing no deviation, a score of 2
representing a difference that is two standard deviations greater than expected, and -2
representing a difference two standard deviations less than expected.
significant deviation based on a two-tailed Fisher Exact test (p<0.05).
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Stars indicate a

92

Table 1. Gene Ontology biological processes.

The 631 transcripts were used in a gene

ontology analysis. The list of the top ten biological processes associated with these transcripts
is summarized in this table. A complete list of terms can be found in supplemental table S1.

GO Biological Process
translation

p-value
<0.0001

biosynthetic process

0.005

peripheral nervous system development

0.009

response to temperature stimulus

0.010

vitamin transport

0.019

response to stimulus

0.020

response to heat

0.023

behavior

0.023

protein folding

0.023

cellular protein metabolic process

0.039
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Table 2. Significant GO Terms for all genes overlapping between this study and the Drosophila
mating studies. The results from this study showed a significant overlap with the results from
three previous mating studies in Drosophila (McGraw 2004 - sperm, McGraw 2008 - 6-8hrs,
Begun). The resulting genes that overlapped in one or more of these studies were input into
DAVID for gene ontology analysis. The GO Terms associated with these genes are listed in
the above table.
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ABSTRACT

Variation in individual behavior within social groups can affect the fitness of the group as
well as the individual, and can be caused by a combination of genetic and environmental
factors. However, the molecular factors associated with individual variation in social
behavior remain relatively unexplored. We used honey bees (Apis mellifera) to examine
differences in socially-regulated behavior among individual workers, and used microrarrays
to determine if specific transcriptional patterns are associated with these individual
differences. In honey bees, the queen produces a pheromone that regulates many aspects of
worker behavior and physiology and maintains colony organization. We demonstrate that
there is substantial variation in individual worker attraction (retinue response) to queen
pheromone. Furthermore, retinue response is negatively correlated with ovariole number - a
trait associated with reproductive potential in workers. We identified transcriptional
differences in the adult brain associated with both traits, and identified hundreds of
transcripts that are organized into statistically-correlated gene networks. Interestingly, while
there is a strong link between retinue response and ovariole number at the phenotypic level,
this correlation is not recapitulated at the transcriptional level in adults. Because ovariole
number is determined during development, we propose that these traits may share a common
developmental cue that relies on a combination of environmental and genetic factors that
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shift physiological parameters and modulates behavioral response thresholds in adults. Our
studies demonstrate that there is substantial variation in chemical communication and social
behavior among individuals, and this variation is linked with specific differences in
physiology and gene expression.
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INTRODUCTION

Behavior is a complex trait, and dramatic individual differences can arise from complex
interactions between genotype and environment. The majority of the studies of the genes and
molecular pathways associated with behavioral variation have focused on distinct groups of
individuals from different genetic backgrounds, individuals in physiologically-distinct
behavioral states, or individuals in substantially different environmental contexts (Robinson
et al. 2008). However, there can be significant individual variation among relatively similar
individuals within a population; this individual variation may be adaptive, and is likely to
have a molecular basis. Studies in vertebrates have demonstrated that there is a substantial
amount of individual variation in reaction norms (Nussey et al. 2007) and gene expression
(Oleksiak et al. 2002; Phelps & Young 2003; Whitehead & Crawford 2006) associated with
physiological or life history differences that are adaptive in different environmental contexts.
Individual differences in reproductive behaviors in male cichlid and female swordtail fish
have been associated with differences in brain expression patterns (Cummings et al. 2008;
Renn et al. 2008). Individual variation in behavior can increase the productivity and success
of a group as well as playing a role in maximizing individual fitness. However, individual
differences in behavior in social groups have not been broadly examined (Beshers & Fewell
2001; Nussey et al. 2007). Here, we examine the molecular and physiological factors
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associated with individual variation in response to social stimuli in honey bees, one of the
best studied models for social behavior.

Individual honey bees vary dramatically in their behavior due to genetic, developmental, and
physiological differences. Environmental and developmental factors determine whether
female bees develop as facultatively sterile workers or highly-fecund queens; these caste
differences are produced by differential nutrition during larval stages, which triggers
dramatically different developmental trajectories in the larvae. These nutritional cues are
thought to lead to differences in gene methylation and gene expression (Barchuk et al. 2007;
Evans & Wheeler 2001; Kucharski et al. 2008). In addition to this reproductive division of
labor, there is also an age-related worker division of labor, where individuals transition
through a variety of tasks throughout their lifetime, and workers in these behavioral states
have significant differences in physiological traits and brain gene expression (Bloch et al.
2002; Huang et al. 1994; Robinson & Ben-Shahar 2002; Schulz & Robinson 2001; Whitfield
et al. 2006; Whitfield et al. 2003). Developmental and environmental factors affect worker
task specialization in adulthood. For example, variation in worker ovariole number is linked
to variation in multiple behavioral and physiological traits, including foraging-preference and
vitellogenin levels (reviewed in Page & Amdam 2007), and differences in larval diet can
greatly influence the ovariole number (Allsopp et al. 2003; Calis et al. 2002). Furthermore,
worker-destined larvae reared with high-nutrition diets are more likely to develop their
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ovaries in the absence of a queen than workers reared in low-nutrition diets (Hoover et al.
2006). Genotypic differences resulting in behavioral variation have been widely documented
as well; one of the most dramatic examples of this is variation in defensive behavior between
Africanized and European strains of honey bees (Hunt et al. 2007; Hunt et al. 1998).
Substantial intracolonial variation in worker physiology and behavior is thought to play an
important role in increasing colony function and productivity through task specialization
(Beshers & Fewell 2001; Oldroyd & Fewell 2007, 2008). Indeed, it has been demonstrated
that increased genetic variation is important in increasing colony health and fitness (Jones et
al. 2004; Mattila & Seeley 2007; Seeley & Tarpy 2007; Tarpy 2003; Tarpy & Seeley 2006).
However, the molecular and physiological factors associated with individual variation in
performance of the same social task within a colony have not been well-characterized.

In addition to physical cues such as food storage levels, chemical communication plays a
critical role in colony organization and the regulation of worker social behavior. While there
have been many pheromones identified in honey bees, including brood pheromone (Le Conte
et al. 1990), worker pheromone (Leoncini et al. 2004), alarm pheromone (Blum et al. 1978)
and Nasonov pheromone (Pickett et al. 1980), the pheromone produced by the queen is
arguably one of the best studied and most important, and regulates many aspects of worker
physiology and behavior. Queen pheromone is a complex blend of multiple chemicals, but a
five-component subset of these, known as queen mandibular pheromone (QMP), produces
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many of the effects of a live queen on worker physiology and behavior (reviewed in Le
Conte & Hefetz 2008; Slessor et al. 2005). Exposure to QMP inhibits worker ovarian
development, thereby maintaining the reproductive dominance of the queen. QMP also
controls age-related division of labor by reducing the rate at which bees transition from brood
care to foraging behavior, inhibits queen replacement, and causes global changes in brain
gene expression. QMP also attracts workers to the queen and elicits queen attendance in the
form of a retinue response, where workers surround, lick, feed, and antennate her, and
subsequently spread the pheromone throughout the colony. Pheromones are often considered
to be fixed chemical blends that produce stereotyped responses in the receiving individual
(Cardé & Baker 1984). However, for pheromones regulating social behaviors in groups of
individuals, modulation in responses may be adaptive. Indeed, significant variation in the
retinue response to QMP has been found within bee populations (Pankiw et al. 1994), and
this response is highly heritable and easily selectable (Pankiw et al. 2000).

We examined natural variation in individual worker retinue responses within and among
colonies of A.m. carnica and A.m. ligustica, and we correlated this behavioral variation with
global brain gene expression patterns and physiological traits. We demonstrated that
individual retinue response is negatively correlated with ovariole number – a trait strongly
linked to reproductive potential and developmental plasticity (Makert et al. 2006) as well as
differences in worker behavior and physiology (reviewed in Page & Amdam 2007). We used
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whole-genome transcriptional profiling to identify modules of correlated transcripts
expressed in adult worker brains associated with each of these traits, and found hundreds of
transcriptional differences significantly associated with both individual variation in behavior
and ovariole number. Interestingly, the transcripts associated with retinue response and
ovariole number were not correlated, suggesting that these traits may share a common
developmental origin but are no longer associated at the transcriptional level in adult bees.
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MATERIALS AND METHODS

Colony-level assays. Colonies were maintained at North Carolina State University in
Raleigh, NC according to standard commercial procedures. To determine if there is was
significant variation in retinue response at the colony-level, we screened 9 colonies headed
by single-drone-inseminated queens (SDI; ordered from Glenn Apiaries, Fallbrook, CA)
from two different racial lineages of bees: 5 Carniolan colonies (Apis mellifera carnica;
colonies 1,2,3,7, and 8) and 4 Italian colonies (Apis mellifera ligustica; colonies 4,5,6, and
9). We screened two different racial lineages to increase the amount of variation we could
observe among colonies. To control for seasonal effects and confirm that the observed
variation was consistent throughout the field season, colonies were screened once at the
beginning of the season (May 2007) and again at the end (August 2007). To produce bees of
a known age, frames containing late-stage pupae were removed from each colony and placed
in an incubator (33oC, 50% humidity). Bees were collected 24 hr after eclosion and placed
into small (10x10x7cm) Plexiglas cages (5 cages per colony; 25 bees/cage) in a dark
incubator (33oC/50% humidity) and provided with ground pollen, 50% sucrose, and water ad
libitum as in (Grozinger et al. 2003). QMP (Pherotech International, Delta, British Colombia)
was diluted in 1% water/isopropanol. 0.1 queen equivalents of fresh QMP was placed on a
glass slide and placed in the cage at the same time every day for a period of 8 days. This
quantity of QMP produces similar effects to live queens in young caged bees (Grozinger et
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al. 2003; Hoover et al. 2003). The assays were conducted under red light beginning 5
minutes after QMP introduction. The observer was blind to the source colony of the workers.
The number of bees antennating or licking the pheromone was recorded every 5 minutes for
25 minutes; this was repeated daily on bees 4-8 days old. Bees did not contact a solvent
control slide placed in the cage. To make our data approximate a normal distribution, the
mean frequency of individuals participating in the retinue response was calculated across
cages within each colony for each day. This allowed us to use a mixed-model ANOVA
without violating assumptions of normality. The data were analyzed using a repeatedmeasures mixed-model ANOVA in SAS (Cary, NC) with the following model: Yjh = µ +
colonyj + roundh + colonyj*roundh + εjh, where Yjh is the mean number of individuals
engaging in the retinue response each day, days are repeated measures, colonyj represents the
colony, and roundh represents the time of the screens (round 1 or round 2). All effects were
fixed. Race did not have a significant effect on colony-level retinue response, so this effect
was not included in the model.

Individual behavioral assays. To determine if there was significant variation in retinue
response among individuals within a colony, individual assays were conducted for all 9
colonies in the same manner as the colony-level assays with two modifications: cages
contained only 10 individuals from a single colony, and each individual was uniquely
number tagged on her thorax (BetterBee, Greenwich, NY). Individuals received a score of ‗1‘
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if they were contacting the slide and a score of ‗0‘ if they were not contacting the slide at the
time of each observation (5 observations/day, for 5 days). For each colony, the data were
analyzed by taking the mean number of responses for an individual each day (for a total of 5
quantitative measurements/individual), using a repeated measures mixed-model ANOVA in
SAS with the following model: Yi = µ + individuali + εi, where Yi is the mean number of
retinue responses for an individual each day (out of 5), and ‗individual‘ is a repeated
measure. From these studies, high and low responsive colonies were selected for the
subsequent analyses (see results).

Quantification of ovariole number. Worker abdomens were dissected from 6 colonies. The
five highest and lowest responding individuals (n=10 total) were selected from colonies 4, 5,
6 (A.m. ligustica), and 8 (A.m. carnica), and more individuals were dissected from the high
colony (colony 7, A.m. carnica; n=46) and low colony (colony 1, A.m. carnica; n=41), which
were used in the remaining experiments. The number of ovarioles on the left ovary was
counted as in (Amdam et al. 2006). Data points with a Mahalanobis distance greater than 2.5
were excluded from the analysis (6 individuals, JMP software, Cary, NC). We excluded these
datapoints as per standard statistical practice, however, the inclusion of these datapoints does
not significantly affect the outcome of the analysis. Because there was a natural ranking in
the dependent variable (ovariole number), an ordinal logistic regression was used to examine
the relationship between ovariole number and retinue response with the following model:
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Yij= µ + retinuei + colonyj + retinuei*colonyj + εij, where Yij is the mean number of ovarioles
for each individual, retinuei is the mean individual retinue response averaged over all 5 days
of observation, and colonyj represents the source colony of each individual.

Brain transcriptional profiling. To identify genes associated with retinue response, we
selected the six highest and six lowest responding individuals from highest- and lowestresponding colonies of the same racial lineage (A.m. carnica; colonies 7 and 1, respectively)
with retinue responses that were stable over time and contained significant individual
variation. RNA from individual brains was extracted and individually hybridized to whole
genome microarrays. We used adult brains because we were interested in describing the
transcriptional profiles associated with individual retinue response behavior. This produced
four different groups for comparison: (1) high colony, high responder; (2) high colony, low
responder; (3) low colony, high responder; and (4) low colony, low responder. There were
six individuals in each group and two technical replicates for each individual, hybridized to a
total of 24 microarrays in a loop design (Table S6). Data are available from ArrayExpress
(http://www.ebi.ac.uk/microarray-as/ae/), MIAMEXPRESS #56429.

All features with an intensity less than the median array background intensity (300) were
removed from the analysis. Transcripts with less than ten measurements (out of a possible
24) were also removed. Data were analyzed using a mixed-model ANOVA approach
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(Ayroles & Gibson 2006; Kocher et al. 2008; Wolfinger et al. 2001) and implemented in
SAS (Cary, NC). All data were log-transformed, and subsequently normalized using a
mixed-model ANOVA with the following model: Ylmn = µ + dyel + arraym + blockn +
dyel*arraym +

lmn,

where Ylmn is expression, dyel and blockn (which estimates the print-tip

effect on the oligonucleotide arrays) are fixed effects, and arraym and its interactions are
random effects. Detection of significance for differential expression on residuals was
performed using a mixed-model ANOVA with the model: Yijklm = µ + behaviori(colonyj) +
colonyj + spotk + dyel + arraym + dyel*arraym +

ijklm,

where Yijklm is the residual from the

previous model, behaviori, colonyj, spotk, and dyel are fixed effects, and arraym and
dyel*arraym are random effects. P-values were corrected for multiple testing using a false
discovery rate (FDR) adjustment. The FDR adjusts the p-value such that a specified
proportion of the genes are likely to be false positives (Benjamini & Hochberg 1995). We
chose an FDR threshold of < 0.01 (proc MULTTEST, SAS), where only 1% of the
significant transcripts should be false positives. These genes represent the genes that are
significantly associated with variation in individual retinue response within a colony.
Clustering analysis of behavioral groups (Hh, Hl, Lh, and Ll) was performed in R using the
heatmap function, and bootstrap values were obtained for each node using the pvclust
package (Suzuki & Shimodaira 2006), n=10,000). Distance was calculated using the Ward
method on a correlation-based dissimilarity matrix.

116

Identification of transcripts associated with ovariole number. We searched for a correlation
between brain transcriptional profiles and ovariole number to see if we could identify suites

of genes in the adult brain that may be influenced by ovariole number. We identified
transcripts associated with ovariole number using a linear regression with the following
model: Ytij = µ + expressiont + behaviori(colonyj) + expressiont*behaviori(colonyj) +

tij,

where Ytij = ovariole number, expressiont is the log-transformed, normalized expression
level, behaviori is the individual retinue response behavior of each worker, and colonyj is the
source colony each individual came from.

Identification of modules of correlated transcripts. Correlations between transcripts
associated with either retinue response or ovariole number were calculated as in (Ayroles et
al. 2009), using a clustering method designed to extract transcriptionally co-regulated
modules from gene expression profiles, modulated modularity clustering (MMC; Stone &
Ayroles 2009).

These modules can be interpreted as gene networks and are often

biologically meaningful (Ayroles et al. 2009; Stone & Ayroles 2009). Because MMC
requires balanced data, we excluded transcripts with any missing datapoints, leaving 662/960
transcripts associated with retinue response and 73/175 transcripts associated with ovariole
number.
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Analysis of significant gene lists. GO analysis was conducted on the significantly regulated
transcripts from each previous analysis using the DAVID functional gene annotation tool
(Dennis et al. 2003). Significant genes were compared to previous studies that have
identified candidate genes associated with various traits (see results). The number of
overlapping genes was evaluated using a two-tailed Fisher Exact Test to determine if there
were significantly more or less genes represented on both lists than expected by chance.
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RESULTS

Colony-level assays. To increase the amount of variation that we could observe among
colonies, nine single-drone inseminated (SDI) colonies from two different racial lineages of
honey bees (A.m. ligustica and A.m. carnica) were screened in May and August 2007. There
were significant differences in retinue response among these colonies (repeated-measures
ANOVA, p<0.0001, Figure 1a). The effect of time was significant (p=0.008), as was the
colony by time interaction (p=0.01, Figure 1a). There was no significant effect of racial
lineage on retinue response (ANOVA, p=0.19, data not shown).

Individual assays. Individuals within each of the colonies were marked with a unique number
tag and were monitored over several days for retinue response. There were significant
differences among individuals within all colonies except one (repeated-measures ANOVA,
p<0.001). The exception, colony 3, was composed only of individuals with a very low
retinue response score. For the subsequent microarray analyses, we selected individuals from
the highest- and lowest-responding colonies of the same racial lineage (A.m. carnica) with
retinue responses that were stable over time and contained significant individual variation
(highest= colony 7, lowest=colony 1). Mean individual retinue scores for individuals from
these two colonies are depicted in Figure 1b.
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Retinue response is negatively correlated with ovariole number. We examined six colonies
for individual differences in ovariole number. There was a significant negative correlation
between individual retinue response and ovariole number (Figure 2; logistic regression,
p=0.0014) and a significant colony effect (p<0.0001), but no significant colony*retinue
interaction (p=0.11). Inclusion of the statistical outliers did not affect the outcome of the
analysis (logistic regression, p=0.0032); the colony effect is still significant (p=0.0002), but
there is also a significant colony*retinue interaction (p=0.0077).

Transcripts associated with individual variation in retinue response. 8,000/13,439 transcripts
on whole-genome microarrays were expressed in our samples and included in the data
analysis. There were 960 transcripts differentially expressed between high and low
responders within each of the two colonies with an FDR<0.01 (Table S1). Hierarchical
clustering demonstrates the individual behavioral groups cluster based on colony-level
differences, with bootstrap values of 100 at both nodes (Figure S2). We used the residuals
from our mixed-model normalization ANOVA to conduct a principal component analysis.
The results indicate that the primary variance in the dataset (Figure 3, PC1, 72%) is
associated with variation in expression levels among genes and shows no clear pattern
associated with each behavioral group; this result is unsurprising given that we did not
normalize the data among genes. A large proportion of the variance in transcript abundance
(PC2, 13.5%) is associated with differences between colonies, and 8.8% of the variance
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(PC3) is attributable to differences in individual behavior (Figure 3). Finally, PC4 represents
5.8% of the variance, and appears to be associated with colony-specific individual
differences in pheromone responsiveness.

Previous studies have demonstrated that colony environment and indirect genetic effects on
brain gene expression can be abundant (Wang et al. 2008), and thus the colony-level effects
were accounted for in the statistical model. The 960 significant transcripts associated with
retinue response were significantly different among individuals within each colony, and not
necessarily associated with individual variation in retinue response among individuals
between both colonies. In other words, the magnitude and direction of the transcriptional
differences associated with high and low retinue response may have varied between colonies
(see methods for detailed description of the analysis). However, across both colonies, the
expression levels of all 960 significantly-regulated transcripts were positively correlated
(r=0.23, p<0.0001). 360 transcripts were significantly upregulated in high vs. low responders
in both colonies, while 141 were significantly downregulated (Table S3). This represents a
significantly greater overlap than expected by chance (one-tailed Fisher Exact test,
p=0.0009), and suggests that these 501 transcripts may be resistant to epistatic effects based
on differences in genetic background (though hierarchical clustering still demonstrates that
individuals cluster based on colony-level differences; data not shown). The overall gene
ontology (GO) biological processes for all 960 significant transcripts are shown in Table S4.
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Identification of gene networks associated with retinue response. A matrix of genetic
correlations was constructed in an attempt to elucidate the genetic networks associated with
variation in individual retinue response using Modulated Modularity Clustering (MMC;
Stone & Ayroles 2009). MMC produces modules of correlated transcripts which can be
interpreted as transcriptionally co-regulated gene networks that are often biologicallymeaningful (Ayroles et al. 2009; Stone & Ayroles 2009). The retinue response genes were
partitioned into twelve transcriptional modules with an average |r|=0.37 (Figure 4a). GO
analysis identified unique biological or molecular functions for each gene network; the
transcripts, their corresponding modules, and the functional categories for which the modules
are enriched are listed in Table S5. Overall, differences in retinue response were correlated
with transcripts involved in multiple processes that could alter neural network structure and
neural physiology (such as axonogenesis, neuron development, ion channel activity, cell
signaling pathways, vesicle mediated transport, and chromatin-mediated regulation of
transcription, such as SNF-2 related genes). We selected the first module (associated with
axonogenesis) for graphical representation in figure 4b. Each node represents a transcript
associated with the axonogenesis gene network, and the lines connecting any two nodes
represent a strong statistical correlation between transcripts.

Transcripts associated with ovariole number. We used linear regression to identify
transcripts associated with individual ovariole scores and found 175 at a p-value threshold of
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0.01. GO analysis revealed several biological processes overrepresented among the
transcripts (Table S6). Eight genetic modules with an average |r|=0.55 were constructed from
the 175 transcripts using MMC (Figure 4c). The majority of these genes were unannotated,
and GO analysis identified only a few biological or molecular processes associated with each
gene network (Table S7). Overall, differences in ovariole number were associated with
transmembrane transporters and ecdysone response genes. Figure 4d shows the predicted
transcriptional correlations for the gene network associated with ecdysone response.

Common transcriptional differences. We compared the list of 960 retinue response genes to
the genes we found to be correlated with ovariole number in the regression analyses. 10
genes overlapped between retinue response and ovariole number (Table S8); this was
significantly fewer genes than expected by chance (Fisher Exact test, p<0.01). Furthermore,
the lack of overlap observed between the two lists only grows stronger as we decrease our
significance thresholds for transcript identification (data not shown).

Comparisons to previous studies. Significantly regulated transcripts were compared to
previous studies that identified candidate genes associated with various traits in honey bees,
including: QMP exposure (Grozinger et al. 2003), nursing/foraging behavior (Whitfield et al.
2003), methoprene (a juvenile hormone analog) treatment (Whitfield et al. 2006), worker
ovary activation (Grozinger et al. 2007), and pollen hoarding (Hunt et al. 2007). We
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compared our list of 960 transcripts associated with retinue response to these previously
published studies (Table S9). Significant over- or under-representation was determined using
a two-tailed Fisher‘s Exact Test (Table S9). Several transcripts were represented in more than
one gene list; these are listed in Table S10. See the discussion for more detailed coverage of
these results.
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DISCUSSION

Variation in how individuals within a social group respond to specific stimuli can lead to
both individual and group fitness benefits (Beshers & Fewell 2001; Oldroyd & Fewell 2007,
2008). Here, we used a cohort of same-aged worker bees from a limited genetic background
that was reared together under the same environmental conditions, and demonstrated that
there is substantial individual variation in response to a pheromone produced by the queen
which regulates worker division of labor and individual reproduction. These behavioral
differences are also associated with variation in ovariole number, a physiological trait that is
set during late larval development. These results suggest that genetic or environmental
factors that affect larval development can substantially alter adult worker behavior.
Furthermore, the significant differences in brain gene expression demonstrate that high vs.
low responding bees are indeed in different physiological states, either due to genetic factors,
developmental cues that result in fixed physiological differences into adulthood, or
environmental differences in QMP exposure. Interestingly, there was no significant overlap
in the transcripts whose brain expression patterns were significantly associated with retinue
response and ovariole number. This suggests that ovariole number in adults does not
influence brain gene expression in a manner that affects behavioral responses towards queen
pheromone. Thus, the phenotypic correlation between ovariole number and behavior in adult
worker bees may be caused by a common developmental origin. Notably, this phenotypic
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variation is likely to be even more dramatic in less managed populations of bees. In our
studies, variation was reduced because we used offspring of queens mated with a single
drone and colonies were maintained in a single apiary, while under natural conditions,
queens will mate with many males (10-12 on average; Tarpy et al. 2004) and are subjected to
greater environmental variance.

There are several possible explanations for the maintenance of this variation. For sex
pheromones, any deviation from the optimal pheromonal blend or behavioral response may
have fitness costs for both males and females (Cardé & Baker 1984); however, for
pheromonal signals that regulate other aspects of social behavior, modulation in pheromone
responses may be less problematic or even potentially beneficial. Within social insects,
variation in traits such as the initial onset of foraging or sucrose response can increase colony
productivity and success (Calderone & Page 1988; Mattila & Seeley 2007; Page et al. 1998);
it is possible that individual variation in response thresholds to queen pheromone could also
affect colony productivity (reviewed in Beshers & Fewell 2001). Queen pheromone affects a
variety of tasks in the hive, including the transition from nursing to foraging (Pankiw et al.
1998) and queen rearing (Melathopoulos et al. 1996). Altered response thresholds to queen
pheromone could mediate variation in many different social behaviors, and thus, may play an
important role in optimizing colony performance.
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Differences in retinue response scores may also translate to different behavioral approaches
for increasing an individual‘s fitness. Our results suggest that workers with the highest
reproductive potential (e.g. the greatest number of ovarioles) avoid the queen, while those
with lower reproductive potential are attracted to her. These observations lead to a model in
which workers with high reproductive potential are primed to activate their ovaries under
queenless conditions, while those with low reproductive potential cooperate with the queen
and rear new queens under queenless conditions. Indeed, in queenless conditions, only a
subset of young worker bees will activate their ovaries (Page & Erickson 1988; Page &
Robinson 1994; Robinson et al. 1990). Interestingly, in A.m. capensis, workers that are likely
to become reproductively active are indeed more likely to avoid the queen (Moritz et al.
2002). Furthermore, in the absence of a queen, high-responding bees are more likely to
engage in new queen rearing than low-responding individuals (Pankiw 1997).

But how are retinue response and ovariole number linked at the physiological level? Ovariole
number is determined during larval development. It is possible that QMP may regulate ovary
development during late larval instar stages, and that bees with higher levels of
responsiveness develop fewer ovarioles. This scenario would suggest that larvae can detect
QMP. There is no evidence for this in honey bees, though in bumble bees (Bombus
terrestris), it appears that larval caste differentiation may be regulated by queen pheromone
(Cnaani et al. 2000). Alternatively, developmental factors could cause variation in ovariole
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number, which leads to differences in adult physiology that, in turn, alter retinue response.
Multiple factors are associated with differences in ovariole development in honey bee larvae,
including: nutrition, juvenile hormone, transcriptional changes in metabolic genes, direct, and
indirect genetic factors (Allsopp et al. 2003; Amdam et al. 2006; Barchuk et al. 2007; Calis
et al. 2002; Evans & Wheeler 2001; Hoover et al. 2006; Linksvayer et al. 2009; Wirtz &
Beetsma 1972). Physiological differences between workers with high vs. low ovariole
number could lead to altered processing of the pheromone signals. It is likely this change in
processing occurs in the central brain rather than in the peripheral sensory system.
Comparisons of the expression and sequence of the 9-ODA responsive pheromone receptor
(AmOR11, Wanner et al. 2007) revealed no differences in the high and low responding bees
from our study (Kocher and Grozinger, unpublished data). Furthermore, previous
comparisons of nurses (which are attracted to queen pheromone) and foragers (which are not)
revealed no differences in peripheral detection (Pham-Delegue et al. 1993).

The observed phenotypic correlation between retinue response and ovariole number suggests
that there is a molecular link between these traits. For example, ovariole number may
directly influence brain gene expression in such a way to alter behavioral responses to the
pheromone. We used transcriptional profiling to identify gene networks in the adult worker
brain associated with retinue response and ovariole number to characterize the relationships
at the molecular level. Overall, differences in retinue response were correlated with

128

transcripts involved in neural physiology and development, while differences in ovariole
number were associated with transmembrane transporters and ecdysone response genes. We
did not find any significant overlap in gene expression profiles associated with both retinue
response and ovariole number in the adult worker brain. Thus, ovariole number does not
appear to directly cause physiological differences in adult bees which result in changes in
retinue response behavior, but rather some other associated physiological or developmental
factor may be driving the correlation between ovariole number and retinue response in adults.
It is possible that the strength of the phenotypic correlation was not sufficient to see a
correlation at the gene expression level with the number of replicates used in this study
(though the lack of overlap observed between the two lists only grows stronger as we
decrease our significance thresholds for transcript identification, data not shown).
Alternatively, a possible biological explanation is that the variation in behavior and
physiology we observe in adults is generated through the interaction of genotypic differences
and environmental factors beginning during development, and that workers are canalized into
different behavioral or physiological programs based on these interactions. Thus, in adult
bees, ovariole number and behavioral responses to pheromone are associated with expression
variation of distinct groups of genes. Recently, several ―ground plan‖ models of social
behavior have been developed to explain the presence of correlated traits in adult honey bees
as derivations from the reproductive physiology of their solitary ancestors (Page & Amdam
2007; Toth & Robinson 2007). These models assume that gene networks associated with
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behavioral and physiological traits have been co-opted in social insects to produce these
behaviors under novel, socially-regulated contexts. Our studies suggest that though these
traits are correlated at the level of the organismal phenotype, they may not be correlated
transcriptionally in adults, and these pleiotropic gene networks, if they exist, may operate
largely at other time periods (particularly during development).

Several interesting candidate genes and pathways were associated with retinue response and
ovariole number, but it remains to be determined if these genes and gene networks play a
causal role. For example, we found that a gene network containing ecdysone response
transcripts was associated with ovariole number. In honey bees and bumblebees,
reproductive workers have higher levels of ecdysone (Bloch et al. 2000; Robinson et al.
1991), but thus far no published studies have examined if honey bee workers with higher
levels of ovarioles have higher ecdysone titers. Furthermore, previous studies suggest DNA
methylation is linked to queen and worker caste differentiation (Kucharski et al. 2008). We
identified several transcripts associated with methylation, including dnmt2, which were
correlated with ovariole number. Of the genes associated with both retinue response and
ovariole number, only 5 (Or13a, RPpS16, Nep2, CG14321, CG18095) were consistently
regulated in both colonies. One gene (neprilysin-2, Nep2), is a metalloendopeptidase
predicted to be involved in proteolysis (Tweedie et al. 2009). Expression levels of Nep2 were
significantly correlated with module 12 for retinue response and module 5 for ovariole
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number. However, neither of these modules was significantly associated with clear biological
functions. Another interesting candidate gene associated with both phenotypes was
mushroom body large-type Kenyon cell-specific protein-1 (mblk-1). Mblk-1 was associated
with module 1 for retinue response (axonogenesis) and with module 9 for ovariole number
(ecdysone response). Mblk-1 is a transcription factor that is expressed in the mushroom
bodies in honey bees (Park et al. 2003; Takeuchi et al. 2001), and has been associated with
ecdysone response in Drosophila (Lee et al. 2000). However, mblk-1 levels were higher in
high responders in the high colony, and lower in high responders in the low colony,
suggesting that genetic background or developmental conditions may strongly affect
expression of this gene.

We also conducted a set of comparative studies to determine if transcripts associated with
individual retinue response behavior were associated with other behavioral or physiological
states in honey bees. Of these comparisons, the only significant biases were associated with
nursing/foraging behavior and methoprene treatment gene lists. Since forager bees have a
lower retinue response compared to young nurse-age bees (Grozinger & Robinson 2007;
Pham-Delegue et al. 1993), it is reasonable to assume that the transcriptional profiles of high
responders may appear more ―nurse-like‖ than ―forager-like.‖ Indeed, fewer genes
upregulated in nurses were downregulated in high responders than would be expected by
chance; similarly, fewer genes upregulated in foragers were upregulated in high responders.
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Juvenile hormone levels are higher in foragers than nurses, and treatment with methoprene
accelerates the transition to foraging (Schulz et al. 2002). Furthermore, juvenile hormone
levels are decreased by QMP (Pankiw et al. 1998). Consistent with these regulatory
pathways, genes upregulated by methoprene were statistically unlikely to be upregulated in
the presumably ―nurse-like‖ high responders (p=0.007). There was no significant overlap
among genes associated with QMP exposure (Grozinger et al. 2003) or worker ovary
activation (Grozinger et al. 2007). However, the lack of overlap is not necessarily surprising
given that in contrast to the previous studies, all the bees from the present study were
exposed to QMP and none had activated their ovaries (Kocher, personal observation).

Summary
Natural variation in honey bee pheromone response appears to be widespread across colonies
(Pankiw et al. 1994). We have demonstrated that this behavioral variation also occurs among
same-aged individuals within colonies, and is associated with physiological traits linked to
reproductive potential. Individual variation in retinue response and ovariole number is
negatively correlated at the organismal phenotypic level, but these correlations are not
recapitulated at the transcriptional level in adult brains. These results suggest that retinue
response and ovariole number may share a common evolutionary ground plan, but that the
corresponding molecular architecture may not always be expressed throughout the life cycle
of an individual. These traits are likely to be determined by a combination of environmental
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and genetic factors that shift physiological parameters during development and result in
altered behavioral response thresholds in adults. Variation in individual response thresholds
may be potentially adaptive because it mediates colony function and productivity by creating
variation in individual task performance, but it may also be associated with reproductive
conflict between queens and individual workers. In addition to this variation in worker
response to queen pheromone, there is also substantial modulation in pheromone production
by the queen which is associated with reproductive state (Kocher et al. 2008, in press;
Richard et al. 2007). Thus, queen-worker chemical communication is part of an interacting
phenotype (Moore et al. 1997), and may represent a dialog, rather than a simple, static
signal-response system.
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Figure 1. Retinue response varies among colonies and among individuals within a
colony. A. 9 SDI colonies were screened for retinue response. There were strong differences
among colonies in mean retinue response frequency (p<0.0001). There was a significant
effect of the time of the screen on colony response (p=0.008), but this effect was only
significant for colony 2. There was a significant colony by screen interaction (p=0.01). B.
Based on the results of the previous screens, two A.m. carnica colonies were selected for the
subsequent molecular and physiological analyses. The previous retinue bioassay was
modified to measure individual variation in response to QMP. There were significant
individual differences in retinue response frequency among individuals in both colonies
(p<0.0001).
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Figure 2. Retinue response is negatively correlated with ovariole number. Ovarioles
were dissected and counted from the left, ventral ovary from individual workers from six
colonies. A logistic regression demonstrated that there is a strong negative correlation
between retinue response and ovariole number (p=0.0014). There was also a significant
colony effect (p<0.0001), but no significant interaction (p=0.11). A bar graph depicts the
average retinue response based on the number of ovarioles comprising the left, ventral ovary.
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Figure 3. Brain gene expression patterns associated with individual and colony-level
differences. Principal component analysis indicates that the primary variance in the dataset is
associated with variation in expression among genes, and accounts for 72% of the observed
variance (Figure 3, PC1). Furthermore, a large proportion of the variance in transcript
abundance is associated with colony-level differences (PC2, 13.5%) and differences in
individual pheromone response (PC3, 8.8%). The final principal component appears to be
associated with the interaction between individual and colony-level behaviors, and represents
5.5% of the observed transcriptional variation.
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Figure 4. Gene networks associated with retinue response and ovariole number. Gene
networks were constructed based on a gene-gene correlation matrix. The colors on the offdiagonal represent the average cross-module absolute correlations. GO analysis identified
unique biological or molecular functions for many of these gene networks (Table S4). A.
From the 960 genes associated with retinue response, 12 genetic modules were identified
using MMC with an average |r|=0.37. B. Retinue response module 1 is a statisticallypredicted gene network associated with retinue response that contains an overrepresentation
of genes involved in axonogenesis. Each node depicts one of the transcripts associated with
module 1, and each line represents a statistical correlation between the connected transcripts.
C. 175 transcripts expressed in the brain were associated with ovariole number (linear
regression, p<0.01). There were 8 transcriptional modules identified in this set of transcripts,
with an average |r|=0.55. D. Ovariole number module 8 is a statistically-predicted gene
network containing an overrepresentation of ecdysone-response genes. Each node depicts
one of the transcripts associated with module 8, and each line represents a statistical
correlation between the connected transcripts.
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ABSTRACT

Chemical communication in the social insects has evolved to be highly complex; pheromonal
signals can consist of many different compounds, and can serve as both mate attractants and
as social cues used to regulate colony structure and function. However, how such a complex
communication system evolves is poorly understood. Here, we focused on the evolution of
AmOR11, a pheromone receptor for 9-ODA, an active component of the queen pheromone
blend. Production of 9-ODA by queens is highly conserved throughout the Apis lineage, and
has a dual role both as a sex pheromone to attract males, as well as a social signal that can
regulate worker behavior and physiology. We found that variation in worker behavioral
responses to queen mandibular pheromone (QMP) was positively correlated to worker
responses to 9-ODA. We then tested whether this behavioral variation correlated with
variation in AmOR11 expression levels or genotype. We found no variation in transcript
abundance or exonic sequence among individuals with either a high or low attraction to
QMP. Furthermore, there was no variation in expression levels or exonic sequence of
AmOR11 among colonies with high or low attraction to QMP or between two different racial
lineages of bees. To gain a clearer understanding of the evolutionary pressures acting on this
receptor vs. non-pheromone olfactory receptors, we extended our sequencing study across
five different subspecies of A. mellifera, and compared sequence polymorphisms in this
receptor to four additional olfactory receptors chosen at random. We found very few
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polymorphisms between subspecies in any of the olfactory receptors we sequenced, and for
all ORs, ω<1, indicating that these genes may all be subject to purifying selection. AmOR11
had the lowest ω value relative to the other four ORs, and a Fisher‘s exact test indicates that
the ratio of synonymous and nonsynonymous polymorphisms in AmOR11 was significantly
lower than the other genes. HKA tests showed a similar trend, but were not significant, and
M-K tests did not significantly reject neutrality for any of the genes. These results indicate
that AmOR11 may be subjected to stronger levels of purifying selection than non-pheromone
ORs.
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INTRODUCTION

Pheromones are chemical signals that trigger a behavioral or physiological response in a
receiving individual (Wyatt 2003).

In Hymenoptera, the use of pheromones is fairly

common (Wyatt 2003). In basal lineages, such as aculeate wasps, pheromones are often used
as mating signals, both to identify and attract potential mates, as well as to discriminate mate
quality (Ayasse et al. 2001). In some social insect lineages, these pheromonal signals serve
not only as mating signals but also to identify the dominant reproductive individuals in a
colony and to establish the reproductive division of labor. Similar communication systems
have evolved several times within the social Hymenoptera, and thus, appear to be an example
of convergent evolution among social lineages (Wyatt 2005). One of the best-studied and
most complex chemical communication systems is found in the honey bee, Apis mellifera. In
honey bees, pheromonal cues are used not only to coordinate reproductive and caste
differences within the hive, but also coordinate the activities of individual group members or
the colony as a whole (Winston 1991). However, we lack a clear understanding of how these
pheromonal systems evolved. With the sequencing of the honey bee genome (Honeybee
Genome Sequencing Consortium 2006), we can now use molecular techniques to begin to
address these questions.
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One of the best-studied pheromonal signals in the honey bee colony is the pheromonal signal
emitted by the queen (reviewed in Le Conte& Hefetz 2008; Slessor et al. 2005). Within a
honey bee colony, the queen is typically the sole reproductive female, and is responsible for
generating all of the offspring. She maintains her reproductive dominance in part through the
production of queen mandibular pheromone (QMP). QMP is synthesized in the mandibular
glands, and contains (E)-9-keto-2-decenoic acid (9-ODA), (R,E)-(-)- and (S,E)-(+)-9hydroxy-2-decenoic acid (9-HDA), methyl p-hydroxybenzoate (HOB), and 4-hydroxy-3methyoxyphenylethanol (HVA) (Slessor et al. 1988). This pheromone elicits a variety of
primer and releaser responses in the sterile worker caste. QMP not only establishes the
reproductive division of labor between queens and workers by inhibiting worker ovary
development (Hoover et al. 2003), but also inhibits the rearing of new queens by workers
(Melathopoulos et al. 1996; Pettis et al. 1997), delays the transition from worker nursing
behavior to foraging tasks (Pankiw et al. 1998), inhibits juvenile hormone synthesis (Pankiw
et al. 1998), and also can affect worker brain gene expression (Grozinger et al. 2003). As a
releaser, QMP attracts workers in the colony to the queen in the form of a retinue response,
where workers surround, lick, and antennate her (Keeling et al. 2003). QMP plus four
additional components comprise a pheromonal blend known as queen retinue pheromone
(QRP; Keeling et al. 2003), which elicits slightly stronger responses than QMP alone in a
retinue assay. Furthermore, the full pheromonal blend produced by the queen (queen
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pheromone, QP), elicits even stronger primer and releaser responses than QMP or QRP, but
this blend contains several compounds that have yet to be identified (Hoover et al. 2003).

While the pheromone blend produced by the queen is complex, one component, 9-ODA, can
still elicit many behavioral and physiological responses in the absence of the other chemicals,
though the responses are much weaker (Free 1987; Gary 1961, 1962; Slessor et al. 2005). 9ODA can stimulate a retinue response (Grozinger et al. 2007; Slessor et al. 1988), modulate
juvenile hormone levels (Kaatz et al. 1992), and alter brain gene expression (Grozinger et al.
2007). In addition to being the main component of QMP, 9-ODA also acts as the main
component of the sex pheromone in honey bees (Brockmann et al. 2006). The production of
9-ODA is rapidly increased shortly after emergence in virgin queens in high quantities in
order to attract males to drone congregation areas for mating (Apsegaite& Skirkevicius
1999), and its levels continue to increase following mating (Slessor et al. 1990).

The olfactory receptor for 9-ODA has recently been identified in A. mellifera as AmOR11
(Wanner et al. 2007b). Wanner et.al. conducted transcriptional studies on the olfactory
receptors (ORs) to identify particular ORs that were overexpressed in the antennae of male
honey bees relative to females, and thus likely to respond to sex pheromones. Based on these
results, they selected four ORs which were expressed at significantly higher levels in males,
and tested each receptor for response to each component of QMP using a cell-based assay.
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AmOR11 was the only receptor that responded to 9-ODA, and did so with a very high
specificity (e.g. it did not respond to any of the other components of QMP).

9-ODA is highly conserved throughout the Apis lineage, and can be found in many different
species of Apis (Plettner et al. 1997). Previous work has demonstrated that males from two
closely-related Apis species (A. mellifera and A. cerana) exhibit similar attraction levels and
electroantennogram (EAG) responses to 9-ODA (Free 1987; Ruttner& Kaissling 1968). In
the other Apis species, 9-ODA retains its dual function as both the sex pheromone and
regulator of worker behavior, in that it can still elicit a retinue response (Free 1987; Plettner
et al. 1997). Therefore, understanding the evolution of this pheromonal signal is particularly
interesting because its pleiotropic role as a sex pheromone and a social regulator could lead
to different selective pressures that would help shape signal production and response.

In honey bees, it is predicted that a queen-worker conflict can arise over the production of
males within a colony (reviewed in Gadagkar 1997), and that queens and workers may be
locked in an evolutionary arms race where it is to the queens‘ advantage to maintain
reproductive control while it is to the workers‘ advantage to escape the queens‘ control.
Indeed, within A. mellifera, there is a significant amount of variation in worker attraction to
QMP. This variation was first identified among different populations of Apis mellifera L.
honey bees (Pankiw et al. 1994), but recent work has demonstrated that this variation extends
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to both the colony-level within a population, as well as variation at the individual-level
within a colony (Kocher et al. submitted).

Furthermore, this variation is associated with

worker reproductive physiology: workers with higher reproductive potential are less attracted

to QMP (Kocher et. al. submitted). Because 9-ODA is the main attractant for the retinue
response in workers, we might expect to see expression or sequence variation in AmOR11
that is correlated with the variation that we observe in worker attraction to QMP. However,
in social societies, selection acts at the colony-level as well as the individual-level. Because
9-ODA is the main active component of QMP, variation in the perception of this compound
could also have negative impacts on coordinating worker activities, which could lead to a
decrease in colony-level fitness, and as such, we may not expect to observe a great deal of
variation in 9-ODA signal detection.

Furthermore, the dual function of 9-ODA as the main male attractant makes it seem less
likely that extensive variation in 9-ODA perception could persist in honey bee populations.
For sex pheromones, any deviation in from the optimal blend could result in severe decreases
in fitness for males (Cardé& Baker 1984). Work on pheromone perception in moths has
demonstrated that the pheromone receptors from different species form a distinct pheromone
Or lineage separate from the rest of the normally fast-evolving olfactory receptors (Robertson
et al. 2003). This subfamily of pheromone receptors is much slower evolving than other ORs
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and shares at least 35% amino acid identity even between species (Krieger et al. 2005;
Mitsuno et al. 2008; Patch et al. 2009; Robertson et al. 2003; Wanner et al. 2007a). Because
9-ODA is also the primary sex pheromone used in A. mellifera and other Apis species (Butler
et al. 1967; Gary 1962), we expect that there may actually be little variation in the sequence
of AmOR11.

This study had three main goals. First, we asked whether the previously observed significant
variation in worker attraction to QMP (Kocher et al. submitted); Chapter 4) is correlated with
variation in worker attraction to 9-ODA. Then, we examined the sequence and expression
levels of AmOR11 among individual nestmates from different colonies and lineages that
exhibited either a high attraction or a low attraction to a synthetic blend of QMP. Finally, in
order to describe the selective pressures that have acted on this receptor, we searched for
signatures of molecular evolution across five different subspecies of Apis mellifera. In
addition to AmOR11, we also sequenced four randomly chosen ORs (AmOR47, AmOR61,
AmOR65, and AmOR104) to determine if the selective pressures acting on AmOR11 are
unique from the selective pressures acting on Apis olfactory receptors in general.
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MATERIALS AND METHODS

Behavioral assays for attraction to QMP and 9-ODA
Individual and colony retinue bioassays were conducted in the summer of 2007 in order to
determine if there was significant variation in colony-level and individual worker attraction
to QMP. We screened 7 colonies headed by single-drone-inseminated queens (SDI; ordered
from Glenn Apiaries, Fallbrook, CA) from two different racial lineages of bees: 4 Carniolan
colonies (Apis mellifera carnica) and 3 Italian colonies (Apis mellifera ligustica). Two
different racial lineages were included in the screens to maximize the variation we could
observe among colonies.

To produce bees of a known age, frames containing late-stage pupae were removed from
each colony and placed in an incubator (33oC, 50% humidity). Bees were collected 24 hr
after eclosion and placed into small (10x10x7cm) Plexiglas cages (5 cages per colony; 25
bees/cage) in a dark incubator (33o146 C/50% humidity) and provided with ground pollen,
50% sucrose, and water ad libitum as in (Grozinger et al. 2003). Treatment provided to the
bees was either QMP or 9-ODA (Pherotech International, Delta, British Colombia) diluted in
1% water/isopropanol. 0.1 queen equivalents of fresh QMP or 9-ODA was placed on a glass
slide and placed in the cage at the same time every day for a period of 8 days. This quantity
of pheromone produces similar effects to live queens in young caged bees (Grozinger et al.
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2003; Hoover et al. 2003). The assays were conducted under red light beginning 5 minutes
after pheromone introduction. The observer was blind to the source colony of the workers.
The number of bees antennating or licking the pheromone was recorded every 5 minutes for
25 minutes; this was repeated daily on bees 4-8 days old. Bees did not contact a solvent
control slide placed in the cage.

In order to analyze the relationship between colony-level QMP response and colony-level 9ODA response, we calculated Spearman‘s rank correlation coefficient, ρ. All calculations
were performed in JMP 7.0 (SAS, Cary, NC).

In addition to the colony-level screens for QMP and 9-ODA response, individual retinue
bioassays were also conducted using QMP to identify individual variation in retinue
response. These screens were conducted in a similar fashion, except that 10 individuals were
number-tagged placed in each cage, and 5 cage replicates were conducted per colony. From
these screens, the highest- and lowest-responding individuals were selected for further study
(see Chapter 4 for a full description of the statistical methods).

Honey bee samples for sequencing
In order to determine if the observed individual variation in QMP response was associated
with individual 9-ODA sequence variation or expression differences, the highest- and lowest-
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responding individuals were selected from a high- and low-responding colony based on the
results of the retinue bioassays. This experiment was repeated in across 4 different colonies
from two colonies different populations of bees (A.m. carnica and A.m. ligustica; Glenn
Apiaries, Fallbrook, CA), for a total of 8 groups: high A.m. carnica colony, high (n=2) and
low responders (n=4); high A.m. ligustica colony, high (n=6) and low responders (n=3); low
A.m. carnica colony, high (n=3) and low responders (n=4); low A.m. ligustica colony, high
(n=3) and low responders (n=3).

For the molecular evolution study, honey bee samples were collected of several additional
subspecies of Apis mellifera from different locations throughout the world. Samples of A.m.
ligustica (n=5, Italy) and A.m. pomonella (n=5, Kryzykstan) were supplied by Steve
Sheppard (WSU, Pullman, WA). In addition, 5 samples of A.m. ligustica were also obtained
from the NCSU apiaries (n=5).

Africanized honey bees were supplied by Dr. Miguel

Arechavaleta Velasco (n=5, INIFAP, Queretaro, Mexico). Samples of A.m. scutellata (n=5,
ICIPE apiary, Nairobi, Kenya), A.m. monticola (n=5, ICIPE apiary, Nairobi, Kenya), and
possible hybrids (n=9, ICIPE apiary, Nairobi, Kenya) were supplied by Eluid Muli (ICIPE,
Nairobi, Kenya). In addition, wild-caught samples (n=4, Thomson Falls Lodge, Nyahururu,
Kenya) were collected by Jim and Maryann Frazier (PSU, State College, PA).
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Finally, to establish an outgroup, two individual samples of Apis cerana were sequenced
(provided by Ed Rajotte and Abby Kalkstein, PSU, Shashi Adhikari, Nepal Dept. of
Agriculture, and B.K. Gyawali, WinRock Foundation, Kathmandu; collected 2 km west of
Polchro, Nepal). These samples were selected because A. cerana is the closest extant relative
of A. mellifera, with a divergence time between 6-8 million years (Arias& Sheppard 2005;
Wilson 1971) and thus were used as the species outgroup for the population genetic analyses.

RNA extraction and quantitative real-time PCR
To test whether high responding individuals simply express a greater amount of AmOR11
than low responding individuals, we used quantitative real-time PCR (qRT-PCR). RNA was
extracted from the antennae of the 28 high and low-responding bees identified in the retinue
bioassays using Qiagen RNeasy kit (Qiagen, Valencia, CA). cDNA was synthesized from
100ng of RNA using the SYBRGreen Master Mix (Applied Biosystems, Foster City, CA),
and qRT-PCR was conducted using and ABI Prism 7900 sequence detector and the SYBR
Green detection method (Applied Biosystems). AmOR2 was used as a control gene. AmOR2
is homologous to D. melanogaster Or83b, and acts as a ‗chaperone‘ that allows other ORs to
function properly (Jones et al. 2005; Larsson et al. 2004). High- and low-responding
individuals were selected from a high-responding and low-responding colony of the same
racial lineage. Two different lineages were used (A.m. carnica and A.m. ligustica), for a total
of 28 individuals. Quantification was performed using a standard curve generated with
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genomic DNA, and a dissociation curve was used as well. Two negative controls were
included to control for contamination (cDNA reaction without the RT-enzyme, and the
cDNA reaction mix without a template). Three technical replicates for each sample/primer
set were used. All groups were normalized to one group for ease of graphical representation,
and a least-squares ANOVA was used in JMP 7.0 to determine significance with the
following model: Y = genotype + behaviorcolony + behaviorindividual(behaviorcolony) +
behaviorcolony *genotype + error.

Primers were developed in PrimerExpress (Applied

Biosystems). 5‘ to 3‘ - AmOR11 forward: TCCTTTTACCGAACAACATGACA;
AmOR11 reverse: GGTGTGGCTTGCTCGTTCA;
AmOR2 forward: GGACATGGATCTTCGAGGGATA;
AmOR2 reverse: TTGAACGTCATTCCAGCAGTTG.

DNA extraction
DNA was extracted from the thoracic tissue of the bees using a DNeasy extraction kit
(Qiagen, Valencia, CA). The standard DNA extraction protocol for animal tissues was
followed with 2 modifications: 1) samples were incubated for 48hrs at 55oC before cleanup
with the purification columns, and 2) an elution volume of 100µl followed by an elution of
80µl was used for the final steps of the extraction. All DNA samples were diluted to 10ng/µl
for PCR amplification.
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DNA amplification and sequencing
Primers were designed using Primer3 (Rozen& Skaletsky 2000), verified in Amplify (Engels
2005), and synthesized by Sigma-Aldrich (St. Louis, MO). Primers and expected product
sizes are listed in Table 1. For the bees associated with the individual behavioral assays, two
primer sets were designed to amplify 1364/1466bp of AmOR11. These are included in Table
1 as AmOR11-1 and AmOR11-2. For the molecular evolution study, we sequenced 807bp of
AmOR11 using the primer set AmOR11-3.

In order to compare the rate of change in

AmOR11 to a ‗typical, non-pheromone‘ olfactory receptor, we selected four additional ORs
at random: AmOR42, AmOR61, AmOR65, and AmOR104. These receptors were selected
based on the phylogeny to represent ORs spanning multiple chromosomal regions that did
not show significant male bias in expression levels (see Robertson& Wanner 2006) for
chromosomal locations and phylogenetic relationships of the ORs). We expected that these
ORs were unlikely to be involved in either sex pheromone perception or social regulation
because they were selected randomly from the list of 170 honey bee olfactory receptors.
However, we cannot completely exclude this possibility. See Table 1 for primer information,
chromosomal locations, and the size of the amplified region. A region of mitochondrial
DNA encompassing the tRNA ILE and part of the ND2 gene was also amplified to verify
that each individual was assigned to the correct subspecies based on the published sequences
and phylogenies (Arias& Sheppard 1996).
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Polymerase chain reactions were performed in a 25µl reaction containing 2.5µl of 10x
reaction buffer, 0.5µl of dNTPs, 0.5µl of each primer, 0.8µl of MgCl, 1µl of DNA template,
and 0.5µl of RedTaq (Sigma-Aldrich, St. Louis, MO). For AmOR42, 2µl of DMSO was also
added to optimize the reaction. For the five ORs, a touchdown protocol was performed
ranging from 60-50oC (-1 oC /cycle), and then followed by 40 cycles of 94oC/20s for
denaturing, 54oC/60s for annealing, 70oC/70s for elongation, and a final extension at
70oC/300s. The reaction for the mitochondrial DNA was performed as in (Arias& Sheppard
1996): 35 cycles of 94oC/60s for denaturing, 42oC/80s for extension, 64oC/120s for
elongation, and a final extension at 74oC/240s. A negative control consisting of the PCR
reaction mix without the template was used to ensure there was no contamination. PCR
products were visualized using gel electrophoresis on 1% TBE agarose gels to ensure that
only a single product was amplified.

Following amplification, PCR products were purified using the Qiagen PCR purification kit
(Qiagen, Valencia, CA) using the standard protocol. Sequencing was performed at the
Pennsylvania State University Genomic Core Facility (University Park, PA) using BigDye
chemistry (Applied Biosystems, Foster City, CA) on an ABI Hitachi 3730XL DNA
Analyzer.
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Sequence alignment
Sequences were aligned using ClustalW implemented in BioEdit (Hall 1999), and each SNP
was verified by visual inspection of the chromatograms. Coding regions were identified
based on alignments to the amino acid sequences published by (Robertson& Wanner 2006)
for each gene. These were used in the subsequent analyses.

Verification of subspecies
In order to verify that our samples were indeed assigned to the correct subspecies, we
compared each individual mitochondrial haplotype to the published subspecies haplotypes
(Arias& Sheppard 1996).

Tests for selection
Aligned sequences were submitted to DnaSP 5.0 (Rozas et al. 2003) for evolutionary
analysis, and summary statistics were calculated for each gene ( ,

, and k). Typically, we

would apply standard population genetics neutrality tests such as Tajima‘s D (Tajima 1989),
Fu and Li‘s D (Fu& Li 1993), and Fay and Wu‘s H (Fay& Wu 2000). These tests exploit
differences in estimations of

to infer non-neutral evolution. However, these tests are

sensitive to the demographic history of the sample population, which raises the possibility of
the rejection of the neutral model for reasons other than positive selection (Nielsen 2005;
Przeworski 2002; Simonsen et al. 1995). Because our samples represent different subspecies
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with significant population structure (Whitfield et al. 2006) and are not sampled from within
a single population, this set of standard population genetic analyses was not applied.

We used three tests that are less sensitive to population demography to search for signatures
of selection on our olfactory receptors.

First, we calculated the rate of synonymous

substitutions to non-synonymous substitutions ( or dn/ds) for each olfactory receptor. If

=

1, that indicates neutrality, if

>

< 1, it constitutes evidence for purifying selection, and if

1, that constitutes evidence for positive selection. Next, we conducted the McDonaldKreitman (M-K) test for selection (McDonald& Kreitman 1991). This test assumes that if a
sequence is evolving neutrally, then the rate of change should be constant with time. The MK test compares the ratio of polymorphisms to divergence for synonymous and nonsynonymous replacement sites within a single locus within and between species. Under
neutrality, we expect that

within species should be approximately equal to

between

species. However, it is important to note that the M-K test does not account for multiple
substitutions or codon usage bias, which can impact the outcome of the results. Finally, we
conducted the Hudson-Kreitman-Aguadé (HKA) test (Hudson et al. 1987) to determine if the
differences we observe between AmOR11 and the remaining ORs could be explained under
the neutral model. The HKA test compares the ratios of polymorphic sites within the A.
mellifera subspecies to the number of fixed differences between A. mellifera and A. cerana
using data from all five loci, and then employs a chi-square goodness-of-fit test to determine
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if the observed differences can be accounted for under neutrality. If the differences observed
between loci can be explained under neutrality, then no selection is inferred, however, if the
observed differences deviate significantly from neutrality predictions, then we can infer
selection on our locus of interest (in this case, AmOR11). It is important, however, to note
that this test is still somewhat sensitive to the demographic history of a population, so that
increased population subdivision (as is the case in our set of samples) can often inflate the
degree of intraspecific variation observed within a locus, and may result in a false rejection
of neutrality (Ingvarsson 2004).

To establish if AmOR11 is evolving at a different rate than the other olfactory receptors we
sampled, we used a Fisher‘s exact test to determine if the number of synonymous vs.
nonsynonymous changes in AmOR11 differed significantly from the other four ORs. If the
Fisher‘s exact test is significant, and AmOR11 has a significantly fewer nonsynonymous
changes than the other four ORs, it will provide strong evidence that this pheromone receptor
has been under some unique form of selection relative to the other ORs. This approach is
appropriate because the divergence time between these ORs is approximately equal, and so
the difference in signal between the ORs should reflect differences in selective pressure and
not the random accumulation of mutations over time.
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RESULTS

Colony-level QMP attraction is positively correlated with colony-level attraction to 9-ODA
In order to determine if variation in colony QMP response was correlated with variation in
colony response to 9-ODA alone, we compared the average colony-level attraction to QMP
and 9-ODA using Spearman‘s rank correlation coefficient,

(a nonparametric, rank-based

correlation). We found a strong positive correlation between colony-level attraction to QMP
and colony-level attraction to 9-ODA (Spearman‘s, ρ=0.86, p<0.01).

In addition, the

parametric correlation was also significant (r=0.81; p=0.02). Based on this result, we felt
confident that the high- and low-responding individuals identified in the QMP screens were
also likely to be high- and low-responders to 9-ODA and selected these individuals for the
association study with AmOR11.

Individual variation in QMP attraction is not associated with variation in AmOR11
No sequence polymorphisms were identified between high- and low-responding individuals
or between high or low responding colonies (data not shown). Furthermore, there were no
significant differences in expression levels of AmOR11 in the antennae of the workers (Fig.
1; ANOVA, p=0.20; behaviorcolony, p=0.18; behaviorindividual(behaviorcolony), p= 0.77;
genotype, p=0.34; gentoype*behaviorcolony, p=0.17), indicating that neither variation in
AmOR11 sequence nor expression is associated with individual variation in queen attraction.
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Tests for selection
The summary statistics calculated for each gene are in Table 2.

In order to search for

signatures of selection on our olfactory receptors, we used three tests that are robust to
population demography. First, we calculated the rate of synonymous to non-synonymous
substitutions (dn/ds or ω) for each gene. All four ORs had values of ω<1, suggesting that
these genes may all be subject to purifying selection. However, the value for AmOR11 was
the lowest. Next, we performed McDonald-Kreitman (M-K) tests to test if the rate of change
in our genes differed significantly from neutrality (Table 3). None of the ORs that we tested
were significant, so based on the results of this test, we cannot reject neutrality for any of our
genes. However, the number of A. cerana individuals sampled for each gene was quite low
(between 1 and 2 individuals), so it is possible that we underestimated the number of
between-species polymorphisms, which may have skewed the test results toward neutrality.
To determine if this is indeed the case, more samples of A. cerana are currently being
procured. Finally, we performed pairwise HKA tests between AmOR11 and the other four
ORs to determine if the rate of change in AmOR11 was different from other olfactory
receptors. We chose to compare AmOR11 to four other randomly chosen olfactory receptors
because our primary interest was whether the pheromone receptor AmOR11 evolves under
different selective pressures than general olfactory receptors.

It then follows that the

interpretation of this test is slightly different from the interpretations of a typical HKA test
because the loci we selected to compare to our gene of interest are not necessarily evolving
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neutrally (in fact the ω values indicate they may all be subjected to purifying selection). We
did not identify any significant differences between AmOR11 and the other olfactory
receptors with a Bonferroni corrected p-value threshold of 0.0125 (Table 4). However, there
was a clear trend suggesting that AmOR11 may be evolving at a slightly different rate than
AmOR47, AmOR65, and AmOR104. There is no evidence to indicate that there is any
difference in the evolutionary rate of change between AmOR11 and AmOR61.

Finally, we compared the number of synonymous and nonsynonymous changes in AmOR11
relative to the other four ORs using a Fisher‘s exact test (Table 5). The results of this test
were significant (p=0.04), indicating that AmOR11 has significantly fewer nonsynonymous
changes than the other four ORs in the sequenced region.
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DISCUSSION

We found that variation in QMP and 9-ODA responses are highly correlated, such that
colonies with high attraction to QMP are also likely to have a high attraction to 9-ODA.
These results demonstrate that the variation we observe in QMP attraction can be explained
in large part by the variation that we observe in attraction to 9-ODA alone. However, we did
not find individual variation in sequence or expression of AmOR11 in these workers. This is
rather surprising because ORs tend to evolve rapidly (Grus et al. 2005; Lane et al. 2004;
McBride 2007; Zhang et al. 2004), though there has been evidence that moth pheromone
receptors may form a distinct lineage within the ORs, and thus may be evolving more slowly
than their OR counterparts (Krieger et al. 2005; Patch et al. 2009). AmOR11 may be under
specific selection pressures due to its role in mating and reproductive division of labor.

The fact that we do not observe changes in expression or sequence of AmOR11 associated
with variation in behavioral response suggests that other mechanisms are operating to alter
responsiveness. There are several possible nonexclusive models. First, because AmOR11
was identified through a screen for genes overexpressed in male antennae (Wanner et al.
2007b), it is possible that AmOR11 is the male-specific receptor for 9-ODA, and that
variation in a female-specific version of a 9-ODA pheromone receptor could explain the
behavioral variation that we observed. Second, there may be other pheromone receptors
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expressed in the antennae that respond to 9-ODA in addition to AmOR11, and variation in the
sequence or expression of those receptors could modulate individual detection and response
to 9-ODA. One possible mechanism for the evolution of such a system is through gene
duplications.

Duplication events resulting in multiple ORs which respond to the same

pheromone would presumably decrease the selective pressures on some copies of the
receptor, allowing differences in perception to arise without completely losing the ability to
detect the signal. Furthermore, duplication events could also lead to the evolution of novel
pheromone receptors and perhaps specific components of a pheromonal signal. Indeed, in
honey bees, as in other insects like Drosophila and Anopheles, many ORs are grouped in
clusters of tandemly-arrayed genes with very similar sequence identity (Robertson et al.
2003; Robertson& Wanner 2006). Third, changes in signal processing in the olfactory
neurons rather than receptor binding could also alter behavioral responses to 9-ODA and
QMP. For example, responsiveness of the 9-ODA receptor neurons may be altered by
changes in electrophysiological properties or cell signaling pathways. Finally, it is also
possible that the behavioral variation we observe in QMP/9-ODA attraction could be due to
changes in central processing that lead an individual to ‗ignore‘ the queen‘s signal. In order
to establish that variation in QMP attraction is indeed due to differences in central
processing, further studies using electroantennograms (EAGs) would need to be conducted to
verify that individual workers with a high or low behavioral response to QMP/9-ODA all
demonstrate the same response at the peripheral-level. However, there is substantial
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evidence that changes in central processing systems can alter pheromone responses in bees
and other insects. For example, behavioral and physiological responses to queen pheromone
vary between young bees engaged in brood care and older bees engaged in foraging
behavior, though both sets are equally responsive to the pheromone in terms of
electroantennograms (Grozinger& Robinson 2007; Pham-Delegue et al. 1993).

Because 9-ODA plays a dual role as both a sex pheromone and a social regulator, we were
interested in characterizing the selective forces acting on this receptor. We predicted two
plausible outcomes for the degree of extant variation in AmOR11 among subspecies. First, it
was possible that we would observe very little variation in AmOR11 because of its central
role in the chemical communication system of Apis (Free 1987). Any variation in the ability
to detect this compound could lead to severe fitness decreases. At the individual level, the
inability to detect 9-ODA could lead to a strong disadvantage for males attempting to identify
virgin queens as mating partners (Cardé & Baker 1984), particularly because honey bees are
haplodiploid, and thus males possess only one allele of AmOR11. From a colony-level
fitness viewpoint, any variation that decreases a worker‘s ability to detect the main social
signal could also lead to a decline in colony function and productivity and would presumably
be selected against. Alternatively, this gene may be subjected to balancing or disruptive
selection because while the ability to detect 9-ODA is critical for males in mate-finding, it
could also be detrimental to the individual fitness of a worker. Because workers are
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facultatively sterile, they can no longer mate and produce diploid females (Winston 1991).
However, they are still capable of developing their ovaries and laying unfertilized eggs which
develop into males, and so there is an inherent queen-worker conflict over male production in
honey bee societies. It has been hypothesized that queens and workers may be involved in an
evolutionary arms race (reviewed in Gadagkar 1997). In this scenario, workers with the
ability to evade queen control would presumably increase their individual fitness by
producing males. Thus, enhanced sensitivity to 9-ODA would benefit males and the colony
as a whole, but not the fitness of individual workers. This could lead to either disruptive
selection that would favor both male detection of the pheromone and worker desensitization
(in an arms race), or possibly to balancing selection that favors the detection of this
pheromone in males and workers when colony health is strong, but favors worker
desensitization such that these workers are ―primed‖ to activate their ovaries if the queen
dies.

We hypothesized that because of the dual function of AmOR11, the selective forces shaping
this gene should be different from the selective forces that act on general olfactory receptors.
To test this, we sequenced four olfactory receptors randomly selected from the annotated set
of 170 honey bee ORs (Robertson& Wanner 2006). We expected that these ORs were
unlikely to be involved in either sex pheromone perception or social regulation, though we
cannot completely exclude this possibility. On average, these four olfactory receptors should
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represent the ‗typical‘ selective pressures that shape OR evolution in Apis. Based on the
results of our Fisher‘s exact test, it appears that the selective pressures acting on AmOR11
may differ from the other ORs, and that AmOR11 is evolving more slowly. This would be
consistent with a model in which AmOR11 is critical for mating or social coordination, and
thus variation is reduced. We cannot discount the possibility that other forms of selection are
acting on this gene, but across 4 subspecies and 45 samples, we did not find any variation in
protein sequence, suggesting that alternative alleles of AmOR11 within A. mellifera are not
widespread. However, we did not completely sequence the gene and surrounding regions, so
additional variation may exist. Furthermore, the ω values for all the receptors in our study
(and AmOR61 in particular) indicate that they may all be undergoing purifying selection.
This suggests that the ORs that we selected randomly may also have important functions that
lead to non-neutral evolution, or that more generally, honey bee ORs may not evolve
neutrally. However, in order to conclusively prove that these ORs are subjected to purifying
selection, we would need to compare the rate of change in each of these genes to neutral loci
throughout the genome.

Given that we have found so little variation in the 9-ODA receptor among these subspecies –
even between A. mellifera and A. cerana - how would such pheromone signaling systems
evolve? If any change in sequence could alter the specificity of the signal and have fitness
consequences, how do new pheromones arise, and how do old pheromones acquire new

178

functions? As noted above, duplications of pheromone receptors could allow some receptors
to evolve and develop new functions, or changes in central processing could alter responses
under different physiological conditions, thereby increasing the diversity and evolvability of
this system. Alternatively, there could be changes in the pheromone blend itself.

Holldobler and Carlin (1987) theorized that chemical signals are composed of anonymous
and specific components. Anonymous signals are compounds that are uniform throughout a
group or organizational level, and therefore serve only to identify the signaler as a group
member without distinguishing it from other members. Specific signals are also included in
the pheromonal blend that identify the individual group member and may describe their rank
or function in the group. Because 9-ODA is a highly conserved compound throughout the
Apis genus, it is likely that this chemical serves as an anonymous component of the chemical
signal within the QP blend rather than a specific one. Our results suggest that we might
expect anonymous signals to be subjected to purifying selection, and that the diversification
that we observe in chemical signals throughout Apis is most likely to occur through
modifications in the specific components of the pheromonal signal rather than the
anonymous ones. Furthermore, our results indicate that the main components of social
signals do not appear to change quickly over time, and that it is indeed more likely that the
other, specific compounds are the ones that evolve in response to selective pressures such as
an evolutionary arms race or sexual selection.
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There is some evidence to indicate that for signal production, pheromonal signals evolve
through the addition or modification of specific chemical compounds. The relative amounts
of the components present in the honey bee queen pheromonal blend change following
mating (Kocher et al. 2008, 2009; Plettner et al. 1997; Richard et al. 2007; Slessor et al.
1990). However, these changes do not occur in any of the 5 components of QMP, but rather
in compounds that are present in much smaller proportions in the pheromonal blend.
Furthermore, these chemical differences are linked to ovary development and can be detected
by the workers (Kocher et al. 2008, 2009); Chapters 1 and 2). A similar phenomenon occurs
in the queen pheromonal blends produced in the Dufour‘s gland (Richard et al. in prep).
Here again the relative amounts of minor components present in this pheromonal blend are
modified as a consequence of ovary development, while the major components remain stable.

Conclusions
We have demonstrated that variation in behavioral responses to a honey bee pheromone is
not associated with differences in expression or sequence of the identified pheromone
receptor, AmOR11. This receptor appears to be undergoing purifying selection, perhaps as a
result of its critical role in both mating and social organization. The selective pressures on
AmOR11 may be different or stronger than those on the other sampled receptors. This study
highlights the complexities involved in understanding the molecular basis of the mechanisms
and evolution of chemical communication, particularly in social insects. Chemical
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communication systems can contain multiple signaler and receiver components, which can be
under different evolutionary pressures. Furthermore, multiple mechanisms may alter both
the production and response to pheromone signals, and some of these – such as changes in
central processing of pheromonal cues – are likely to have a complex genetic basis.
However, as genomic tools and resources for comparative studies improve, it will become
increasing feasible to identify and characterize the selective pressures that have shaped
pheromone production and response.
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Figure 1. Quantitative real-time PCR demonstrates that there are no significant differences in
gene expression of AmOR11 between high or low-responding individuals within or between
colonies or racial lineages.
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Table 1. Primer information

Gene

Chromosomal
region

Forward primer
(5' to 3')

Reverse Primer
(5' to 3')

Product size
(bp)

AmOR11-1

2.31

cgagttacttcggctccttg

catatatcccactgcactt

931

AmOR11-2

.

ttattggccgctggtctctc

gacaacataaatcaccatagcca

980

AmOR11-3

.

tattggccgctggtctctc

gataaatagcgggtacgaattga

807

AmOR47

2.31

ataggcgtatggcctcttcc

ctgcaaaccaagaatgatgg

510

AmOR61

2.31

gcacgatcaaaccggtagtc

ttttccattaggcgttcacc

662

AmOR65

15.29

accatcactcggagaactga

gtattgggaatctaggtaatgattc

725

AmOR104
mitochondrial
DNA

11.31

cagctccgagaaatacagca

gtttgcgatgtgtgggtaaa

529

.

tgataaaagaaatattttga

gaatctaattaataaaaaa

691
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Table 2. Summary Statistics All summary statistics were calculated using subspecies-level
data, except for k which relies on interspecific data (which includes Apis cerana) to estimate
the mean pairwise nucleotide divergence.

Gene

length Codons

n

S

θw

π
(total)

π
(syn)

π
(non)

ω
(dn/ds)

k

AmOR11

557

180

88

6

0.002

0.002

0.010

0

0

0.054

AmOR47

256

85

56

15

0.013

0.012

0.036

0.004

0.119

0.073

AmOR61

545

126

56

2

0.002

0.002

0.004

0.0001

0.034

0.037

AmOR65

592

160

80

27

0.010

0.007

0.017

0.001

0.066

0.054

AmOR104

348

68

56

19

0.013

0.015

0.033

0.008

0.244

0.056
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Table 3. McDonald-Kreitman tests. No significant deviations from neutrality were detected
for any of the olfactory receptors using the McDonald-Kreitman test.

Polymorphic

Fixed

Gene

Silent

Replacement

Silent

Replacement

p-value

AmOR11

0

0

24

4

0.562

AmOR47

12

7

6

8

0.304

AmOR61

1

2

9

3

0.182

AmOR65

10

7

13

6

0.73

AmOR104

4

6

3

3

0.7
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Table 4. HKA tests. AmOR11 may be diverging at a different rate relative to AmOR47,
AmOR65, and AmOR104 though the p-values were not significant using a Bonferroni
correction of 0.0125 (p=0.085, 0.077, and 0.035 respectively). AmOR61 appears to be under
similar selective pressures compared to AmOR11.

Gene

length
(bp)

S(mellifera) S(cerana)

p-value

AmOR11

557

6

1

.

AmOR47

256

15

4

0.085

AmOR61

545

2

2

0.566

AmOR65

592

27

0

0.077

AmOR104

348

19

0

0.035
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Table 5. Fisher’s Exact test on silent and replacement sites. One-tailed Fisher's Exact test
indicates that the observed number of silent and replacement mutations differs significantly
in AmOR11 relative to the other four randomly-selected ORs (p=0.042).

Gene

Silent

Replacement

AmOR11
All others

6
33

0
25
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CONCLUSIONS AND FUTURE DIRECTIONS
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The pheromones of the social insects are some of the best-studied models for chemical
communication, and have evolved as highly complex signals that are used to organize social
structure by establishing and maintaining caste differences and coordinating behavioral
activities across the entire colony (Wilson 1971; Wyatt 2003). As molecular and genomic
technologies have improved, so has our understanding of how the insect olfactory system
functions. Olfactory receptors and binding proteins are required to shuttle the chemicals
across the sensillar lymph and deliver the stimulus to the olfactory receptor neurons for
transduction of the signal to the antennal lobes and higher order processing centers in the
insect brain (reviewed in Vosshall and Stocker 2007). Interestingly, there appear to be
dedicated neuronal circuits and receptors that respond specifically to pheromonal cues
(Krieger et al. 2005; Nakagawa et al. 2005), suggesting that pheromonal detection systems
may have evolved independently from the general olfactory system (Krieger et al. 2005;
Patch et al. 2009).

Despite substantial progress in identifying the chemical components of pheromone blends
and the neural circuitry eliciting behavioral responses to these compounds (reviewed in
Vosshall and Stocker 2007), we still lack a clear understanding of the molecular and
physiological mechanisms that modulate these complex chemical communication systems
(reviewed in Bloch and Grozinger, submitted). Furthermore, few studies have examined the
molecular and physiological factors that lead to variation in pheromone production and
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response. Characterization of these factors, particularly across species, can substantially
improve our understanding of how chemical signals can evolve.

The work presented in this dissertation has examined the molecular and physiological factors
that regulate both production of queen pheromonal signals and queen-worker interactions in
the honey bee colony.

The first three chapters examined the association between

reproductive state and queen pheromone production, and discussed the potential role of
queen pheromone as an honest signal of fecundity. Chapter 4 described the molecular and
physiological factors underlying natural individual variation in worker attraction to queen
mandibular pheromone (QMP), and discussed how and why this variation may be
maintained. Finally, chapter 5 began to address how these chemical signals may evolve by
characterizing transcriptional and sequence variation in the 9-ODA pheromone receptor,
AmOr11, and examining the selective pressures that may be acting on this dual-function
receptor.

Queen pheromone production is modulated by reproductive state.
The molecular mechanisms underlying the post-mating behavioral and physiological
transitions undergone by females have not been explored in detail. Mating and reproduction
in honey bee queens is a particularly fascinating system for studying these transitions
because queens mate during a short period in their early adult lives, and the post-mating
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changes in behavior and physiology are permanent and dramatic (Winston 1991).
Furthermore, it is possible to manipulate the mating process through behavioral
manipulations and instrumental insemination to produce queens in a variety of reproductive
states. In chapters 1, 2, and 3 we used a variety of intermediate reproductive states to
characterize the molecular and physiological processes that underlie the transition from a
virgin to a mated, egg-laying queen.

In chapter 1, we examined virgin queens and two sets of queens that were collected five days
after natural mating - queens that had not initiated egg-laying, and queens that had - in order
to characterize the major molecular and physiological processes that are associated with the
transition from a virgin to a fully-mated, egg-laying queen (Chapter 1 - Kocher et al. 2008).
We found that differences in the behavior, ovary development, and pheromone profiles
among groups correlated with the underlying variance in transcript abundance in the brains
and the ovaries. Transcriptional differences in the brains correlated with differences in flight
behavior, while transcriptional changes in the ovaries correlated with differences in ovary
development and pheromonal profiles. These results suggest that post-mating changes in the
brains and the ovaries of the queens are uncoupled, with the initiation of mating triggering
immediate changes in the ovaries and pheromone production, but not in flight behavior or
brain gene expression. We compared the results of this dataset to research using Drosophila
melanogaster (Lawniczak and Begun 2004; Mack et al. 2006; McGraw et al. 2004), and
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identified common biological processes that were affected by mating, including stress
response and alternative-splicing pathways.

Chapter 2 further dissected the mating process by examining the short-term effects of natural
mating compared to instrumental insemination with either saline or semen, and used queens
that were collected two days after mating/insemination. We observed similar effects on
flight behavior, and we also observed a significant overlap in transcriptional profiles between
this study and analogous studies in D. melanogaster (Lawniczak and Begun 2004; Mack et
al. 2006; McGraw et al. 2008; McGraw et al. 2004), suggesting that some post-mating
mechanisms are conserved across insect orders. Furthermore, the instrumental insemination
process triggers immediate and complete behavioral changes in queens and induces largescale effects on brain gene expression, but does not appear to have the same effects on ovary
development or pheromone production (Chapter 3 - Kocher et al. 2009). Combined with the
results from chapter 1, it appears that honey bee queens may use volume and/or CO 2
exposure as the primary cue to cease mating flights, and that exposure to semen or seminal
proteins may be less critical to the immediate post-mating changes.

These studies examine the relatively short-term (2 and 5 days post-mating) effects of mating,
and demonstrated that differences in the mating process can have substantial effects on
molecular and physiological state. However, it remains to be determined if these differences
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are maintained over a longer period of time after egg-laying has been established.
Furthermore, the exact cues that trigger these post-mating changes (such as physical
stimulation, anesthetization with carbon dioxide during instrumental insemination, and
insemination substance and/or volume) remain to be fully examined. These studies are
ongoing by E.L. Niño, F.J. Richard, D.R. Tarpy and C.M. Grozinger.

Queen pheromone appears to be an honest signal of fecundity.
The exact chemical blend produced by the queen differs between virgin and mated, laying
queens (Keeling et al. 2003; Plettner et al. 1997, Chapter 1). In chapter 3, we demonstrated
that different reproductive states were associated with subtle differences in ovary
development and pheromone production. Virgin queens, naturally mated queens, and queens
instrumentally inseminated with either semen or saline were collected two days after mating
or insemination. The greatest amount of ovary activation was observed in the naturally
mated queens; they also had the most distinct chemical profiles in their mandibular glands.
We found no significant differences between semen- and saline-inseminated queens. All
instrumentally inseminated queens were intermediate between virgins and naturally mated
queens for both ovary activation and mandibular gland profiles. These results were similar to
those obtained in chapter 1, demonstrating that pheromonal differences are correlated with
differences in ovary development, suggesting that these two phenotypes may be linked.
Interestingly, we found that workers can distinguish between these differences in pheromonal

202

blends, and that they were more attracted to the extracts of the queens with the greatest
degree of ovary activation.

These results suggest that the queen pheromone blend is modulated by the reproductive
status of the queens, and that workers are more responsive to queens with higher
reproductive potential. Furthermore, insemination with either saline or semen does not
appear to affect physiological characteristics of honey bee queens two days after
insemination, suggesting that either the insemination process (such as exposure to carbon
dioxide) or insemination volume are primarily responsible for stimulating these early postmating changes in honey bee queens. This study provides evidence that queen pheromone
production may be an honest signal of queen fecundity, and has significant implications for
the mode of evolution of queen-worker interactions in honey bees (see Introduction for
further discussion of queen pheromone evolution).

In these studies, we used early post-mating differences in ovary activation as a proxy for
differences in fecundity. However, it remains to be determined if differences in reproductive
state or egg production are associated with differences in pheromone production over the
long-term in queens established in colonies. Furthermore, we only measured attraction to
queen pheromone, and it remains to be determined if other aspects of worker behavioral and
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physiological responses are modified. These questions are being examined further by E.L.
Niño, A. Hefetz and C.M. Grozinger.

There is substantial variation in worker attraction to queen pheromone.
In addition to describing how reproductive state can alter queen pheromone production, we
have also characterized substantial variation in worker attraction to the main components of
the queen‘s pheromonal signal (queen mandibular pheromone, QMP; Chapter 4, Kocher et
al. in revision). Variation in individual behavior within social groups can affect the fitness of
the group as well as the individual (Beshers and Fewell 2001; Oldroyd and Fewell 2007;
Oldroyd and Fewell 2008), and can be caused by a combination of genetic and environmental
factors. However, the molecular and physiological mechanisms associated with individual
variation in social behavior remained relatively unexplored. Previous studies indicated that
attraction of honey bee workers to QMP is likely regulated by genetic differences (Pankiw et
al. 2000). We examined individual and colony-level differences in worker attraction to
QMP, and found substantial variation both within and among colonies. Furthermore, we
found that retinue response is negatively correlated with ovariole number - a trait associated
with reproductive potential in workers (Makert et al. 2006). Because ovariole number is
determined during development, we proposed that differences during development (genetic
or environmental) may be responsible for producing differences in adult behavior.
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We used microarrays to demonstrate that specific transcriptional patterns in the brain were
associated with behavioral differences and differences in ovariole number, and identified
hundreds of transcripts that are organized into statistically correlated gene networks. Overall,
we found that individual worker attraction to QMP was associated with differential
expression of transcripts associated with neural physiology and development, while variation
in ovariole number was associated with differential expression of transcripts associated with
transmembrane transport and ecdysone response.

The results of this study demonstrated that there is substantial variation in chemical
communication and social behavior among individuals, and that this variation is linked with
specific differences in physiology and gene expression. This variation in individual response
thresholds may reveal underlying variation in queen-worker reproductive conflict, and may
mediate colony function and productivity by creating variation in individual task
performance.

These studies established that there are differences in adult behavioral responses to QMP,
which are linked to differences in brain gene expression patterns and ovary size. Given that
ovary size is established during worker development, it seems likely that molecular and/or
environmental factors operating during developmental stages may be responsible for altering
adult behavior. We (S.D. Kocher, G.J. Hunt, M.E. Arechavaleta Velasco, and C.M.
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Grozinger) are currently exploiting natural differences in European and Africanized honey
bee strains to identify genetic variation associated with differences in worker attraction to
QMP and ovariole number using linkage mapping studies. These studies are utilizing highthroughput sequencing to produce a set of high-density markers that will be used to genotype
backcrossed individuals.

The results of these studies will allow us to formally test if

individual worker attraction and reproductive potential are genetically linked, and will allow
us to identify loci underlying both traits. In addition, a set of behavioral and physiological
manipulations are underway to identify the epigenetic and environmental factors that are also
associated with variation in retinue response and worker reproductive potential (S.D. Kocher,
G.J. Hunt, M.E. Arechavaleta Velasco, J.E. Strassmann, D.C. Queller, and C.M. Grozinger).

Molecular signatures of selection on a honey bee pheromone receptor.
The final chapter examined the evolution of AmOr11: a pheromone receptor for 9-ODA, the
main component of queen pheromone (Gary 1962; Wanner et al. 2007). 9-ODA has a dual
role both as a sex pheromone to attract males, as well as a social signal that regulates worker
behavior and physiology (Winston 1991).

Production of 9-ODA by queens is highly

conserved throughout the Apis lineage (Plettner et al. 1997). Variation in worker behavioral
responses to queen mandibular pheromone (QMP) was positively correlated to worker
responses to 9-ODA. However, we found no correlation between individual behavioral
responses to QMP and AmOr11 expression levels or sequence variation. Even when
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extended to the colony level, no variation was observed in expression levels or exonic
sequence of AmOr11 either among colonies with high or low attraction to QMP or between
two different racial lineages of bees. These results, in combination with previous studies
(Grozinger and Robinson 2007; Pham-Delegue et al. 1993), suggest that variation in
pheromone response is a complex process that may be regulated by changes in central
processing of the signal rather than changes in peripheral detection.

To elucidate the evolutionary pressures acting on this receptor vs. non-pheromone olfactory
receptors, we extended our sequencing study across five different subspecies of A. mellifera,
and compared sequence polymorphisms in this receptor to four additional, randomly selected
olfactory receptors.

There were few polymorphisms between subspecies in any of the

olfactory receptors we sequenced, and for all Ors, ω<1, indicating that these genes may all be
subject to purifying selection. AmOr11 had the lowest ω value relative to the other four Ors;
a Fisher‘s exact test indicated that the ratio of synonymous and nonsynonymous
polymorphisms in AmOr11 was significantly lower than the other genes. HKA tests showed
a similar trend, but were not significant, and M-K tests did not significantly reject neutrality
for any of the genes. These results indicate that AmOr11 may be subjected to stronger levels
of purifying selection than non-pheromone Ors, but additional evidence (such as examining
rates of evolution across a larger array of olfactory receptors and neutral markers) will be
needed before results are conclusive.
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We (S.D. Kocher, D. Ramírez, H.M. Patch, C.F. Aquadro, and C.M. Grozinger) are also
extending our study of pheromone receptors throughout the Apis genus and Drosophila to
examine the rates of evolution across pheromone and olfactory receptors across lineages.

Summary.
Chemical communication in the social insects has evolved to be highly complex; pheromonal
signals can consist of many different compounds, and can serve as both mate attractants and
as social cues used to regulate colony structure and function. The research in this thesis has
demonstrated that queen pheromone profiles are highly variable, and are linked to differences
in reproductive state and ovary development.

Furthermore, worker responses to queen

pheromone are also highly variable, and are negatively correlated with differences in
individual reproductive potential and brain gene expression patterns. In conclusion, the
chemical communication system between honey bee queens and workers seems to act a
dialog, rather than a simple, static signal-response system, and variation in pheromone
production and response both play a critical role in modulating queen-worker interactions
within the hive.
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APPENDIX 1

Supplementary tables and figures for chapter 2
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Appendix 1.1: Chapter 2, Supplementary Table S1
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Appendix 1.2: Chapter 2, Supplementary table S2
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APPENDIX 2

Supplementary tables and figures for chapter 4
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Appendix 2.1 Chapter 4, S1. 960 Significantly-regulated transcripts for retinue
response. There were 960 genes that were significantly associated with retinue response at
FDR<0.01. The first column contains the transcript identifier associated with the microarray,
and the subsequent columns are the corresponding honey bee predicted gene names (GB
names) and fly orthologs (the flybase identifiers) if available.
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Appendix 2.2: Chapter 4, S2. Hierarchical clustering. Hierarchical clustering of the 960
significant retinue response genes (FDR<0.01) reveals that behavioral groups cluster based
primarily on colony-level differences and not on individual retinue response behavior.
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Appendix 2.3: Chapter 4, S3. Transcripts consistently regulated across both colonies. 360 transcripts were consistently up- or down-regulated in high responding individuals in
both colonies.
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Appendix 2.4: Chapter 4, S4. Biological processes associated with retinue response.
Gene ontology analysis of transcripts associated with retinue response.

GO Biological Process
axonogenesis
neuron development
neuron differentiation
axon guidance
developmental process
response to toxin
immune response
carbohydrate metabolic process
response to chemical stimulus
response to temperature stimulus
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p-value
<0.001
0.001
0.002
0.007
0.010
0.015
0.032
0.040
0.046
0.047

Appendix 2.5: Chapter 4, S5. Retinue response modules. Statistical gene networks
predicted by MMC for retinue response. Each module was assigned an average degree of
correlation among transcripts (avg degree), and each transcript received a degree of
correlation between itself and the remaining transcripts from that module (degree). Gene
ontologies associated with each module are also included in this table.
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Appendix 2.6: Chapter 4, S6. Biological processes associated with ovariole number.
Gene ontology analysis of transcripts associated with ovariole number.

GO Biological Process
organ development
exocrine system development
gland development
signal transduction
cellular pigmentation
cell communication
transmembrane receptor protein tyrosine kinase signaling pathway
autophagic cell death
histolysis
induction of apoptosis by hormones
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p-value
3.33E-04
5.30E-04
0.0012298
0.0037964
0.004212
0.0045333
0.0139505
0.017933
0.0199075
0.0222798

Appendix 2.7, Chapter 4, S7. Ovariole number modules. Statistical gene networks
predicted by MMC for ovariole number. Each module was assigned an average degree of
correlation among transcripts (avg degree), and each transcript received a degree of
correlation between itself and the remaining transcripts from that module (degree). Gene
ontologies associated with each module are also included in this table.
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Appendix 2.8: Chapter 4, S8. Genes associated with both retinue response and ovariole
number. There were 10 genes that were significantly associated with both retinue response
and ovariole number.

Amel Gene Identifier
GB16279
Mblk-1
GB10231
GB10669
GB12328
GB12537
GB30329
GB13209
GB13790
GB15825

Dros Ortholog
odorant receptor 13a
mushroom body large kenyon cell type
1
ribosomal protein s16
multiple ankyrin repeats single kh
domain
myosin heavy chain
neprilysin 2
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FlyBase ID
FBgn0030715
FBgn0013948
FBgn0034539
FBgn0034743
FBgn0043884
FBgn0038540
FBgn0002741
FBgn0027570
FBgn0028872
FBgn0033951

Appendix 2.9: S9. Comparative genomic analysis. The 960 transcripts associated with
retinue response were compared to previously-published studies that identified sets of
transcripts associated with other behavioral or physiological traits in workers. Because some
of the 960 transcripts were up-regulated in high-responders of one colony and downregulated in high-responders of the other colony, there is some overlap between gene lists.
Overall, these patterns suggest that high-responding individuals have brain transcriptional
profiles more similar to nurse bees than to forager bees.

# Sig
Transcripts

Upregulated
(819)

QMP upregulated

491

56

0.88

32

0.09

Grozinger
et.al. 2003

QMP downregulated

501

53

0.47

34

0.16

Grozinger
et.al. 2003

Nursingassociated*

599

61

0.26

36

0.02

Whitfield
et.al. 2003

Foragingassociated*

400

31

0.002

26

0.14

Whitfield
et.al. 2003

Methoprene upregulated*

306

20

0.003

20

0.21

Whitfield
et.al. 2006

Methoprene
down-regulated
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23

0.91

19

0.71

Whitfield
et.al. 2006

Sterile >
Reproductive

21

1

0.50

1

1.00

Grozinger
et.al. 2007

Reproductive >
Sterile

64

6

0.70

6

0.82

Grozinger
et.al. 2007

Pollen
hoarding QTL
candidates

99

8

0.62

6

0.70

Hunt et.al
2007

Gene List

p-value

282

Downregulated
(600)

p-value

Reference

Appendix 2.10, Chapter 4, S10. Comparative studies gene lists. Significantly-regulated
transcripts in this study were compared to previously published expression studies in honey
bees. The list of overlapping transcripts are included in this file.
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