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Abstract

Eusocial animal societies, as diverse as those found in the ants, bees, wasps, shrimp and naked mole-
rats, are structured around one or few reproductive females. The remaining females are helpers called
‘workers’ that are mostly sterile. A paradigm in studies of eusociality is that worker sterility is a key
to societal functions because advanced sociality cannot be achieved when there is conflict over
reproduction. Yet, traits such as sensory responsiveness, foraging and hoarding behaviour that change
between female reproductive life stages also vary between workers. This variation is central to worker
division of labour, a complex social trait believed to be instrumental for the ecological success of
animal societies. Thus, we took a step back from established views on worker sterility and societal
functions, and hypothesized that division of labour can be better understood if adaptive variation in
worker behaviour is seen as emerging from pre-existing mechanisms associated with female
reproduction. In exploring this reproductive ground plan hypothesis (RGPH) in honeybee workers,
we established that variation in foraging division of labour correlates with ovary size and is affected
by expression changes in vitellogenin, an egg yolk protein precursor. Here, we explain and reconcile
the RGPH with data on honeybee sensory sensitivity, genomic mapping, transcript and endocrine
profiling, and link our discussion with Ihle et al. (2010, this issue, pp. xx-xx). The findings bring
together mechanistic and evolutionary explanations of honeybee worker behaviour. This essay
suggests that a broader view on worker reproductive traits can increase the understanding of animal
social behaviour.
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Background

Eusocial animal societies are characterized by reproductive division of labour between primary
reproductives and mostly sterile helpers called workers. Workers display different biases in
the kinds of behavioural tasks they perform, which are often associated with changes in
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physiology that are correlated with age, as well as differences in adult morphology. This
striking level of social organization is believed to be the cause of the enormous ecological and
evolutionary success of social species, including the advanced societies of ants, bees, wasps
and termites (Oster & Wilson 1978).

Recently, Holldobler & Wilson (2008) resurrected the early 20th century metaphor of the insect
society as a superorganism (Wheeler 1911), conjuring images of a distributed organism with
systems equivalent to physiology, reproduction, communication and information processing
(nervous system). The superorganism metaphor works well at the phenomenological level of
the colony but does not explain the genetics or developmental biology of social evolution.
There is no single ‘superorganismal’ genome that natural selection can act on. Instead, each
individual in a colony is a product of development derived from that individual’s genome.
Natural selection must change this genome to influence development and behaviour. The
challenge is to understand how natural selection on colonies changes genomes, development
and individual behaviour (i.e. to reveal the developmental evolution of the social structure;
Page & Amdam 2007).

There are many definitions of the superorganism (Page & Mitchell 1991; Mitchell 2003), but
central to all is the reproductive division of labour between the fertile reproductives and the
workers. The definitions imply that developmental evolution of worker sterility is key to social
harmony because advanced sociality cannot be achieved when there is conflict over
reproduction (Wilson & Sober 1989). In ants, bees and wasps, which make up the majority of
the social insect taxa, division of labour is exclusively female, and the female reproductive
process is a potential source of conflict. To reduce conflict, natural selection has acted on
reproductive gene networks, reducing or eliminating their functionality in workers relative to
their fertile sisters, the queens (Wilson 1971; Khila & Abouheif 2008). Functional systems of
worker reproductive biology, consequently, are seen as something natural selection will abolish
as societies evolve more complexity and become more ‘superorganismal’.

In this essay, we discuss a different view. We place worker reproductive biology at the forefront
of developmental evolution of complex social behaviour, an approach taken previously towards
reproductive division of labour between queens and workers, and towards worker age
polyethism (temporal change in task performance) by West-Eberhard (1987, 1996). The
regulatory networks of reproductive maturation and plasticity that coordinate expression of
female physiology and behaviour are exploited by natural selection to adapt social structures.
This is possible because correlation of female physiology and behaviour is central not only to
successful reproduction in solitary species (Klowden 1990; Clements 1992; Atchley et al.
2005), but also to worker division of labour (Seeley 1982; Holldobler & Wilson 1990).

We focus on the honeybee, Apis mellifera, the best-studied social insect (Honey Bee Genome
Sequencing Consortium 2006). We describe how artificial selection on stored colony food
resources altered the social foraging behaviour of honeybees through effects on worker
reproductive biology. We believe this response to colony-level selection exemplifies how
developmental evolution of complex social structures can occur: the influence of reproductive
biology on female food-related behaviour, an apparently ubiquitous trait in animals (Clements
1992; Clarke & Ossenkopp 1998; Atchley et al. 2005), can be evolutionary co-opted to produce
division of labour between workers with different behavioural biases in food collection and
food hoarding (Amdam et al. 2004b, 2006). This reproductive ground plan hypothesis (RGPH,
see below for details) refocuses the discussion regarding the role of worker reproduction from
one where worker ovaries lead to competition and discord to one where the reproductive system
of workers has been co-opted and is now a facilitator of cooperation and social organization.
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Honeybee Division of Labour and Stored Colony Resources of Nectar and

Pollen

Honeybee workers demonstrate a striking division of labour that is physiologically based, in
which bees of different ages perform different tasks (Seeley 1982; Robinson 1992). Younger
bees perform tasks within the nest, such as feeding larvae, constructing and maintaining the
nest and processing honey, while older bees forage. This division of labour is further divided
into specialists that perform some tasks more frequently than other individuals. For example,
foragers can specialize on collecting pollen, a protein source, or nectar, a source of
carbohydrate. This specialization is best observed as a foraging bias or ‘preference’, measured
as the ratio of the two substances collected by the individual bee: some bees collect relatively
more pollen, others more nectar (Page et al. 2000). The collective activities of foraging workers
provide food for adults and developing larvae within the nest and results in the adaptive storage
of surplus honey (from nectar) and pollen by colonies.

Artificial Selection on Stored Pollen: Effects on Social Behaviour

We (Page & Fondrk 1995) conducted a bidirectional selection programme for high and low
levels of surplus pollen storage by honeybee colonies (pollen hoarding) and demonstrated a
strong response to selection. We looked at individual behavioural traits that changed as a
consequence of selection on the colony-level phenotype. We found that workers from the strain
selected for increased pollen storage (high pollen-hoarding strain) initiate foraging about 10
days earlier in life than low pollen-hoarding strain bees (Pankiw & Page 2001). High strain
bees are more likely to bias their foraging (specialize) towards pollen, while low strain bees
are more likely to specialize on nectar (Page & Fondrk 1995; Page et al. 1995; Fewell & Page
2000; Pankiw & Page 2001). Furthermore, when high strain bees forage for nectar, they accept
nectar with lower concentrations of sugar, and also respond to lower concentrations of sucrose
solution when analysed with a proboscis extension response (PER) test (see also Fig. 1).

Pollen-hoarding strain phenotypes reflect genotypic differences, validated by cross-fostering
experiments where high strain bees were reared by low strain colonies and vice versa
(Calderone & Page 1992) and by co-fostering where strains were reared together by ‘wild-
type’ (unselected commercial) honeybees (Pankiw & Page 2001; Scheiner et al. 2001). The
genotypes, however, are not fixed. The breeding scheme includes planned outcrosses to the
original source population (California, U.S.A., Page & Fondrk 1995) and maintains within-
strain variability. Recent genome sequencing of two low strain sisters covering 92% of AT-
rich and 96% of GC-rich DNA, revealed heterozygosity for 596 668 and 601 709 single
nucleotide polymorphisms (SNP), respectively. Out of these SNP, 215 471 were unique
between the two bees (G. V. Amdam, unpublished data). Studies of naturally occurring
interindividual variation between wild-type worker bees, furthermore, have verified that the
behavioural correlations seen in pollen-hoarding strains, that is, between foraging onset,
foraging bias, nectar concentration collected and PER, are general to workers (Page et al.
1998; Pankiw & Page 2000; Amdam et al. 2006). Thus, our artificial selection on colony-level
pollen hoarding appeared to have acted on a suite of associated behavioural traits that is readily
present in worker honeybees.

Artificial Selection on Stored Pollen: Effects on Reproductive Biology Linked
to Behaviour

We conducted several physiological screens of the high and low pollen-hoarding strain bees

and found significant differences in traits associated with reproductive processes (Amdam et
al. 2004b, 2006, 2007; Wang et al. 2009). The reproductive physiology of honeybee workers
is largely defined by the ovary, which consists of ovarian filaments called ovarioles (Snodgrass
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1956), and by vitellogenin, the major egg yolk protein of oviparous animals (Engels 1974).
Honeybee ovariole number is determined during larval life and is constant thereafter, while
the vitellogenin protein is dynamically expressed during adulthood and reaches peak levels in
young, preforaging bees; see Amdam et al. (2009) for a review. Our studies showed that high
pollen-hoarding strain workers are characterized by a larger ovary (more ovarioles) than low
strain bees. After adult emergence, high strain workers also experience a more rapid increase
in vitellogenin (vg) gene expression, a higher preforaging peak titre of vitellogenin protein,
and an earlier decline in the vitellogenin level compared to low strain bees (Fig. 1). In a test
of worker fecundity in the absence of the queen (queen pheromones inhibit workers from
making eggs; Hoover et al. 2003), we also discovered that queenless high strain bees can
produce eggs sooner than their low strain counterparts (Amdam et al. 2006).

The positive association between worker ovariole number and potential fecundity in queenless
colonies was established later in wild-type bees (Makert et al. 2006), but even more
intriguingly, correlations between adaptive social behaviour and reproductive traits were
confirmed in workers from intact societies: wild-type worker bees with more ovarioles forage
earlier in life, show preference towards pollen collection and a preference for lower
concentrations of nectar. In addition, they are more sensitive to sucrose in PER tests, and they
express the vg gene at higher levels as young adults (Tsuruda et al. 2008; see Fig. 1 for a
summary). These findings strongly suggest that selection on colony pollen hoarding acted on
a pre-existing suite of behavioural traits including sensory perception, food seeking and food
hoarding, and also on a related suite of physiological traits associated with the workers’
reproductive system. We reasoned that, if food-related behaviour is connected to the
reproductive physiology of worker bees, then colonies could respond to selection on food
hoarding through a change in worker development that influenced the ovary and vg expression.

A Hypothesis Explaining the Role of Ovaries in Developmental Evolution of
Social Structure

To explain our results, we put forth the RGPH (Amdam et al. 2004b). This ground plan
hypothesis suggests that female reproductive biology is a source of behavioural variation that
can be used to attain advanced foraging division of labour and specialization in workers.

The RGPH emerged through the interactions of the two of us (Amdam and Page) when we
discovered that we were looking at different sides of the same behavioural question. Page was
struggling to find physiological explanations for the behavioural traits discussed above, while
Amdam was trying to make sense of how vitellogenin could influence honeybee foraging
behaviour (Amdam & Omholt 2003). Together, we took a step back from the dogma that natural
selection on sociality acts to reduce the functionality of reproductive gene and endocrine
networks in workers. We were inspired by broadly accepted effects of ovarian signalling on
physiology and behaviour in other animal systems (Clements 1992; Clarke & Ossenkopp
1998; Chakraborty & Gore 2004; Simonet et al. 2004; Atchley et al. 2005), and by Holldobler
& Wilson (1990), West-Eberhard (1987, 1996) and others (reviewed in: Engels 1990; West-
Eberhard 1996), who described correlations between stages of ovarian development and
patterns of age polyethism in many species of wasps, ants and bees: young nest workers can
have swollen ovaries or lay trophic eggs used in social food provisioning, while older
individuals with poorly developed ovaries forage in the field. We asked whether associations
between behaviour and reproductive traits in worker honeybees could be explained by adaptive
modifications of reproductive regulatory networks functioning in division of labour (Amdam
et al. 2004b).

In insects, ovarian signals, such as the release of ecdysteroid hormones from the gonad, act
together with the systemic juvenile hormone (JH) to modulate behavioural and sensory states
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that shift between the different reproductive life stages (Simonet et al. 2004). Such major
endocrine signals are sensitive to changes in the insects’ environment and nutrition, and
influence the switch from nectar to blood-host foraging in female Culex nigripalpus mosquitoes
(Hancock & Foster 2000), the shift from feeding and sexual behaviour to fasting and parental
activity in the earwig Labidura riparia (Vancassel et al. 1984), the initiation of oviposition in
crickets (Cayre et al. 1996), the initiation of sexual behaviour of male Agrotis ipsilon moths
(Duportets et al. 1998), and shifts between periods of intense flight activity and reproductive
behaviour in several taxa (Dingle & Winchell 1997).

From these data, the RGPH proposes that adaptive division of labour in insect societies, such
as the honeybee, can emerge through natural selection on reproductive biology. This biological
ground plan provides a regulatory scaffold that, in solitary ancestors, could coordinate the
expression of female reproductive physiology and behaviour in response to changes in ambient
conditions, nesting environment and nutrient availability. We assumed that a regulatory
association between ovarian signals, yolk protein synthesis and timely hoarding of nest
provisions of pollen for feeding larvae was central to reproduction in ancestors of honeybees
(Amdam et al. 2004b). Also, the females of extant solitary bees will feed on nectar and pollen,
while storage of pollen in the nest is specific to their larval provisioning behaviour, the only
exception being taxa of parasitic bees that exploit nest resources of other species (Engels
1990). If this regulatory scaffold was conserved rather than diminished by social evolution,
then colonies could respond to artificial selection for pollen hoarding by exploiting ancestral
gene networks that linked ovarian and yolk protein physiology to behaviour (Fig. 2).

Regulatory mechanisms of solitary bee behaviour are poorly understood, but if the genetics of
reproductive behaviour was better known for such species, the ancestral condition that applies
to the honeybee could still not be directly tested. Nevertheless, relationships between female
reproductive biology and food-related behaviour appear to be ubiquitous also beyond insects
(Clements 1992; Clarke & Ossenkopp 1998; Atchley et al. 2005). The existence of a pleiotropic
gene network that may confer this association in bees is supported by quantitative trait loci
(QTL) genome mapping of backcrosses between the pollen-hoarding strains. This gene
network links worker foraging behaviour to the ovary, and emerges as four major, interacting
QTL (pIn1-4) with effects on foraging choice (nectar versus pollen), nectar load weight, age
at foraging onset, PER and ovary size (Hunt et al. 1995; Page et al. 2000; Rueppell et al.
20044, b; Wang et al. 2009). Positional candidate genes and further inference from the pinl—
4 regions is discussed below (see Molecular Regulation of Behaviour below).

vg, a Gene Linking Social Behaviour to Worker Reproductive Physiology

Ten years ago, the only specific function attributed to the honeybee vitellogenin protein was
participation in egg yolk formation (Engels et al. 1990). A pattern of synthesis in fat body
(analogous to vertebrate liver and adipose tissue) and deposition in oocytes fitted well with the
high expression levels in queen bees, but it was difficult to explain the dynamic expression
seen in workers (Rutz & Luscher 1974). In 2003, Amdam and coworkers discovered that
vitellogenin was used in worker brood-rearing behaviour (Amdam et al. 2003a). Since then,
the understanding of how honeybee vitellogenin functions in adult workers has changed
entirely (Brandt et al. 2005; Corona et al. 2007; Marco Antonio et al. 2008). Contrasting the
more traditional view of the role of yolk proteins and peptides, honeybee vitellogenin is now
recognized as a behavioural affector protein that builds a direct connection between worker
reproductive physiology and foraging behavioural control (Amdam et al. 2009).

To enable functional research on vitellogenin, we (Amdam et al. 2003b) pioneered the use of
RNA interference (RNAI) as a gene knockdown tool for adult honeybees. With this method,
we demonstrated that the level of vg gene expression during early life influences the timing of
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foraging onset, as well as the subsequent foraging preference of worker honeybees (Nelson et
al. 2007). When vg is knocked down, workers initiate foraging earlier in life and show a
preference for nectar collection. The behavioural response of early foraging onset supported a
theoretical model proposed by Amdam & Omholt (2003), the double repressor hypothesis
(DRH), in which declining vitellogenin levels trigger the transition from nest bees to foragers
(Fig. 3). In addition, the effect on foraging onset was consistent with the phenotype of high
pollen-hoarding strain bees: an early drop in vitellogenin levels correlating with early onset of
foraging behaviour compared to low strain bees (Amdam et al. 2007). The knockdowns’ bias
towards nectar, moreover, was in line with the foraging preference of low strain bees that,
similar to vg gene knockdowns, do not receive high vitellogenin exposure during early life
(Fig. 3). Following the same logic, Ihle et al. (2010, this issue, pp. xx-xx) revealed that further
down-regulation of vg expression does not influence the foraging choice of low strain bees,
which already have moderate vitellogenin levels, while the high strain bees respond with a
significant shift in behaviour towards a preference for nectar loading that is indistinguishable
from the phenotype of low strain bees.

The expression of vg can correlate with ovary size (Tsuruda et al. 2008): young (5-7 days old)
wild-type bees with many ovarioles show elevated levels of vg transcript. In explaining this
association, we hypothesize that endocrine factors released by ovarian tissue cause vg
expression to increase, as seen during early reproductive maturation in mosquitoes (Clements
1992). During the early life of workers, large ovaries (more ovarian tissue) may drive this
increase more effectively (Fig. 2). In later stages of the insect reproductive process, a negative
feedback signal from the ovary can follow (Clements 1992). This feedback, which coordinates
the cessation of vitellogenin production with the completion of oocyte yolk deposition, may
have been a trait of honeybee ancestors (Fig. 2). We speculate that in workers, large ovaries
also confer the negative feedback more effectively, in sum explaining the correlation between
many ovarioles, early peak titres and early cessation of vitellogenin synthesis in high strain
bees (Fig 2, Fig 3). This untested hypothesis draws some indirect empirical support from
previous results (Amdam et al. 2007). In young (7-day-old) high strain workers, Amdam and
coworkers found a positive association between ovary size and the endocrine feedback
response to vg downregulation. The feedback was detected as an increase in JH titre and
expression of ultraspiracle (USP), a nuclear hormone receptor gene orthologue of vertebrate
retinoid X receptor, RxR (Guidugli et al. 2005; Velarde et al. 2009). No equivalent response
was detected in the low strain bees.

Challenge to the RGPH

Our hypothesis that the worker ovary is a source of adaptive behavioural control has been
challenged. Oldroyd & Beekman (2008) compared ovary size, ovary activation and foraging
behaviour of wild-type bees with a strain of bees selected for ‘anarchistic’ behaviour.
Anarchistic workers lay eggs in the presence of a functional queen with a higher frequency
than normal. This behaviour suggests that anarchistic workers are more resistant to inhibition
of oviposition conferred by pheromones from queen and brood (Barron et al. 2001; Oldroyd
et al. 2001). Similar resistance is not a normal characteristic of wild-type bees or the strains
selected for pollen hoarding (Amdam & Page 2008).

Oldroyd & Beekman reasoned that the anarchistic strain was more reproductive than wild type
because workers with anarchistic genotype are more likely to lay eggs in the presence of the
queen. They proposed that if the RGPH holds then anarchistic bees should display the
behavioural phenotype associated with pollen preference, like that seen in high pollen-hoarding
strain bees. However, the anarchistic workers did not show foraging bias towards pollen and
initiated foraging later in life than the wild-type bees. Oldroyd & Beekman (2008, page 6)
concluded that they doubted “... the validity of a general association between reproductive
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potential and division of labor when foraging, modulated by the production of vitellogenin’.
Interestingly, however, their wild-type genotype that foraged early in life had more ovarioles
than the anarchistic bees. Thus, although we cannot explain the separate syndromes of
pheromonal resistance or anarchistic egg laying, it is encouraging that the correlation of
foraging onset and ovariole number is consistent between such diverse stocks of bees (Amdam
& Page 2008; Tsuruda et al. 2008).

Regulation of Behaviour

Through our studies of honeybees, we have demonstrated that selection on a colony-level trait,
the amount of stored pollen, acts on entrenched relationships of behavioural physiology that
centre on ovaries and vitellogenin levels in workers. Colonies selected to store more pollen
have workers with larger ovaries that collect more pollen, and the pollen foraging bias
correlates with ovary size in wild-type bees. Variation in ovary size correlates with levels of
vg expression in wild type, and ovary size can correlate with the endocrine response of JH and
USP that feeds back to curtail vitellogenin synthesis. Effects of vitellogenin on foraging
behaviour have been demonstrated directly by RNAi-mediated gene knockdown. In light of
the evolutionary process we describe in this essay, these connections make sense, however,
how are they explained mechanistically?

Genetic effects explain only a fraction of behaviour, including the pollen-hoarding behaviour
of honeybees (Amdam et al. 2009). Environmental influences play major roles in behavioural
expression, and correspondingly, the ovary, vitellogenin titre, and JH level of worker bees
respond to changing environmental conditions (Huang & Robinson 1995; Amdam et al.
20044; Linksvayer et al. 2009). Stochastic processes also affect individuals, and can contribute
to division of labour (Amdam & Omholt 2003). Thus, genotypic differences such as those
exemplified by pollen-hoarding strains provide but one of several sources of behavioural
variation. Pollen hoarding is, nevertheless, robustly influenced by four major QTL, pln1-4,
with pleiotropic effects on sensory sensitivity, foraging behaviour and ovariole number (see
above). In a recent experiment (Wang et al. 2009), we studied the expression of five genes in
the QTL regions based on a positional candidate gene list (Hunt et al. 2007). We found that
two of these genes, a nuclear hormone receptor-like gene homologue HR46 (pIn2) and the
phosphoinositide 3-kinase encoding gene PDK1 (pIn3), showed consistent, tissue-specific
expression differences between bees of the high and low pollen-hoarding strains as well as
between workers with large (“high”) and small (‘low’) ovaries derived from a backcross
between the strains. Our backcross experiment demonstrated a direct genetic linkage between
few ovarioles and elevated fat body HR46 expression at adult emergence, and between many
ovarioles, increased PDK1 expression in fat body, and pollen foraging behaviour in mature
adults.

Wang and coworkers hypothesized that the link between HR46, ovary size and worker
behaviour could emerge from an influence of HR46 on the developmental mechanism that
determines ovariole number in honeybees. This number is increased by JH (Schmidt-Capella
& Hartfelder 1998), which may rely on USP for DNA binding (Barchuk et al. 2004). In
Drosophila, HR46 (also called dHR3) is induced by ecdysone signalling when USP is present
(Schubiger & Truman 2000). Yet, USP and dHR3 may interact competitively (Lam et al.
1997), perhaps contributing to an inverse relationship between JH and ecdysone signalling that
also characterizes honeybees (Zufelato et al. 2000; Barchuk et al. 2002). Wang and coworkers,
furthermore, attributed the genetic association between ovary size, foraging behaviour and
PDK1 transcript abundance to a causal link between insulin-like signalling (nutrient sensing
that includes PDK1 phosphorylation) and larval ovarian differentiation, and between ovarian
regulation of fat body insulin-like signalling and adult behaviour (Wang et al. 2009). A direct
effect of insulin-like signalling on honeybee ovary size and foraging behaviour was recently

Anim Behav. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Amdam and Page

Page 8

confirmed by RNAi-mediated knockdown of the insulin receptor substrate encoding gene,
IRS (N. S. Multti, Y. Wang & G. V. Amdam, unpublished data). IRS is upstream of PDK1 in
insulinlike pathways, and is one of only four positional candidate genes in the genomic region
of pIn4 (Hunt et al. 2007). Taken together, these results suggest that the honeybee worker
division of labour is influenced by a genetic architecture that governs endocrine signal
transmission, via nuclear hormone receptors, and nutritional responsiveness, acting via insulin-
like pathway conductivity.

Two Hypotheses Explaining Worker Behaviour: the RGPH and the DRH

Integration of endocrine physiology, endogenous resource sensing and behaviour is a hallmark
of reproductive gene networks (Amdam et al. 2004b; Flatt et al. 2005). In the distantly related
Drosophila, JH is positively influenced by insulin-like signalling and has a positive effect on
ovariole number (Tu & Tatar 2003), yolk synthesis, oocyte maturation and adult reproductive
behaviour (Tatar 2004; Flatt et al. 2005). However, although JH is a positive affector of ovary
size also in honeybees (Schmidt-Capella & Hartfelder 1998), the association between JH and
yolk synthesis has changed. Application of JH analogue suppresses vitellogenin expression in
workers (Pinto et al. 2000). Honeybee vitellogenin, reciprocally, can suppress JH (see above).
This regulatory constellation creates a feedback system revealed by vg knockdown (Guidugli
etal. 2005; Amdam et al. 2007): vg downregulation triggers increased JH signalling, enhanced
USP expression, further suppression of the vitellogenin level, and results in the release of
foraging behaviour. The feedback architecture between vitellogenin and JH and its effect on
worker division of labour was first proposed Amdam & Omholt (2003), who outlined a ‘double
repressor’ model (or DR hypothesis, the DRH) for regulation of foraging onset in honeybees.
The DRH was subsequently expanded upon, to include USP at the intersection between vg and
JH (Guidugli et al. 2005), placement of vitellogenin upstream of insulin-like signals that act
onJH (Seehuusetal. 2006; Coronaetal. 2007; Hunt et al. 2007), a positive relationship between
ovary size and endocrine sensitivity including JH and USP (Amdam et al. 2007), positive
correlation between ovary size and vg expression (Tsuruda et al. 2008), and negative versus
positive genetic linkage between ovary size and HR46 versus PDK1 transcript abundance,
respectively (Wang et al. 2009). This regulatory structure and its effect on foraging behaviour
are summarized in Fig. 4.

The mechanistic structure of the DRH, thereby, contains elements central to the RGPH. Yet
initially, the two frameworks were not experimentally reconciled (Toth & Robinson 2007).
This gap is closed by Ihle et al. (2010, this issue, pp. xx-xx). Ihle and coworkers show that the
effect of vitellogenin on the nectar and pollen-loading choices of workers, as explained by the
RGPH, is conditional on the JH suppressor function of vitellogenin that explains age at foraging
onset via the double repressor mechanism. Their study confirms experimentally that
vitellogenin must access and affect the endocrine response system of worker honeybees to
change foraging behaviour (see Ihle et al. 2010 for further details).

It is well known that animal behaviour is influenced by genetic and endocrine mechanisms that
pace and affect the reproductive progression of females. We provide evidence, hypotheses,
and insight about how the reproductive regulatory networks of facultatively sterile worker
honeybees have been co-opted by natural (and artificial) selection resulting in adaptive
modification of behaviour associated with foraging division of labour. The extent to which the
models we present here hold for other social insects remains to be demonstrated. However,
supporting results have emerged from recent studies of the ant Pogonomyrmex californicus
(Dolezal et al. 2009) and the bee Apis cerana (Rueppell et al. 2008). We hope this essay will
provide inspiration for future research that centres on understanding the evolution and current
regulation of sociality.
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Figure 1.

Variation in foraging behaviour correlates with differences in sensory and reproductive traits
in worker honeybees. Trait associations in selected high (a) and low (b) pollen-hoarding strain
bees. Horizontal arrows show the timeline of worker ontogeny (Age). High strain bees emerge
asadults with a larger ovary (white line-drawings inside bees), elevated sucrose responsiveness
measured by the proboscis extension reflex (PER, blue bars), and develop a higher peak titre
of vitellogenin yolk protein (black bars) as young adults compared with low strain bees. The
vitellogenin level of high strain bees then drops rapidly and workers initiate foraging earlier
in life than bees with low strain genotype. This difference in ‘age at first foraging’ (AFF) is
indicated by violet circles, panel (a) versus (b). As foragers, high strain workers bias their
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collecting towards pollen (‘P’, bee in (a)), while low strain workers are biased towards nectar
(“N’, beein (b)). (c) The corresponding trait correlations in wild-type (unselected) worker bees,
which show considerable phenotypic variation (illustrated by ovary, PER, and vitellogenin
symbols of various sizes). Black, connecting triangles indicate positive (+) correlations
between vitellogenin expression, PER and ovary size, and between ovary size and pollen
foraging, and negative correlations (—) between PER and age at foraging onset, and between
ovary size and foraging onset. The white triangle specifies that PER is also correlated with
foraging choice directly. These associations in wild-type bees reflect the same relationships as
those seen in selected pollen-hoarding strain workers.
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Figure 2.

The reproductive ground plan hypothesis (RGPH) outlines how female reproductive biology
may have been co-opted in the division of labour between foraging worker honeybees. Top
panel: in ancestors of honeybees, the progression of reproductive development was linked to
changes in female food-related behaviour. During periods of no active reproduction (top, right),
the ovary was undeveloped (inactive, not enlarged with yolk) and the vitellogenin titre (black
bars) was low. During reproduction, ovary activity and vitellogenin protein expression
increased prior to oocyte yolk deposition, before vitellogenin returned to baseline (top, left),
and only this maturational stage, or phase of the reproductive cycle, would be associated with
pollen collection (‘P’) for nest provisioning of young. Below: similar to phenotypic aspects of
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the reproductive physiology of ancestors, high pollen-hoarding strain bees show rapid
modulation (up—down) of vitellogenin (bottom, left), while low strain bees have more
moderate, constant levels (bottom, right). The RGPH proposes that this differential physiology
is linked via a pleiotropic gene network to the corresponding behaviour of the ancestor,
explaining how pollen foraging is more prevalent in high strain workers compared to low strain
bees. Full-line arrows in the top panel specify that reproduction perhaps was maturational in
the ancestor (i.e. with one reproductive period). Dashed-line arrow indicates the alternative; a
reproductive cycle that could be repeated.
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Figure 3.

The phenotype of wild-type vitellogenin (vg) gene knockdown workers is consistent with trait
associations in high and low pollen-hoarding strain bees (Nelson et al. 2007). (a) RNAI-
mediated knockdown of the vg gene (red (—) arrow) results in repressed vitellogenin protein
levels (black bars) from early life, lowering the bees’ age at first foraging (AFF). This behaviour
is similar to high strain bees (b) that show early decline of vitellogenin and low AFF during
ontogeny. Thereafter, knockdown workers bias their foraging effort towards nectar (‘N”),
similar to low strain bees (c) that do not experience high vitellogenin exposure as young adults.
Thus, the early-life vitellogenin level predicts the foraging bias of worker bees, as indicated
by the arrows from vitellogenin to the nectar and pollen (*P’) symbols in the three panels. The
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white (+) and (-) arrows in (b) refer to ovarian signalling. They suggest that the larger ovary
of high strain bees may explain the rapid up—down modulation and high peak levels of
vitellogenin in this genotype, but a connection between large ovary size and early vitellogenin
decline (the white (- ?) arrow) is not experimentally confirmed.
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Figure 4.

The reproductive ground plan hypothesis (RGPH) underscores that vitellogenin (black bars)
and juvenile hormone (JH, grey arrow-bars) modules are inherent to insect reproduction
(Amdam et al. 2007). Reproductive biology is influenced by environmental factors such as
food availability sensed by nutrient-sensitive pathways (green). These pathways include the
insulin receptor substrate (IRS) and target of rapamycin (TOR); while PDK1 is a
phosphorylation target downstream of both IRS and TOR. The response is integrated by
endocrine signal transmission via systemic hormones like JH and nuclear hormone receptors
such as USP (blue) and HR46 (46, purple). The double repressor hypothesis (DRH) (Amdam
& Ombholt 2003) proposes that transition from nursing (mid panels) to foraging behaviour (right
panels) in honeybees is influenced by a feedback loop (red (—) arrows) between vitellogenin
and JH. Vitellogenin inhibits JH synthesis, USP expression and insulin-like signalling
(Guidugli et al. 2005; Hunt et al. 2007; Ament et al. 2008) that are increased in foragers. When
vitellogenin levels drop, JH can be triggered to increase and further suppress expression of its
own repressor. We propose that bidirectional selection on pollen-hoarding behaviour acted on
these relationships. (a) In high pollen-hoarding strain bees, nutrient sensing and reproductive
endocrine signal transmission is increased, resulting in developmental retention of a larger
ovary (filament structures inside larva, top left panel) and dynamic interplay between the ovary,
vitellogenin, and adult behaviour (top mid (nurse) versus top right (forager) panel). (b) In low
strain bees, nutrient sensing and reproductive endocrine signal transmission is less active
(shown as less intense green and red indicators), resulting in reduced ovary size (fewer
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filaments retained inside larva, bottom left panel) and less sensitivity of interplay between
ovary, vitellogenin, and behaviour in adults (bottom mid versus bottom right panel). Increased
HR46 expression (Wang et al. 2009) might be central to the low strain phenotype, as this
receptor has potential to competitively inhibit the signal transmission of JH and USP.
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